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PREFACE 

Agriculture is currently one of the sectors most affected by climate 

change. Due to its extensive area of activity and sensitivity to meteorological 

variability, the impacts of climatic change on agriculture can directly influence 

human life and other living organisms. The adverse environmental events that 

are occurring and are likely to occur in the future will especially affect human 

well-being in social and economic dimensions. Alongside a growing 

population, the shrinking availability of arable land and the increasing 

competition between food production and urbanization have brought food 

security into a critical and threatened position. This process directly influences 

the dynamics of agricultural ecosystems. 

Identifying the direct risks posed by climate change to agricultural 

production and determining potential strategies to enhance the sustainability of 

agriculture have become imperative. The increase in agricultural risk factors 

can lead to reduced crop yields and productivity, decreased food production, 

increased incidences of diseases and pests, proliferation of invasive weeds, soil 

fatigue and contamination due to intensive use, and ultimately, a rise in 

production costs. For these reasons, climate change may adversely affect the 

provision and sustainability of ecosystem services and compromise food 

security for future generations in terms of both quantity and quality. 

In contrast, agroecological approaches offer resilient and sustainable 

solutions to these changes. It is of great importance that agricultural policies 

are restructured to promote such systems. 

In conclusion, the impacts of climate change on agriculture are 

inevitable; however, it is possible to build resilient, nature-compatible, and 

sustainable agro-ecosystems. The integration of scientific research with local 

practices will form the foundation of this transformation. When combined with 

agroecosystem principles, this transformation necessitates the implementation 

and support of new cultivation technologies and smart farming practices that 

can mitigate agricultural risks associated with climate change, such as drought, 

stress conditions, and inefficient water use. 

We would like to thank the authors who contributed to the preparation of 

the book. 

July, 2025 

Prof. Dr. Erdal SAKİN 

Assoc. Prof. Dr. Vedat BEYYAVAŞ  

Assoc. Prof. Dr. Ahmet ÇELİK 
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INTRODUCTION 

Soil pH is a critical factor in agriculture, horticulture, and environmental 

science. It is a measure of the acidity or alkalinity of the soil, expressed on a 

logarithmic scale from 0 to 14, where 7 is neutral, values below 7 are acidic, 

and values above 7 are alkaline. Soil pH influences numerous soil properties 

and processes, including nutrient availability, microbial activity, and plant 

growth. This review explores the significance of soil pH, its effects on soil-

plant interactions, and its management for sustainable agriculture. 

Soil pH is influenced by the mineral composition of the parent material 

and the weathering processes it undergoes. For example, in humid regions, 

prolonged soil acidification occurs as weathering products are leached away by 

water moving laterally or downward through the soil. In contrast, in arid 

environments, weathering and leaching are less pronounced, resulting in soils 

that are often neutral or alkaline in pH (Bloom et al., 2012). 

For many, soil pH is primarily associated with soil chemistry and fertility. 

However, understanding soil's broader ecosystem functions beyond its role in 

plant nutrient supply and growth necessitates a multidisciplinary approach to 

studying soil and its properties. This perspective enables scientists to examine 

processes at various scales, from local landscapes to regional and global levels 

(Dahlgren, 2006). One such multidisciplinary field is soil biogeochemistry, 

which investigates the interconnected biological, chemical, and geological 

processes within soils. These biogeochemical processes are closely linked to 

the ecosystem functions of soil, highlighting its importance beyond agriculture. 

Soil is a vital component of life support systems, providing essential ecosystem 

goods and services such as carbon sequestration, water regulation, soil fertility, 

and food production, all of which significantly impact human well-being (FAO, 

2015). These services are broadly classified into four categories: supporting, 

provisioning, regulating, and cultural services. According to the Millennium 

Ecosystem Assessment, provisioning and regulating services have the most 

substantial influence on human well-being, affecting safety, access to basic 

resources, health, and social relationships. Thus, soil's role extends far beyond 

plant growth, underpinning critical ecological and human systems (Neina, 

2019). 
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Soil pH and Nutrient Availability 

Soil pH directly affects the solubility and availability of essential plant 

nutrients. Soil pH significantly influences nutrient availability, impacting plant 

growth and agricultural productivity (Price, 2006). The pH scale ranges from 0 

to 14. Soils with a pH below 7 are acidic, while those above 7 are alkaline. Most 

nutrients are optimally available to plants in slightly acidic to neutral soils (pH 

6.0–7.0). In acidic soils (pH < 6.0), essential nutrients like phosphorus (P), 

calcium (Ca), and magnesium (Mg) become less available due to fixation or 

leaching, while toxic elements like aluminum (Al) and manganese (Mn) can 

reach harmful concentrations. Conversely, in alkaline soils (pH > 7.0), 

micronutrients such as iron (Fe), zinc (Zn), and copper (Cu) often form 

insoluble compounds, reducing their availability (Allen et al., 1994). 

Phosphorus, a critical nutrient, is particularly sensitive to pH changes, 

with maximum availability occurring around pH 6.5. Nitrogen (N), primarily 

absorbed as nitrate (NO₃⁻) or ammonium (NH₄⁺), is also influenced by pH, as 

nitrification—the conversion of ammonium to nitrate—is hindered in highly 

acidic soils (White, 2005). Soil pH affects microbial activity, which plays a vital 

role in nutrient cycling. For instance, nitrogen-fixing bacteria and mycorrhizal 

fungi, essential for nutrient uptake, thrive in near-neutral pH conditions. 

Farmers often adjust soil pH using lime (to raise pH) or sulphur (to lower pH) 

to optimize nutrient availability. Regular soil testing is crucial to monitor pH 

levels and implement appropriate amendments. Understanding the relationship 

between soil pH and nutrient availability is essential for sustainable agriculture, 

ensuring efficient fertilizer use and minimizing environmental impacts such as 

nutrient runoff and soil degradation (Brady & Weil, 2008; Havlin et al., 2016). 

However, extreme pH levels can lead to nutrient deficiencies or toxicities 

 

Acidic Soils (pH < 6.0) 

In acidic soils, essential nutrients such as phosphorus (P), calcium (Ca), 

and magnesium (Mg) become less available. Conversely, the solubility of toxic 

elements like aluminum (Al) and manganese (Mn) increases, which can inhibit 

root growth and nutrient uptake (Brady and Weil, 2008). Soil pH plays a critical 

role in regulating the solubility, mobility, and bioavailability of trace elements, 

which in turn affects their uptake and translocation in plants (Forstner, 1995). 

This regulation is primarily governed by the distribution of these elements 
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between the solid and liquid phases of the soil, driven by precipitation-

dissolution reactions (Rieuwerts et al., 1998) that are influenced by pH-

dependent charges in both mineral and organic soil components. For example, 

at high pH levels, negative charges tend to dominate, while at low pH values, 

positive charges are more prevalent (Gillman, 2007). Furthermore, soil pH also 

controls the amount of dissolved organic carbon, which significantly impacts 

the availability of trace elements. At low pH, trace elements are usually soluble 

due to high desorption and low adsorption (Bradl, 2004). 

 

Alkaline Soils (pH > 7.5) 

In alkaline soils, micronutrients such as iron (Fe), zinc (Zn), and copper 

(Cu) become less available, leading to deficiencies in plants. Phosphorus also 

tends to form insoluble compounds with calcium, reducing its availability 

(Marschner, 2012). In calcareous soils, it is observed that at a certain pH level, 

the solubility of minerals reverses its trend as pH continues to rise; specifically, 

the solubility of calcium phosphate starts to increase with further pH elevation. 

This phenomenon occurs because carbonate competes effectively with 

phosphate for calcium, leading to the consumption of calcium by carbonate. As 

calcium carbonate (calcite) forms, the carbonate depletes the solution of Ca2+, 

which would otherwise have precipitated as calcium phosphate at lower pH 

levels (Penn and Camberato, 2019). 

 

Soil pH and Microbial Activity 

Soil microorganisms play a crucial role in nutrient cycling, organic 

matter decomposition, and soil structure formation. Soil pH is a key factor 

influencing microbial diversity, enzyme activity, and overall soil health. 

Microorganisms, including bacteria, fungi, and actinomycetes, thrive within 

specific pH ranges, with most preferring slightly acidic to neutral conditions 

(pH 6.0–7.5) (Khmelevtsova et al., 2022). 

 

Effects of Acidic Soils (pH < 6.0) on Microbial Activity 

In acidic soils, microbial diversity and activity often decline, as many 

beneficial bacteria, particularly those involved in nitrogen fixation and 

nitrification, are highly sensitive to low pH. For example, Nitrosomonas and 

Nitrobacter, which convert ammonium to nitrate, exhibit reduced activity in 
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acidic environments, limiting nitrogen availability for plants. Similarly, the 

decreased activity of nitrogen-fixing bacteria such as Rhizobium negatively 

impacts legume crops, which rely on these bacteria for symbiotic nitrogen 

fixation. 

Conversely, fungi generally tolerate a wider pH range and may dominate 

highly acidic soils, playing a significant role in organic matter decomposition 

and nutrient cycling (Sale et al., 2024). However, acidic soils can also foster 

the growth of pathogenic fungi, which may negatively impact plant health. 

Furthermore, the increased solubility of toxic elements like aluminum and 

manganese at low pH levels can further suppress microbial activity, leading to 

imbalances in nutrient cycling. 

 

Effects of Alkaline Soils (pH > 7.5) on Microbial Activity 

In alkaline soils, microbial activity can also be restricted due to the 

reduced solubility of essential nutrients such as iron and zinc, which are crucial 

for microbial metabolism. Soil pH influences enzyme function, as many 

enzymes involved in organic matter decomposition, such as cellulase and 

phosphatase, operate most efficiently at near-neutral pH. In highly alkaline 

conditions, phosphorus availability is also significantly reduced, hindering 

microbial growth since phosphorus is a vital component of nucleic acids and 

ATP. 

Changes in soil pH can also shift microbial community composition, 

altering the balance between beneficial and pathogenic organisms. For 

example, mycorrhizal fungi, which enhance plant nutrient uptake, are less 

effective in highly acidic or alkaline soils. Additionally, the proliferation of 

alkaliphilic bacteria in alkaline soils may disrupt nutrient cycling, potentially 

leading to plant growth limitations. 

 

Microbial Activity and Greenhouse Gas Emissions 

Soil pH significantly influences microbial respiration rates and carbon 

cycling, impacting the release of greenhouse gases such as carbon dioxide 

(CO₂) and nitrous oxide (N₂O). In neutral soils, microbial activity facilitates 

efficient organic matter decomposition, promoting carbon sequestration. 

However, in highly acidic or alkaline soils, microbial efficiency decreases, 

slowing decomposition and altering soil organic carbon dynamics. This can 
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contribute to increased greenhouse gas emissions, particularly in disturbed 

agricultural soils. 

 

Managing Soil pH for Optimal Microbial Activity 

Maintaining optimal soil pH through targeted soil amendments is 

essential for promoting microbial diversity and sustaining healthy soil 

ecosystems. The application of lime to acidic soils helps neutralize pH and 

alleviate aluminum toxicity, enhancing bacterial diversity and function. 

Conversely, the addition of sulfur or acid-forming fertilizers to alkaline soils 

improves phosphorus and micronutrient availability, fostering a more balanced 

microbial community. 

Regular soil pH monitoring is crucial for implementing appropriate 

corrective measures and ensuring long-term soil health. Sustainable soil 

management practices, including organic matter incorporation and crop 

rotation, can further stabilize soil pH and enhance microbial function, 

supporting overall soil fertility and agricultural productivity (Brady & Weil, 

2008; Fierer & Jackson, 2006). 

By understanding the relationship between soil pH and microbial 

activity, farmers and land managers can implement effective strategies to 

optimize soil health, improve nutrient cycling, and enhance crop productivity 

while minimizing environmental impacts. 

 

Soil pH and Plant Growth 

Soil pH plays a crucial role in plant growth by directly affecting root 

development and indirectly influencing nutrient availability and microbial 

activity. Plants rely on a sufficient supply of mineral nutrients, which are 

transported from the soil to the roots and then to the shoots. In many regions, 

especially in tropical areas, soil nutrient deficiencies significantly limit plant 

growth and crop productivity (Prescott et al., 1999). The rhizosphere, where 

microorganisms interact with root exudates, is the primary zone for nutrient 

absorption. However, soil pH is a key determinant of soil fertility and can be 

influenced by factors such as plant cultivation and fertilizer application (Yan et 

al., 1996). 
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Root Development 

Soil pH strongly impacts root growth and nutrient uptake. 

• Acidic Soils (pH < 5.5): Acidic soils often contain high levels of toxic 

aluminum (Al³⁺) and manganese (Mn²⁺), which can damage root tips, 

reducing their ability to absorb water and nutrients (Kochian et al., 

2004). Acidification also displaces essential base cations such as 

calcium (Ca²⁺), magnesium (Mg²⁺), and potassium (K⁺), leading to 

nutrient deficiencies (Goulding, 2016). Additionally, aluminum and 

iron minerals dissolve under acidic conditions, further altering soil 

chemistry. Among these effects, aluminum toxicity is the most 

detrimental to plant survival, as it inhibits root elongation and disrupts 

cell function (Bojórquez-Quintal et al., 2017). 

• Alkaline Soils (pH > 7.5): In contrast, high soil pH can precipitate 

essential nutrients, making them less available to plants. Iron (Fe), 

phosphorus (P), and zinc (Zn) deficiencies are common in alkaline 

soils, leading to stunted root growth and reduced plant productivity. 

The reduced solubility of these nutrients affects root elongation and 

branching, ultimately hindering overall plant health. 

These pH-related challenges highlight the importance of maintaining 

optimal pH levels to ensure effective root development and nutrient uptake. 

 

Crop Yield and Quality 

Soil pH has a direct impact on crop yield and quality by influencing 

nutrient uptake efficiency (Table 1). 

• Acidic soils often lead to molybdenum (Mo) deficiency, which is 

critical for nitrogen metabolism in plants (Gupta, 1997). Additionally, 

aluminum toxicity and phosphorus fixation reduce the availability of 

essential nutrients, leading to poor crop growth. 

• Alkaline soils cause micronutrient deficiencies, particularly of iron 

(Fe) and zinc (Zn), leading to problems such as chlorosis (leaf 

yellowing) and decreased fruit quality (Rengel, 1992). 

Studies have demonstrated that maintaining soil pH within the optimal 

range (6.0–7.0) improves crop yield and nutritional quality (Fageria et al., 

2015). Proper pH management strategies, such as liming acidic soil or applying 
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sulfur to alkaline soils, are essential for sustainable agriculture and food 

security. 

 

Table 1. pH Sensitivity of Different Crops 

Crop Type 
Common 

Crops 

Optimal 

pH 

Range 

Effects of 

Acidic 

Soils (pH < 

5.5) 

Effects of 

Alkaline Soils 

(pH > 7.5) 

References 

Cereals 

Wheat, 

Rice, 

Maize 

5.5 – 7.5 
Al toxicity, 

P fixation 

Fe, Zn 

deficiencies, 

reduced yields 

Rengel 

(2003); 

Dobermann 

& Fairhurst 

(2000) 

Legumes 
Soybean, 

Peas 
6.0 – 7.5 

Poor 

rhizobia 

function, N 

fixation 

P and Zn 

deficiencies 

Zahran 

(1999); Tang 

et al. (2003) 

Root 

Crops 

Potatoes, 

Carrots 
5.0 – 6.5 

Al toxicity, 

stunted root 

growth 

Ca 

accumulation 

affects 

development 

Kochian et al. 

(2004) 

Fruits 
Citrus, 

Grapes 
6.0 – 7.5 

Root 

damage, Ca 

deficiency 

Iron chlorosis, 

poor fruit 

quality 

Marschner 

(2012) 

Vegetables 
Tomatoes, 

Lettuce 
6.0 – 7.0 

Growth 

inhibition, 

nutrient 

imbalance 

Micronutrient 

deficiencies 

Brady & 

Weil (2016) 

 

Soil pH is a critical factor that influences nutrient availability, root 

development, and crop productivity. Acidic soils frequently suffer from 

aluminum toxicity and phosphorus deficiency, whereas alkaline soils lead to 

micronutrient imbalances. Proper pH management is essential for optimizing 

crop growth and maintaining sustainable agricultural practices. 

 

Soil pH and Environmental Sustainability 

Soil pH is a fundamental property that influences environmental 

sustainability through its effects on nutrient cycling, soil microbial 
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communities, greenhouse gas emissions, and pollutant dynamics. It plays a 

critical role in ecosystem stability, as extreme pH conditions can lead to soil 

degradation, biodiversity loss, and increased greenhouse gas emissions 

(Jansson & Hofmockel, 2012). Additionally, fluctuations in soil pH impact 

water quality by altering the mobility of nutrients and contaminants, further 

influencing aquatic ecosystems and agricultural sustainability. Understanding 

and managing soil pH is essential for maintaining long-term soil health, 

enhancing carbon sequestration, and mitigating climate change impacts. 

 

Soil pH and Greenhouse Gas Emissions 

Soil pH regulates the activity of microbial communities responsible for 

the production and consumption of major greenhouse gases, including carbon 

dioxide (CO₂), nitrous oxide (N₂O), and methane (CH₄). The influence of soil 

pH on microbial metabolism can accelerate or suppress greenhouse gas fluxes, 

contributing to variations in atmospheric composition and climate change 

dynamics. 

 

Nitrous Oxide (N₂O) Emissions 

Nitrous oxide (N₂O) is a potent greenhouse gas primarily produced 

through nitrification and denitrification processes. Soil pH affects denitrifying 

bacteria, which convert nitrate (NO₃⁻) to nitrogen gas (N₂), thereby influencing 

N₂O emissions. Acidic soils (pH < 5.5) tend to have higher N₂O emissions due 

to incomplete denitrification, as low pH inhibits the last step of this process, 

causing N₂O accumulation (Simek & Cooper, 2002). In contrast, near-neutral 

soils (pH 6.5–7.5) promote complete denitrification, reducing N₂O release and 

enhancing N₂ production (Table 2). 

 

Carbon Dioxide (CO₂) Emissions 

Soil pH significantly affects microbial decomposition of organic matter, 

which is a primary source of CO₂ emissions. Neutral to slightly alkaline soils 

(pH 6.5–8.0) enhance microbial activity, accelerating organic matter 

breakdown and increasing CO₂ flux into the atmosphere. In contrast, acidic 

soils (pH < 6.0) suppress microbial respiration, reducing decomposition rates 

and CO₂ release (Lal, 2004). Extreme pH conditions also stress microbial 

populations, altering their respiratory efficiency and carbon turnover (Table 2). 
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Methane (CH₄) Emissions 

Methane (CH₄) is produced by methanogenic bacteria under anaerobic 

conditions, such as those found in waterlogged soils and wetlands (Table 2). 

These bacteria are highly sensitive to pH fluctuations, with methane production 

being optimal between pH 6.5 and 8.5. Acidic conditions (pH < 5.5) suppress 

methanogenesis, leading to lower CH₄ emissions, whereas alkaline soils (pH > 

8.5) create conditions unfavorable for methane oxidation, allowing more CH₄ 

to escape into the atmosphere (Brady & Weil, 2008). 

 

Table 2. Influence of Soil pH on Greenhouse Gas Emissions 

Greenhouse 

Gas 

Effect of Low 

pH (<6.0) 

Effect of 

Neutral pH 

(6.0–7.5) 

Effect of High 

pH (>7.5) 
References 

N₂O 

(Nitrous 

Oxide) 

Increased 

emissions due to 

incomplete 

denitrification 

Reduced 

emissions due 

to complete 

denitrification 

Lower 

emissions as 

denitrification 

efficiency 

increases 

Simek & 

Cooper 

(2002) 

CO₂ 

(Carbon 

Dioxide) 

Lower 

emissions due to 

suppressed 

microbial 

respiration 

Increased 

emissions due 

to enhanced 

organic matter 

decomposition 

Very high 

emissions due to 

excessive 

microbial 

respiration 

Lal (2004) 

CH₄ 

(Methane) 

Lower 

emissions due to 

suppressed 

methanogenesis 

Optimal 

methane 

production in 

anaerobic soils 

Reduced 

emissions due to 

inhibited 

methanotrophic 

activity 

Brady & 

Weil (2008) 
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Strategies for Managing Soil pH 

Maintaining an optimal soil pH range (6.0–7.5) is essential for ensuring 

efficient nutrient cycling, plant productivity, and environmental sustainability. 

Soil pH modifications involve lime application for acidic soils and sulfur 

amendments for alkaline soils. 

 

Raising Soil pH (Managing Acidic Soils, pH < 5.5) 

Acidic soils are often amended with lime (CaCO₃) to neutralize acidity 

and improve nutrient availability. The amount of lime required depends on soil 

texture, buffering capacity, and crop requirements (Havlin et al., 2016) (Table 

3). 

Lime Requirement Calculation Formula: 

Lime Requirement= (Target pH−Initial pH)×Buffer Capacity×Soil 

Depth×2.0 

 

Table 3. Lime Application Rates Based on Soil Texture 

Soil Texture Amount of Lime (tons/ha) to Raise pH by 1.0 

Sand 1.0 – 2.0 

Loam 2.0 – 4.0 

Clay 4.0 – 6.0 

 

Lowering Soil pH (Managing Alkaline Soils, pH > 7.5) 

Alkaline soils require acidification using elemental sulfur, acid-forming 

fertilizers, or organic amendments (Tisdale et al., 1985) (Table 4). 

Sulphur Requirement Calculation Formula: 

Sulphur Requirement= (Initial pH−Target pH)×Soil Buffer Factor×Soil 

Depth×0.15 
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Table 4. Sulfur Application Rates Based on Soil Texture 

Soil Texture Amount of Elemental Sulfur (kg/ha) to Lower pH by 1.0 

Sand 500 – 1,000 

Loam 1,000 – 2,000 

Clay 2,000 – 3,000 

 

Soil pH is a key environmental factor that affects nutrient availability, 

microbial activity, and greenhouse gas emissions. Proper pH management is 

crucial for sustainable agriculture, carbon sequestration, and climate change 

mitigation. Future research should focus on eco-friendly soil pH management 

techniques, particularly in response to climate change and increasing global 

food demands. 
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1.Introduction 

Legumes are one of the most significant food resources worldwide and 

are high in protein, fiber and various vitamins. These characteristics enhance 

the significance of legumes in human nutrition and make them essential for 

agricultural sustainability. Nevertheless, these crops are experiencing 

significant losses in production due to global climate change and environmental 

stress factors. In particular, abiotic stress factors are among the main threats to 

legume production. Abiotic stress is defined as the stress on plants caused by 

physical or chemical environmental factors such as water stress, salinity, heavy 

metal contamination and temperature extremes. Under these stress conditions, 

vital processes such as photosynthesis, protein synthesis and nutrient uptake in 

legumes can be adversely affected. Recent studies have investigated in detail 

the mechanisms of legume adaptation to abiotic stress conditions and provided 

important information on how these adaptations occur at the genetic level. For 

example, Farooq et al. (2017) investigated different adaptation strategies of 

legumes to drought stress. These strategies included increasing root depth, 

stomatal closure and osmotic adjustment. Furthermore, analyzing the genetic 

response of legumes under salt stress, Gupta et al. (2014) reported that 

overexpression of genes associated with salt tolerance in these plants can 

positively impact seedling development under stress. 

The toxic effects of metals are also a serious source of abiotic stress on 

legumes. In particular, heavy metal accumulation can cause oxidative stress in 

plants, damaging cellular structure and inhibiting photosynthesis. In this 

context, a study by Sharma and Dietz (2016) focused on the role of protective 

enzymes against heavy metal stress in legumes. The study indicated that an 

increase in the activity of these enzymes may increase the survival rate of plants 

under stress conditions. Climate change, specifically with increases in 

temperature and CO2 concentration, affects legume production, which directly 

affects the growth and development processes of plants. Zhu et al. (2018) 

examined how increasing temperatures affect photosynthesis rates in legumes. 

The results show that temperature increase can increase photosynthesis rates up 

to a certain point, but beyond this limit, photosynthesis rates decrease. 
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2.Description and Importance of Abiotic Stress in Legumes 

Abiotic stress is defined as stress caused by non-living environmental 

factors that affect the growth and productivity of plants. These stresses can be 

physical (temperature, light, wind, flooding, cold) or chemical (salinity, water 

stress, toxic metals) and negatively affect the vital functions of plants (Zhu, 

2016). Abiotic stress affects the metabolic activities of plants, making it 

difficult to regulate basic biological processes such as photosynthesis, water 

and nutrient uptake, and protein synthesis. This can result in growth retardation, 

yield loss and even death in plants. (Osakabe et al., 2014). 

 

 

Figure.1. Effects of abiotic stresses on the growth of legume plants (Ali et al., 2022). 

 

Abiotic stress is of major importance for global food security and agricultural 

sustainability. Climate change and increasing environmental variability 

increase the frequency and severity of abiotic stressors, putting pressure on 

agricultural production. In particular, the continuous increase in the world's 

population and the reduction of agricultural land have made the need to enhance 

the adaptation and tolerance of plants to abiotic stress conditions even more 

critical (Acquaah, 2012). Plants develop various mechanisms of defense against 

abiotic stress. These mechanisms include osmotic adjustment, enhancement of 

the antioxidant defense system, expression of stress-related proteins and 

morphological adaptations (Zhu, 2016). To understand abiotic stress conditions, 
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it is essential to unravel these mechanisms in order to develop plant varieties 

that are more resistant to stress conditions. The definition of abiotic stresses and 

the in-depth study of their effects on plants are critical to optimize agricultural 

practices, guide plant breeding efforts and improve food security. Therefore, 

scientists and agricultural technologists are constantly researching and 

innovating to develop agricultural systems that are more resilient to abiotic 

stressors. 

 

3. Types of Abiotic Stress: Salinity, Temperature and Drought 

Abiotic stresses have various challenging effects on plants and the 

strategies developed to cope with these stresses are an area of significant 

research in plant biology and agricultural sciences. Salinity, temperature and 

drought are some of the most common and most effective abiotic stressors faced 

by plants. The effects of each of these factors and the responses of plants to 

these stresses have been widely discussed in literature. 

3.1. Salinity Stress 

Salinity is a stress that affects about 20 percent of agricultural land 

worldwide and causes significant reductions in agricultural productivity. In 

plants, salt stress reduces the osmotic potential of water, hindering water and 

nutrient uptake and leading to ionic imbalances. Under this stress, plants show 

various biochemical and physiological responses, such as the accumulation of 

osmoprotectants (such as proline) and activation of antioxidant defense 

systems. Research by Munns and Tester (2017) examined in detail how salt 

stress is perceived in plants and which signaling pathways are activated. 
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Figure.2. Detrimental effects of salinity stress on various plant parts at different 

growth stages (Atta et al., 2023). 

 

Salinity makes it more difficult for plants to take up water and nutrients, 

inhibiting growth. Salinity stress disrupts the balance of cellular osmotic 

pressure, mainly due to high concentrations of sodium and chlorine ions. This 

restricts plants' water uptake and competes with nutrients, slowing 

photosynthesis processes and causing a reduction in growth. To cope with this 

stress, plants activate mechanisms such as ion separation, ion exclusion, and 

osmotic adjustment. Salinity stress is caused by high salt concentrations, 

especially in irrigation water, and interferes with water and nutrient uptake by 

plants. Under this stress, plants alter the expression of genes regulating ion 

pumps and channels to reduce the toxic effects of sodium and chlorine ions. 

Deinlein et al. (2014) examined the role of Na⁺/H⁺ antiporters in plants in 

response to salinity stress and showed that these proteins play critical roles in 

salt exclusion mechanisms. Furthermore, intensive studies have been conducted 

on specific transcription factors and signaling molecules associated with salt 

tolerance (Roy et al., 2014). 
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Figure.3. Effects of drought and salinity on legume growth and physiology (Ben 

Gaied et al.,2024). 

 

3.2. Heat Stress 

Heat stress is an environmental stress factor that limits the physiological 

and biochemical activities of plants. Generally, it occurs when plants are outside 

the optimum temperature range. High heat stress limits the growth and 

development of plants by negatively affecting basic biological processes such 

as photosynthesis, respiration and enzyme activities (Taiz & Zeiger, 2015). 

Such stress is becoming more frequent due to increasing greenhouse gas 

emissions and climate change and is particularly severe in arid and semi-arid 

regions. 

 
Figure.4. Effects of heat stress on plants (Ul Hassan et al.,2021). 
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Effects of Heat Stress and the Mechanisms Enhanced in Plants 

Plants exposed to heat stress cause disruptions in metabolic processes, 

damage to cell membranes and accumulation of reactive oxygen species (ROS). 

This can result in cellular damage and denaturation of proteins. Plants have 

developed various adaptation mechanisms to mitigate these negative effects: 

 

Heat Shock Proteins (HSPs): HSPs ensure correct folding of proteins 

and maintenance of cellular homeostasis (Wang et al., 2004). 

 

Antioxidant Systems: Antioxidant enzymes such as superoxide 

dismutase (SOD), catalase (CAT) and peroxidase (POD) reduce oxidative stress 

by controlling ROS levels (Mittler, 2006). 

 

Osmoprotectants: Osmoprotectants such as proline and trehalose 

regulate water balance in cells and stabilize enzyme activities. 

 

Stomatal Closure: Limits water loss by reducing transpiration and 

increases plant water use efficiency. 

 

Heat Stress in Legumes 

Legumes are a source of protein, minerals and fiber, which play an 

essential role in human nutrition and animal nutrition. In addition, they have an 

essential place in agriculture as they perform symbiotic nitrogen fixation in root 

nodules. Chickpeas (Cicer arietinum), lentils (Lens culinaris), beans (Phaseolus 

vulgaris), peas (Pisum sativum) and soybeans (Glycine max) are widely 

produced worldwide. Nevertheless, these crops are sensitive to environmental 

stresses and are particularly affected by high temperature stress. Several studies 

have shown that temperature increases negatively affect nodule formation, 

nitrogen fixation and root development (Aranjuelo et al., 2014). 
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Figure.5. Effect of heat stress on legume crops (Sher et al.2024). 

 

Nodule Performance: High temperatures reduce nitrogen fixation by 

reducing enzyme activities in nodules. 

 

Photosynthesis: Since photosynthetic enzymes are temperature 

sensitive, temperature increase limits carbon assimilation (Chaves et al., 2009). 

 

Reactive Oxygen Species: Increased ROS during heat stress cause 

lipid peroxidation of cell membranes and reduce the viability of bacteroids in 

nodules.Yavaş and Ünay (2018) examined the effects of temperature stress on 

nodule formation in legumes such as chickpea and bean. In the study, it was 

found that nodule formation decreased and nitrogen fixation decreased up to 

50% at temperatures above 32°C. Another study revealed that heat shock 

proteins at the molecular level play an important role in developing temperature 

tolerance (Çirka et al., 2019). 
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Strategies to Reduce Heat Stress 

Several agronomic and biotechnological approaches have been 

developed to mitigate the negative effects of heat stress on legumes; 

 

 
Figure.6. Approaches to heat stress management in legumes (Sher et al.2024). 

 

Breeding Studies: The development of varieties that are tolerant to heat 

stress is possible through modern breeding techniques. These studies focus on 

selecting genotypes that provide tolerance to temperature stress using genetic 

variations (Çirka et al., 2019). 

 

Molecular Genetics: Gene editing techniques such as CRISPR/Cas9 

are used to identify and modify genes that increase tolerance to heat stress. 

 

Agronomic Methods: Methods such as mulching, shading and drip 

irrigation can alleviate stress conditions by regulating plant microclimate. 

 

Hormonal Regulations: Hormones such as abscisic acid (ABA) and 

salicylic acid (SA) used during abiotic stresses can increase the adaptive 

capacity of plants. 



29 | THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE 

 

Heat stress poses a serious threat to agricultural production in the context 

of global warming and climate change. Understanding the effects of heat stress 

in legumes is important for sustainable agricultural production. In this context, 

the combination of genetic breeding, molecular biotechnology, and agronomic 

practices holds promise for the development of legume varieties resistant to 

heat stress. Future research will provide solutions to implement these strategies 

more effectively and to improve stress tolerance. 

 

3.3. Drought Stress 

Drought is a severe obstacle to agriculture, especially in regions where 

water resources are limited. Under drought stress, plants develop various 

physiological and morphological adaptations to reduce water loss and increase 

water use efficiency. Osakabe et al. (2014) investigated ABA (Abscisic Acid) 

mediated signaling pathways and gene expression regulation of plants under 

drought stress. This study revealed the genetic adaptations developed by plants 

against water stress and how such adaptations provided protection under stress 

conditions. 

 

 

Figure.7. Impact of drought stress (DS) on plants and possible responses (Nadeem et 

al., 2019). 
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Drought is particularly problematic in water-limited environments and is 

the most common abiotic stress worldwide. In plants, drought stress restricts 

water uptake, reduces cellular turgor pressure, and slows plant growth and 

development. Studies show that under drought conditions, plants increase water 

access by deepening their root systems, reduce transpiration by promoting 

stomatal closure, and maintain cellular integrity by activating osmotic 

adjustment mechanisms (Hu and Xiong, 2014). 

This research has contributed to understanding the effects of abiotic 

stresses on plants and developing new strategies to cope with these stresses. 

Such information can be used in plant breeding and genetic engineering studies, 

allowing the development of plant varieties that are more resistant to stress 

conditions. 

To understand the biological effects of abiotic stresses, especially 

salinity, temperature and drought stresses, and their consequences on plants is 

an important area of research in plant sciences and agricultural applications. 

These stressors can profoundly affect plant life cycles, reproductive success and 

their role in the ecosystem. Below, the biological effects and reactions of these 

three main abiotic stresses are discussed in detail: 

 

Figure.8. Schematic representation of drought tolerance mechanism in legumes 

(Nadem et al., 2019). 
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Drought is a form of stress experienced by plants when water is in short 

supply, severely limiting their water uptake, photosynthetic functions, and 

nutrient uptake. Drought stress leads to stomatal closure, reduced leaf area and 

reduced rates of photosynthesis. Long-term drought can reduce respiration rates 

and impair cellular integrity in plants. To cope with this stress, plants make 

morphological and physiological changes that reduce water loss, activate 

osmotic adjustment mechanisms and produce various stress-related proteins. 

Abiotic stresses are environmental stressors that limit the growth, 

development, and productivity capacity of plants. In specific, salinity, 

temperature and drought are the main abiotic stresses that pose significant 

challenges to global agriculture and food security. These stresses lead to 

changes in plants at the morphological, physiological and molecular levels and 

understanding these changes is critical for the development of stress tolerant 

plant species. 

 

4.Physiological Responses: Stress Sensing Mechanisms in 

Legumes 

Legumes are a strategically important plant family in terms of global 

nutrition. While these crops serve as one of the main sources of protein 

worldwide, they can suffer severe production losses due to various abiotic 

stresses. Therefore, understanding the ability of legumes to respond to abiotic 

stresses is vital to improve their productivity and environmental adaptation. 

Abiotic stress sensing is the starting point of these responses and makes it 

possible to increase stress tolerance through genetic engineering. 

 

4.1. Abiotic Stress Sensing Mechanisms 

Legumes have specialized sensing mechanisms against various abiotic 

stresses. These mechanisms enable the plant to detect stress early and respond 

appropriately. Here are the sensing mechanisms in legumes against the most 

common abiotic stresses: 

Salinity causes ionic imbalance and osmotic stress in plant cells. 

Legumes sense this stress mainly through ion channels and transporter proteins. 

These proteins are receptors and signaling molecules that enable the plant to 

sense salinity. For example, under salt stress, plants primarily sense sodium ions 

(Na⁺). HKT transporters coded specifically for Na⁺ ions sense high sodium 
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concentrations intracellularly and transfer these ions out of the cell. 

Furthermore, NHX antiporters store sodium in vacuoles to maintain sodium and 

potassium (K⁺) balance. These processes minimize the intracellular effects of 

salt stress and increase plant tolerance to salt stress (Blumwald, 2000). 

High temperatures disrupt the natural structure of proteins and 

compromise cellular functions. Legumes produce heat shock proteins (HSPs) 

to sense this stress. HSPs are responsible for repairing damaged proteins and 

ensuring that new proteins fold correctly. Furthermore, heat shock factors 

(HSFs) trigger the transcription of HSP genes by sensing the temperature 

increase. These factors enable plants to respond quickly and efficiently to high 

temperature so that cellular integrity is maintained (Vierling, 1991). Drought 

stress occurs whenever water resources are limited. Legumes sense water stress 

through changes in the levels of the hormone abscisic acid (ABA). ABA levels 

rise rapidly under water limitation and this elevation reduces transpiration loss 

by closing the plant's stomata.  

ABA also activates other molecular processes that respond to water stress 

by regulating gene expression under stress. It minimizes plant water loss and 

increases water use efficiency by making cellular osmotic adjustments during 

water stress (Zhu, 2002).To understand the abiotic stress sensing mechanisms 

of legumes is a fundamental step towards understanding the adaptation of these 

plants to environmental stress. With this knowledge, plant scientists and 

breeders can make genetic adjustments to increase productivity and expand 

adaptive capacity under stress conditions. In the future, technologies such as 

genetic engineering and CRISPR will make it possible to further improve these 

mechanisms. 

 

5.Ecophysiological Effects: Effects on Growth, Development 

and Crop Yield 

Legumes are noted for their high protein content and capacity for 

environmental adaptation as a major source of food worldwide. However, 

abiotic stressors on the growth, development and crop productivity of these 

plants are a major limiting factor. Stresses such as salinity, temperature and 

drought affect the ecophysiology of legumes and can reduce overall agricultural 

productivity. This chapter details the ecophysiological effects of these abiotic 

stresses on legumes, supported by various studies. 
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5.1. Effects on Growth and Development 

Salinity causes toxicity and osmotic stress in plants, making water and 

nutrient uptake difficult. According to Munns and Tester (2008), salinity 

restricts root and leaf growth and reduces photosynthetic capacity. In legumes 

in particular, exposure to salinity can have adverse effects on seed germination 

and seedling growth (Shrivastava and Kumar, 2015). Temperature increases can 

cause reproductive failure in legumes, especially during pollen development 

and flowering periods. Studies by Hatfield and Prueger (2015) show that high 

temperature stress reduces pollen viability and impairs fertilization processes. 

Drought restricts water uptake by plants and reduces transpiration rates, which 

in turn reduces photosynthetic activity. Flexas et al. (2004) reported that 

drought stress is directly related to a decrease in photosynthesis. Furthermore, 

under prolonged drought conditions, legumes often develop deeper root 

systems, while vegetative growth at the surface remains limited (Ludlow and 

Muchow, 1990), which restricts plant access to water and nutrients. 

 

5.2. Effects on Crop Yield 

Abiotic stresses have direct effects on seed yield and quality of legumes. 

In particular, salinity and drought have negative effects during the reproductive 

period of the plant, reducing seed set and seed weight (Katerji et al., 2003). 

Under heat stress, the inhibitory effect of high temperatures on seed 

development can severely reduce overall yield (Barnabás et al., 2008). Abiotic 

stresses can cause significant losses in agricultural production by affecting 

growth, development and crop yield in legumes. The development of stress 

management strategies and the breeding of highly stress tolerant varieties play 

a critical role in alleviating these problems. Research in this area is enabling 

plant scientists and agronomists to develop legume varieties that are more 

resistant to stress conditions. 

 

6.Biochemical Changes: Antioxidative Defense Systems 

Legumes play an important role for global nutritional security and when 

exposed to various abiotic stresses, biochemical adaptation mechanisms kick 

in. These adaptations determine the capacity of plants to respond to stress 

conditions and increase their chances of survival. In particular, antioxidative 

defense systems to combat reactive oxygen species (ROS) are critical under 



THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE | 34 

 

stress conditions. In this chapter, the biochemical changes observed in plants in 

general and in legumes in particular, and the functions of antioxidative defense 

systems will be discussed in detail.Plants undergo various biochemical changes 

at the cellular and molecular levels in the face of environmental stressors. Under 

stress conditions, ROS production increases; these free radicals can cause 

oxidative damage to cellular structures. Increased ROS at the cellular level lead 

to lipid peroxidation, protein oxidation and DNA damage, which can cause 

cellular dysfunction and even cell death (Mittler et al., 2004). Legumes are 

particularly sensitive to abiotic stress conditions such as salinity, temperature 

and drought. Under these stresses, legumes activate biochemical defense 

mechanisms. For example, in legumes exposed to salinity stress, the activity of 

antioxidant enzymes increases and osmotic adjustment substances are 

synthesized to regulate intracellular salt concentration. Furthermore, legumes 

under stress produce secondary metabolites such as polyphenolic compounds 

and flavonoids, which serve as natural antioxidants and help protect cells from 

oxidative stress (Ahmad et al., 2010). 

 

6.1. Antioxidative Defense Systems and Their Functions 

Anti-oxidative defense systems are vital for plants to cope with oxidative 

stress. These systems include the following major enzymes and compounds: 

Superoxide Dismutase (SOD) SOD functions as the primary line of 

defense against the damaging effects of ROS. Under oxidative stress, SOD 

enzymes dismutate superoxide radicals into the less harmful hydrogen peroxide 

and molecular oxygen. This conversion is a fundamental step in the protection 

of cells from oxidative damage (Alscher et al., 2002). 

Catalase (CAT) CAT is responsible for the conversion of hydrogen 

peroxide to the harmless molecules water and oxygen. This enzyme is found in 

particularly high concentrations in peroxisomes and has a central role in ROS 

detoxication. In legumes, CAT activity increases especially under conditions of 

high salt and drought stress, which protects the plant from oxidative stress 

(Mittler, 2002). Ascorbate Peroxidase (APX) APX works within the ascorbate 

cycle and has a critical role in the reduction of hydrogen peroxide to water. This 

enzyme reduces the harmful effects of hydrogen peroxide by oxidizing 

intracellular ascorbate. APX can be induced in legumes, especially under 
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drought and heat stress, and can increase the overall antioxidant defense 

capacity (Noctor and Foyer, 1998). 

Glutathione Reductase (GR) GR maintains cellular redox balance by 

regenerating the reduced form of glutathione. This enzyme reduces the oxidized 

form of glutathione and maintains intracellular antioxidant capacity. The 

activity of GR is increased in legumes, especially under stress conditions where 

reactive oxygen species are high (Foyer and Noctor, 2005). 

Understanding the antioxidative defense systems in legumes may 

provide better protection of these plants against various abiotic stress 

conditions. The efficiency of these systems directly affects the development of 

plants under stress conditions and crop yield. Therefore, plant breeding and 

genetic engineering efforts should aim to improve the stress tolerance of 

legumes by targeting these biochemical defense mechanisms 

 

7.Management Strategies: Traditional and Biotechnological 

Approaches 

Successful adaptation and tolerance of plants to abiotic stress is vital for 

the sustainability of agricultural production. In crops of high economic value, 

such as legumes, stress management strategies are realized through both 

traditional agricultural techniques and modern biotechnological approaches. 

These strategies aim to maintain yield and quality by increasing plant resilience 

to stress conditions. This chapter discusses traditional and biotechnological 

management strategies in detail and discusses the advantages and limitations of 

these approaches. 

 

7.1. Traditional Management Strategies 

Traditional management strategies mostly include techniques such as 

cultural practices, plant breeding and crop rotations. Such strategies have been 

part of agricultural practice for hundreds of years and are generally low-cost 

and easy to implement. 

 

Cultural Practices: Cultural practices such as water management, 

tillage, fertilization, and timing of planting can improve plant resilience to 

stress conditions. For example, drip irrigation and mulching techniques provide 
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effective management against drought stress by increasing water use efficiency 

(Kijne, 2006). 

 

Plant Breeding and Selection: Traditional plant breeding methods 

involve selecting and developing varieties with high stress tolerance. Selective 

crossing and selection are used to increase resistance to abiotic stresses by 

maintaining and increasing the genetic diversity of plants (Acquaah, 2012). 

 

Crop Rotations: The practice of rotating different crop species 

improves soil health and can increase tolerance to certain stressors. For 

example, rotation of legumes with other crops can reduce salinity stress by 

naturally increasing soil nitrogen levels (Cook et al., 2006). 

 

7.3. Biotechnological Management Strategies 

Biotechnology uses genetic engineering and molecular biology 

techniques to improve plant tolerance to stress. By directly altering the genetic 

makeup of plants, these modern approaches can accelerate their adaptation to 

specific stress conditions. 

 

Genetic Engineering: Genetic engineering can increase stress 

tolerance by inserting foreign genes into the DNA of plants or modifying 

existing genes. For example, transgenic legume varieties with enhanced 

drought and salinity tolerance can show higher yield and growth under stress 

(Varshney et al., 2011). 

 

Molecular Breeding: Using molecular markers and gene mapping 

techniques, genetic loci associated with stress tolerance can be identified. These 

techniques increase the efficiency of traditional breeding methods, allowing for 

faster and more accurate crosses (Collard and Mackill, 2008). 

 

CRISPR/Cas9 and Other Gene Editing Technologies: Gene 

editing technologies such as CRISPR/Cas9 enable rapid and precise changes in 

the genetic material of plants. This technology can accelerate the adaptation of 
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plants to abiotic stress conditions through direct regulation of stress-related 

genes (Bortesi and Fischer, 2015). 

Traditional and biotechnological management strategies are 

complementary approaches to improve abiotic stress tolerance in legumes. Both 

strategies are of great importance for global food security and sustainability of 

agriculture. In the future, integrating these methods may offer innovative 

solutions to optimize crop yields under stress conditions while reducing 

environmental impacts. 

 

8.Future Perspectives: Gene Editing Technologies and 

Sustainable Agricultural Practices 

Modern agriculture aims at both environmental sustainability and 

meeting the food needs of a growing global population. This dual goal can be 

more effectively realized through the integration of gene editing technologies 

and sustainable agricultural practices. Such technologies promise to increase 

plant productivity and stress tolerance while reducing pressure on the 

ecosystem by optimizing resource use. 

 

8.1. Gene Regulation Technologies 

Gene regulation is a revolutionary technology that enables rapid and 

precise genetic modifications. Tools such as CRISPR/Cas9, TALENs and ZFNs 

are used to improve the traits of agricultural crops by intervening on specific 

genetic targets. 

Disease and Pest Resistance: Gene regulation can enhance plant 

resistance to pathogens and pests, reducing the need for chemical control. For 

instance, the natural defense mechanisms of plants can be strengthened by 

adding pathogen-specific resistance genes or modifying existing genes using 

CRISPR technology. This approach enables plants to fight diseases more 

effectively and increases yields in large-scale agricultural applications (Jiang et 

al., 2013). 

 

Abiotic Stress Tolerance: Abiotic stresses put enormous pressure on 

global agricultural productivity. Gene editing can be used to develop plant 

varieties that are more tolerant to stresses such as water, salt and temperature. 
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These plants perform better under harsh environmental conditions, enabling 

more efficient use of limited resources (Zhang et al., 2018). 

 

Increasing Nutritional Content: Gene editing is a strategic tool for 

improving nutrient profiles in plants. For example, agricultural products 

enriched in essential amino acids, vitamins and minerals can be improved 

through gene editing. This can improve public health by enhancing nutritional 

quality, especially in developing countries (Ye et al., 2000). 

 

8.2. Sustainable Agriculture Practices 

Sustainable agriculture aims to maximize yields while minimizing 

environmental impact. These practices, combined with gene editing 

technologies, can enhance agricultural sustainability. 

 

Ecological Diversity: Farming systems that promote ecological 

diversity can reduce the problems caused by monoculture. Varieties developed 

through gene editing can be used to conserve and increase biodiversity by 

making them more suitable for specific ecological niches. This can be both 

effective in biological control of pests and improve soil health (Altieri, 1999). 

 

Soil Health: Practices that maintain soil health are key to long-term 

agricultural productivity. The use of organic matter improves soil water holding 

capacity and nutrient balance. Plants developed through gene editing can grow 

better in these conditions and reduce soil erosion (Lal, 2004). 

 

Water Management: Conservation of water resources is critical for the 

sustainability of global agriculture. By developing plant varieties with high 

water use efficiency through gene editing, agriculture can be sustained in water-

limited areas. These varieties show healthy growth even under arid conditions 

and save water (Postel et al., 2001). 

Gene editing technologies and sustainable agricultural practices are the 

cornerstones of future agricultural strategies. Integration of these technologies 

will improve the environmental and economic sustainability of agriculture; help 

ensure food security and protect ecosystems. Strategic planning, policy 
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development and effective use of these technologies will shape the future of 

global agriculture. 
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Introduction 

As the global community confronts the escalating challenges posed by 

climate change, the imperative to build resilient cities has become more urgent 

than ever. Urban areas, which accommodate more than half of the world’s 

population, are at the forefront of climate impacts, including rising 

temperatures, sea level rise, extreme weather events, and resource scarcity. The 

necessity for cities to both adapt to and mitigate these challenges has led to a 

growing emphasis on the concept of urban resilience. Urban resilience is 

defined as the capacity of cities to absorb shocks, adapt to changing conditions, 

and continue to function effectively under stress (Zhang and Li, 2018). 

This section underscores the significance of resilient cities and their role 

in addressing climate change. The discussion is further strengthened by 

recognizing the critical contribution of cities to greenhouse gas emissions. 

Cities must not only adapt to the effects of climate change but also play an 

active role in global mitigation efforts through emission reduction. 

In recent years, the substantial risks that climate change poses to urban 

areas have become increasingly evident. These risks include sea level rise, 

elevated temperatures, more intense precipitation and storms, droughts, and 

heatwaves. Furthermore, climate change presents serious threats to urban 

infrastructure, such as increased electricity demand and voltage fluctuations, 

stress on materials and equipment, transportation disruptions, and an elevated 

need for emergency management (IPCC, 2007; NPCC, 2009; Wardekker et al., 

2003). 

This section examines the concept of resilient cities, focusing on the 

principles and strategies that support their development. It also analyzes the 

roles of urban governance, policy, and technology in shaping urban resilience. 

Drawing on relevant literature, it presents case studies of cities that have 

successfully implemented resilience strategies and offers insights into the future 

of urban resilience in the context of escalating climate risks. 

 

1. Defining Urban Resilience 

Urban resilience refers to the capacity of cities and urban systems to 

anticipate, prepare for, and recover from a range of shocks and stresses, 

including those associated with climate change. This concept encompasses both 

resistance and adaptive capacities to extreme events (such as floods, heatwaves, 
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and storms), with adaptive capacity defined as the ability of cities to adjust to 

long-term climatic changes—such as rising temperatures, sea level rise, and 

shifts in precipitation patterns (Zhang & Li, 2018). 

Resilience is widely recognized as a multidimensional and 

interdisciplinary concept, whose definition and interpretation vary according to 

context, purpose, scale, system, discipline, and domain (Rana, 2020). For 

example, a city that demonstrates resilience to flood risks may not exhibit the 

same level of resilience when confronting challenges related to urban heat 

(Mehryar et al., 2022). According to the IPCC (2007), resilience is defined as 

“the ability of a social or ecological system to absorb disturbances while 

retaining its essential structure and functions, the capacity for self-organization, 

and the ability to adapt to stress and change.” Climate resilience, in particular, 

refers to the ability of individuals and systems to sustain and enhance living 

standards, economic growth opportunities, and overall well-being in the face of 

environmental, economic, social, and political disruptions caused by climate 

change (Mehryar et al., 2022). 

In a broader context, urban resilience is characterized by how cities or 

urban systems respond to a variety of shocks and stresses (Leichenko, 2011). It 

encompasses the capacity of cities to withstand external shocks, reduce 

vulnerability to disasters, promote technological innovation, and foster the 

development of sustainable infrastructure. Additionally, strengthening 

governmental institutions and addressing racial and political dynamics are 

essential components of this process. 

 

1.1 Resilience Frameworks 

To better understand urban resilience, scholars and practitioners have 

proposed various conceptual frameworks. One widely cited definition is 

provided by the Rockefeller Foundation through its 100 Resilient Cities 

initiative, which defines resilience as a city's ability to endure and recover from 

both chronic stresses and acute shocks (Rockefeller Foundation, 2014). The 

Resilience Alliance also offers a frequently referenced framework based on the 

concept of adaptive cycles, viewing cities as systems that must continually 

adapt, transform, and evolve in response to changing environmental and social 

conditions (Walker & Salt, 2006). 
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In the urban context, the notion of resilience is adapted from studies on 

how ecological systems respond to stress and disturbances caused by external 

forces (Davic & Welsh, 2004). From an ecological perspective, Holling 

(1973)—who first introduced the concept—and later Carpenter et al. (2001), 

argue that resilience refers to the “persistence of relationships within a system” 

and “the ability of these systems to absorb changes in state variables, driving 

variables, and parameters while continuing to function” (Holling, 1973). Put 

differently, resilience is “the capacity of a system to absorb disturbance and still 

retain its basic functions and controls” (Gunderson & Holling, 2001). 

 

1.2 Components of Urban Resilience 

Urban resilience comprises several key components: 

Infrastructure Resilience:Infrastructure resilience involves ensuring that 

critical infrastructure systems can endure extreme weather events and long-

term climate change impacts (Ahern, 2011). Climate change poses both acute 

threats—such as extreme weather events—and chronic risks resulting from 

gradual environmental shifts. These threats range from coastal and urban 

flooding to heatwaves, cold spells, droughts, and strong winds. Assessing the 

effects of climate change on transportation systems is inherently complex. 

While the body of knowledge regarding these impacts is growing, there remain 

significant gaps in understanding the vulnerabilities and adaptive strategies 

linked to behavioral responses, informational deficiencies, resource limitations, 

and the interdependence of physical systems. Given the long operational 

lifespans of many infrastructure systems, it is critical to integrate and assess the 

timing and magnitude of climate change and extreme weather events in 

planning processes (Markolf et al., 2019). 

Social Resilience: Social resilience emphasizes strengthening the 

capacity of communities to respond to climate change, particularly among 

vulnerable groups disproportionately affected by climate-related risks (Adger, 

2003). Current approaches to managing climate variability offer limited 

promise in addressing the increasing frequency and severity of climate 

extremes. Across various regions, shifts in rainfall and temperature patterns are 

already destabilizing agricultural productivity and food security (Molua, 2002). 

Studies examining how impoverished populations cope with climate-induced 

extremes—such as floods, droughts, and storms—highlight the substantial 
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economic burdens and challenges they face, often with limited success (Kates, 

2000). Climate-induced natural disasters frequently undermine development 

gains, destroying lives and livelihoods. As Sen (1981) noted, famines, climate-

related risks, and food production declines often constitute human-made 

disasters resulting from failures in societal response. 

Economic Resilience: Economic resilience refers to a city’s ability to 

preserve economic stability amid climate-related disruptions (Simmie & 

Martin, 2010). Urban areas are frequently located in high-risk coastal zones, 

where both economic assets and populations are increasingly exposed to 

climate hazards. Understanding these risks requires assessing their influence on 

social and economic conditions and the core operational foundations of urban 

systems. Climate change’s social ramifications include direct effects on 

residents’ physical and mental health, food and water insecurity, disruptions to 

livelihoods, and displacement. A key aspect of the social dimension of climate 

change is its unequal impact, which has gained increased attention in 

contemporary discourse. Research increasingly demonstrates that climate 

change disproportionately affects marginalized individuals and groups, 

particularly those with limited resources or social isolation. Economically, 

climate change disrupts urban systems through the interruption of goods and 

services—such as the destruction of industrial infrastructure and the loss of 

commercial activity (Gasper et al., 2011). 

Governance Resilience: Governance resilience entails the establishment 

of flexible, inclusive, and effective decision-making processes that enable cities 

to respond to climate change (Béné et al., 2012). Although governance concerns 

issue of authority and multi-actor engagement, it must also consider the rising 

uncertainty associated with climate change and its implications for urban 

planning and policy-making. Climate change presents novel and large-scale 

challenges in urban contexts, necessitating governance models capable of 

addressing uncertainty and complex, non-linear dynamics. The literature 

increasingly calls for flexible and adaptive urban strategies—for instance, 

enhancing resilience in urban drainage systems to better manage flood and 

water risks under uncertain climatic conditions (Gersonius et al., 2013). 

Adaptive governance, as an analytical framework, emphasizes the importance 

of collaborative networks and shared resource management to cope with global 

uncertainties (Folke et al., 2005). It is defined as a governance system 
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comprising formal and informal institutions and social networks capable of 

learning and adapting in the face of change (Boyd & Folke, 2012). 

 

Absorptive Capacity 

Absorptive capacity refers to structural and non-structural measures such 

as flood barriers and stormwater management systems. The proliferation of 

impervious surfaces in urban areas significantly alters a city's hydrological 

structure and geomorphology, while also degrading stormwater quality and 

urban ecosystems. The loss of green spaces and coastal vegetation affects river 

water temperatures, flow regimes, and the distribution of aquatic plant and 

animal species (Anderson et al., 2010). The inherent vulnerability of urban 

areas contributes substantially to increased flood-related damages, highlighting 

the critical need to strengthen urban flood resilience (Li et al., 2024). 

 

Adaptive Capacity 

Adaptive capacity encompasses climate-resilient infrastructure and 

nature-based solutions, such as urban tree planting. Urban infrastructure plays 

a vital role in mitigating elevated temperatures within cities. Green-blue-grey 

infrastructure—which integrates vegetation-based, water-based, and 

engineering-based systems—has been widely advocated as a means to reduce 

urban heat and lower energy consumption (Zonato et al., 2021). These 

integrated systems offer substantial potential to enhance urban quality of life, 

support biodiversity, mitigate the impacts of climate change, and foster long-

term sustainability. 

 

2. Climate Change and Urban Vulnerability 

The impacts of climate change are becoming increasingly evident in 

urban environments. Cities are particularly vulnerable due to high population 

densities and the concentration of infrastructure and economic activity. Social 

inequalities often exacerbate this vulnerability; as marginalized populations are 

more likely to reside in high-risk areas such as floodplains or informal 

settlements. 
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2.1 Major Climate Risks Facing Cities 

Extreme Weather Events: Urban areas are frequently exposed to extreme 

weather conditions, including storms, heatwaves, heavy rainfall, and flooding. 

These events can severely damage infrastructure, disrupt daily activities, and 

result in substantial economic losses (IPCC, 2014). 

Sea-Level Rise: Coastal cities are particularly at risk from rising sea 

levels, which may lead to urban inundation, population displacement, and 

significant infrastructure damage (Nicholls et al., 2007). 

Temperature Extremes: Cities often experience elevated temperatures 

relative to surrounding rural areas due to the urban heat island effect. This 

phenomenon exacerbates the impacts of heatwaves and poses serious health 

risks, particularly for vulnerable groups (Oke, 1982). 

Resource Scarcity: Climate change can intensify challenges related to 

water scarcity, rising energy demands, and food insecurity, as it disrupts supply 

chains and depletes local resources (Satterthwaite, 2008). 

 

2.2 Social Inequalities and Vulnerability 

The effects of climate change are disproportionately experienced by 

marginalized groups. Low-income communities, Indigenous peoples, the 

elderly, and persons with disabilities often face heightened risks due to 

substandard housing, limited access to essential resources, and reduced 

mobility. Addressing these inequalities is a crucial step toward fostering urban 

resilience (Füssel, 2007). 

 

3. Building Resilient Cities: Strategies and Best Practices 

Fostering urban resilience requires a dual approach: implementing 

adaptation strategies to reduce vulnerability and enacting mitigation measures 

to lower greenhouse gas emissions. Key strategies include: 

 

3.1 Green Infrastructure 

Green infrastructure involves leveraging natural and semi-natural 

systems—such as parks, green roofs, urban forests, and wetlands—to deliver 

environmental benefits and enhance urban resilience. These systems aid in 

stormwater management, reduce the urban heat island effect, and improve air 
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quality. Initiatives such as New York City’s MillionTrees program and 

Singapore’s Gardens by the Bay illustrate how green infrastructure can 

effectively address climate risks (Demuzere et al., 2014). 

 

3.2 Urban Planning and Zoning 

Climate-resilient urban planning integrates future climate risks into city 

design, zoning regulations, and construction codes. Cities can mitigate 

vulnerability by avoiding development in high-risk areas, such as floodplains 

and coastal zones, and by promoting compact, walkable, mixed-use 

neighbourhoods. The “smart growth” model supports sustainable urban 

development while minimizing environmental impacts (Portney, 2003). 

 

3.3 Disaster Risk Management and Early Warning Systems 

An effective disaster risk management (DRM) framework is a 

cornerstone of urban resilience. Cities can enhance their preparedness by 

implementing early warning systems for extreme weather events, formulating 

evacuation plans, and strengthening emergency response capabilities. 

Examples from Tokyo’s earthquake preparedness initiatives and Miami’s flood 

resilience programs underscore the value of proactive planning in reducing 

disaster-related losses (Mimura et al., 2007). 

 

3.4 Climate-Resilient Infrastructure 

Strengthening infrastructure to withstand the impacts of climate change 

is a critical element of urban resilience. This includes fortifying buildings, 

bridges, and roads to endure extreme weather events, upgrading existing 

infrastructure, and investing in renewable energy sources such as solar and 

wind power. For example, Copenhagen has implemented comprehensive flood 

defense measures, including the world’s largest stormwater management 

system, to address increasing rainfall (Skaarup et al., 2014). 

 

3.5 Social Resilience and Community Engagement 

Incorporating communities into climate resilience planning is essential. 

Involving local populations in decision-making processes, disaster 

preparedness efforts, and climate action initiatives can foster a culture of 
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resilience. For instance, Portland, Oregon, has developed robust climate 

adaptation strategies that actively engage local communities in both decision-

making and the implementation of resilience projects (Shaw & Deyle, 2013). 

 

4. Conclusions 

As cities confront the escalating challenges posed by climate change, 

building resilience has emerged as a critical objective for urban planners, 

policymakers, and residents. By integrating green infrastructure, adaptive urban 

planning, robust disaster risk management, and community engagement, cities 

can not only reduce the risks associated with climate change but also foster 

opportunities for sustainable development and improve the quality of life for 

all urban residents. 

The path to resilience is complex and necessitates cooperation at local, 

national, and international levels. As more cities implement strategies for 

climate adaptation and mitigation, the global urban network can become better 

prepared, more equitable, and more resilient to the challenges of an uncertain 

future. 
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1. Introduction 

The widespread use of fossil fuels as the primary energy source poses 

serious threats to global ecological sustainability. The combustion of fossil fuels 

releases carbon dioxide (CO2) and other greenhouse gases into the atmosphere, 

where they accumulate and accelerate the process of global warming, leading 

to structural changes in the climate system that are increasingly difficult to 

reverse. CO2, the principal driver of global warming, has become one of the 

most critical components of climate change due to its current atmospheric 

concentration. Indeed, since the Industrial Revolution, approximately 2,590 

gigatons of CO2
3 have been emitted into the atmosphere between 1850 and 2024 

(Our World in Data, 2025). This accumulation has had lasting effects on global 

climate dynamics, impacting many sectors, particularly agriculture. Among 

agricultural systems, fruit cultivation is especially sensitive to climatic 

conditions and is directly and significantly affected by these changes. 

As of 2023, global greenhouse gas emissions vary significantly across 

countries. As illustrated in Figure 1, nations such as China, the United States, 

and India account for a substantial share of global emissions. In contrast, low-

income countries contribute much less. In contrast, regions like the African 

continent, Central Asia, and several small island states make relatively minor 

contributions to total global emissions. This spatial disparity highlights the 

severe geographic injustices between the causes and consequences of the 

climate crisis. 

 

 

 

 
3 This data represents the total carbon dioxide emissions caused by human activities 

since 1850; changes in the natural carbon cycle are not included. 
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Figure 1. Global Greenhouse Gas Emission Levels: 20234 

Source: Our World in Data (2025) 

 

In this context, countries contributing the least to emissions are often the 

regions most affected by climate change. Therefore, the impacts of climate 

change on agricultural pests and diseases vary depending on the crop type and 

geographical region (Beckford & Norman, 2016: 195). The global 

consequences of this increase are being felt in a multifaceted manner, 

particularly across the agricultural sector, including fruit cultivation. 

On the other hand, agricultural activities are both a cause and a victim of 

climate change. According to FAO (2024), the agricultural sector is responsible 

for approximately 20.4% of global greenhouse gas emissions, with a total of 

10.9 gigatons of CO₂ equivalent emissions stemming from on-farm crop and 

livestock production (7.8 Gt CO2)5  and agricultural land use (3.1 Gt CO2). 

However, when considering emissions from all stages of the food system, the 

total greenhouse gas contribution was calculated to be 29.7% as of 2022. This 

share was 38% in 2000 but has declined over time (FAO, 2024). The decrease 

is attributed not to a reduction in agricultural emissions, which have remained 

relatively stable, but rather to a relative increase in emissions from the energy 

and industrial sectors. Thus, although emissions from agricultural production 

may appear to have declined proportionally, the sector’s contribution to 

 
4 Figure 1 is based on country-level CO₂-equivalent data from the year 2023, derived 

from the Global Greenhouse Gas Emissions database provided by Our World in Data. 
5 It covers emissions directly resulting from crop production (e.g., wheat, maize) and 

livestock activities (e.g., cattle, sheep). 
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greenhouse gas emissions remains substantial and continues to play a critical 

role in climate change. 

Rising temperatures, irregular precipitation, drought, floods, and 

storms—extreme weather events triggered by climate change—negatively 

affect agricultural productivity and efficiency (IPCC, 2019; FAO, 2015: 36). 

Temperature increases during critical stages of plant development led to yield 

losses, while reductions in water resources limit irrigation potential (Hatfield & 

Prueger, 2015: 4). Simultaneously, the expansion of the geographical range of 

pests and diseases increases production risks (Porter et al., 1991; Gullino et al., 

2022: 12), thereby deepening the vulnerability of smallholder farmers, 

particularly those engaged in subsistence agriculture (Beckford & Norman, 

2016: 189; Gregory et al., 2005: 2145). 

When explicitly examined in the context of fruit cultivation, the adverse 

effects are even more pronounced due to the perennial6 and climate-sensitive 

nature of fruit production systems (Russos, 2024: 558). Tree species possess 

limited adaptive capacity to environmental stresses because of their long 

lifespan. This limitation affects many critical physiological processes such as 

flowering timing, fruit set, yield, and quality (Russos, 2024; Osorio Marín et 

al., 2024). 

Accordingly, climate change poses serious threats to the agricultural 

sector in terms of production levels, food security, and the stability of rural 

livelihoods (Abbas et al., 2023). Therefore, it is important to develop practical 

solutions to the challenges faced, particularly in fruit cultivation, during the 

climate change adaptation process. One such solution is tissue culture 

techniques, a modern biotechnological tool that enables the rapid, reliable, and 

disease-free propagation of stress-tolerant genotypes, especially in fruit species 

(Beckford & Norman, 2016). In other words, tissue culture is a technique that 

allows plants to be rapidly produced in sterile, artificial nutrient media and 

containers, free from bacterial and fungal contamination. Thus, tissue culture 

becomes a apparatus to enhance production efficiency and a strategic method 

that supports the development of climate-resilient fruit production systems. 

 
6 Perennial plants refer to species that remain alive across multiple growing seasons 

and produce yield each year. 
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In particular, methods such as in vitro micropropagation7 make it possible 

to select and introduce genotypes that are tolerant to various abiotic stress 

factors8, including drought (water stress), salinity, extreme temperatures (heat 

stress), nutrient deficiencies or toxicities, and heavy metal contamination (Al-

Khateeb et al., 2020: 2; Rezaei et al., 2023: 1475). Furthermore, tissue culture 

plays a strategic role in areas such as the conservation of endangered plant 

varieties under environmental pressure caused by climate change (IUCN, 

2023), the long-term preservation of genetic resources, and the development of 

new lines (Kulak et al., 2022; Benelli et al., 2022; Tarraf & De Carlo, 2024). 

This crucial role is fulfilled through in vitro techniques, which allow for rapid 

and continuous testing of plant material under laboratory conditions without 

dependency on external environmental factors (Kantoğlu et al., 2021: 713). In 

this respect, tissue culture supports sustainable fruit production practices and 

provides a scientific foundation for climate-resilient agricultural transformation 

(Benelli et al., 2022). 

This study aims to comprehensively evaluate the potential role of tissue 

culture in adapting fruit cultivation to climate change. The first section outlines 

a general framework of climate change, with an introductory focus on its 

impacts, particularly on the agricultural sector and fruit cultivation. The second 

section addresses the specific effects of climate change on fruit production. The 

third section explores the potential of tissue culture applications in fruit 

growing to adapt to climate change. At the same time, subsection 3.1 presents 

concrete examples of current scientific applications in this field. The fourth 

section includes discussion and future-oriented evaluations. Finally, the fifth 

and last sections offer a general assessment of the study and presents its 

conclusions. 

 

 

 

 
7 Micropropagation is the process of propagating plants from tissue fragments under 

sterile conditions in a laboratory environment. It generally aims to produce healthy and 

genetically uniform seedlings in culture media. 

8 Abiotic stress refers to the pressure exerted on plants by non-living environmental 

factors such as drought, salinity, and extreme temperatures. Unlike biotic stress, it does 

not involve living agents. 
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2. Effects of Climate Change on Fruit Cultivation 

2.1. Climate Change and Agriculture 

The growth and development of agricultural products depend on 

fundamental environmental components such as soil, water, sunlight, and 

temperature. Climate is a dynamic factor that directly influences all of these 

components. Climate-related risks and inherent uncertainties pose significant 

challenges for the agricultural sector. Agriculture is a dual-impact sector—it 

contributes to and is strongly affected by climate change. Figure 2 

schematically presents the impacts of climate change on agriculture. This 

general framework calls for more specific and in-depth analyses, particularly 

for sub-sectors like fruit cultivation, which are highly sensitive to 

environmental variability. 

 

Figure 2. Impacts of Climate Change on the Agricultural Sector 

Source. Created by the authors based on data from the Republic of Türkiye Ministry 

of Agriculture and Forestry (2021). 

Rising temperatures, changes in precipitation patterns, drought, floods, 

desertification, and extreme weather events directly challenge agricultural 
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production systems. The impacts of these changes are felt across multiple 

dimensions, including food security, water resource management, agricultural 

economics, and rural development. Climate change also leads to significant 

disruptions in natural cycles (water, carbon, and nutrient cycles) and ecosystem 

services, threatening the sustainability of agricultural production. 

In countries like Türkiye, which are located in the Mediterranean climate 

zone, rising temperatures and decreasing rainfall are increasing the risk of 

drought, resulting in yield reductions, shifts in crop patterns, and greater 

vulnerability of rural livelihoods (Republic of Türkiye Ministry of Agriculture 

and Forestry, 2021). Therefore, the agricultural sector must be addressed as a 

priority in both climate adaptation and mitigation strategies. In this context, the 

13th United Nations Sustainable Development Goal, “Climate Action,” aims to 

enhance the resilience of the agricultural sector through greenhouse gas 

reduction, climate adaptation, early warning systems, and awareness-raising 

initiatives. 

However, the effects of climate change on agriculture are not felt equally 

across all sub-production systems. Fruit cultivation, characterized by perennial 

production structures and high sensitivity to environmental conditions, presents 

more complex and long-term risks in this regard. Compared to field crops, fruit 

trees have a more limited capacity to adapt to climatic stressors and cannot 

respond rapidly to changing environmental conditions. This creates significant 

vulnerabilities in productivity, product quality, and continuity of production. 

Moreover, the high fixed investment and long return period inherent in fruit 

growing expose producers to biophysical limitations and economic 

vulnerabilities such as investment recovery delays and market uncertainties. 

 

2.2. Effects of Climate Change on Fruit Cultivation 

The climate-induced vulnerabilities observed across the broader 

agricultural sector manifest as more complex and multidimensional risk areas 

in the context of fruit production. One of the primary reasons for this is the 

perennial nature of fruit production systems, whose biological cycles operate 

within specific agroclimatic thresholds and are implemented in spatially fixed 
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growing areas. These characteristics limit the plasticity9 of fruit production 

systems in adapting to environmental variability (Rimpika et al., 2021: 191; 

Guy & Dufour, 2014: 2). 

As a result of global climate change, deviations in key climatic 

parameters—such as temperature, humidity, photoperiod, and radiation—

disrupt fundamental phenological stages, including flowering synchronization, 

bud break, fruit set, and ripening. These disruptions cause asynchronies10, 

reduce reproductive success and trigger yield losses (Pertille et al., 2022: 

111353; Mo et al., 2023: 2; Wyer et al., 2023: 109281). 

Additionally, abiotic stress factors such as extreme heat, drought, 

salinity, and excessive radiation lead to physiological disturbances in plants 

(dos Santos et al., 2022: 113–115). These disturbances negatively affect fruit 

quality through responses such as reduced photosynthetic capacity, stomatal 

closure11  (Ak et al., 2023), and decreased water potential (dos Santos et al., 

2022: 113–115; Li et al., 2023: 3). 

Moreover, the high fixed investment requirements and long return on 

investment periods characteristic of fruit production systems render these 

systems biophysically vulnerable. The seasonal shifts and the increasing 

frequency and intensity of extreme weather events caused by global climate 

change expose agricultural production to high uncertainty and volatility. In fruit 

cultivation—where phenological timing12 is critical—this situation transforms 

unpredictability into a structural risk factor. 

In this context, developing genetically superior, stress-tolerant plant 

varieties and their rapid, reliable, and disease-free propagation under controlled 

conditions make in vitro tissue culture techniques one of the most effective 

biotechnological tools for climate adaptation in fruit growing. 

 
9 Plasticity is the ability of an organism to adapt phenotypically to environmental 

changes. 

10 Phenological stages are developmental phases such as budding, flowering, and fruit 

set. Asynchrony refers to the lack of synchronization in the timing of these stages. 

11 It is the closure of pores (stomata) on the surface of plant leaves to prevent water 

loss. This condition also limits gas exchange, thereby reducing the efficiency of 

photosynthesis. 

12 Phenological timing refers to the seasonal schedule of key developmental events in 

plants, such as budburst, flowering, fruit set, and leaf fall, which are often sensitive to 

climatic conditions. 
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2.2.1. Disruption of Phenological Synchrony and 

Developmental Deviations 

In fruit trees, productivity and quality largely depend on the alignment 

of successive phenological events—such as flowering, fruit set, bud break, and 

ripening—with environmental cues like temperature, photoperiod, and 

humidity (Mo et al., 2023: 2). In other words, the phenological phases of fruit 

trees (dormancy release, flowering, fruit set, ripening, etc.) are triggered based 

on specific temperature and light thresholds (Clark et al., 2014: 1344). Suppose 

there is insufficient chilling accumulation during winter or inadequate warming 

in spring. In that case, these stages fail to initiate in synchrony (Fraga & Santos, 

2021: 1), leading the tree to exhibit irregular and scattered flowering rather than 

a uniform bloom. This mismatch also disrupts pollen viability, fertilization, and 

fruit set, resulting in yield losses (Tominaga et al., 2022: 2). 

Due to global warming, rising winter temperatures—especially in 

temperate fruit species—prevent proper dormancy release, leading to delays, 

irregularities, and phenological asynchrony in flowering timing (Inouye, 2022; 

Tominaga et al., 2022: 2; Roussos, 2024: 4). Inadequate dormancy release 

hinders both vegetative and reproductive development, reducing flowering 

intensity, which in turn compromises flower and pollen viability, pollination 

success, and ultimately fruit set rates (Pertille et al., 2022). 

Another critical risk is the temporal mismatch between flowering and 

pollinator activity, which weakens integrated pollination mechanisms and 

further reduces reproductive success (Hegland et al., 2009; Memmott, 2007). 

These phenological mismatches lead to heterogeneity in fruit quality, staggered 

ripening, and significant losses in commercial yield. Therefore, climate change 

alters the pace of fruit trees' developmental processes and disrupts the 

synchrony between these processes, structurally destabilizing fruit production 

systems. 

 

2.2.2. Abiotic Stress Factors: Drought, Salinity, and Heat 

Common abiotic stress factors such as drought, salinity, and extreme heat 

exert multifaceted and suppressive effects on fruit trees' physiological, 

biochemical, and morphological processes. These stressors disrupt the plant’s 

osmotic balance, alter cell membrane permeability, and lead to the 
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accumulation of reactive oxygen species13 (ROS), thereby impairing normal 

metabolic functions (Rao et al., 2016: 6). In particular, physiological responses 

such as reduced photosynthetic activity, decreased water potential, and stomatal 

closure diminish carbon assimilation and turgor pressure, resulting in 

significant declines in key fruit quality parameters (Farooq et al., 2009). 

Abiotic stress not only causes short-term quality losses but also leads to 

long-term structural damage. Under drought conditions, xylem water transport 

is severely impaired, suppressing photosynthetic efficiency and fruit 

development. Excessive heat stress, on the other hand, results in protein 

denaturation, membrane degradation, and disruptions in hormonal balance, 

particularly in abscisic acid (ABA)14  and ethylene levels, negatively affecting 

reproductive development processes (Ahmad et al., 2022; Sehar et al., 2022). 

In conclusion, these stress factors represent significant environmental 

constraints that threaten fruit production systems' stability in terms of yield and 

quality. 

 

2.2.3. Pests, Diseases, and Emerging Risk Areas 

Global warming is transforming not only climatic parameters but also the 

dynamics of plant–pathogen–vector interactions. Rising average temperatures 

and longer and warmer growing seasons are increasing the number of 

generations many pest species can complete and altering their geographical 

distribution (Bebber et al., 2013: 985; Garrett et al., 2006: 495). In particular, 

under simultaneous increases in temperature and humidity, the sporulation 

capacity of fungal pathogens rises, and the transmission potential of vector-

borne viruses also intensifies (Gregory et al., 2009: 2827). As a result, 

agricultural production systems are increasingly confronted with a more 

complex web of threats (Beckford & Norman, 2016: 189). 

For example, pests such as the olive fruit fly (Bactrocera oleae) (Daane 

& Johnson, 2010: 160) and the Mediterranean fruit fly (Ceratitis capitata) 

(Gilioli et al., 2021: 261) are not only emerging earlier under higher 

temperature and humidity conditions, but also producing more generations per 

 
13 High-energy oxygen derivatives that accumulate in plants under stress conditions 

and can damage cell membranes. 

14 ABA (Abscisic Acid) is a plant hormone that triggers stomatal closure under stress 

conditions such as drought. 
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year, exceeding traditional intervention thresholds and becoming harder to 

control. Consequently, dependence on chemical control methods increases, 

leading to more frequent and intensive pesticide use, threatening environmental 

sustainability. 

Moreover, pest species previously limited to specific microclimatic 

conditions are now observed at higher altitudes and northerly latitudes. This 

ecological expansion puts pressure on local biodiversity. The growing pest 

burden necessitates a re-evaluation of integrated pest management (IPM)15 

strategies, as the adaptation capacity and effectiveness of biological control 

agents are also directly affected by climate variability (Bebber et al., 2013: 985; 

Gullino et al., 2022: 1–2). 

In conclusion, global climate change is creating a multilayered risk 

structure that threatens productivity and the long-term sustainability of 

agricultural production. Beyond biophysical and environmental impacts, 

climate change significantly affects fruit production systems at the 

socioeconomic level, creating new areas of vulnerability, particularly for 

smallholder farmers (Zenda, 2024: 2). 

 

3. The Role of Tissue Culture in Fruit Cultivation within the 

Climate Change Adaptation Process 

Despite the significant advancements and increasing mechanization in 

fruit cultivation, the sector continues to experience the multifaceted adverse 

effects of climate change. The growing challenges posed by air, water, and soil 

pollution—exacerbated by climate change—make sustaining fruit production 

under natural conditions increasingly difficult. Additionally, low productivity, 

seasonal dependency, high susceptibility to diseases, and limited genetic 

diversity are critical issues in fruit cultivation. Furthermore, the development 

of climate-resilient plant varieties is becoming increasingly essential to address 

the projected impacts of global warming in the near future. 

In this context, plant tissue culture technology effectively produces high-

quality planting material and develops superior genotypes. While traditional 

breeding methods require long-term and high-cost processes, micropropagation 

 
15 Integrated Pest Management 
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offers a more rapid and cost-effective strategy for achieving genetic gains (Rai 

et al., 2011: 89; Sahu et al., 2013: 39). 

 

Figure 3: Advantages of Tissue Culture in the Climate Change Adaptation Process 

These multidimensional impacts necessitate a biophysical response and 

the enhancement of the adaptive capacity of fruit production systems in the face 

of climate change. Therefore, supporting local producers, strengthening 

knowledge and technology transfer, and widespread adoption of 

biotechnological methods (such as tissue culture and the development of stress-

tolerant genotypes) have become critical requirements for establishing climate-

resilient fruit production models.  

In other words, considering all the challenges of global climate change, 

tissue culture applications emerge as a strategic tool in developing fruit 

production systems resistant to the climate crisis. This technique offers 

significant advantages in the selection of genotypes tolerant to environmental 

stress conditions and the propagation of disease-free and genetically 

homogeneous plant material (Eckard et al., 2023: 25). For these reasons, tissue 

culture is a fundamental biotechnological solution that both enhances 

production security and supports the transition to sustainable fruit production 

systems. 

In in vitro selection methods based on tissue culture, cells or tissues that 

exhibit resistance or tolerance are identified and multiplied within culture 
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media enriched with selective agents that simulate stress conditions. This 

approach enables the early-stage identification and multiplication of stress-

tolerant variants. The success of plant regeneration from planting material in 

this technique is highly dependent on factors such as the type of explant used, 

culture conditions, and the composition of the culture medium. Various climate-

stress-resistant plants have been successfully regenerated through tissue culture 

techniques by adjusting medium components and using explants suitable for 

the targeted stress. 

As the effects of climate change on agricultural production intensify, fruit 

cultivation has become one of the most severely affected sectors. Perennial 

plants, in particular, demonstrate high sensitivity to sudden temperature 

fluctuations, frost events, hailstorms, and out-of-season climatic conditions 

during their development stages. These stressors cause severe losses not only 

in yield quantity but also in fruit quality. In addition, global climate change 

disrupts chilling requirements, budburst and flowering timing, and pollination 

mechanisms. It increases the risks of sunburn, frost, hail, and disturbances in 

the ecological balance of pests and diseases. These biotic and abiotic stress 

factors reduce productivity in fruit cultivation and create a complex risk 

environment that undermines sustainability for producers (Oğuz, 2023: 218). 

Before evaluating the effectiveness of tissue culture techniques, it would 

be useful to present several examples related to the phenological impacts of 

climate change on fruit production. 
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Table 1: Findings on Climate Change-Induced Phenological Shifts in Fruit Cultivation 

Author(s) Year Study Area 

(Species/Scope) 

Key Finding 

Campoy et al. 2011 Temperate fruit 

species – Yield 

impact 

Climate change negatively affects 

fruit yield depending on species 

and region. 

Romanovskaja 

& Bakšiene 

2009 Lithuania – Apple 

flowering 

Apple trees are flowering 4–5 

days earlier. 

Legave et al. 2013 Europe – Bud 

break in various 

regions 

Blooming occurs approximately 

10 days earlier in northern 

continental Europe, 6–7 days 

earlier in western oceanic regions 

such as France, and slightly 

earlier along the Mediterranean 

coastline. 

Miller-Rushing 

et al. 

2007 Japan – Cherry 

species 

On average, flowering occurred 

5.5 days earlier over the 25-year 

period. Most species flowered 3–

5 days earlier per 1°C increase, 

while early-flowering taxa 

advanced by as much as 9 days 

per 1°C. 

Cosmulescu et 

al. 

2010 Romania – Plum Flowering has shifted 12–20 days 

earlier. 

Chmielewski et 

al. 

2004 Phenological 

response to 

temperature 

Winter and early spring are the 

most sensitive periods. 

Türkoğlu et al. 2014 Türkiye – Apple, 

cherry, wheat 

Harvest dates have advanced; 

phenological phases shift earlier 

with temperature rise. 

 

As shown in Table 1, climate change can lead to a wide range of adverse 

effects on fruit productivity, depending on the species and region. In this 

context, plant tissue culture technology emerges as a powerful and effective 

solution to the environmental challenges faced by modern agriculture. This 

technology, which finds application in numerous fields—from plant cell 

biology and genetic engineering to secondary metabolite production and stress 
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tolerance enhancement—enables a deeper understanding of cellular processes, 

the improvement of genetic structure, and the development of plant lines 

resistant to environmental stress factors. 

In particular, the mass production of healthy and genetically 

homogeneous planting material, free from viruses and pathogens, within a short 

period significantly reduces risks that threaten productivity. Furthermore, plant 

species that are difficult to propagate through conventional methods can also 

be introduced into agricultural production through tissue culture techniques 

(Nhut, 2022: 5–10). Indeed, Beckford and Norman (2016) state that tissue 

culture improves the health of planting materials and supports genetic diversity, 

thereby contributing to sustainable agricultural production. In this regard, tissue 

culture has become a strategic tool in developing climate-resilient fruit 

production systems (Chadipiralla et al., 2020: 393). 

 

3.1. Tissue Culture Research in Fruit Cultivation within the 

Climate Change Adaptation Process 

Due to climate change, rising temperatures, and irregular rainfall patterns 

in agricultural lands are leading to increased salinity levels (notably involving 

Na⁺ and Cl⁻ ions), triggering osmotic and ionic stress in plants. When the salt 

concentration in the root zone exceeds a certain threshold, an initial rapid 

osmotic phase slows shoot growth, followed by a slower ionic phase, during 

which salt accumulation in older leaves causes leaf abscission (Munns & Tester, 

2008). In recent years, in vitro tissue culture techniques have become a 

promising approach for developing plants resistant to such abiotic stress 

conditions. 

In this context, various in vitro applications aimed at enhancing tolerance 

to salinity and drought have demonstrated significant success: 

Al-Khateeb et al. (2020) conducted embryogenic callus culture 

experiments on Phoenix dactylifera cv. Khalas, exposing regenerants to 0–300 

mM NaCl. Under 200 and 300 mM NaCl conditions, the regenerated plants 

exhibited significantly lower Na⁺ accumulation in the leaves and a higher 

K⁺/Na⁺ ratio. These salt-adapted regenerants maintained photosynthetic rates 

and showed improved stomatal conductance, clearly outperforming the control 

and non-adapted regenerants. The findings suggest that tissue culture-derived 
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lines could serve as a critical adaptation strategy in agricultural production 

against increasing salinity stress caused by climate change. 

Alyousif et al. (2023) tested salinity stress levels (0–5000 ppm NaCl) in 

an in vitro culture study involving Simmondsia chinensis (jojoba). Seedlings 

exposed to 2000 ppm showed the highest shoot length, leaf number, and 

multiplication capacity. Although performance declined at 3000 ppm, 

physiological tolerance was still observed. At 5000 ppm, overall growth was 

significantly reduced. These results suggest that tissue culture can support the 

propagation of salt-tolerant jojoba clones, providing a promising tool for 

biotechnological adaptation to soil salinity under climate change. 

Molnar et al. (2024) tested seven different blueberry (Vaccinium spp.) 

cultivars in an in vitro environment containing 10–150 mM NaCl and reported 

that the cultivar ‘Goldtraube’ exhibited the highest salt tolerance index, while 

‘Brigitta Blue’ and ‘Blueray’ showed the lowest shoot development under 150 

mM NaCl conditions. This study demonstrates that tissue culture techniques are 

practical tools for identifying variety-specific adaptation strategies against 

salinity stress induced by climate change. 

Similarly, Aras and Eşitken (2017) conducted a comparative evaluation 

of the short-term physiological responses of cherry rootstocks to salinity stress, 

observing more pronounced decreases in stomatal conductance, leaf relative 

water content, and chlorophyll (SPAD) values in MaxMa 14 and CAB-6P 

rootstocks compared to Mazzard. These findings underscore the significance of 

genotype-specific physiological responses as key indicators of salt tolerance. 

Mahmoud et al. (2023) evaluated a tetraploid somatic hybrid, produced 

by the protoplast fusion of salt-sensitive Carrizo citrange and salt-tolerant 

Cleopatra mandarin, in in vitro media containing 0, 50, and 100 mM NaCl. 

Under 100 mM NaCl, the hybrid exhibited lower malondialdehyde (MDA) 

accumulation, reduced electrolyte leakage, and higher total phenolic content. In 

addition, its chlorophyll levels and antioxidant capacity (DPPH) were superior 

to those of the diploid parents. These results suggest that the tetraploid hybrid 

demonstrated enhanced tolerance to salinity stress compared to its diploid 

progenitors and that tissue culture-derived lines can serve as critical adaptation 

strategies in fruit cultivation under increasing salinity conditions driven by 

climate change. 
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Elloumi et al. (2024) conducted in vitro experiments on two newly 

developed Tunisian olive cultivars, ‘Zeitoun Ennour’ and ‘Zeitoun Ennwader’, 

using a modified Hoagland nutrient medium supplemented with 0, 75, 150, and 

225 mM NaCl. The results revealed that both new cultivars could maintain a 

high K⁺/Na⁺ ratio even under 150 mM NaCl, without significantly reducing 

shoot elongation or stem diameter. In contrast, the traditional cultivar ‘Chemlali 

Sfax’ experienced 40–80% reductions in shoot growth and stem diameter under 

the same salinity level. These findings suggest that, while not derived from 

tetraploid or hybrid backgrounds, newly selected salt-tolerant cultivars can 

offer enhanced resilience under salt-stress conditions caused by climate change. 

In addition, earlier classical studies have also contributed to this field. In 

vitro salinity and drought tolerance experiments have been conducted in several 

fruit and crop species, including Citrus spp. (C. aurantium, C. limon, C. 

sinensis), strawberry (Fragaria × ananassa), mulberry (Morus sp.), coconut 

(Cocos nucifera), and cherry (Prunus avium)—forming a foundational body of 

literature (Koç et al., 2009; Piqueras et al., 1996; Ben-Hayyim & Goffer, 1989; 

Dziadczyk et al., 2003). 

On the other hand, studies focusing on drought stress have also yielded 

noteworthy insights: 

Vuksanović et al. (2022) applied PEG 6000 (1, 10, 20, and 50 g/L) in 

their study on Populus alba clones to simulate in vitro drought stress and 

perform tolerance screening. Under 50 g/L PEG conditions, the ‘Villafranca’ 

clone demonstrated superior performance compared to other clones in terms of 

shoot length, number of roots, and rooting percentage. The study showed that 

drought-tolerant genotypes can be selected under in vitro conditions and that 

PEG application is an effective biotechnological tool in this process. These 

findings represent a strategic approach to developing genotype-specific 

drought-resilient individuals under climate-induced water scarcity. 

Bidabadi and Mahmood (2012) simulated water stress using PEG 6000 

in Musa spp. (banana) variants and identified drought-tolerant lines. Under 30 

g/L PEG, EMS-mutagenized variants L2-5 and L1-5 outperformed control 

plants regarding leaf number, fresh weight, and chlorophyll content. These 

variants also exhibited increased proline accumulation and reduced H₂O₂ and 

MDA levels. Genetic differences were confirmed through RAPD analyses. This 



77 | THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE 

 

study highlighted the effectiveness of in vitro PEG stress testing in selecting 

and identifying drought-tolerant genotypes under laboratory conditions. 

Rezai et al. (2023) developed in vitro micropropagation protocols for five 

superior almond genotypes (P. elaeagnifolia, P. scoparia × P. elaeagnifolia, P. 

eburnea, P. scoparia, and ‘Garnem’). They found that the MS medium 

supplemented with 3 mg/L BA, 3 mg/L GA₃, and 0.1 mg/L IBA yielded the 

highest shoot induction and proliferation rates, while for rooting, ½ MS 

medium with 0.5–1 mg/L IBA gave optimal results. This study emphasized that 

such protocols can be effectively used in biotechnological adaptation strategies 

for the commercial propagation of drought-tolerant genotypes under climate 

change conditions. 

Tissue culture has also proven effective for biosafety and virus 

elimination. 

Hu et al. (2012) tested a combination of meristem-tip culture, 

thermotherapy at 35 °C for 40 days, and ribavirin application (15–25 mg/L) to 

eliminate Apple chlorotic leaf spot virus (ACLSV) and apple stem grooving 

virus  (ASGV) from Pyrus pyrifolia in vitro. Results showed 100% elimination 

of both viruses under combined treatment conditions. This highlights the 

effectiveness of in vitro biosafety protocols as strategic tools for virus-free 

seedling production, especially under increasing viral threats driven by climate 

change. 

Szabó et al. (2023) reviewed in vitro virus elimination techniques in the 

Prunus genus fruit trees (e.g., peach, cherry, apricot). The study compared the 

effectiveness of meristem culture, thermotherapy, cryotherapy, chemotherapy 

(e.g., ribavirin), and their combinations. It concluded that combined approaches 

significantly enhance viral cleaning success rates, reaffirming the importance 

and applicability of tissue culture-based strategies for producing virus-free 

planting material in an era of increasing vector-borne disease pressure due to 

climate instability. 

Advanced molecular research is also gaining attention in terms of 

enhancing genetic resilience. 

Yang et al. (2025) demonstrated that the MdHB7L–MdICE1L–MdHOS1 

gene module in apple responds to cold stress through both CBF-dependent and 

CBF-independent pathways, explaining the molecular regulation of low-

temperature tolerance. These findings offer a crucial biotechnological basis for 
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selecting cold-tolerant genotypes in in vitro culture conditions. The study 

further emphasizes that understanding gene regulatory networks in developing 

cold-resistant lines holds strategic value for sustainable fruit production 

systems in the context of climate change. In this regard, integrating molecular 

biotechnology with tissue culture is a tangible contribution to climate 

adaptation. 

These examples demonstrate that tissue culture techniques are essential 

for the propagation of planting material and play a critical role in developing 

stress-tolerant lines, conserving genetic resources, and restoring phenological 

balance in fruit production. 

Indeed, the tetraploid individuals obtained through in vivo colchicine 

applications in grape varieties demonstrate that polyploidization can be an 

effective strategy for developing new genotypes through mutation breeding and 

introducing new cultivars with adaptive traits to cope with climate change-

induced stress conditions (Kara & Yazar, 2020). 

 

4. Discussion and Recommendations 

Global climate change profoundly and multidimensionally affects 

perennial production systems such as fruit cultivation, which have limited 

adaptive capacity to environmental stressors (Russos, 2024: 558; Osorio Marín 

et al., 2024). Rising temperatures, irregular precipitation patterns, extreme 

weather events, and imbalances in soil–salinity–water dynamics threaten fruit 

production's physiological processes and economic sustainability (FAO, 2024; 

IPCC, 2019). Under such conditions, it is evident that traditional agricultural 

techniques alone are insufficient, and the integration of innovative tools 

provided by plant biotechnology has become necessary. 

In this context, in vitro tissue culture techniques stand out as a strategic 

tool in climate adaptation efforts due to their applications in the development 

of stress-tolerant genotypes, the production of healthy and genetically uniform 

seedlings, virus and pathogen elimination, and the conservation of genetic 

resources (Beckford & Norman, 2016; Benelli et al., 2022; Kulak et al., 2022; 

Szabó et al., 2023). 

Recent studies show that tissue culture offers theoretical benefits and 

tangible production outcomes. For example, Al-Khateeb et al. (2020) 

demonstrated that salt-adapted regenerants of Phoenix dactylifera cv. Khalas 
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maintained a high K⁺/Na⁺ ratio, optimized photosynthetic rate, and stomatal 

conductance even under 300 mM NaCl, showcasing a successful 

biotechnological adaptation to salt stress. Similarly, Alyousif et al. (2023) 

reported that in vitro propagated jojoba cultivars remained viable and developed 

healthy shoots even under 3000 ppm NaCl, indicating high adaptability. 

Beyond salinity, studies on drought stress have also yielded promising 

results. In Populus alba clones, PEG 6000 application enabled the selection of 

the ‘Villafranca’ clone for superior shoot and root development (Vuksanović et 

al., 2022). In Musa spp., the EMS-mutagenized lines L1-5 and L2-5 showed 

higher chlorophyll content and lower H₂O₂ and MDA accumulation under PEG-

simulated drought, highlighting the effectiveness of tissue culture-based 

drought tolerance screening (Bidabadi & Mahmood, 2012). 

Tissue culture has also proven effective in virus elimination and 

biosafety. Hu et al. (2012) reported 100% elimination of ASPV and 67% of 

ASGV in Pyrus pyrifolia using a combination of meristem culture, 

thermotherapy, and ribavirin. Szabó et al. (2023) emphasized that combined 

techniques yield higher success rates in virus removal for Prunus species, 

indicating a strategic role for tissue culture in combating climate-induced 

vector-borne diseases. 

Furthermore, integrating molecular biotechnology with tissue culture 

strengthens the adaptation capacity. Yang et al. (2025) revealed that the 

MdHB7L–MdICE1L–MdHOS1 gene module regulates cold stress responses 

via CBF-dependent and independent pathways, providing a genetic foundation 

for selecting cold-tolerant lines under in vitro conditions. This highlights the 

strategic value of understanding gene regulatory networks in building 

sustainable fruit production systems under climate change. 

 

Key Advantages of Tissue Culture in Climate Adaptation 

1. Rapid selection and multiplication of plants resistant to drought, 

salinity, and heat stress 

2. Production of virus- and pathogen-free, healthy, and clonal planting 

material 

3. Conservation of genetic resources and preservation of rare species 

4. Ability to simulate stress conditions independently of environmental 

variables 
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Development of phenologically synchronized genotypes in response to 

developmental asynchronies 

 

Policy Recommendations 

• Regional expansion of tissue culture infrastructure and its application 

to local genetic resources 

• Increased public R&D investment and strengthened partnerships 

between the private sector and universities 

• Inclusion of biotechnological strategies in national climate adaptation 

policies and their integration into national agricultural development 

plans 

In conclusion, the multifunctional solutions offered by tissue culture 

techniques to the threats posed by the global climate crisis represent a 

sustainable model that enhances resilience at the biological level and across 

economic, environmental, and social dimensions. In light of current scientific 

evidence, it is clear that tissue culture has become a cornerstone of climate 

adaptation in the fruit production sector. 

 

5. Conclusion 

Climate change imposes multifaceted and lasting effects on agricultural 

production systems that are long-lived and highly sensitive to environmental 

conditions, such as fruit cultivation. Phenomena such as rising temperatures, 

irregular rainfall patterns, increasing soil salinity, and declining water resources 

directly affect trees' physiological development, productivity, and fruit quality. 

Simultaneously, the increased pressure from pests and diseases threatens 

production continuity, rendering fruit cultivation a biologically and 

environmentally vulnerable sector. 

There is a pressing need for innovative and science-based solutions 

beyond conventional agricultural practices in this context. Among modern 

biotechnological tools, tissue culture techniques directly and effectively 

respond to this need. Conducted under in vitro conditions, these techniques 

offer significant advantages in diverse areas, including selecting and 

propagating stress-tolerant genotypes, producing healthy and uniform 

seedlings, conserving genetic resources, and eliminating viruses. 
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Through tissue culture, it becomes possible to identify and rapidly 

multiply stress-resilient plant lines at early stages under controlled conditions, 

enabling the development of fruit production systems better equipped to cope 

with the uncertainties of climate change. Thus, this technique serves as a 

comprehensive adaptation strategy that supports production efficiency, food 

security, rural livelihoods, and environmental sustainability. 

In conclusion, tissue culture applications strategically build climate-

resilient fruit production systems and provide a robust scientific foundation for 

establishing a safer, more productive, and more sustainable agricultural future. 

Therefore, greater support and dissemination of tissue culture-based 

strategies—both in research and practice—is crucial for the success of climate 

change adaptation efforts in the agricultural sector. 
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Introduction 

Climate change is a global environmental crisis that exerts substantial 

influence on natural and agricultural ecosystems (Thayer et al. 2020). Among 

the most vulnerable and responsive biological groups to these changes are 

insect pests, which pose a significant threat to global food security (Sharma and 

Prabhakar, 2014). Insects are ectothermic organisms whose biological 

processes, such as development, reproduction, and dispersal, are highly 

temperature-dependent (Mutlu and Sertkaya, 2016). Consequently, even 

modest changes in climate variables such as increased average temperatures, 

altered precipitation patterns, and elevated atmospheric CO₂ can have profound 

effects on their population dynamics and interactions with crops and natural 

enemies (Cammell and Knight, 1992; Živković et al, 2021). In these context,  

Agricultural pests, which already cause substantial yield losses in crops 

worldwide, are expected to become even more problematic under shifting 

climatic conditions (Deutsch et al., 2018). Such ecological changes also disrupt 

the balance between pests and their natural enemies, thus challenging existing 

Integrated Pest Management (IPM) practices. 

The implications of climate change are particularly relevant for countries 

like Turkey, which straddles multiple agro-ecological zones and is highly 

vulnerable to climatic variability. Some studies have documented shifts in the 

population dynamics and phenology of major pests, such as Eurygaster 

integriceps (Hemiptera; Scutelleridae), Tuta absoluta (Lepidoptera; 

Gelechiidae)  and Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae), 

along with reduced efficacy of chemical and biological control agents 

(Aljaryian et al, 2016; Pomari-Fernandes et al, 2015; Islamoğlu, 2022). 

Therefore, understanding the interplay between climate change and insect pest 

behavior is crucial to safeguard national and global food security (Sharma and 

Prabhakar, 2014;  Subedi et al., 2023). Recent research has increasingly focused 

on the multifaceted impacts of climate change on insect pest dynamics, 

highlighting significant alterations in their biology, distribution, outbreak 

potential, and management complexity (Deka et al., 2010; Bajwa et al., 2020; 

Subedi et al., 2023). One of the most widely observed effects is the influence 

of rising temperatures on insect physiology. Elevated thermal conditions are 

known to accelerate metabolic rates and shorten developmental durations, 

ultimately increasing the number of generations per season for many pest 
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species (Neven, 2000; Mutlu and Sertkaya, 2015; Dubois et al. 2022). These 

phenological changes often result in greater pest pressure and more frequent 

infestations, especially in temperate agroecosystems.  In addition to 

temperature, climate-induced variations in precipitation and atmospheric CO₂ 

levels also play a crucial role in shaping insect-plant interactions. Altered 

rainfall patterns and elevated CO₂ can affect host plant quality, pest feeding 

behavior, and survival rates, potentially leading to localized outbreaks and the 

expansion of pests into previously unsuitable habitats (Ziska and McConnell, 

2016; Živković et al., 2021;). Such shifts are particularly concerning for 

polyphagous pests, whose adaptability makes them more likely to exploit new 

environments under changing conditions (Hill and Braschler, 2007). 

Furthermore, warmer winters and milder seasonal extremes enhance the 

overwintering success of many insect pests, increasing their capacity for 

establishment and damage in new geographic regions (Rozsypal, 2023). These 

range expansions not only threaten local biodiversity but also complicate 

existing pest management frameworks.  In forest and perennial crop systems, 

the situation is even more complex. Trophic interactions among herbivores, 

host plants, and natural enemies are being altered in unpredictable ways, 

making it increasingly difficult to anticipate pest dynamics or implement 

effective biological control strategies (Lorenz and Jeyapragasan, 2020; Kistner-

Thomas, 2022). This ecological uncertainty underlines the urgent need for 

climate-adaptive pest forecasting and integrative management approaches 

across diverse agro-ecological contexts. 

The implications for pest management are significant. Integrated Pest 

Management (IPM) systems, which rely on a combination of biological, 

chemical, and cultural control strategies, are being challenged by the increasing 

unpredictability and adaptability of pest populations (Živković et al., 2021; 

Reddy et al., 2024;. Innovative approaches that incorporate climate data, remote 

sensing, and modeling tools are now essential to adapt pest management 

frameworks to changing environmental conditions (Kriticos et al., 2024; 

Chaturvedi et al., 2025).  This paper aims to synthesize current scientific 

understanding of how climate change is altering insect pest dynamics and to 

explore adaptive strategies that can enhance resilience in pest management 

systems globally. 
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1. Population Growth and Distribution 

One of the most consistent biological responses of insect pests to climate 

change is the acceleration of population growth and shifts in geographic 

distribution (Sharma, 2013). As ambient temperatures rise and critical thermal 

thresholds for development are more frequently exceeded, many pest species 

exhibit increased voltinism producing more generations per year than 

previously observed (Mutlu and Sertkaya, 2016). This trend has been 

documented across a range of agro-ecological zones, including both temperate 

and tropical regions (Sampaio et al., 2021). Warmer climates not only enhance 

the metabolic rate and developmental speed of insects but also extend the length 

of the growing season, allowing pests to exploit host plants over a longer period 

(Mutlu and Sertkaya, 2015; 2016). Consequently, some species that were 

historically regarded as secondary or occasional pests have now emerged as 

economically important threats. For example, Spodoptera frugiperda (fall 

armyworm), traditionally confined to the Americas, has rapidly expanded its 

range across sub-Saharan Africa and South Asia under favorable climatic 

conditions (Goergen et al., 2016; Early et al., 2018). Similarly, T. absoluta, a 

major pest of tomato crops, has increased its generation number and spread 

widely across the Mediterranean Basin and the Middle East (Bayram et al., 

2017, Desneux et al., 2021). 

In the European context, warming has facilitated northward expansions 

of pests such as Leptinotarsa decemlineata (Colorado potato beetle), now 

established in regions that were once climatically unsuitable (Izzo et al., 2014). 

In Turkey, increases in the abundance and temporal activity of H. armigera and 

E. integriceps have also been reported, with direct implications for wheat, 

cotton, and horticultural crop production (Öztemiz et al., 2009; Duman and 

Sertkaya, 2015). These shifts in population dynamics not only heighten the 

intensity and frequency of pest outbreaks but also present new challenges for 

timely monitoring and control, particularly in regions where pest forecasting 

systems are not yet climate-adaptive. 
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2. Challenges in Chemical and Biological Control under 

Changing Climates 

The intensification of climate change not only accelerates pest 

population dynamics but also poses significant challenges to the efficacy of 

both chemical and biological pest control strategies. These approaches are 

fundamentally dependent on environmental conditions such as temperature, 

humidity, and atmospheric CO₂ levels variables that are increasingly unstable 

and unpredictable under climate change scenarios (Sharma, 2013; Skendžić  et 

al., 2021; Chidawanyika et al., 2022; Nitta et al., 2024). 

For chemical control methods, temperature fluctuations can alter 

pesticide degradation rates, reduce residual efficacy, and shift the timing of 

optimal application. Warmer temperatures often increase the volatility and 

photodegradation of insecticides, thereby decreasing their persistence in the 

environment and necessitating more frequent applications (Delcour et al., 2015; 

Matzrafi, 2018). This not only increases economic costs but also raises the risk 

of resistance development and environmental contamination. Furthermore, 

changes in pest feeding behavior and physiology under elevated CO₂ levels may 

reduce the susceptibility of target pests to certain active ingredients (Martin and 

Johnson, 2011; Matzrafi, 2018). 

Biological control, often considered a cornerstone of Integrated Pest 

Management (IPM), is likewise vulnerable to climate-driven disruptions. 

Natural enemies such as parasitoids, predators, and entomopathogenic fungi are 

particularly sensitive to environmental variables. For instance, parasitoids 

generally exhibit narrower thermal tolerances compared to their hosts, making 

them more susceptible to heat stress and phenological mismatches (Aqueel and 

Leather, 2013; Jensen et. Al 2020). Similarly, the efficacy of microbial control 

agents like Beauveria bassiana and Metarhizium anisopliae declines under 

elevated temperatures and reduced humidity levels conditions expected to 

become more frequent in many regions (Doberski, 1981; El-Mukhlef et al., 

2023). These challenges are further exacerbated in regions like the Middle East 

and Mediterranean Basin, where prolonged droughts and heatwaves already 

limit the effectiveness of traditional pest control options. In Turkey, for 

example, recent studies have shown a decrease in the performance of biological 

agents against pests such as Tuta absoluta and Eurygaster integriceps, 
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especially during prolonged hot and dry summers (Bayram et al., 2017; Duman 

and Sertkaya, 2015; Islamoğlu, 2022).  

To address these emerging constraints, pest management strategies must 

incorporate climate-resilient approaches such as the selection of heat-tolerant 

biocontrol strains, microclimate-based spray scheduling, and the development 

of predictive models that account for abiotic stressors. Failing to adapt control 

measures to climate realities may not only reduce control success but also 

undermine long-term agricultural sustainability. 

 

3. Resistance and Outbreak Frequency 

Climate change not only intensifies pest pressures but also indirectly 

contributes to the development of pesticide resistance and the frequency of pest 

outbreaks. One major driver of this phenomenon is the acceleration of insect 

life cycles under elevated temperatures, which allows for more generations per 

season and thus more opportunities for resistance alleles to be selected and 

fixed within populations (Rao et al., 2010; Musolin and Saulich, 2012; Tiwari, 

2022). In parallel, extreme climatic events such as droughts and heatwaves can 

reduce the efficacy of biological control agents, compelling growers to rely 

more heavily on chemical insecticides often with increased frequency and dose 

(Pérez-Lucas et al., 2024; Vázquez, 2019). This overreliance on pesticides, 

particularly under climate-induced crop stress, creates ideal conditions for 

resistance evolution. For instance, in cotton-growing regions of Asia and 

Africa, pests such as Helicoverpa armigera and Bemisia tabaci (Hemiptera: 

Aleyrodidae) have developed widespread resistance to pyrethroids, 

neonicotinoids, and Bt toxins in response to both intense insecticide use and 

longer pest activity seasons (Houndété et al., 2010; Ahmad et al., 2019). In 

addition to resistance concerns, climate change is facilitating the expansion and 

outbreak potential of migratory pest species. The fall armyworm (Spodoptera 

frugiperda), originally endemic to the Americas, has rapidly spread across 

Africa, Asia, and Oceania in less than a decade enabled by increasingly suitable 

climatic conditions in these new territories (Liu et al., 2019; Szanyi et al., 2025). 

In newly colonized regions, this pest has caused significant economic damage, 

often overwhelming local monitoring and response capabilities. 

Outbreak frequency is also rising among native pests due to warmer 

winters and extended growing seasons. For example, increased outbreak reports 
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of Locusta migratoria (Orthoptera: Acrididae) and Grapholita molesta 

(Lepidoptera: Tortricidae) in parts of Central Asia and the Mediterranean are 

closely associated with temperature anomalies and reduced overwintering 

mortality (Yu et al, 2009; Tiring et al., 2023). These climate-driven changes not 

only destabilize pest control systems but also demand urgent rethinking of 

regional Integrated Pest Management (IPM) frameworks to incorporate 

adaptive, resistance-aware approaches. 

 

4. Adaptation of Integrated Pest Management (IPM) Strategies 

Integrated Pest Management (IPM) is widely regarded as an ecologically 

sound and economically viable approach to pest control. It seeks to balance the 

use of biological, cultural, physical, and chemical methods while minimizing 

harm to human health, non-target organisms, and the environment (Ünlü et al., 

2012). However, the effectiveness of traditional IPM strategies is increasingly 

threatened by the dynamic and unpredictable nature of climate change. Shifting 

pest phenologies, expanded geographic ranges, and altered interactions 

between pests and their natural enemies necessitate a re-evaluation of current 

IPM frameworks (Thomson et al., 2010; Sharma, 2013). To remain effective 

under future climate conditions, IPM must become more flexible, anticipatory, 

and region-specific. One key area of adaptation involves improving pest 

surveillance systems. Traditional monitoring tools such as pheromone traps and 

degree-day models must now integrate climate forecasting data, remote sensing 

technologies, and real-time pest movement analytics to better predict outbreaks 

(Acharya and Thapa, 2015; Akman et al., 2017). Such predictive capabilities 

are especially critical for migratory and invasive pests like S. frugiperda or T. 

absoluta, whose rapid spread has outpaced conventional monitoring networks.  

Another vital adaptation is the selection and deployment of climate-resilient 

biological control agents. Strains of parasitoids and entomopathogenic fungi 

that maintain efficacy under heat and moisture stress are being identified 

through advanced screening and molecular tools (Kidanud, ,2020; Yadav et al., 

2025).  

 

Cultural practices such as crop rotation, intercropping, and planting dates 

must also be re-optimized in light of new pest-crop-climate interactions. For 

instance, in parts of southern Europe and Türkiye, adjustments in sowing time 
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and crop sequencing have been shown to delay infestation by heat-accelerated 

pests such as H. armigera and Eurygaster spp. (Gürsoy et al., 2012; Huang et 

al., 2021; Randhawa et al. 2023). Perhaps most importantly, the success of 

adaptive IPM depends on capacity building and farmer engagement. 

Educational outreach, participatory pest scouting, and access to localized 

advisory systems will be essential to ensure timely responses and knowledge 

diffusion. Without integrating climate awareness into IPM extension services, 

the potential of even the best scientific innovations may go unrealized. 

 

5. IPM Under Climate Stress 

Integrated Pest Management (IPM) systems, long promoted as 

sustainable and ecologically sound frameworks for pest control, are 

increasingly being tested under the weight of climate change. Traditional 

components of IPM such as crop rotation, conservation of natural enemies, and 

the use of biological control agents are facing significant performance 

limitations in the context of shifting weather patterns, temperature extremes, 

and irregular precipitation (Skendžić et al., 2021). One of the most critical 

vulnerabilities lies in the climate sensitivity of beneficial arthropods, 

particularly pollinators, parasitoids, and predators. These organisms often have 

narrower ecological tolerances than their pest counterparts, making them highly 

susceptible to extreme climatic events such as heatwaves, droughts, and 

unseasonal cold snaps (Sharma, 2013; Sharma and Prabhakar, 2014; Kazenel et 

al., 2024). For instance, elevated temperatures can disrupt the synchrony 

between natural enemies and their hosts, undermining the stability of trophic 

interactions essential for biological control. In addition, extreme climate events 

can compromise soil health, reduce microbial biodiversity, and impair the 

effectiveness of soil-based biocontrol organisms such as entomopathogenic 

fungi and nematodes (Frankenstein, 2024; Weir, 2024). In turn, these 

disruptions weaken the ecological balance that IPM systems depend upon and 

force greater reliance on chemical inputs, thus eroding the sustainability of 

IPM. 

To remain viable, modern IPM strategies must evolve into climate-

resilient systems that integrate real-time monitoring, predictive modeling, and 

digital technologies. Advances in remote sensing, automated pest detection, and 

artificial intelligence (AI)-based forecasting tools are now enabling early 
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detection and site-specific responses, which can significantly improve decision-

making under uncertainty (Aziz et al., 2025; Sharada et al., 2025). Furthermore, 

participatory surveillance networks and climate-smart extension services can 

empower farmers to implement dynamic, data-driven IPM plans that respond 

effectively to localized risks. Overall, IPM must be reconceptualized as a 

dynamic and data-integrated platform rather than a fixed set of practices, with 

flexibility to adapt to rapidly evolving climatic and ecological contexts. 

 

6. Policy and Research Priorities for Climate-Resilient Pest 

Management 

Adapting pest management systems to the challenges posed by climate 

change demands a dual response scientific innovation and robust policy 

integration. While technological advances in pest forecasting, biological 

control, and climate-resilient cropping systems are critical, their impact will 

remain limited without supportive institutional frameworks and coordinated 

policy action. Governments, academic institutions, and international 

organizations must treat climate-resilient pest control as a central component of 

food security, biodiversity conservation, and climate adaptation strategies 

(Sekabira et al., 2023; Zhou et al., 2024). Policy-level interventions are 

essential to mainstream Integrated Pest Management (IPM) within national 

climate action plans. This includes developing and funding regional early 

warning systems, supporting farmer-led surveillance networks, and promoting 

policies that reduce the overuse of synthetic pesticides. Subsidies and 

incentives should prioritize low-risk pest control methods such as pheromone 

traps, biological agents, and precision agriculture technologies (Adamson  et 

al., 2014; Lefebvre et al., 2015). Moreover, regulatory frameworks must adapt 

to facilitate the registration and deployment of novel biocontrol products that 

meet climate-resilient criteria.  

Capacity building and education must also be a central focus of policy 

agendas. Extension services need targeted training to help farmers and pest 

managers interpret climate data and apply adaptive decision-making tools. This 

is particularly relevant for smallholder systems in vulnerable regions, where 

knowledge gaps and limited access to adaptive technologies amplify the risks 

of climate-driven pest outbreaks (Asare-Nuamah et al., 2019; Kumbhar et al., 

2025). In this context, public-private partnerships can play a catalytic role in 
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scaling up climate-smart pest solutions. From a research perspective, 

multidisciplinary studies are needed to better understand how climate variables 

interact with pest ecology, resistance development, and ecosystem services 

(Sharma, 2013; Skendžić, 2021). Emphasis should be placed on developing 

predictive models that integrate pest biology, climate projections, cropping 

systems, and socio-economic data. Investment in molecular biology and 

genomics can also enhance the development of pest-resistant crop varieties and 

stress-tolerant biocontrol agents. At the international level, organizations such 

as FAO, CGIAR, and EPPO are well-positioned to coordinate cross-border pest 

risk assessments, harmonize phytosanitary standards, and disseminate best 

practices. Regional cooperation will be particularly vital as migratory pests 

expand their ranges across political boundaries due to climate suitability.  

Ultimately, climate-resilient pest management will require a systems-

thinking approach, where policies, research, and practice are integrated across 

sectors and scales. Without this alignment, pest-related threats to food 

production and environmental integrity are likely to escalate in the coming 

decades. 

 

Conclusion 
Climate change is reshaping the landscape of pest management, 

challenging long-standing practices and necessitating urgent adaptation at 

multiple level from field implementation to policy design. The acceleration of 

pest life cycles, increased outbreak frequencies, pesticide resistance, and 

shifting geographic distributions are symptoms of a broader ecological 

disequilibrium driven by global warming. Integrated Pest Management (IPM), 

though historically effective, must be reengineered to withstand these pressures. 

This entails not only enhancing biological and chemical control strategies but 

also embedding digital tools, climate modeling, and ecological resilience into 

the very fabric of pest management systems. The incorporation of AI-driven 

forecasting, climate-resilient biocontrol agents, and real-time monitoring 

technologies offers promising avenues for adaptation. At the same time, a 

successful transformation requires supportive policy environments, increased 

investment in interdisciplinary research, and robust farmer education. Regional 

cooperation and international frameworks must also evolve to address the 

transboundary nature of climate-driven pest threats. 
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Ultimately, the path forward lies in proactive, adaptive, and evidence-

based pest management systems that are flexible enough to respond to climatic 

volatility, yet robust enough to protect crop productivity, ecosystem integrity, 

and food security in a rapidly changing world. 
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1. INTRODUCTION 

Climate change, as one of the most important global environmental 

problems of the 21st century, has profound effects on ecosystem dynamics. 

Biotic factors are among the most important factors limiting the quantity and 

quality of agricultural products (Avan, 2022a). Insects, on the other hand, have 

dual effects with both beneficial and harmful roles in agricultural ecosystems. 

Insects are also critical organisms that provide a wide range of ecosystem 

services in agricultural ecosystems. While pollinator species increase 

productivity in the production of many fruit and vegetable species, some 

species stand out as pests that cause significant losses in agricultural products 

(Altieri, 1999; Tscharntke et al., 2012; Avan, 2022b). At the same time, natural 

enemy insect species play an important role in biological control and keep 

harmful insect populations under control. It is reported that climate change 

causes significant changes in the life cycle, distribution area, physiological 

tolerance limits and feeding behavior of these organisms, thus creating new 

risks for the sustainability of agricultural production (Lehmann et al., 2020; 

Avan and Kotan 2021; FAO-IPPC, 2024). 

Climate change brings about both positive and negative effects by 

changing the life cycles, distribution areas, population densities and 

interspecific relationships of insects. This situation brings about problems such 

as the expansion of the distribution areas of harmful insects, the increase of 

invasive species, phenological incompatibilities and the decrease in the 

effectiveness of biological control agents (Parmesan, 2006; Tylianakis et al., 

2008). 

Increasing greenhouse gas concentrations in the atmosphere cause 

average temperatures to rise, precipitation patterns to change, and extreme 

climate events to increase in frequency. These effects significantly affect the 

structure and functioning of natural and agricultural ecosystems (IPCC, 2021). 

Agricultural production systems are highly sensitive to the direct and indirect 

effects of climate change; changes in the activities of insect communities, 

especially plant pests and pollinators, have been reported to pose significant 

risks to the sustainability of these systems (Deutsch et al., 2018). 

Climate change causes some pest species to expand their geographical 

distribution areas, produce more offspring during the year, and adapt to new 
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habitats. This situation has been reported to disrupt the phenological harmony 

between natural enemies and pest species, reduce the effectiveness of biological 

control systems, and increase pest pressure (Frontiers in Ecology and 

Evolution, 2019). Similarly, the shrinkage of pollinator insect habitats, 

disruption of their timing with plants, and decreases in their populations have 

been found to pose significant threats to both ecosystem activities and 

agricultural productivity (Potts et al., 2010). 

However, climate change causes the rapid spread of invasive insect 

species through global trade and climate change, disrupting local ecosystem 

balances and increasing economic losses (Liebhold et al., 2011). In addition, 

climate change has been reported to reduce pollination efficiency by causing 

deviations in the timing of plant-insect interactions and weakening natural 

enemy-pest relationships (Memmott et al., 2007). Therefore, it is considered 

vital to comprehensively understand the effects of climate change on insect 

communities in agricultural ecosystems and to develop integrated management 

strategies accordingly. 

In this study, the effects of climate change on insects in agricultural 

ecosystems were examined in light of scientific literature. In addition, the 

effects on harmful insect population activities, the increase in invasive species, 

phenological incompatibilities and biodiversity were focused on. In this 

context, this study aims to better understand the effects of ecological processes 

related to climate change on agricultural production and to develop adaptation 

policies as a result. 

2. Activities of Insects in the Ecosystem 

Insects are the most diverse and widespread organisms in the world. 

Insects undertake a wide variety of ecological tasks in both natural and 

agricultural ecosystems. The activities carried out by insects include vital 

activities such as pollination, pest control, decomposition, maintenance of the 

nutrient cycle, soil processing and sustainability of the food chain (Losey & 

Vaughan, 2006). The protection and support of these activities in agricultural 

ecosystems is very important for sustainable food production. However, 

climate change directly and indirectly affects the capacity of insects to perform 

these activities. These activities of insects in the ecosystem are briefly 

examined below. 
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Pollination 

Pollination is one of the main factors that ensure the reproduction of 

flowering plants in particular. Approximately 75% of agricultural products in 

the world depend on pollination provided by insects (Klein et al., 2007). 

Pollination is provided by bees (Apidae), butterflies (Lepidoptera), flies 

(Diptera) and some insect families. Bumblebees and bumblebees, especially 

honeybees (Apis mellifera), directly contribute to the increase in yield in many 

agricultural products. 

The increase in temperature that occurs as a natural result of climate 

change is decreasing the duration of the flowering period in plants. This 

situation causes bees and other pollinator insects to have a hard time finding 

food. In addition, the temperature changes that occur with global warming 

cause producers to make more effort to search for flowering plants for food. 

This situation both increases production costs and causes labor loss (Topal et 

al., 2016). As a result of food shortages, it causes significant decreases in the 

populations of pollinator insects or their mass extinction. Another result of 

global warming is that floods caused by excessive rainfall cause bee colony 

losses, while serious decreases in water resources due to drought cause more 

suitable environments for the natural enemies of bees (Klein et al., 2007; Tirado 

et al., 2013). 

For example, products with high economic value such as almonds, 

apples, strawberries, melons and cocoa depend on pollinator insect pollination. 

A study has shown that when pollinators decrease in strawberry plants, both the 

number and size of their fruits decrease by more than 30% (Garibaldi et al., 

2013). 

It has also been determined that climate change disrupts the distribution 

areas of pollinator insects and their compatibility with plants. For example, it 

has been determined that as a result of increasing early spring temperatures, the 

activity period of bees does not coincide with the flowering periods of plants, 

reducing the pollination rate (Bartomeus et al., 2011). 

2.2. Natural Enemies 

Natural enemies are beneficial organisms that provide natural control of 

pests in agriculture. They play a key role in integrated pest management (IPM) 

strategies, limiting the use of chemicals. Natural enemies are predatory or 
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parasitoid insect species, and they suppress the populations of many pest 

species. For example, members of the Coccinellidae family provide natural 

control by feeding on pests such as aphids (Aphididae). Another example is 

Trissolcus spp., which parasitizes the eggs of the sunn pest and suppresses their 

populations (İslamoglu, 2012). 

Climate change can shorten the period during which natural enemies are 

effective or weaken their populations by exceeding their thermal tolerance 

limits. For example, temperatures above 35 °C have been reported to negatively 

affect the development of Trichogramma species and reduce parasitism rates 

by up to 40% (Roitberg & Mangel, 2010). This suggests that the use of chemical 

pesticides may increase and cause a loss of natural balance. 

2.3. Decomposition 

Decomposer insects (e.g., some Coleoptera and Diptera species) play a 

key role in the breakdown of organic waste and its incorporation into the soil. 

This process allows the recovery of nutrients that are essential for soil health 

and fertility. In particular, the release of nitrogen, phosphorus and other 

minerals is accelerated by the decomposition of straw and animal waste. 

For example, species belonging to the Scarabaeidae family (dung 

beetles) bury animal manure, providing both aeration of plant roots and 

supporting the nitrogen cycle. However, drought and increased soil temperature 

can restrict the activity of these species and slow down decomposition 

processes (Nichols et al., 2008). 

2.4. Soil Processing and Aeration 

Some insect species, especially ants (Formicidae) and termites 

(Isoptera), are effective in physically regulating soil structure. These species 

increase soil water permeability, provide aeration and support root development 

through their tunneling and soil moving behaviors. For example, tunnels 

created by termites in tropical regions facilitate the passage of water 

underground, reducing the risk of erosion (Jouquet et al., 2011). 

However, rising soil temperatures or drought conditions due to climate 

change may cause a decrease in the colonies of such insects and a slowdown in 

their activities. This may negatively affect soil fertility. 
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3. The Effect of Climate Change on Insects 

3.1. The Effect of Temperature Increase on Insects 

The temperature increase in the ecosystem due to global warming and 

climate change will cause insects' development periods to be much shorter than 

normal and their reproductive capabilities to increase. While it will destroy 

some of the existing insect species on earth, it will also affect the habitats of a 

significant portion of them and cause an increase in migration behavior in 

populations. This will cause economic losses in agricultural products due to the 

increase in the number of pests due to the emergence of insect species that have 

not been seen in the region before in agricultural lands in addition to existing 

pests. In addition to all these effects, it is predicted that significant negative 

effects will occur in the habitats of bees, which are of great importance 

especially for agricultural production and biodiversity. The possible effects of 

the effects of global warming and climate change on the ecosystem on insects, 

which are the main elements of biodiversity and agricultural production, have 

been evaluated. 

a- The effect of temperature increase on insect biology 

It is expected that increasing temperatures due to climate change will 

accelerate insect biological processes and extend their activity periods. Since 

insects are ectotherms that are dependent on external environmental 

temperature, their developmental speed is directly related to temperature 

(Harrington et al., 2001). Increasing temperature causes the developmental 

period to shorten, especially in spring and summer, and accordingly, species to 

become adults earlier. However, in order to fully utilize this advantage, the 

developmental process in the plants that insects feed on must also proceed in a 

similar manner. Otherwise, phenological incompatibilities may occur and this 

may negatively affect the life cycle of insects (Parmesan et al., 1999). 

Long-term observations in Europe and North America have revealed that 

many insect species experience shifts in their first emergence dates in parallel 

with the increase in average annual temperatures. For example, a modeling 

study conducted in the UK predicted that a 2°C increase in average temperature 

could shorten the developmental period of some species by approximately 2–3 

weeks (Cannon, 1998). It was observed that species such as Neophilaenus 

lineatus (Hemiptera: Cercopidae) completed their development earlier and 
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expanded their distribution areas with this temperature increase. Similarly, it is 

reported that a 3°C increase in average temperature could bring the activation 

time of Delia radicum (Diptera: Anthomyiidae), one of the important 

agricultural pests, forward by approximately 30 days (Cannon, 1998). This 

means an increased risk of early plant damage. Global studies have shown that 

many insect species, especially members of the Lepidoptera order, show both a 

shortening of their developmental period and an increase in the annual number 

of generations due to temperature increases (Menéndez, 2007). For example, 

species such as Pieris rapae (Lepidoptera: Pieridae) have the potential to 

significantly increase the level of pests in agricultural areas due to their earlier 

flight period, longer active periods, and higher generation production (FAO, 

2008). In addition, the earlier start of spring brings forward the egg-laying and 

larval development periods of insects, which allows for an increase in the 

number of successive generations throughout the season. Some environmental 

factors, including climate change, have been reported to cause an increase in 

the number of diseases and pests in plant production (Avan, 2021). However, 

the extension of the activity period with increasing temperature may affect the 

phenology of not only pests but also their natural enemies. However, the 

differences in the response speeds of these two groups to temperature may 

cause incompatibilities in biological control interactions. This situation has the 

potential to increase the population pressure of pests and disrupt the balance in 

ecosystems (Parmesan & Yohe, 2003) 

b- Effect of temperature increase on insect reproductive 

capacity 

Temperature is one of the main determinants of insect physiology, 

behavior and life cycle. It has a direct effect on reproductive capacity in 

particular, and temperature increases generally result in increased offspring, 

increased egg-laying capacity and shorter generation times (Bale et al., 2002). 

Rising average temperatures with global warming cause females to produce 

more eggs in many insect species, which accelerates population growth and 

increases pest potential (Ward & Masters, 2007). 

The earlier start of spring and the extension of the growing season as a 

result of climate change allow species with multiple generations (multivoltine) 

to increase the annual number of offspring. For example, species with high 
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agricultural importance such as Helicoverpa armigera (Lepidoptera: Noctuidae) 

are sensitive to temperature increases and show expansion in both offspring and 

distribution area during longer growing seasons (Zhou et al., 2010). This 

process not only increases the population of harmful insects, but also increases 

pest pressure in plant production and the need for more chemical interventions 

in pest control. 

In insects, the metabolic activity that increases with temperature shortens 

the development period and increases consumption rates. Yamamura and 

Kiritani (1998) suggested that a 2°C temperature increase can create 1 to 5 

additional generations per year in some insect species. This situation is 

especially evident in species living in subtropical and tropical regions, and with 

the spread of species towards northern latitudes, it can pose new threats to 

agricultural systems in these regions. In addition, temperature increases can 

positively affect not only the number of generations, but also the embryonic 

development period of eggs and hatching rates (Hance et al., 2007). 

However, it cannot be said that temperature increases always have 

positive effects. Extreme temperatures, especially when they occur above the 

optimum temperature range, can have negative consequences such as decreased 

reproductive performance, embryo mortality and decreased egg productivity. 

For example, in storage pests such as Sitophilus oryzae (Coleoptera: 

Curculionidae), temperatures above 35°C have been reported to reduce egg-

laying rates and negatively affect larval development (Fields, 1992). 

c- The effect of temperature increase on the spread of insects 

The geographic distribution of insects is largely limited by climatic 

factors. It is known that most species live within a certain latitude and altitude 

range, and that these limits are determined by environmental variables such as 

temperature and humidity (Stewart et al., 2007). As ectotherms, insects obtain 

their body heat from the environment and are therefore very sensitive to 

temperature changes. The increase in temperatures together with global climate 

change causes many species to migrate both towards the poles (latitudinally) 

and towards higher altitudes (vertically) (Harrington et al., 2001). 

According to the models, a 2 °C increase in average temperature 

corresponds to a latitudinal change of approximately 600 km or an elevation 

change of 330 m in the distribution of insects. This means a shift of 
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approximately 6 km latitudinally and 3.3 m elevation every year. However, 

these migration movements are not limited to insects only; because many 

species depend on certain host plants for their survival. The fact that plants 

cannot spread as quickly as insects causes the potential distribution areas of 

some species to be limited due to host restrictions (Samways, 2005). Therefore, 

while temperature increases facilitate the spread of some species, they may pose 

a survival threat to others. 

As an example of the distribution changes observed in insects due to 

climate change; the butterfly species Euphydryas editha (Lepidoptera: 

Nymphalidae) experienced population losses at low latitudes and altitudes in 

the 1990s despite the presence of habitat and host plants. However, the species 

has moved to an average latitude of 92 km and altitude of 124 m, forming new 

populations in the north and higher altitudes. This distribution clearly reveals 

the effect of climate (Stewart et al., 2007). Similarly, 63% of 35 non-migratory 

butterfly species in Europe migrated northwards during the century due to a 

temperature increase of only 0.8 °C (Ward & Masters, 2007). 

The effects of increasing temperatures are not limited to distribution. For 

example, Nezara viridula (Heteroptera: Pentatomidae), a species that could not 

previously live in cool regions such as England, has established permanent 

populations in London due to global warming. Experts consider the 

establishment of this species in England as a concrete indicator of global 

warming (Bale et al., 2002). 

In addition, it is known that increasing temperatures affect the flight 

behavior and migration timing of insects. While exceeding the temperature 

threshold earlier causes some species to migrate earlier, mortality rates in 

insects may increase if the optimum temperature range is exceeded. For 

example, increased mobility of species such as aphids may also accelerate the 

spread of plant viruses they carry (Petzoldt & Seaman, 2007). 

Climate change affects not only the distribution of insects but also the 

plants they feed on. Rising temperatures allow some plant species to move to 

more northern latitudes or higher altitudes, which in turn causes insects 

associated with those plants to spread to new areas (Reilly, 1996). However, 

the speed and success of this process varies for each species. As a result, an 

increase in insect diversity is expected at higher latitudes and altitudes, and it 
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has been reported that this situation may increase the pressure of pest species 

on agricultural systems (FAO, 2008). 

d- Effect of temperature increase on insect populations 

Climate, especially temperature, has a direct and strong effect on the 

development, reproduction, geographical distribution, survival rates and 

population sizes of insects. Increasing temperatures due to global climate 

change affect insect populations in many ways. Although it is thought that 

extreme temperatures may have negative effects on some insect species, the 

general opinion is that milder winters and extended warm seasons are 

advantageous for many species. This means a longer and more productive 

activity period, especially for species living in temperate climate zones 

(Petzoldt and Seaman, 2007). 

Warmer winter months reduce winter mortality in insects and increase 

survival rates. This effect is especially pronounced in species that can remain 

active throughout the winter without entering diapause. For example, 

population losses of species such as Myzus persicae (Homoptera: Aphididae) 

decrease significantly in warm winters, resulting in higher population densities 

and earlier migrations in spring (Bale et al., 2002). Thanks to increasing 

temperatures, not only the populations of these species but also their 

geographical distribution areas expand, making it possible for them to move 

towards northern and high altitude regions. On the other hand, it is also known 

that temperature increases do not have positive effects on all species. It is stated 

that extreme heat stress can exceed the physiological limits of some species, 

increase mortality rates or decrease reproductive success. For example, farmers 

abandoning certain host plants due to climate change can cause the extinction 

of pest species dependent on that plant (Petzoldt and Seaman, 2007). In 

addition, it has been observed that some species cannot adapt and become 

completely extinct as a result of extreme temperature increases. Thomas et al. 

(2004) emphasized that increases in temperature can cause species to lose their 

habitats, leading to local or global extinctions. The effects of climate change 

are not limited to average temperature increases; the frequency and severity of 

extreme climate events also play a decisive role on insect populations. For 

example, long periods of drought or unseasonal storms disrupt ecosystem 

balance and can negatively affect the temporal compatibility of insects with 
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their host plants. In a study by Stewart et al. (2007), it was shown that extreme 

irregularities in rainfall disrupt the phenological match between the butterfly 

species Euphydryas editha (Lepidoptera; Nymphalidae) and its host plant, 

leading to population collapse. Similarly, it was reported that cold and humid 

weather conditions throughout the winter caused high mortality rates in 

individuals of the butterfly Danaus plexippus (Lepidoptera; Danainae). 

e. The effect of temperature increase on insect wintering 

Insects enter a developmental pause phase called diapause in order to 

adapt to seasonal changes in environmental conditions. Diapause is a process 

that is genetically controlled and triggered by environmental signals; it is a 

period in which metabolic activities slow down and development temporarily 

stops (Denlinger, 2002). However, the temperature increases experienced in 

recent years due to the effect of global climate change have led to significant 

changes in the wintering behavior of many species. 

For example, Spodoptera littoralis (Lepidoptera: Noctuidae), one of the 

harmful species distributed in the Mediterranean climate, usually spends the 

winter in the pupa stage. However, due to increasing winter temperatures, the 

pupae of this species continue to develop earlier and can reach the butterfly 

form in mid-winter, which increases the population dynamics and pest potential 

of the species (Kivan & Kilic, 2002). Similarly, in a study conducted in Japan, 

it was observed that the diapause period of Drosophila suzukii (Diptera: 

Drosophilidae) individuals shortened with milder winters, while some 

individuals skipped diapause altogether and remained active throughout the 

year (Toxopeus et al., 2021). This situation makes pest control even more 

difficult, especially for fruit producers. Temperature increases cause negative 

effects not only on pest species but also on beneficial insect species. For 

example, parasitoid wasps such as Aphidius ervi (Hymenoptera: Braconidae), 

one of the biological control agents widely used in Europe, remain in diapause 

throughout the winter, while temperature increases cause these species to 

emerge from diapause early and die before finding a suitable host (Tougeron et 

al., 2017). This directly reduces the success of biological control and reduces 

the effectiveness of integrated pest management systems. Similarly, beneficial 

predators such as Coccinella septempunctata (Coleoptera: Coccinellidae) may 
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have difficulty surviving until spring due to the mild winters by depleting their 

energy reserves in mid-winter. 

On the other hand, this increase in temperature causes diapause to 

completely disappear for some species. For example, Bemisia tabaci 

(Hemiptera: Aleyrodidae) normally loses its population in the winter months in 

cool regions, but in regions such as the Mediterranean and Aegean, it can 

remain active throughout the year thanks to the increasing temperatures in 

winter (Öztemiz et al., 2008). This leads to increased pesticide use and 

increased environmental burden. 

The effects of temperature on the wintering behavior of insects vary from 

species to species, but can lead to significant imbalances at the ecosystem level. 

Shifts in the diapause period necessitate the proliferation of pests, the 

suppression of beneficial species, the disruption of interactions between 

species, and the reconsideration of integrated control strategies. 

3.2. Effects of increased CO₂ concentration on insects 

Increased carbon dioxide (CO₂) levels in the atmosphere affect 

secondary metabolite production by changing chemical compositions in plants, 

and this can change the host-finding behavior of pests. These changes can 

increase the reproductive success of some pest species (Özgen & Karsavuran, 

2009). For example, increased CO₂ in some aphid species reduced behavioral 

responses to alarm pheromones, making them more vulnerable to natural 

enemies (Awmack et al., 1997). Similarly, it was determined that the hunting 

efficiency of Cyrtorhinus lividipennis (Hemiptera: Miridae), a predator of 

Nilaparvata lugens (Hemiptera: Delphacidae), increased at temperatures up to 

32°C; however, this efficiency decreased at 35°C (Heong et al., 1995). 

The effects of CO₂ on insects are thought to be mostly indirect. These 

effects do not directly affect the insects but rather the plants on which they feed, 

thus having secondary effects on the physiology and behavior of the insects. In 

an experiment conducted under elevated CO₂ conditions, 57% more insect 

damage was observed in soybean plants grown under high CO₂ levels compared 

to the control group, necessitating insecticide application (Petzoldt & Seaman, 

2007). Increased CO₂ increases the carbon/nitrogen (C:N) ratio in plant tissues, 

which results in reduced plant quality. Reduced nitrogen content leads some 

insect species to consume more nutrients, increasing damage to the host plant. 
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However, the physiological effects of this increased consumption vary 

according to both the host plant and the pest species. For example, some insect 

species can tolerate low nitrogen levels, while others experience developmental 

delays (Cannon, 1998). The decrease in nitrogen content in plant tissues slows 

down the developmental rate of insects, which may make them more 

susceptible to parasitoid attack for a longer period of time (Petzoldt & Seaman, 

2007). This change in larval performance is often dependent on the type of plant 

they feed on. For example, the development of Lymantria dispar larvae 

decreased on poplar under high CO₂, while their developmental performance 

increased on oak (Cannon, 1998). Another effect of increased CO₂ is on plant 

water management. Increased CO₂ causes plants to close their stomata to reduce 

transpiration loss. This leads to an increase in leaf surface temperature and a 

decrease in the humidity around the leaf. This creates unfavourable 

microclimatic conditions for some insect species (Samways, 2005). 

3.3. The effects of drought on insects 

Climatic variability is among the basic environmental factors that 

determine the structure and functioning of ecosystems. Among these variables, 

precipitation regime in particular shapes not only the water cycle but also soil 

moisture, vegetation and microhabitat conditions, creating direct effects on 

insects, which are organisms sensitive to environmental conditions 

(Schowalter, 2016). Changes in precipitation amount, frequency and seasonal 

distribution play a decisive role in the developmental cycle, reproductive 

success, behavior and population dynamics of insects (Stange & Ayres, 2010). 

In this context, understanding the effects of drought on insect communities is 

critical both for assessing the ecological consequences of climate change and 

for developing sustainable agricultural strategies (Trumble & Butler, 2009). 

Drought creates multifaceted effects on insects in agricultural 

ecosystems, both directly and indirectly. These effects significantly affect not 

only the biology of insects but also the interspecies interaction networks in 

which they are located. Increasing drought frequency and severity, especially 

the management of pests, makes integrated pest management (IPM) approaches 

more complex, necessitating a re-evaluation (Jactel et al., 2012). Therefore, the 

use of drought-resistant plant varieties, protection of natural enemies and 

holistic management of agro-ecosystems are of great importance. 
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1. Direct Effects 

Drought conditions create direct stress factors on the physiological 

processes and individual behaviors of insects, leading to various biological 

consequences. This stress is generally associated with reduced soil and air 

moisture, increased temperatures and restricted access to water. 

a) Physiological stress: Drought can cause high mortality rates, 

especially in species that cannot tolerate water loss during developmental stages 

such as eggs, larvae and pupae. This leads to rapid population decline (Huberty 

& Denno, 2004). 

b) Disruption of developmental process: Insufficient moisture and high 

temperatures can cause development to be prolonged or completely stopped in 

some species. This process can result in morphological abnormalities and 

developmental disorders, especially in species that undergo complete 

metamorphosis (holometabolism) (Kingsolver et al., 2011). 

c) Behavioral changes: Drought can cause individuals to move to cooler 

and wetter habitats by changing the sheltering, oviposition and feeding 

behaviors of insects. While some species increase their nighttime activity, 

others try to adapt to stressful conditions through behavioral plasticity (Chown 

& Nicolson, 2004). 

2. Indirect Effects 

The indirect effects of drought occur through complex relationships 

between ecosystem components. Changes in plants, natural enemies and 

symbiotic relationships can indirectly affect the dynamics of pest insects. 

a) Changes in plant quality: Drought changes basic physiological 

characteristics such as water content and nutrient composition 

(especially nitrogen) in plants. While reduced nutrient quality 

negatively affects the development of phytophagous insects, some 

species can feed more efficiently on stressed plants (White, 2009). 

For example, aphids can more easily obtain nutrients from weakened 

host plants. 

b) Weakening of plant defense mechanisms: Drought can reduce the 

capacity of plants to produce defensive compounds (e.g. phenolic 

compounds, resins). This can lead to reduced resistance to bark 
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beetles, for example, by reducing resin production in conifers 

(Mattson & Haack, 1987). 

c) Affecting natural enemies: Drought affects not only pests but also their 

natural enemies. Predatory and parasitoid species can become 

ineffective due to reduced prey density, habitat reduction and 

physiological stress. This leads to weakening of biological control 

processes (Thaler, 1999). 

d) Changes in food web and interspecific competition: Under drought 

conditions, some species may become dominant while others may 

disappear due to habitat loss. This can change the structure of the food 

chain, creating new interaction patterns where competition intensifies 

or some species switch hosts (Tylianakis et al., 2008). 

e) Changes in the distribution areas of pests: Changes in habitat structure 

may cause some pest species to migrate to new and more suitable 

areas. This may create new infection risks in areas where the pest was 

not seen before (Battisti et al., 2006). 

5. Phenological Incompatibilities 

Phenology is a branch of science that studies the timing of events in the 

life cycle of organisms (e.g. flowering, migration, egg-laying) and the 

relationship between these events and climatic factors. In agricultural 

ecosystems, it is of great importance to have a harmony between the flowering 

and fruiting periods of plants and the egg-laying, larval development and 

feeding timing of insects. 

Phenological incompatibility means the disruption of the synchrony 

between these timings. Climate change can disrupt this natural harmony due to 

reasons such as temperature increase and shifting seasons; and negatively affect 

the interaction of pests with plants, pollination and biological control processes 

(Visser & Both, 2005; Forrest, 2016). 

Climate change can disrupt this harmony by affecting both the seasonal 

cycle of vegetation and the activity timing of insects in different ways. 

Increasing temperatures can cause timing differences in the interaction between 

plants, insects and their natural enemies. For example, the egg-laying period of 

insects can be separated from the flowering period of plants due to increasing 

temperatures; This may reduce the effectiveness of biological control. In 



127 | THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE 

addition, while some natural enemies have difficulty developing in high 

temperature conditions, it is thought that harmful insects can continue their 

development and become dominant 

5.1 Disruption of Plant-Insect Harmony 

Plants and insects have historically co-evolved according to certain 

environmental conditions such as temperature, day length (photoperiod) and 

humidity. However, climate change can disrupt this common timing, especially 

through increased temperature. For example: 

• While plant flowering times shift earlier, 

• The developmental processes of some insect species cannot keep up 

with this change, 

• This leads to insects not being able to access sufficient nutrients or 

plants not being able to find sufficient pollinators. 

In a long-term study conducted in the northeastern United States by 

Bartomeus et al. (2011), it was determined that in the last 30 years, plant 

flowering times shifted earlier by an average of 10 days, but some bumblebee 

species could not adapt to this change. This situation led to inadequate 

pollination and therefore decreased crop yields. 

Similarly, observations made by Hegland et al. (2009) in Europe showed 

that the flowering time of apple trees shifted 5–7 days earlier with the increase 

in spring temperatures; however, the flight season of honey bees had not yet 

started. Such adaptation disruptions can cause losses in product quality and 

quantity. 

5.2 Mismatches between Pests and Natural Enemies 

Phenological mismatches affect not only the plant-pollinator relationship 

but also the interactions between pests and their natural enemies (predators and 

parasitoids). This situation poses a significant threat, especially for integrated 

pest management (IPM) strategies. 

For example, the parasitoid wasp species Trichogramma spp. 

(Hymenoptera: Trichogrammatidae), which is widely used in biological control 

against corn borer, cannot adapt sufficiently to temperature increases. In 

contrast, larvae of the harmful species Ostrinia nubilalis (Lepidoptera: 

Crambidae) hatch earlier, causing Trichogramma to be out of season before it 

can find the pest (Thomson et al., 2010). In another study, it was observed that 
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the developmental period of aphids from the family Aphididae was shifted two 

weeks earlier with increasing temperatures; however, ladybug larvae did not 

develop at this rate (Hance et al., 2007). This mismatch caused aphid 

populations to increase rapidly, free from predator pressure. 

6. Increase and Spread of Invasive Species 

Invasive alien species are organisms that are intentionally or 

unintentionally transported to a new ecosystem outside their natural habitat. 

These types of insects are usually species that cause damage to agriculture, 

forests, homes and stored products, and in some cases, they can be disease or 

vectors (Ward & Masters, 2007; Burkett & Vittor, 2018; Skendžić et al., 2021). 

In recent centuries, the transfer of these species to regions outside their natural 

distribution areas has accelerated with the increase in global trade, international 

travel and agricultural activities (Ricciardi, 2013). In addition, these species 

cause serious economic losses in agriculture, forestry and aquatic ecosystems 

(Shrestha, 2019). Only a small portion of alien species adapt to their 

environment and become established. Only a small portion of established 

species spread and cause economic damage. (Vander, 2005). Climate change 

can affect the spread of invasive insect species. Studies predict that with 

increasing temperatures, the habitats of these species may expand, their 

populations may increase, and they may produce more than one offspring per 

year (Bale et al., 2002; Harrington et al., 2007; Verberk et al., 2021). This 

situation may pose serious risks to sustainable agricultural production. 

However, climate change is not the only determining factor in the invasive 

process. In order for a species to become invasive, it must reach a new habitat, 

survive, and reproduce there. Climate conditions can affect this process 

positively or negatively. Climate plays an important role in determining the area 

where a species can spread, its growth and reproductive success, and its 

seasonal cycles (Masters & Norgrove, 2010). In the past, unsuitable habitats 

may have prevented the spread of these species due to physical barriers, such 

as mountain ranges or seas (Vanhanen, 2008). However, all living systems have 

a temperature tolerance range, and therefore temperature increases can have 

significant effects on ecosystems. Under suitable conditions, the establishment 

of sufficient numbers of individuals in an area can lead to the formation of 

persistent and self-sustaining populations (Simberloff, 2009). The risk of 
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spread depends on the volume of plant trade, the possibility of invasive species 

being carried on these plants, and the possibility of passing undetected during 

border controls (Bacon et al., 2014). For example, Drosophila suzukii (Diptera: 

Drosophilidae) is an insect species that feeds on many different fruit species. It 

has invaded North and South America and Europe. It is thought that this species 

was most likely carried through the fresh fruit trade from Southeast Asia. The 

fact that its eggs or larvae were not detected on the transported fruits has caused 

their spread (Cini et al., 2014). Invasive species can find host plants in new 

environments thanks to behavioral responses. Species such as D. suzukii have 

the ability to feed on more than 30 plant species. This dietary flexibility is 

considered to be one of the main reasons for their success in invasion (Poyet et 

al., 2015). 

Climate change is accelerating the spread of invasive insects. Parmesan 

and Yohe (2003) reported an average of 6.1 km per decade. Rising temperatures 

have allowed these insects to reach areas where they were previously 

inhospitable (Raza et al., 2015). Invasive insects generally have a wider climate 

tolerance than native species. This allows them to adapt more easily to different 

environmental conditions (Walther et al., 2009). Insects are highly sensitive to 

climate change because many of their physiological processes are temperature-

dependent (Vermeij, 1996). Adaptations can occur at the behavioral, 

physiological, phenotypic, and developmental levels. Changes in 

environmental factors (temperature, humidity, day length), food resources, 

predators, or competition can affect this flexibility (Abram et al., 2017). 

Evolutionary changes in insects can develop as a result of responses to climate 

change (Snell et al., 2018). In this process, especially in cases where 

temperature changes are high, adaptations that develop under selection pressure 

can make it possible to survive in new environments. Thermal adaptation can 

also occur through behavioral traits that affect the energy metabolism of insects 

(Chevin et al., 2010). 

Conclusion 

Climate change creates deep and multidimensional effects on the 

functioning and sustainability of agricultural ecosystems. The role of insects in 

this process is of critical importance in terms of both ecosystem functions and 

agricultural production. Factors such as temperature increases, changes in 
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precipitation regimes, and increased frequency of extreme weather events 

directly shape the dynamics of insect populations and determine agricultural 

productivity and ecosystem health. 

The effects of climate change on insect populations stand out in two main 

categories: First, the increase in the populations of harmful insect species and 

the expansion of their distribution areas, and second, phenological 

incompatibilities and disruptions in ecosystem functions. In this context, the 

increase in invasive species poses serious threats to existing agricultural 

systems; especially the migration of new harmful species from tropical and 

subtropical regions to temperate regions is accelerating. The spread of invasive 

species reduces local biodiversity, disrupts natural enemy relationships, and 

increases agricultural losses. 

Phenological incompatibilities, i.e. timing differences between insect life 

cycles and plant developmental stages, cause deterioration in ecosystem 

services. For example, early or late activity of pollinator insects directly affects 

the yield and quality of plants. In addition, interactions between natural enemies 

and pests may not be as regular and balanced as before due to climate change. 

This situation reveals the need for revision in integrated pest management 

(IPM) strategies. 

In light of current scientific data and climate models, the need to 

implement proactive, climate-sensitive, and multidimensional strategies in 

insect control comes to the fore. Early warning systems, effective use of 

biological control agents, increasing agricultural diversity, and biosecurity 

measures are the cornerstones of these strategies. In addition, education and 

awareness of farmers and agricultural stakeholders are critical elements for 

sustainable success. 

As a result, the role of insects in the new agricultural ecosystem 

conditions shaped by climate change should be transformed from being a mere 

threat to a management object for the protection of ecosystem balances and the 

provision of sustainable agricultural production. In this context, 

interdisciplinary collaborations and the integration of technological innovations 

will play a key role in increasing the capacity to adapt to climate change. This 

study aims to establish a comprehensive basis for policy makers, researchers 

and producers by revealing the effects of climate change on insect populations 

and agricultural ecosystems in a scientific framework. Going forward, 
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systematic collection of field data, modeling studies integrating climate and 

biological data and adaptive management practices at the local level are of great 

importance in filling the knowledge gaps in this area and developing effective 

solutions. 
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INTRODUCTION 

Soil management strategies play a critical role in maintaining soil quality 

and ensuring sustainable crop productivity (Aziz et al., 2009). Various 

management practices frequently influence the biological, chemical, and 

physical properties of soil, leading to alterations in soil function quality (Islam 

and Weil, 2000; Aziz et al., 2009; Derpsch et al., 2010; Wolfarth et al., 2011; 

Ding et al., 2011). Improper soil use can result in degradation and reduced 

productivity due to erosion, depletion of organic matter, and nutrient losses 

(Ramos et al., 2011). 

All physical, chemical, and biological properties of soil are 

interconnected, and especially, reduced tillage activities significantly affect 

these characteristics (Thomas et al., 2007). In no-till systems, more plant 

biomass accumulates on the surface. This accumulation provides several 

benefits, including the preservation of soil moisture, reduction of temperature, 

and increased microbial activity, resulting in marked improvements in soil 

structure (especially in N, SOM, SOC content, and CEC), and a decrease in the 

C/N ratio (Madejon et al., 2009; Naudin et al., 2010; Derpsch et al., 2010; 

Moussa-Machraoui et al., 2010; Benito, 2010; Álvaro-Fuentes et al., 2012). 

Soilless farming practices promote the accumulation of carbon in 

microaggregates, supporting the formation of macroaggregates. This carbon 

transfer is particularly valuable for long-term soil carbon sequestration (Shan 

et al., 2010; Erkossa, 2011). Moreover, zero tillage methods tend to reduce bulk 

density in the topsoil (Jina et al., 2011). 

Since soil properties are interdependent, the effectiveness of production 

technologies aimed at improving soil quality can be evaluated by measuring 

and analyzing specific soil characteristics. Although a substantial change in a 

single property may not significantly impact the entire system, minor 

alterations across multiple properties can collectively result in meaningful 

outcomes (Reganold and Palmer, 1995). Given its complex nature, soil quality 

cannot be measured directly; instead, it is typically assessed indirectly through 

changes in soil properties resulting from management practices. While 

traditional assessments have primarily focused on chemical and physical 

properties (Larson and Pierce, 1994), recent research highlights the importance 

of biological indicators, which often respond more quickly to management 

interventions (Islam and Weil, 2000; Kennedy and Papendick, 1995). 
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Therefore, a comprehensive evaluation of soil quality should integrate 

biological, chemical, and physical parameters (Parkin et al., 1996). 

Soil organic matter (SOM) has long been regarded as an indicator of soil 

quality due to its contribution to soil fertility (Islam and Weil, 2000). However, 

some researchers argue that SOM alone is insufficient and that evaluating 

various soil properties together yields more reliable results (Islam and Weil, 

2000). In this context, parameters such as particulate organic matter, active 

carbon, total nitrogen, microbial biomass, enzyme activities, soil pH, CEC, 

salinity, bulk density, amino sugars, and soil aggregation are considered 

dynamic indicators of quality due to their quick responses to management 

systems (Islam and Weil, 2000; Wander, 2004; Aziz et al., 2009; Ding et al., 

2011). Microbial life, a component of SOM, is regarded as a strong indicator 

of soil quality (Islam and Weil, 2000). High-quality soils are typically 

biologically active and host a balanced microbial community. Microbial 

biomass consists of primary decomposers that play a role in breaking down 

organic matter and contributing to nutrient cycling. Fungi, actinomycetes, and 

bacteria enhance soil aggregation, improve water retention and porosity, reduce 

erosion, and support carbon storage (Kennedy and Papendick, 1995). 

Soil Quality and Its Determining Properties 

It is recommended to use specific parameters collectively in the 

assessment of soil quality. Larson and Pierce (1991) suggested using a small 

but effective dataset to determine soil quality and emphasized that these 

measurements should be performed using standardized methodologies. 

Dumanski and Pieri (2000) stated that a few traceable indicators can be useful 

for identifying long-term trends. Suitable quality indicators should include 

physical, chemical, and biological characteristics affected by soil management 

(Islam and Weil, 2000; Aparicio and Costa, 2007). 

Arshad and Coen (1992) recommended measuring sensitive parameters 

such as root depth, water holding capacity, bulk density, penetration resistance, 

hydraulic conductivity, aggregate stability, organic matter content, nutrient 

availability, pH, and electrical conductivity to evaluate soil quality. Similarly, 

Larson and Pierce (1994) supported the minimum data set approach but 

included particle size distribution instead of aggregate stability. A set of 15 

physical, chemical, and biochemical indicators is used to define soil functions. 
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In this study, to assess the productivity function of Arik soils, indicators such 

as plant-available P and K content, available water capacity (AWC), 

penetration resistance (PR), potentially mineralizable nitrogen (PMN), 

microbial biomass carbon (MBC), and pH were evaluated (Cherubin et al., 

2017). Physical properties such as soil bulk density, soil aggregate structure, 

capillary and non-capillary porosity, field capacity, and saturation capacity 

were determined. Soil organic carbon, total nitrogen, Olsen phosphorus, and 

available potassium were analysed. Additionally, biological properties such as 

soil catalase and urease activity, alkaline phosphatase, invertase, and microbial 

colony-forming units (CFU) were identified. 

A search conducted in the Web of Science database 

(https://www.webofscience.com/wos/woscc/summary/a91f59c1-81a2-4221-

90f1-ef205303abd1-016c448413/relevance/1) on 02.07.2025 using the 

keywords “soil tillage,” “soil quality index,” and “soil quality index sqi” 

retrieved a total of 1,387 documents. For bibliometric analysis of the keywords 

used in these documents, the VOSviewer software was utilized (Figure 1). The 

bibliometric analysis revealed associations with terms such as carbon 

sequestration (19), enzyme activity (82), soil erosion (18), organic matter (31), 

organic carbon (101), microelements (9), soil aggregation/structure (27), 

microbial biomass (13), beta-glucosidase (9), microbial community (73), 

phosphorus (8), and bulk density (13). 

 

 

Figure 1. Bibliometric analysis of keywords used in studies related to soil tillage and 

soil quality 

https://www.webofscience.com/wos/woscc/summary/a91f59c1-81a2-4221-90f1-ef205303abd1-016c448413/relevance/1
https://www.webofscience.com/wos/woscc/summary/a91f59c1-81a2-4221-90f1-ef205303abd1-016c448413/relevance/1
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Soil Tillage and the Physical Quality Index 

Soil tillage practices significantly alter soil structure by increasing 

porosity; however, they also accelerate the breakdown of soil aggregates. 

Incorporating plant residues into the soil increases the amount of organic matter 

and enhances contact between soil and plant material, contributing to increased 

biomass. Particularly, the ploughing method increases soil porosity but also 

accelerates the decomposition of organic matter on the soil surface. This can 

lead to a more rapid loss of soil nutrients (Morris et al., 2004). Furthermore, 

soils that are ploughed are more exposed to environmental cycles such as 

freeze–thaw and wet–dry, which increases the rate of macroaggregate 

breakdown (Six et al., 2004; Shan et al., 2010). 

In contrast, conservation tillage practices promote the slow 

decomposition of easily decomposable organic matter fractions in the soil—

known as particulate organic matter (POM)—by microorganisms, thus 

maintaining and enhancing aggregate stability (Six et al., 2000). POM is a 

mobile and biologically active component of soil organic carbon, primarily 

consisting of plant residues and organic materials derived from the 

decomposition of soil microorganisms. As a critical indicator of soil health, 

POM plays a significant role in nutrient cycling and improves soil physical 

structure by increasing water retention and aeration. 

The effects of long-term management practices on soil organic matter, 

particularly POM, have been confirmed in numerous scientific studies (Mando 

et al., 2003). Measurements of POM show a strong correlation with nutrient 

recycling and improvements in soil physical conditions (Wander et al., 1994). 

Therefore, POM is not only an indicator of the amount of organic matter present 

in the soil but also a key parameter reflecting the vitality and productivity of 

the soil ecosystem. 

 

Soil Tillage and the Biological Quality Index 

Biological indicators of soil quality are among the parameters that 

respond most rapidly to environmental changes, playing a critical role in the 

early evaluation of soil health. Biological indicators such as microbial biomass 

carbon (MBC) and basal respiration (BR) are much more dynamic than soil 

organic carbon content, responding sensitively to environmental or 

management changes within days or weeks (Dilly et al., 2011). This rapid 
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response makes it essential to include biological indicators in Soil Quality 

Index (SQI) assessments. When biological parameters are excluded, soil quality 

is often overestimated, and the biological impacts of different tillage practices 

tend to be overlooked. 

Microbial communities play a central role in the transformation of 

organic matter, nutrient cycling, and the improvement of soil structure. 

Therefore, biological indicators are vital for reflecting the environmental and 

ecosystem function impacts of soil tillage practices (Bünemann et al., 2018). 

Especially under conservation tillage methods, biological activities increase, 

while in intensive tillage systems, these activities tend to decline. 

Consequently, incorporating soil biological quality indicators into SQI 

calculations enables a more realistic, comprehensive, and early-stage 

monitoring of soil health, thereby supporting sustainable soil management 

The Effect of Soil Tillage Methods on Soil Quality 

Over the past decade, different soil tillage techniques and crop residue 

management practices have led to significant variations in functional capacity, 

even among similar soils under the same climatic conditions. Some findings 

regarding the effects of these practices on soil quality are summarized in Table 

1. 
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Table 1. Effects of soil tillage methods on soil quality 

Soil Cultivation 

Method 

Impact on 

Soil 

Quality 

(SQI) 

Effect on 

Yield 

The Role of 

Biological 

Indicators 

Literature 

Direct Seeding 

(NT) 

High at the 

surface and 

decreasing with 

depth were 
observed. SQI 

decreases in the 

lower layers due 
to compaction 

and nutrient 

stratification. 

Limited 

yields in 

some crops 

except 
soybeans 

MBC and 

PMN were 

low, physical 

limitations 
were 

observed 

Hammac et al., 

2016; Büchi et 

al., 2017 

Strategic 

Processing (ST) 

Higher SQI than 

NT at all depths; 

close to NT at 
the surface, 

superior in the 

substratum 

Soybean 

yields 

increased, 
wheat and 

corn slightly 

decreased 

SQI more 

consistent 

with 
biological 

indicators 

Peixoto et al., 

2020 

Conventional 

Machining (CT-

1/CT-2) 

SQI values are 

lowest; organic 

matter loss is 
high, structure 

and water 

retention are 

negatively 
affected 

High 

fertilizer 

requirement, 
poor 

nutrient 

cycling 

Biological 

contributions 

may appear 
low, SQI may 

appear too 

high 

Blanco-Canqui 

and Lal, 2009; 

Cherubin et al, 
2018 

Preventive 

Method 

Recommendations 

The effect of ST 
may be short-

term; it must be 

supported by 

other methods 

Necessary 
for 

sustainable 

yield in the 

long term 

Monitoring of 
biological 

indicators is 

recommended 

Blanco-Canqui 
ve Wortmann, 

2020 

General 

Observation 

ST may alleviate 

the 
disadvantages of 

NT systems. 

Assessments 

without 
including 

biological 

indicators may 

be misleading. 

Variable 

yield effects 
depending 

on 

environment 

and product 

Biological 

parameters 
are critical for 

early warning 

Dilly et al., 2011 

     

CT-1 / CT-2: Variations of conventional tillage systems 

SQI: Soil Quality Index 

MBC: Microbial Biomass Carbon 

PMN: Potentially Mineralizable Nitrogen 
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Conclusıon 

Integrating soil functions into soil quality assessments enables a more 

comprehensive and accurate analysis of the advantages and disadvantages of 

different soil tillage methods. Soil quality cannot be fully understood through 

evaluations based solely on physical or chemical properties. Therefore, 

considering biological processes and indicators is crucial for monitoring the 

complex functions occurring within the soil. Functions such as soil 

productivity, water and nutrient cycling, and carbon sequestration are shaped 

not only by structural characteristics but also by biological factors such as 

microbial activity. In this context, indicators like microbial biomass carbon 

(MBC) and potentially mineralizable nitrogen (PMN) reflect changes in the soil 

rapidly and sensitively, making them essential components in Soil Quality 

Index (SQI) calculations. 

Long-term conservation tillage systems offer significant advantages in 

preventing soil degradation, increasing organic matter content, and reducing 

erosion. Particularly, no-till (NT) systems contribute positively to soil health by 

promoting organic matter accumulation on the surface. However, over time, 

several disadvantages may arise, including subsoil compaction, nutrient 

stratification, and limited microbial activity. These issues can reduce soil 

functionality and restrict yield potential in no-till systems. 

To address such limitations, strategic tillage (ST) practices have been 

developed. These involve limited and targeted interventions at specific depths 

and intervals, aiming to improve the physical and biological properties of the 

soil without disrupting the foundational structure of no-till systems. ST 

alleviates subsurface compaction, supports root development, and enhances the 

mobility of water and nutrients, thereby improving soil functionality. 

Nevertheless, studies have reported that the effects of ST are not long-lasting 

and typically persist for only 1–2 years. Therefore, ST should be considered a 

short-term solution. To ensure long-term soil health sustainability, it is 

important to adopt integrated approaches alongside ST, such as controlled 

traffic farming, the use of cover crops, organic matter amendments, and 

diversification in crop rotation. 

The success of soil tillage systems relies not only on physical 

interventions but also on the holistic evaluation of biological and chemical 

processes. Thus, adopting a multidisciplinary and function-based approach in 
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soil quality assessments plays a key role in the development of sustainable 

agricultural practice.
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INTRODUCTION 

During cultivation, plants are exposed to many microorganisms, some of 

which have the ability to cause diseases, leading to serious losses. These 

exposed disease agents and pests cause serious product losses and are also 

widespread due to the effect of abiotic environmental factors (Islamoğlu, 

2021a, 2021b, 2024). Global climate changes, pioneered by human activities, 

have now become an accepted phenomenon all over the world. There have 

recently been serious increases in the average temperatures in the atmosphere 

and the temperatures detected on the surface and in the seas. These serious 

increases in temperatures have significantly accelerated the hydrological cycle, 

allowing for the formation of heat waves, storm formation and floods with 

heavy rainfall (IOM, 2008; Sheffield et al., 2012). 

Climate change has become a significant potential threat to the survival 

of people along with agricultural production (İslamoğlu, 2023). In addition, it 

creates multifaceted effects on the spread, severity and emergence of plant 

diseases, affecting dynamics such as pathogen evolution, host-pathogen 

relationships and the formation of new pathogenic variants. Changing 

environmental conditions can trigger the adaptation processes of pathogens, 

paving the way for them to adapt to new environments and the re-emergence of 

controlled diseases. However, climate change can affect not only disease spread 

but also the virulence levels of pathogens (Singh et al., 2023). Considered one 

of the greatest threats on a global scale, climate change causes economic and 

human losses; it causes approximately 1.2 trillion US dollars in material 

damage and 400 thousand agricultural-related deaths annually. The increase in 

average temperature by 0.74°C in the last century and the increase in 

atmospheric CO₂ levels from 280 ppm in 1750 to 418 ppm in 2022 have 

increased the pressure on the agricultural sector (EPA, 2023). Such changes 

directly affect the development and yield of many agricultural products; while 

at the same time, they change the biological cycle, distribution areas and 

severity of diseases (Moullec et al., 2019). In this context, the need for the 

development of new and durable agricultural products is increasing. However, 

the development process of such products requires a long time, on average 20 

years (Sreenivas, 2022). 

The transformations caused by climatic changes in agricultural and 

ecological systems bring not only crop losses but also wider ecosystem 
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problems such as loss of biodiversity (Kashyap et al., 2018; Singh et al., 2023). 

Therefore, understanding the complexity of disease dynamics due to climate 

change is of great importance to sustain both ecosystem health and food 

security. Increased temperatures have been reported to expand the geographical 

distribution of wheat stem rust agents such as Puccinia graminis f. sp. tritici 

(Singh et al., 2023). On the other hand, the extinction of Triphragmium ulmarie, 

a parasite on Filipendula ulmaria, has been documented in some regions due to 

increasing summer temperatures over a 30-year period (Zhan et al., 2018). 

Climate projections predict that extreme events such as storms, droughts, 

and heat waves will occur more frequently, and that plant diseases will increase 

in various regions (Cook et al., 2016). Such climatic factors can affect the 

susceptibility of hosts to diseases, leading to serious changes in agricultural 

production (Moullec et al., 2019). Global warming, in particular, can disrupt 

plant development and cause serious crop losses, together with changes in 

average temperatures, precipitation patterns, and drought periods (Ebi et al., 

2016). Such environmental stresses make plants more vulnerable to pathogens 

and increase the risk of infection (Devendra, 2012). While pathogens develop 

different virulence strategies to overcome the defenses of host plants, plants 

also activate defense responses against these attacks (Olori-Great and Opara, 

2017; Doehlemann et al., 2017). For example, the defense response of avocado 

fruit against Colletotrichum gloesporioides with epicatechin compound is an 

example of these interactions (Djami-Tchatchou et al., 2013). 

Abiotic stress factors such as salinity, drought and high temperature 

complicate plant-pathogen interactions by affecting both pathogen virulence 

and host defense (Sun et al., 2021; Adhikari et al., 2013). Understanding these 

processes is of great importance for the development of cultivars resistant to 

climate change, the implementation of new control methods and the adoption 

of integrated disease management systems (Chakraborty and Newton, 2011; 

Desai et al., 2021). The development of predictive modeling approaches has 

become a great necessity, especially in order to predict the severity of diseases 

in field conditions. In addition, it is inevitable for sustainable food production 

systems to be integrated with strong disease control strategies (Singh et al., 

2023). In this context, greenhouse gas emissions, deforestation and various 

anthropogenic activities, which are among the main causes of climate change, 



161 | THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE 

 

are seen to significantly alter plant health and pathogen dynamics by affecting 

environmental parameters such as temperature and soil pH. 

1. FUNDAMENTALS AND MECHANISMS OF CLIMATE 

CHANGE 

Climate change occurs due to the combined effects of both natural 

processes and human activities (fossil fuel consumption, deforestation, 

agriculture). These activities accelerate the accumulation of greenhouse gases 

such as CO₂, CH₄, N₂O, HFC, PFC and SF₆ in the atmosphere (IPCC, 1995). 

Tropical deforestation reduces carbon storage capacity and increases CO₂ 

emissions while expanding agricultural land (Hunjan and Lore, 2020). In 

addition, agricultural practices such as fertilization and pesticide use also 

increase greenhouse gas emissions (Nda et al., 2018). 

Increasing greenhouse gases cause global temperatures to rise, 

precipitation patterns to deteriorate, and the frequency of extreme weather 

events to increase. This situation has been confirmed by the IPCC and paves 

the way for radical changes in the dynamics of plant diseases (Kabir et al., 2023; 

Trenberth, 2018). 

2. BASIC CLIMATE VARIABLES AND 

PHYTOPATHOGENE INTERACTIONS 

2.1 Temperature 

Temperature is one of the most important environmental factors affecting 

plant physiology and development, and it also affects the life cycles, spread and 

pathogenicity of pathogens seen in plants (Hunjan and Lore, 2020). Along with 

all these factors, temperature changes determine many factors such as the speed, 

duration, sporulation and spread of existing inoculums caused by pathogens 

(Kweku et al., 2019). Increasing temperatures, especially encourage the 

proliferation of fungal and bacterial pathogens, and weaken the host's defense 

mechanism (Chaloner et al., 2021; Devi et al., 2022). For example, wheat rust 

epidemics are more common with temperature (Charaya et al., 2021; Singh et 

al., 2023). 
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2.2 Rainfall 

While rainfall is one of the most important factors affecting the 

availability of water and nutrients, it is also an important environmental factor 

affecting soil moisture, pH, pesticide leaks in the soil, surface runoff, and the 

presence and spread of inoculum produced by the pathogen (Chen et al., 2023). 

Increasing rainfall causes the development and spread of diseases caused by 

fungi, especially oomycete fungi (Beyer et al., 2022; Dutta et al., 2020; Lim et 

al., 2023). While excessive rainfall makes control measures difficult, drought 

increases the dependence on irrigation with the decrease in rainfall and can 

prepare suitable ground for some bacterial (e.g. Erwinia tracheiphila) and 

nematode-borne diseases (e.g. Meloidogyne spp.) (Lim et al., 2023; Erayya et 

al., 2023).  

2.3. Humidity 

Humidity is an important environmental factor affecting processes such 

as evaporation and transpiration in host plants and the infection and survival of 

plant pathogens (Dixit et al., 2023) and creating the necessary water source for 

the pathogen (Nath, 2021). High humidity increases spore germination, 

infection rate and post-storage disease risks. For example, gray mold (Botrytis 

cinerea) and anthracnose (Colletotrichum spp.) (Ji et al., 2021; Moradinezhad 

and Ranjbar, 2023), scab (Streptomyces scabies) (Maurya et al., 2022) spread 

thanks to this. In addition, decreasing humidity affects the quality and quantity 

of pollen and nectar, as well as the pollination and reproduction of plants (Biella 

et al., 2022). 

2.4 Extreme Weather Events 

While extreme weather events cause physical damage, physiological 

stress and some biochemical changes in host plants (Singh et al., 2023), extreme 

events such as storms, temperature increases, frost events and hail disrupt the 

physical integrity of the plant and lead to pathogen entry. They also accelerate 

the spread of vectors such as aphids (Hong et al., 2021; Gullino et al., 2022; 

Bastas, 2022). Hot and cold air waves can cause heat and oxidative stress, 

disrupt photosynthesis and respiration, and make pathogens such as leaf spots 

and black rot more susceptible (Rivero et al., 2022; Tanveer et al., 2023) 
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2.5 Solar Radiation and Wind 

Radiation generated by the sun can affect the increase and spread of plant 

diseases (Bornman et al., 2015). While UV radiation inactivates some pathogen 

spores (Campillo et al., 2012), wind facilitates long-distance spread by 

accelerating spore and inoculum transport (Krafft et al., 2019). For example, 

Cercospora leaf spot, an important leaf disease of beets, and gray mold in 

strawberries could be prevented as a result of exposure to UV light (Deepshikha 

et al., 2017). Changes in wind patterns have effects on light penetration and 

nutrient distribution, which are important for plant development. These effects 

increase pathogen outbreaks by providing the necessary conditions for the 

development and spread of plant disease agents (Deng et al., 2018). Strong 

winds, on the other hand, cause physical damage to plants, allowing pathogens 

to enter these damaged tissues (Krafft et al., 2019). For example, while powdery 

mildew and rust fungi infect cereals in this way (El Jarroudi et al., 2020), 

Xanthomonas axonopodis pv. citri (citrus canker) allows the inoculum to be 

spread by wind (Esker et al., 2007). 

3. CHANGES OBSERVED IN THE DYNAMICS OF 

PHYTOPATHOGENS 

While the effects of these changing climate events on a small number of 

host-pathogen relationships have been identified (Overstreet, 2007), it is known 

that drought in particular has significant effects on the formation of parasitic 

diseases (Figure 1). 

 

Fig. 1. Impact of climate change on plant-pathogen interactions (Lahlali et al., 2024). 
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With the increases in plant diseases, global food security and 

environmental sustainability are under threat and are weakening primary 

productivity and biodiversity on a global scale. With climate change, 

phytopathogens are spreading to new geographies, more aggressive strains are 

emerging and epidemic risk is increasing (Singh et al., 2023), changing the 

sensitivity of the host, and affecting the development and survival rates of 

pathogens. As a result, it is obvious that these will cause problems in obtaining 

healthy products. In addition to these, it is thought that the specific pathogen 

mechanism and suitable infection conditions, host specificity and infection 

mechanism will also be affected (Elad and Pertot, 2014). Models show that 

increasing temperature may increase pathogen pressure, especially at high 

latitudes (Myers et al., 2021; Kumar and Mukhopadhyay, 2024) (Figure 2). 

 

Fig.2. Potential shifts in plant pathogen interactions caused by climate change (Kumar 

and Mukhopadhyay, 2025) 

4. CHANGING BALANCES IN HOST-PATHOGEN 

INTERACTIONS 

Climate changes observed on a global scale cause changes in basic 

environmental factors and create significant effects on plant ecosystems. Some 

factors such as temperature, sunlight duration, precipitation and availability of 
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nutrients (e.g. nitrogen, phosphorus and potassium) are very important in 

determining plant development. With these changes, CO2 levels accelerate 

plant development by increasing photosynthesis. Again, increasing CO2 levels, 

high temperatures and disruptions in precipitation patterns cause changes in the 

size, structure, density and microclimate of plant development. Increasing 

temperatures and changing precipitation also affect pests and pathogens (Dutta 

et al., 2023; Pangga et al., 2013) (Figure 3). 

 

Fig. 3. Climate change factors triggering the interaction between host plants 

and plant pathogens (Lahlali et al., 2024). 

5. EFFECTS OF CO2 AND O3 

High CO2 can increase photosynthesis and carbohydrate accumulation 

while preventing pathogen entry through stomatal closure. O₃ can cause 

biomass and yield reductions, while it can be balanced by the effect of CO2 

(Manning and Tiedemann, 1995; Sandermann, 1996). The combined effect of 

these gases modifies the expression of SUV defense pathways and the capacity 

to resist pathogens in a complex manner (Campillo et al., 2012). 
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6. THE ROLE OF NUTRIENTS ON THE HOST-

PATHOGENE BALANCE 

6.1 Phosphate 

It has been determined that Colletotrichum tofieldiae, an endophytic 

fungus, transfers phosphate to Arabidiopsis and increases the development and 

yield of the plant (Hiruma et al., 2016). 

6.2 Nitrogen 

The energy cost of Rhizobium nodulation in legumes is optimized 

according to the nitrogen saturation of the environment (Takahara et al., 2013; 

Tsikou et al., 2018). However, it is known that forming nodules is costly in 

terms of energy for the legume host. Therefore, it is thought that it will not be 

very effective in terms of cost when plants are grown in an environment rich in 

nitrogen (Morgan et al., 2005). 

6.3 Iron 

In iron deficiency, the ISR mechanism is activated through molecules 

such as phenolic metabolites and compounds that enable the movement of iron; 

this makes an important contribution to the suppression of the pathogen (Van 

der Ent et al., 2008; Zamioudis et al., 2014). 

 

CONCLUSION 

Climate change is reshaping the interaction balance of phytopathogens 

and host plants in a complex way through environmental factors such as 

temperature, humidity, precipitation, CO2 and O3. This situation poses serious 

risks to agricultural yield, food security and ecosystem health. In order to cope 

with these potential threats, climate-adaptive plant breeding, integrated disease 

management, awareness and policy-supported strategy integrations are needed 

(Coakley et al., 1999; Chakraborty, 2011; Kumar and Mukhopadhyay, 2024). 

Climate change is radically changing the interactions between plants and 

pathogens both through direct environmental effects and indirect mechanisms. 

Factors such as temperature increase, deviations in precipitation patterns and 

changes in atmospheric gas concentrations are reshaping both the life cycles of 

pathogens and the physiological responses of host plants. These conditions can 
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lead to the spread of pathogens to new areas, faster and more severe infections 

and the reemergence of some diseases. 

The increase in gases such as carbon dioxide (CO2) and ozone (O3) in the 

atmosphere directly affects plant development, in some cases reducing 

resistance to diseases and in some conditions limiting pathogen development. 

However, these effects are not linear or always predictable; each plant-

pathogen interaction can respond differently to environmental variables. For 

this reason, interdisciplinary and systems approach studies are of great 

importance in order to fully understand the effects of climate change. While 

currently developed epidemiological models generally evaluate biotic and 

abiotic factors separately, it is known today that even microscale climatic 

effects significantly shape plant-pathogen interactions. In this context, 

supporting next-generation prediction models with multi-layered and integrated 

data systems will enable the creation of more effective strategies in terms of 

both scientific accuracy and agricultural disease management. The negative 

effects of climate change not only on agricultural productivity but also on 

ecosystem balance and biodiversity should be taken into consideration. In this 

direction, not only the development of climate-resistant plant species; At the 

same time, integrated disease management, agroecological approaches and the 

expansion of sustainable agricultural systems should also be among the 

strategic priorities. 

As a result, the effects of climate change on plant diseases are one of the 

main factors that will shape future agricultural production patterns and the 

sustainability of food systems. Therefore, focusing scientific research on 

climate-based disease predictions and integrating the obtained data into 

decision-making processes is a critical need for both food security and the 

protection of ecosystem health.  
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INTRODUCTION 

Invasive non-native species are regarded as the main driver of 

global environmental change (Didham et al., 2005), contributing to biodiversity 

decline (Butchart et al., 2010; Gentili et al., 2021) and economic losses (Diagne 

et al., 2021; Haubrock et al., 2021; Macêdo et al., 2024). A recent evaluation by 

the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 

Services (IPBES) indicated that invasive alien species (IAS) have significantly 

contributed to 60% recorded plant and animal extinctions globally (Roy et al., 

2023) and are responsible for over US$423 billion in annual economic losses 

(Roy et al., 2023).  

Turkey sits at the crossroads of Europe and Asia, serving as a crucial 

biodiversity hotspot (Mittermeier et al., 2011; Şekercioğlu et al., 2011). 

Nevertheless, introduction and spread of non-native plant species is a growing 

concern in the country (Byfield & Baytop, 1998; Sevgi et al., 2017; Uludag et 

al., 2017). The increased pressure on native ecosystems and opportunities for 

the spread of some non-native species due to changes in temperature and 

precipitation complicates the issue (Farooq et al., 2017; Onen, Farooq, et al., 

2016; Onen, Sarı, et al., 2016; Onen & Farooq, 2015). Consequently, it is 

essential to evaluate the benefits of some exotic plants to ecosystems (including 

food production, erosion management, or habitat restoration) against the threats 

that invasive species bring to Turkey's agricultural systems and cultural 

heritage. This chapter examines exotic plant species in Turkey and their impact 

on the resilience of agro-ecosystems to climate change and other ecosystem 

services. Recent policy and scientific developments inform sustainable 

management strategies that mitigate damage while optimizing resource use. 

  

Non-Native Plant Species in Turkey: An Overview 

Turkey’s unique geographic location and varied climatic zones have 

traditionally enabled the cultivation and accidental introduction of several 

exotic plant species. The country hosts over 12,000 vascular plant species, with 

an estimated 1.5–3% classified as alien (non-native) species (Arslan et al., 

2015; Barneby et al., 1986; Güner & Aslan, 2012). This indicates around 180–

360 non-native plant species documented in Turkey’s flora (Uludag et al., 

2017). Not all these alien species are invasive or harmful; many are isolated or 

harmless. Nonetheless, a portion has emerged as invasive alien species, 
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spreading rapidly and exerting significant impacts on ecosystems or agriculture 

(Onen et al., 2017; Ozaslan et al., 2016). A thorough inventory conducted in the 

2010s found around 80–100 invasive alien plant species in Turkey, with 

additional species constantly being recorded as botanical surveys progress 

(Arslan et al., 2015). The occurrence of invasive plants in Turkey has been 

documented in scientific literature since at least the 1960s; nevertheless, 

systematic national monitoring of these species has only recently increased 

(Atasoy & Çorbacı, 2018). 

Non-native flora has been introduced through numerous pathways 

(Yazlık & Ambarlı, 2022). Certain species were intentionally imported for 

agricultural, horticultural, forestry, or soil improvement purposes. Sunflower 

(Helianthus annuus) and maize (Zea mays), now major crops in Turkey, are 

New World species imported centuries ago that provide significant provisioning 

services as oilseed and grain crops (Uludag et al., 2017). Eucalyptus trees (e.g., 

Eucalyptus camaldulensis) were introduced in the mid-20th century to drain 

malarial swamps and provide fast-growing timber, while black locust (Robinia 

pseudoacacia) was introduced for the reclamation of mined lands and as a 

source of resistant wood and nectar for honey production. Other species arrived 

accidentally as contaminants in trade items or inside ship ballast water, among 

other means. Common ragweed (Ambrosia artemisiifolia), a North American 

weed, possibly entered by imported grain or seed and is now found in areas of 

Thrace and the eastern Black Sea regions (Celenk, 2019; Farooq et al., 2016; 

Onen et al., 2014; Ozaslan et al., 2016). Likewise, silverleaf nightshade 

(Solanum elaeagnifolium) and field bindweed (Convolvulus arvensis), both 

native to remote areas, have emerged as problematic weeds in Turkish 

agricultural fields, likely imported by tainted seed or equipment. 

 The geographical distribution of invasions in Turkey is erratic (Tarkan 

et al., 2024). Regions that are warmer and wetter, characterized by significant 

human activity, typically have a greater number of alien species. The Black Sea 

and Marmara areas in northern Turkey contain the greatest diversity of invasive 

plant species, around 25–35 species each, while the Aegean and Mediterranean 

regions, located on the western and southern shores, host roughly 15–20 

species. Conversely, the arid Central Anatolia and colder Eastern Anatolia have 

a lower incidence of reported invasive plant species, around a dozen in each 

region (Tarkan et al., 2025). These patterns indicate both climatic suitability 
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and access points, i.e., port cities and transit routes in the Marmara and Aegean 

regions (e.g., Istanbul, Izmir) have historically served as gateways for plant 

introductions, while the humid environment of the Black Sea coast supports 

numerous invasive weeds. Table 1 presents examples of significant non-native 

plant species in Turkey, their modes of introduction, and the related ecological 

services or risks for each species. 

Table 1. Key non-native plant species in Turkey, introduction purpose, and noted 

ecosystem service benefits vs. risks. 

Species (Origin) Introduction 

Purpose 

Ecosystem 

Service(s) 

Notable 

Risk/Impact 

Robinia 

pseudoacacia L. (N. 

America) 

Soil reclamation, 

timber, and 

beekeeping 

(ornamental 

planting in rural 

areas) 

Nitrogen-fixing 

improves soil; 

nectar source for 

honey (acacia 

honey); fast-

growing timber  

Invasive in 

forests/grasslands

, forms dense 

thickets through 

root suckers, 

outcompetes 

native vegetation 

Ambrosia 

artemisiifolia L. (N. 

America) 

Unintentional 

introduction 

(contaminant in 

grain/seed 

imports) 

Minor: pollen is 

food for some 

insects 

Highly allergenic 

pollen causing 

public health 

issues; invades 

croplands, 

reducing yields 

and increasing 

control costs. 

Pontederia crassipes 

Mart. (S. America) 

Ornamental pond 

plant (introduced 

for decorative 

water gardens) 

Phytoremediation

, can be used as 

compost or 

biomass fuel 

Chokes 

waterways and 

irrigation canals, 

depletes oxygen 

in aquatic 

systems, leading 

to fish mortality; 

listed as a 

quarantine pest in 

Turkey. 

Ailanthus altissima 

(Mill.) Swingle 

(Asia) 

Introduced as an 

urban 

ornamental/shad

e tree in 19th–

20th century 

Urban greening, 

hardy tree that 

grows in poor 

soils, providing 

shade and 

Extremely 

invasive in urban 

and rural habitats; 

produces 

abundant wind-

dispersed seeds, 
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aesthetic value in 

cities 

infiltrates cracks 

in infrastructure, 

and its root 

system and 

allelopathic 

chemicals inhibit 

native plant 

regeneration. 

Phragmites australis 

(Cav.) Steud. 

(Mediterranean/Asia

) 

Introduced for 

erosion control 

and as a reed for 

musical 

instruments 

Stabilizes soil on 

riverbanks and 

slopes; traditional 

uses (thatch, reed 

instruments) 

Forms 

monocultures in 

riparian areas, 

consuming 

substantial water 

and altering fire 

regimes 

Opuntia ficus-indica 

(L.) Mill. (Central 

America) 

Introduced as a 

fruit crop and 

natural fence in 

rural areas  

Provisioning 

(edible fruits, 

fodder in 

droughts); living 

fences for erosion 

control  

Can naturalize in 

dry shrublands, 

displacing native 

flora; dense cactus 

thickets impede 

grazing  

Camellia sinensis 

(L.) Kuntze 

(South/East Asia) 

Introduced as a 

crop (tea 

plantations in 

Black Sea region  

Provisioning 

(economic crop); 

cultural 

ecosystem service 

(tea culture) 

Minimal invasive 

risk: confined to 

managed 

plantations in 

Rize province; 

climate limits  

Eucalyptus 

camaldulensis 

Dehnh. (Australia) 

Introduced for 

swamp drainage 

(malaria control) 

and fast-growing 

timber/pulpwood 

in mid-1900s 

Regulating 

service (drained 

waterlogged 

soils); 

provisioning 

(timber); 

windbreaks in 

agricultural areas 

High water uptake 

can lower water 

tables; leaf litter 

alters soil 

chemistry. In river 

valleys it can 

naturalize and 

compete with 

native riparian 

trees. 

Sources: (Arslan et al., 2015; Atasoy & Çorbacı, 2018)  

Turkey’s engagement with non-native flora involves both notable 

agricultural successes and harmful ecological invaders. Numerous 

commercially significant crops in the country, except wheat, are of non-native 

origin but have been well integrated into Turkish agriculture throughout history. 
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Conversely, modern invasive weeds and pest plants have occasionally spread 

more rapidly than the development of awareness or regulatory frameworks. The 

subsequent sections explore the dual characteristics of non-native plant species: 

the ecosystem services and advantages they offer, as well as the negative 

impacts they may impose on ecology and agriculture, particularly in the context 

of a changing climate. 

 

Ecosystem Services Provided by Non-Native Species 

Non-native plant species in Turkey are sometimes criticized; however, it 

is vital to understand that some provide valuable ecosystem services and 

socioeconomic benefits, especially in agro-ecosystems (Kumar Rai & Singh, 

2020; Lazzaro et al., 2018; Pejchar & Mooney, 2009). Numerous imported 

plants were intentionally brought due to their provision of characteristics that 

native species either could not give or were insufficiently available (Mack, 

2001). Essential categories of ecosystem services, i.e., provisioning, regulating, 

and cultural etc. provided by non-native plants (Fisher & Kerry Turner, 2008; 

Simpson et al., 2023; Wallace, 2007) are discussed in this chapter. The 

provision of these services will potentially improve agro-ecosystem resilience 

and human well-being. 

 

Provisioning Services 

Several exotic plant species constitute the base of Turkey’s agricultural 

production, providing food, fiber, and fuel (Uludag et al., 2017). Staple crops 

such as maize, tomatoes, potatoes, and sunflowers (all originating from the New 

World) significantly enhance Turkey’s food security and agricultural income 

(Aytop et al., 2014). These species have been effectively integrated into local 

agro-ecosystems and breeding initiatives, frequently outperforming indigenous 

wild plants in both yield and economic value. Fodder crops and forages, such 

alfalfa (Medicago sativa), originally from Southwest Asia but enhanced with 

exotic types (Wang & Şakiroğlu, 2021), and sorghum hybrids from Africa are 

utilized to maintain cattle during arid seasons; hence, strengthening 

provisioning services in pasture systems. In forestry, fast-growing exotic 

species such as Pinus radiata (Monterey pine) and Cupressus arizonica 

(Arizona cypress) have been tested for timber and windbreak applications in 

Turkey’s climate-stressed marginal regions, enhancing wood production. A 
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significant provisioning advantage of beekeeping is the North American black 

locust (Robinia pseudoacacia), which produces ample nectar and is esteemed 

as a honey source (beekeepers in Turkey highly regard the light acacia honey) 

(Atanasov et al., 2023). In the same way, several invasive weeds, such as 

Canadian goldenrod (Solidago canadensis), yield late-season blossoms that 

beekeepers utilize for nectar production. Certain non-native plants accidentally 

assist pollination services and honey production. 

 

Regulating Services 

Several non-native species have been intentionally employed to regulate 

ecological processes (Gaertner et al., 2017), particularly in response to land 

degradation and climatic variability (Russo et al., 2025). Tree and shrub species 

from dry or saline ecosystems, such as Australian saltbush species (Atriplex 

spp.) and Acacia saligna, have been introduced in Central Anatolia to mitigate 

desertification, consolidate soils, and reduce wind erosion. Due to their drought 

tolerance and rapid growth, these plants may rapidly establish ground cover and 

windbreak functions in areas where natural vegetation fails, hence managing 

soil erosion and microclimates. Research suggests that non-native tree species 

are at least as successful as native species in climate management, erosion 

control, and soil fertility augmentation. Casuarina equisetifolia (beach she-

oak), native to Australasia, has been introduced throughout the Aegean and 

Mediterranean beaches to stabilize sand dunes (Konic et al., 2024). It enhances 

nitrogen fixation and establishes windbreaks, protecting agricultural areas and 

communities from sand invasion. The planting of resistant exotic trees like 

Eucalyptus and Populus hybrids in riparian zones has mitigated waterlogging 

and salinity by reducing water tables (Minhas et al., 2020), as demonstrated in 

the Göksu Delta and Amik Plain drainage operations during the mid-20th 

century. Although these imports are controversial, they were driven by the 

regulatory functions certain species may provide in disturbed ecosystems. 

Several experts have recommended the planned use of non-native plants 

to sustain specific regulating services under changing climate (Russo et al., 

2025). If a native tree species essential for watershed protection becomes 

unstable due to increasing temperatures, a non-native species adapted to the 

altered environment may be introduced to perform this function, a process 

known as "assisted migration" for ecosystem functionality. Recent research in 
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Austria shown that integrating native and non-native trees in forest regeneration 

might enhance wood output and species variety under future climatic 

conditions, compared to relying only on native species (Konic et al., 2024). 

Despite being experimental in nature, these techniques highlight the potential 

of selectively chosen non-native species to enhance ecosystem control in a 

changing climate. 

 

Cultural and Supporting Services 

Non-native plants provide cultural services and sustain ecosystems 

(Castro‐Díez et al., 2019; Dickie et al., 2014). Turkey’s urban and rural 

environments include ornamental plants, including tulips (Atak, 2023) 

(imported from Central Asia) and both native and hybrid trees such as Platanus 

orientalis (oriental plane) (Kamer Aksoy, 2022) and Platanus × hispanica 

(London plane) in public parks. Turkish urban ecosystems get benefits from the 

shade, cooling effects, and aesthetic value of exotic ornamental plants, 

enhancing human well-being. Non-native urban trees may enhance urban 

biodiversity by providing habitat and nectar beyond the natural flowering 

period, as well as cultural ecosystem services, without adversely affecting 

native fauna in urban environments. The Japanese pagoda tree (Styphnolobium 

japonicum), cultivated along highways in Ankara and Istanbul, resists pollution 

and drought while providing aesthetically pleasing flowers and pollen for urban 

bees (Türkdoğdu & Altinçekiç, 2018). These trees have exceptional urban 

tolerance, indicating a niche in which non-native species may thrive. 

Non-native species could improve nitrogen fixation and soil health.  

Robinia pseudoacacia leaf litter enhances nitrogen and organic matter in 

nutrient-deficient soils, facilitating the rehabilitation of mining sites (Su & 

Shangguan, 2023).  Acacia and Prosopis species introduced to the arid regions 

of southeastern Turkey improve soil structure and fertility, consequently 

supporting native plant communities (Riley, 2021).  Nurse trees that provide 

shade and soil moisture for the native plants' seedlings have been shown to 

assist the regeneration of native species. 

 Numerous non-native plant species in Turkey enhance agricultural 

production, facilitate land restoration, and shape cultural identity, shown by tea 

growing in Rize and the flourishing citrus orchards along the Mediterranean 

coast using Southeast Asian orange and lemon cultivars. These contributions 
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emphasize the need to achieve a "balance", i.e., increasing the beneficial roles 

of desirable non-native species (responsibly) while mitigating the introduction 

and spread of invasive and harmful ones. 

 

Negative Impacts of Non-Native Species 

Despite their benefits, several non-native plant species pose risks to 

Turkey’s environment, agriculture, and public health (Ozaslan et al., 2016; 

Tarkan et al., 2024, 2025). Invasive alien plants, by definition, establish self-

sustaining colonies and spread aggressively, adversely affecting native species 

and human well-being. Recent investigations and assessments confirm these 

primary negative effects (Roy et al., 2023). 

Invasive flora may displace native species, hence reducing biodiversity 

(Gentili et al., 2021). Native riparian flora is being replaced by Impatiens 

balsamina and Reynoutria species along Black Sea waterways. The unique 

dune flora is inhibited by mats of Carpobrotus edulis (Hottentot fig, originating 

from South Africa) in coastal dunes (Sazlı & Karataş, 2024). Invasive species 

such as Ailanthus altissima rapidly colonize disturbed forest gaps, limiting the 

regeneration of native forests (Ulus et al., 2021; Yazlık et al., 2018). Invasive 

species alter ecological processes beyond simple species extinction. 

Approximately 80% of non-native plant species in Turkey have environmental 

effects, primarily influencing the nitrogen cycle, water availability, and 

disturbance regimes (Yazlık et al., 2018). Acacia saligna thickets in the Aegean 

region enrich soils with nitrogen and augment fuel loads, altering the 

disturbance dynamics to which native plants are adapted. The invasive water 

fern Azolla filiculoides may blanket water surfaces, reducing light and oxygen 

levels, hence impacting aquatic food webs. Following the removal of the 

invasive species, the restoration of nutritional and hydrological cycles may be 

challenging. 

Numerous invasive species are weeds that decrease agriculture 

production, increase maintenance costs, and threaten wildlife. A total 21 non-

native plant species have been reported as agricultural weeds in Turkey in a 

recent study (Yazlık et al., 2018). Examples include Johnson grass (Sorghum 

halepense), field bindweed (Convolvulus arvensis), common cocklebur 

(Xanthium strumarium), and silverleaf nightshade (Solanum elaeagnifolium). 

Farmers must use more pesticides and exert greater effort to control them due 
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to their competition with crops for water, light, and nutrients. Thistles such as 

Onopordum acanthium can diminish rangeland forage (Baştürk & Peker, 2021). 

Certain invasive species are poisonous. Datura stramonium (jimsonweed), 

introduced from the Americas, poses a risk to animals if ingested alongside feed 

in maize and cotton fields (KORKMAZ et al., 2019). Similarly, it poses 

significant health risks for humans (Disel et al., 2015; Gunaydın et al., 2017; 

Özkaya et al., 2015; Tarkan et al., 2024). In a recent analysis, agriculture 

constituted 70% of the total economic costs of invasive species in Turkey from 

1960 to 2022, amounting to US$2.85 billion.   Among these expenses include 

crop losses, weed management expenditures, and post-harvest contamination, 

including Xanthium burrs that decrease cotton quality.   The analysis indicated 

that management expenditures in Turkey exceed direct damage costs (US$2.89 

billion compared to $28 million), demonstrating that invasive species are being 

managed with significant resources, despite the possibility of unquantified 

damages. 

Invasive plant species may adversely affect human and animal health. 

Common ragweed (Ambrosia artemisiifolia) pollen is a significant cause of 

allergic rhinitis and asthma (Celenk, 2019; Celenk & Malyer, 2017; Farooq et 

al., 2017; Zemmer et al., 2012). Ragweed pollen is increasing in Istanbul and 

other areas, especially during late summer, and climate change may exacerbate 

the number of allergy patients in Turkey, like trends seen in Europe. Giant 

hogweed (Heracleum mantegazzianum), known for inducing severe skin 

photosensitivity, may proliferate in the Black Sea region. Silverleaf nightshade 

may cause gastrointestinal distress in calves, but perennial ragwort (Senecio 

jacobaea) poses a poisoning risk to horses and cattle if it thrives in meadows, 

as seen in Europe (Aboling, 2023). Invasive species such as Sorghum halepense 

may accumulate nitrates under drought circumstances, posing a toxic threat to 

animals (Peerzada et al., 2023). All these challenges impact the economic 

welfare of farmers and public health. 

Invasive plants damage infrastructure and landscapes, resulting in 

economic losses (Booy et al., 2017).  Rapidly proliferating woody invasive 

species such as Ailanthus damage existing masonry and pavement, increasing 

infrastructure damage in urban historic sites and highways (Trotta et al., 2020).  

The removal of water hyacinth and water lettuce from canals, pipelines, and 

hydroelectric dam intakes is necessary to guarantee water supply and energy 
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generation, which has a significant cost (Harun et al., 2021). Like neighboring 

countries, mesquite (Prosopis juliflora) cultivated in rural regions along the 

Mediterranean coast may dominate irrigation channels and agricultural fields, 

creating thick thorny obstacles that hinder automated farming access (Shiferaw 

et al., 2023). Caribbean pine (Pinus caribaea), an introduced species, was 

cultivated in the 20th century and has shown more susceptibility to insect 

infestations and wildfires than native forests, posing risks to nearby 

communities. 

Recent Turkish case studies reveal these extensive harmful impacts. An 

extensive impact assessment of 51 high-priority invasive plant species in 

Turkey revealed that 80% had environmental implications and 78% had socio-

economic effects, mostly affecting agriculture and health (Yazlık et al., 2018). 

The Black Sea region has the highest concentration of invasive flora and exerts 

the most significant environmental effect.  Invasive Reynoutria species affect 

sedimentation patterns and flood dynamics. The elevated population density 

and intensive agriculture in Marmara (northwest Turkey) suggest that invasive 

species such as ragweed and Amaranthus may disrupt human activities and 

need significant management efforts.   Invasive plants can interact with other 

elements of change, increasing problems (Roy et al., 2023). Certain Anatolian 

rangelands have experienced overgrazing and mismanagement, facilitating the 

proliferation of Russian thistle (Salsola tragus) and alkali swampweed 

(Heliotropium curassavicum) (Kandemir et al., 2020). Climate change, as 

discussed in the subsequent section, could worsen these consequences by 

increasing ecosystem susceptibility to invasion and extending the development 

or reproductive season of invasive species.   In conclusion, Turkey derives 

advantages from certain non-native flora, however experiences significant costs 

due to invasive species. 

 

Climate Change and the Dynamics of Non-Native Species 

Climate change is altering temperature and precipitation patterns in 

Turkey (Demircan et al., 2017), significantly affecting the introduction, 

establishment, and spread of non-native plant species. Climate change often 

exacerbates the dynamics of invasive species and diminishes ecosystem 

resistance to invasions. This section examines the impact of increasing 

temperatures, altered precipitation patterns, and increased frequency of severe 
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events on non-native flora, as well as the potential implications for Turkish 

agro-ecosystems. 

Non-native plants can thrive in the current unsuitable areas 

with temperatures increase under changing climate (Alexander, 2013). Frost-

sensitive invaders might settle in new locations due to milder winter limits 

(Hanberry et al., 2024).  Globally, thermophilic species are moving north and 

up, including in Turkey (Guven et al., 2018). In southern Turkey, parthenium 

weed (Parthenium hysterophorus) and tropical soda apple (Solanum viarum) 

may grow if winter frosts decrease.  Opuntia and Agave will shift inland from 

the Aegean coast to imitate deserts as temperatures increase. One study revealed 

that future climatic scenarios might expand invasive species distribution by 

77% in high-value European ecosystems at low invasion risk (Gallardo et al., 

2024). This European finding suggests that as the climate warms, even high-

altitude or Black Sea regions of Turkey may see more invasion pressure. 

Heatwaves, droughts, wildfires, intense rainfall, and flooding are 

increasing because of climate change (Clarke et al., 2022). These changes could 

benefit invasive flora (Sheppard et al., 2012). These extremes may stress or 

eliminate native species, resulting in niches or barren areas that rapidly 

colonizing invaders readily occupy. Invasive species such as Acacia saligna, 

Eucalyptus camaldulensis, and Nicotiana glauca (tree tobacco) outcompete 

native regrowth after catastrophic wildfires, which are projected to rise in the 

Aegean and Mediterranean regions due to hotter, drier summers. Floods can 

spread riparian weed seeds (de Rouw et al., 2018), such as mile-a-minute vine 

(Persicaria perfoliata), downstream, and with more erratic high rainfall, this 

phenomenon may become more pronounced. High-emission scenarios predict 

a ~37% increase in agricultural droughts in Turkey by 2050 (Çeliktopuz, 2024), 

rendering crops and pastures more vulnerable to drought-resistant invasive 

species such as Centaurea solstitialis and yellow starthistle. Flash floods may 

erode soil and disperse invasive propagules (Čuda et al., 2017). In conclusion, 

climate-induced disturbances modify ecosystems, benefiting opportunistic non-

native species throughout the recovery phase. 

Invasive species exploit the impacts of climate change on phenology 

(Wolkovich & Cleland, 2014). Extended growing seasons and milder winters 

may enable some non-native plants to germinate earlier, grow more rapidly, and 

produce a greater quantity of seeds annually (Mulder & Spellman, 2019). 
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Invasive plant species in temperate regions may respond more intensively to 

elevated CO₂ levels and temperature than native species, hence conferring a 

competitive edge (Dukes et al., 2011). The common cocklebur and Bermuda 

buttercup (Oxalis pes-caprae) may flower and produce seeds early in spring in 

Turkey, so replenishing seed banks prior to the completion of the cycle of native 

annuals. Moreover, elevated CO₂ concentrations may directly facilitate the 

proliferation of some invasive species. Vines and invasive ruderal plants exhibit 

accelerated growth and enhanced herbicide resistance under elevated CO₂ 

conditions (Waryszak et al., 2018). Weed management may become more 

challenging if higher pesticide dosages are required to achieve same efficacy 

under high-CO₂ concentration. 

Climate change and invasive species may engage in feedback loops 

(Sinclair et al., 2020). Invasive plants often thrive in disturbed, variable 

environments generated by climate change (Turbelin & Catford, 2021). Their 

proliferation may subsequently weaken ecosystem resistance to climatic 

effects. Invasive plants may increase fire frequency by contributing flammable 

biomass, hence maintaining a landscape conducive to invasiveness and fire 

susceptibility, a phenomenon seen in Mediterranean ecosystems invaded by 

African pyrophytic grasses (Wyse et al., 2018). Likewise, an invasive species 

that drains water resources, such as Eucalyptus trees or dense thickets of 

Prosopis, can worsen drought effects on the area, hindering the recovery of 

local flora in a drier environment (Antunes et al., 2018). Consequently, invasive 

species and climatic stress often interact synergistically, amplifying one other’s 

effects (Thompson & Ziska, 2014). This synergy eventually reduces overall 

ecosystem resistance, and the ability of the ecosystem to withstand and recover 

from shocks is compromised by the simultaneous impact of invasive species 

and climatic extremes. 

Given these dynamics, it is evident that climate change warrants a stricter 

approach to invasive species management in Turkey. Range expansion models 

and observational data indicate that several invasive species will migrate to 

higher latitudes and elevations; formerly safe regions (e.g., montane zones) 

may require surveillance (Farooq, 2018; Kadıoğlu & Kekeç, 2020; Öztop, 

2023). Conventional pest management cycles must be modified as phenological 

patterns change. Conservation and agricultural agencies in Turkey are 

integrating climate factors into invasive species risk assessments. Climate 
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adaptation and invasive species control must be addressed simultaneously. Any 

climate change adaptation strategy for agriculture, including the introduction of 

drought-resistant crops or alterations in planting schedules, must incorporate 

steps that prevent opportunistic weeds from benefiting from the new conditions.  

Similarly, invasive species management initiatives, such as the eradication of 

emerging weed populations, should be focused on the regions where climate 

change is expected to facilitate the spread of those weeds. 

In conclusion, climate change is altering the invasive species dynamics 

in Turkey by facilitating new invasions, expediting their spread, and 

intensifying their effects. The coming decades may witness an influx of non-

native flora in previously uninhabited regions, unless preventative measures are 

implemented. The next a section examines Turkey’s response through 

management strategies and policies, emphasizing the necessity of incorporating 

climate prediction into these initiatives. 

 

Management Strategies and Policy Recommendations 

Addressing the simultaneous problems of invasive species and climate 

change need comprehensive management measures and proactive policies. The 

awareness of invasive alien plants has increased in Turkey during recent years, 

leading to new activities at both governmental and grassroots levels. This 

section discusses current management strategies, significant policy 

advancements (including Turkey's inaugural national plan on invasive species), 

and proposals for integrated management aimed at strengthening agro-

ecosystem resistance. 

The most cost-effective way to manage invasive species is to prevent 

their entry at the border (Fernandez & Sheriff, 2013). Turkey has enhanced its 

phytosanitary regulations to align with international standards, therefore 

preventing accidental imports.  Regulating imported seeds, animal feed, and 

wooden packaging mitigates the introduction of weed seeds and plant 

pathogens (Giray & Özkan, 2012). Turkey has expanded its quarantine list to 

include more risky species. The list now includes two plants, i.e., Pontederia 

crassipes and Arceuthobium spp. The new regulatory framework evaluates 

proposed plant imports, including novel agricultural varieties and ornamental 

species, for invasive potential through risk assessments (Yazlık & Ambarlı, 

2022). Horizon scanning, often conducted with European and regional 
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collaborators, forecasts which invasive plant species absent from Turkey pose 

a significant concern in future climatic conditions and may need prevention or 

surveillance. Due to the volume of trade and Turkey’s large land borders (Frede 

& Yetkiner, 2017), the complete eradication of invasive species is impossible, 

although customs and agricultural quarantine authorities have enhanced their 

screening capabilities at major ports and borders. Investments in biosecurity, 

such as seed detection canines, diagnostic laboratories for seed contamination, 

and the harmonization of regional quarantine lists, are essential. The One 

Health concept, integrating plants, environmental, and human health, advocates 

comprehensive preventive strategies. 

Given that not all invasions can be prevented, early detection of emerging 

invasive populations is essential. Turkey has initiated the training of 

agricultural extension staff, park rangers, and citizen volunteers via "invasive 

watch" programs to detect and report unusual plant invasions. If a farmer in 

Thrace identifies an unexpected aggressive vine in a fallow field, a reporting 

channel is available to notify authorities and university specialists. Upon 

confirmation of a new invasive species, a swift reaction may be undertaken, 

often including eradication or containment if the population remains confined. 

These initiatives are being codified inside Turkey's national invasive species 

response strategy, which underscores EDRR as a critical element. It is advisable 

to use digital technologies (smartphone applications, GPS mapping) to facilitate 

real-time reporting and data sharing on invasive species occurrences. Another 

approach is to construct seed banks of indigenous species for re-vegetation 

efforts after the removal of invasive species, so mitigating the risk of re-

invasion. 

 

Integrating Non-Native Species into Sustainable Agro-

Ecosystems 

A significant distinction in the discussion on non-native species is that 

not all such species are harmful in an agricultural environment; in fact, many 

are essential to modern agro-ecosystems.  The objective is to incorporate 

beneficial non-native flora while managing or eliminating invasive species.  As 

climate change intensifies, Turkish agriculture and agro-forestry may need 

adaptation by the introduction of new species or types, some of which may be 

non-native.  This section examines options for using beneficial non-native 
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species to enhance sustainability and resilience, as well as for managing 

landscapes to reduce the danger of invading species dominance. 

Crop diversity is a key component of sustainable agro-ecosystems, 

serving to mitigate the impacts of climatic extremes (Gawdiya et al., 2025).  

Turkey is currently experimenting with the introduction or expansion of 

alternative crops that are more adapted to warmer or drier climates. For 

instance, quinoa (Chenopodium quinoa) from South America has been tested in 

Central and Southeast Anatolia as a drought-resistant cereal (Aydoğdu & Koç, 

2021), while sorghum and millet, originating from Africa, are being advocated 

as substitutes for water-intensive maize or rice in certain regions (Karaman et 

al., 2022). Properly managed introductions may enhance resilience by yielding 

harvests under climatic circumstances that may lead to the failure of 

conventional crops. Researchers evaluate the capacity of non-native crops to 

naturalize beyond cultivation to prevent them from becoming invasive.  

Furthermore, adhering to sound agricultural practices—such as harvesting prior 

to seed shatter and managing volunteer plants—mitigates crop escape.  It is 

essential to choose non-native species that occupy a necessary ecological niche 

(e.g., heat tolerance, salinity tolerance) while exhibiting little invasive potential. 

Utilizing Turkey’s robust agricultural research infrastructure (TAGEM, 

universities) to assess and cultivate novel climate-resilient flora (including 

desert legumes, perennial cereals, or exotic fruit trees such as dragonfruit 

already cultivated in Alanya) would be beneficial.  These initiatives must 

include risk assessments to prevent the introduction of potential invasive 

species alongside the desired characteristics. 

Incorporating trees into agricultural landscapes (agroforestry) offers 

shade, wind protection, and soil benefits which are becoming increasingly 

significant under climate change (Matocha et al., 2012).  Non-native tree 

species frequently appear in global agroforestry systems, and some types may 

be suitable for Turkey (Dimitrova et al., 2022). Paulownia tomentosa (princess 

tree), indigenous to East Asia, has been utilized in agroforestry studies in the 

Aegean region due to its quick growth, shade provision, and valuable timber 

(Ilter & Türe, 2025). It sequesters carbon well and may be intercropped with 

minimal competition. Nonetheless, Paulownia may exhibit invasive 

characteristics in some environments (propagating by wind-dispersed seeds), 

necessitating careful site selection and ongoing monitoring.  The fundamental 
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approach is “appropriate species, appropriate location”: using non-native 

perennials that provide ecosystem services (shade, fodder, nutrient cycling) 

while ensuring they are managed to prevent their escape into natural 

ecosystems.  This sometimes involves using sterile or non-seeding cultivars 

where accessible, or proactively regulating reproduction (e.g., coppicing trees 

prior to seed maturation).  In windbreaks, non-indigenous trees such as 

Eucalyptus camaldulensis or Casuarina can be highly successful; however, they 

must be excluded from neighboring natural wetlands or dunes. 

Land-use planning may establish invasion-free zones (critical 

conservation areas where non-native species should not be introduced or 

allowed to spread) and sacrifice zones (highways or urban peripheries where 

certain non-natives may be tolerated or strictly managed).   Establishing 

ornamental non-native species that do not spread, such as hybrid orchard fruit 

trees or sterile ornamental shrubs, in buffer zones around national parks may 

enhance local livelihoods more effectively than harmful species. Despite 

changes in the landscape, careful biosecurity measures (such as sanitizing 

footwear, vehicles, and using native plant species for restoration) may preserve 

essential protected zones against the introduction of new invasive species.   In 

agricultural landscapes characterized by "functional biodiversity," 

combinations of cover crops that include non-native species such as clovers or 

vetches enhance soil health and interrupt insect cycles, however they may be 

cycled or terminated before becoming invasive. The objective is to establish 

strong agro-ecosystems in which native or non-native plants dominate most 

niches, hence restricting invading species spread. 

 

Future Perspectives and Conclusions 

The relationships among non-native plant species, ecosystem services, 

and agro-ecological resilience in Turkey are complex and will continue 

evolving due to globalization and climate change.  As previously reported, non-

native species represent a double-edged sword; some are essential for Turkey’s 

agricultural and environmental management, while others pose significant 

dangers to ecological and economic stability.  Achieving this equilibrium 

requires evidence-based policy, public awareness, and an adaptable 

management strategy capable of adapting to new data and evolving 

circumstances. 
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Climate forecasts for Turkey comprise an increase in the frequency of 

droughts, heat waves, and severe precipitation events, all of which may 

facilitate the establishment and spread of invasive species.  Meanwhile, 

increased trade and travel, including novel trade routes such as the Belt and 

Road, will intensify propagule pressure. Turkey must thus prepare for an 

increase in invasion threats including previously identified invasive species.  

Tropical and subtropical weeds could grow onto a warmer Mediterranean coast. 

Monitoring and predictive modeling, using AI and climate models to anticipate 

potential invaders, will be essential tools for maintaining a proactive stance. 

In the next years, Turkey is expected to use modern technology for the 

control of invasive species. Remote sensing by satellites or drones may identify 

significant changes in vegetation that signify invasion, such as the detection of 

the purple bloom of Impatiens glandulifera along rivers or the shift in spectral 

signature from a native steppe to one invaded by an invasive plant.  Similarly, 

gene editing and biotechnology might provide innovative control strategies, 

such as creating a biocontrol fungus targeting Ailanthus altissima or using 

genetic techniques to cause sterility in invading populations.  The scientific 

community in Turkey, in partnership with global researchers, may both 

contribute to and benefit from these developments. All technological 

innovations must be carefully assessed for ecological safety. 

There is an increasing understanding that just eradicating invasive 

species is insufficient; rather, restoration of the ecosystems that have been 

damaged is also necessary. Future initiatives in Turkey will likely focus on 

ecological restoration after the invasion, including the replanting native species, 

reconstruction of soil communities, and the reinstating of ecosystem processes.  

This not only assists in preserving the successes achieved via the eradication of 

invasive species (preventing reinvasion) but also restores the comprehensive 

range of ecosystem services that healthy ecosystems provide (pollination, water 

purification, carbon sequestration, etc.). 

The formulation of Turkey’s National IAS Strategy is a significant 

achievement.  The difficulty will be sustaining momentum and getting funds 

until 2035 and beyond.  To maintain priority, invasive species concerns need 

continuous public participation and governmental support.  This may be 

accomplished by highlighting the relationships between invasive species and 

related problems, such as associating ragweed management with public health 
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concerns (allergies) or tying the control of invasive waterweeds to recreational 

fishing and tourism.  When farmers, fishermen, and local people see concrete 

advantages from invasive species control, such as improved harvests or 

enhanced water quality, they become strong supporters of ongoing efforts.  

Consequently, the expansion of community-based initiatives, such as "Farmer 

Field Schools" focused on integrated weed control and citizen science mapping 

of invasive flora, would be crucial.  Educational curriculum may include 

modules on invasive species and climate, equipping the future generation to be 

knowledgeable stewards. 

In the future, Turkey will continue in collaborating with regional 

neighbors via institutions such as the Mediterranean Invasive Species Network 

and with global organizations like the Convention on Biological Diversity's 

invasive species objectives and IPBES.  The dissemination of knowledge on 

effective management strategies, early warning systems for emerging invaders, 

and coordinated responses—such as the synchronized eradication of water 

hyacinth along the shared Meriç/Maritsa River with Greece—will become 

more vital.  Climate change may alter the dispersal of invasive species across 

political borders, necessitating a collaborative approach.  Turkey's geographical 

position as an interface between continents uniquely enables it to contribute to 

international research and policy regarding invasive species. For instance, 

Turkish scientists can investigate the shifting ranges of invasive species from 

the Middle East into Europe via Turkey as a "corridor" in the context of climate 

change, thereby informing broader theories and management strategies. 

In conclusion, Turkey's future agro-ecosystems would likely include a 

synthesis of traditional crops and native species with imported species, some 

selected for resilience and others coming accidentally.  The objective of 

sustainable management is not to eliminate all non-native species, but to 

cultivate a system that maximizes advantages while minimizing negative 

effects.  This involves strict control of high-risk invasive species, judicious use 

of advantageous exotics, rapid response upon detection of new invasions, and 

restoration of ecosystems to a functioning condition, even if they do not 

replicate historical states.  By adopting an adaptive management strategy—

gaining insights from each success or failure and modifying tactics—Turkey 

can enhance the resilience of its agro-ecosystems.  Managing non-native 
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species is essential for developing resilience, since uncontrolled invasions may 

compromise an ecosystem's capacity to withstand further shocks. 
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INTRODUCTION 

Climate change is increasingly disrupting the balance and productivity 

of agricultural ecosystems across the globe. With temperatures rising, rainfall 

patterns becoming less predictable, and extreme weather events occurring more 

frequently, soils and, by extension, the crops they support are under mounting 

pressure. As the very basis of plant growth and a key player in carbon storage, 

nutrient cycling, and broader ecosystem stability, soil has become one of the 

most vulnerable components of farming systems today. 

Unfortunately, these climatic pressures are being exacerbated by 

unsustainable land management and farming practices. The results are now 

hard to ignore: depleted organic matter, rising salinity, erosion, and diminished 

microbial life are all clear signs of accelerating soil degradation. Together, these 

issues point to the urgent need for soil management approaches that not only 

protect the environment but also respond effectively to shifting climate 

realities. 

In response, the use of organic soil amendments such as gyttja, biochar, 

vermicompost, and well-rotted farmyard manure has attracted renewed interest. 

These materials can significantly improve soil structure, moisture retention, pH 

balance, and the overall conditions for microbial life. Alongside these, 

microbial inoculants like plant growth-promoting rhizobacteria (PGPR) and 

mycorrhizal fungi have shown promise in enhancing nutrient uptake, buffering 

stress, and activating soil enzymes that support plant vigor. 

Exploring how organic and microbial inputs interact under climate-

induced stress is becoming increasingly important. Integrated applications of 

these inputs may not only help crops tolerate drought or salinity more 

effectively, but also support climate goals like carbon sequestration and long-

term land productivity. 

At the same time, it’s important to consider the economic dimension. 

These nature-based approaches can reduce dependence on synthetic inputs, 

which are both costly and environmentally taxing, and offer new income 

streams through carbon markets and sustainability certifications. For both 

farmers and policymakers, these benefits matter. 

This chapter aims to explore the potential of organic and microbial inputs 

as tools for building resilient, productive, and economically viable 

agroecosystems. Drawing on field research and relevant studies, we outline 
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how these interventions can be implemented in real-world farming conditions 

while also considering the broader economic incentives and constraints that 

shape their adoption. 

 

1. Concept of Soil Health and Its Key Components 

Soil health is a broad and dynamic concept closely related to what we 

often call soil quality that reflects how well the soil can support life, whether in 

the form of crops, animals, or broader ecosystem services (Li et al., 2024). 

Since soil itself is a living, constantly evolving system, its role goes far beyond 

just being a growing medium. It helps feed the global population, cycles 

nutrients, stores carbon, and plays a part in regulating climate (Kumar et al., 

2024; Rusu et al., 2025). As the pace of climate change increases, safeguarding 

soil health is no longer just a priority it’s becoming a necessity (Millán et al., 

2019). 

What makes soil health especially complex is that it isn’t based on a 

single factor. Instead, it results from the interaction of physical, chemical, and 

biological components that work together to support a resilient and productive 

farming system (Figure 1). On the physical side, soil texture, porosity, bulk 

density, and water-holding capacity all determine how well plant roots can 

grow and how easily water can move through the soil (Sharma et al., 2021; 

Castellini et al., 2025). These traits also influence how the soil responds to 

climate-related pressures like drought (Rivier et al., 2022). When the soil 

becomes overly compacted or loses its structure, it's more susceptible to erosion 

and flooding two factors that gradually reduce yields and degrade land quality 

over time (Matisic et al., 2024; Castellini & Iovino, 2024). Encouragingly, 

applying organic materials such as compost, biochar, or vermicompost has been 

shown to reverse some of this damage. These amendments help soils aggregate 

more effectively, lower compaction, and improve their ability to retain moisture 

(Rao et al., 2017; Mulatu & Bayata, 2024). 

Chemically, soil health relies on a balance of essential nutrients, a neutral 

to stable pH, adequate cation exchange capacity (CEC), and minimal salt 

accumulation (Mosa et al., 2020). When these elements are thrown off often 

due to over-irrigation or improper fertilizer use the result can be nutrient 

deficiencies, acidification, or salinity buildup. These imbalances don’t just 

affect plant growth; they also disrupt soil microbiota, further weakening soil 
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function (Sikdar et al., 2020; Demirkıran & Bellitürk, 2022). Here too, organic 

inputs prove valuable. Humic-rich substances from these amendments help 

buffer chemical fluctuations and enhance nutrient retention (Debicka, 2024; 

Kamal et al., 2023). For instance, biochar has been observed to improve both 

CEC and nutrient-holding capacity (Riddle, 2018; Saltalı et al., 2023). 

Meanwhile, gyttja a humus-rich organic sediment has shown promise in 

alleviating salt stress impacts, providing another tool for improving soil 

chemical health (Debicka, 2024). 

In the past, biological factors were often treated as secondary in soil 

science, but they are now recognized as some of the most telling indicators of 

soil health (Bhaduri et al., 2022; Daunoras et al., 2024). These include microbial 

abundance and diversity, enzymatic activity, and the presence of beneficial soil 

organisms (Semenov et al., 2025). A microbiologically rich soil tends to be 

more resilient under environmental stress, better at nutrient cycling, and more 

supportive of plant development (Rahul et al., 2022). Specific enzymes like 

dehydrogenase (DHA), urease, and catalase are frequently measured as 

indicators of soil biological activity. Their responsiveness to environmental 

shifts and agricultural inputs makes them useful tools for assessing soil 

condition (Utobo & Tewari, 2015; Igbinosa, 2015; Latkovic et al., 2020). 

Numerous studies have shown that applying organic amendments enhances 

microbial respiration, increases microbial biomass carbon (MBC), and boosts 

enzyme activity all signs of a biologically active and functioning soil system 

(Afzaal et al., 2018). 

Soil health, in essence, is about keeping a balance between its physical, 

chemical, and biological dimensions (Peterson et al., 2021). When one aspect 

falters for instance, when soil is compacted and poorly aerated microbial 

communities begin to decline, nutrient cycling slows down, and plant 

productivity suffers (Župunski et al., 2022). Even when physical conditions are 

adequate, problems like imbalanced pH or excessive salinity can disrupt 

microbial and enzymatic activity (Louis et al., 2016; Bogati & Walczak, 2022). 

These issues are further compounded by climate change, which amplifies stress 

through erratic weather patterns, prolonged droughts, and increased 

salinization. These stressors destabilize soil processes and impair its overall 

function (Srivastava et al., 2016). 
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Addressing these multifaceted challenges demands an integrated 

approach one that restores physical structure, stabilizes chemical properties, 

and supports the biological life within the soil. In this context, organic inputs 

and microbial inoculants represent powerful tools. Beyond their ecological 

benefits, they also offer practical economic advantages by reducing dependence 

on synthetic inputs, stabilizing yields, and improving input-use efficiency. In 

an era increasingly focused on climate-smart agriculture, investing in soil 

health is not only environmentally wise but also a crucial step toward securing 

sustainable food systems for the future. 

 

 

Figure 1. The three core components of soil health are physical, chemical, and 

biological and their interaction in maintaining overall soil functionality. 
 

2. Effects of Organic Amendments on Soil Properties 

Organic soil amendments are gaining increasing attention as essential 

tools for improving soil quality, especially in the face of mounting climate-

related pressures on agriculture (Aytenew & Bore, 2020). Materials such as 

biochar, compost, vermicompost, farmyard manure, and gyttja offer multiple 

benefits, influencing the physical, chemical, and biological properties of soil all 
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at once. Because they serve a wide variety of functions, these inputs are often 

at the center of strategies aimed at making soil management both more 

sustainable and more resilient (Yakupoğlu et al., 2022). 

From a physical standpoint, organic materials help improve soil structure 

by enhancing aggregation, increasing porosity, and reducing bulk density. 

These changes make it easier for water to infiltrate and be retained in the soil 

an especially critical advantage in regions where drought is common and water 

conservation is a constant concern (Lal, 2020). For instance, vermicompost has 

been shown to loosen compacted soil and increase moisture retention, making 

it particularly effective in sandy or degraded conditions (Castellini et al., 2024). 

On the chemical side, organic amendments improve soil fertility by 

raising the cation exchange capacity (CEC), balancing pH, and increasing the 

soil's organic matter content (Bashir et al., 2021). Biochar, in particular, stands 

out due to its porous texture and large surface area it can act as a long-term 

reservoir for nutrients, contributing to stable fertility over time (Hossain et al., 

2020). Research suggests that biochar improves CEC, reduces nutrient 

leaching, and buffers pH, especially in soils that tend to be acidic (Liu et al., 

2025). Likewise, gyttja a sediment naturally rich in humic substances has 

proven useful in enhancing organic carbon levels and mitigating salt stress, 

making it a promising amendment for saline or sodic soils (Mosa et al., 2020). 

From a biological perspective, organic amendments breathe life into the 

soil. They help stimulate microbial activity, enhance enzyme function, and 

promote the diversity of beneficial microorganisms all key elements for 

efficient nutrient cycling and strong plant development (Shu et al., 2022). 

Applications of compost or farmyard manure, for instance, have been linked to 

increased microbial biomass carbon (MBC), while biochar, particularly when 

used alongside microbial inoculants, can boost enzyme activities such as 

dehydrogenase and urease (Pokharel et al., 2020). 

A particularly promising approach involves pairing organic amendments 

with plant growth-promoting bacteria (PGPB) like Bradyrhizobium japonicum. 

This combination can significantly improve nodulation and nitrogen fixation in 

legumes, while also enhancing root structure and shoot growth even under 

challenging conditions like salinity or drought (Szpunar Krok et al., 2023). 

Still, it’s important to note that the benefits of organic amendments aren’t 

uniform across all environments. Their effectiveness can vary depending on 
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soil type, local climate, amendment composition, and application rate. This 

variability underscores the need for localized trials and longer-term studies to 

tailor use for maximum benefit. That said, the general consensus from recent 

research is clear: organic amendments play a vital role in supporting soil 

function and increasing its capacity to withstand the mounting stresses of 

climate change (Table 1 ). 

 

Table 1: Some exemplary studies on the effects of various organic changes on soil 

characteristics 

Study 
Organic 

Amendment 
Soil Type Key Effects 

Liu et al. 

(2020) 
Biochar 

Sandy 

loam 

Increased total porosity and water 

retention capacity 

Kabir et al. 

(2023) 
Biochar Various 

Improved soil structure and water 

retention capacity 

Iqbal et al. 

(2024) 

Vermicompos

t 

Loamy 

soil 

Improved soil structure and water 

retention capacity 

Al Maamori et 

al. (2023) 

Vermicompos

t 
Clay loam 

Increased organic matter and nutrient 

content 

Saltali et al. 

(2023) 
Gyttja 

Serpentin

e soil 

Decreased erosion susceptibility and 

heavy metal contents 

Saltali and 

Kara (2022) 
Gyttja 

Acidic 

soil 
Improved pH and nutrient availability 

Lishan and 

Alemu (2024) 

Farmyard 

manure 

Sandy 

loam 

Enhanced soil pH, organic carbon, and 

nutrient availability 

Kumar et al. 

(2021) 

Farmyard 

manure 

Loamy 

soil 

Increased microbial biomass and 

enzyme activities 

Karamina and 

Fikrinda 

(2020) 

Compost 
Sandy 

soil 

Improved soil organic matter and 

physical properties 

Masud et al. 

(2020) 

Poultry litter 

Biochar 

Acidic 

soil 

Ameliorated soil acidity and enhanced 

maize growth 

 

3. Microbial Activity and Enzyme Indicators 

Microbial activity is widely regarded as one of the most responsive and 

telling indicators of soil health and for good reason. Soil microbes are essential 

for breaking down organic materials, recycling nutrients, and facilitating the 

complex interactions between plants and their environment (Nikitin et al., 

2022). Since these microbial communities are highly sensitive to environmental 

shifts and land management changes, they serve as a useful gauge for evaluating 
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how well organic amendments perform under climate-related stress (Philippot 

et al., 2024). 

Numerous studies have shown that inputs like biochar, vermicompost, 

gyttja, and well-rotted farmyard manure can significantly improve both 

microbial activity and diversity, even across a wide variety of soil types (Liu et 

al., 2025; Iqbal et al., 2024; Saltalı et al., 2023). These materials supply a steady 

stream of organic carbon, nutrients like nitrogen, and key micronutrients. At 

the same time, they enhance soil aeration and structure conditions that microbes 

depend on to flourish (Matisic et al., 2024). Vermicompost, in particular, is 

known for its abundance of microbial metabolites and humic substances, 

making it especially effective at encouraging microbial growth and function 

(Rehman et al., 2023). 

One of the most common tools for evaluating microbial health in soil is 

enzyme activity analysis. These biochemical tests help shed light on the 

metabolic activity of microbial populations and are highly sensitive to changes 

in organic matter and environmental conditions (Paz-Ferreiro and Fu, 2016). 

Dehydrogenase activity (DHA) is one of the most commonly used 

indicators of microbial activity in soils, largely because dehydrogenase 

enzymes are only found in living cells. This makes DHA a good reflection of 

the size and vitality of the active microbial population. When organic carbon is 

added to soil such as through compost or manure DHA levels tend to rise 

noticeably (Filipović et al., 2020). A number of studies have reported 

significant increases in DHA following applications of vermicompost or 

farmyard manure, especially in soils facing salinity or water stress challenges 

(Iqbal et al., 2024; Mbarki et al., 2020). 

Urease activity is another important marker of soil biological health. It 

indicates the soil’s capacity to convert organic nitrogen into ammonium, a 

plant-available form of nitrogen. Organic inputs that are rich in nitrogen like 

compost, manure, or legume-based residues have been shown to significantly 

enhance urease activity (Abdo et al., 2020). This is particularly useful in low-

input farming systems, where synthetic fertilizers are limited or absent (Ullah 

et al., 2023). 

Catalase activity, on the other hand, gives insight into how well soil 

microbes can manage oxidative stress. This enzyme breaks down hydrogen 

peroxide a potentially harmful byproduct of aerobic respiration helping to 
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protect microbial cells. When catalase levels are high, it often signals that the 

microbial community is healthy and active under aerobic conditions, with good 

oxygen availability in the soil. Some studies have found that biochar can 

enhance catalase activity, likely by improving soil porosity and oxygen 

diffusion (Wang et al., 2022). 

Although less studied compared to other organic materials, gyttja a 

humus-rich sediment has been gaining attention for its positive effects on 

microbial activity. Its high levels of humic substances and organic carbon make 

it especially valuable in degraded or saline soils. Applications of gyttja have 

been linked to increases in both dehydrogenase and urease activity, particularly 

in soils with poor fertility or elevated salt levels (Saltalı et al., 2023; Saltalı and 

Kara, 2022). 

Overall, enzyme activity assays offer a cost-effective and insightful way 

to assess the biological function of soils. When used alongside measurements 

of microbial biomass and diversity, they provide a more complete picture of 

how organic amendments are influencing soil health. Because these enzyme 

responses are often faster than physical or chemical changes, they are 

particularly useful for monitoring short- and medium-term shifts in soil 

condition. 

  

4. Plant Physiological Responses to Organic and Microbial 

Amendments 

Plant growth and overall productivity are deeply influenced by soil 

health a connection that becomes even more crucial in regions affected by 

drought, salinity, or nutrient limitations, all of which are becoming more 

widespread due to climate change (Elbasiouny et al., 2022). In this context, 

organic soil amendments and microbial inoculants are drawing growing interest 

not only for their role in improving soil conditions but also for their ability to 

enhance plant physiological functions. Their positive effects range from 

boosting photosynthetic activity to encouraging stronger root development and 

helping plants better regulate their internal defense systems (Sivaram et al., 

2023). 

One of the earliest physiological responses observed in plants treated 

with these amendments is an increase in chlorophyll content. This is commonly 

measured using a SPAD (Soil Plant Analysis Development) meter, a simple yet 
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reliable tool to assess leaf greenness and, indirectly, nitrogen status (Barutçular 

et al., 2016). Higher SPAD values are typically associated with improved 

nitrogen uptake and enhanced photosynthetic efficiency. Inputs such as 

vermicompost, compost, and biochar have consistently been shown to elevate 

SPAD readings under both optimal and stress conditions. This improvement is 

largely due to their ability to enhance the availability of critical nutrients like 

nitrogen and magnesium, which are key components in chlorophyll synthesis 

(Iqbal et al., 2023). 

Beyond supporting above-ground growth, both organic and microbial 

applications significantly contribute to the development of plant root systems, 

enhancing the plant's ability to access water and nutrients more efficiently. For 

example, amendments like farmyard manure and gyttja have been found to 

improve soil structure and reduce compaction, which encourages deeper and 

more widespread root growth (Iqbal et al., 2024; Saltalı et al., 2023). 

Meanwhile, microbial inoculants such as Bradyrhizobium japonicum and 

arbuscular mycorrhizal fungi take this a step further by forming symbiotic 

associations with plant roots. These relationships not only enhance phosphorus 

uptake but also improve water-use efficiency benefits that become particularly 

important under stressful conditions like drought or salinity (Takács et al., 

2018). 

Equally important is the role of these treatments in helping plants manage 

oxidative stress, a common physiological response to environmental 

challenges. Under such stress, plants tend to generate elevated levels of reactive 

oxygen species (ROS), which can damage cellular structures and interfere with 

normal metabolic processes. Organic inputs and beneficial microorganisms 

help mitigate these effects by stimulating the plant's antioxidant defense 

system, including enzymes like superoxide dismutase (SOD), catalase (CAT), 

peroxidase (POD), and ascorbate peroxidase (APX). These enzymes work to 

neutralize ROS, safeguarding cellular integrity and enhancing the plant’s 

resilience against adverse environmental conditions (Sachdev et al., 2021; 

Wang et al., 2024). 

Many organic amendments also stimulate the production of 

osmoprotectants in plants, such as proline, which plays a key role in 

maintaining cellular stability and water balance particularly in environments 

affected by drought or salinity (Singh et al., 2015). Research has consistently 
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shown elevated proline levels in plants cultivated in soils amended with 

biochar, vermicompost, or plant growth-promoting rhizobacteria (PGPR), often 

accompanied by a noticeable reduction in stress-related indicators like 

malondialdehyde (MDA) and hydrogen peroxide (H₂O₂) (Malik et al., 2022). 

These physiological and biochemical changes work synergistically to 

improve overall plant performance. Benefits include increased total biomass, 

healthier root-to-shoot ratios, and more efficient water usage. Ultimately, the 

enhanced nutrient uptake, improved microbial interactions, and strengthened 

stress responses provided by these treatments lead to better crop yields whether 

under favorable conditions or in the face of climate-induced challenges. A 

detailed overview of these effects on soil and plant responses can be found in 

Table 2. 

 

Table 2. Summary of Soil and Plant Effects of Organic and Microbial Amendments 

 Short Term Effects Long Term Effects 

Soil 

Level 

Effects 

  Enhanced microbial activity 

Increased enzyme levels 

Improved pH and nutrient 

availability 

  Improved soil structure and porosity 

Carbon sequestration Increased soil 

fertility sustainability 

Plant 

Level 

Effects 

  Improved chlorophyll (SPAD) 

Stimulated root growth Increased 

osmoprotectants (Proline) 

  Higher stress tolerance (e.g., drought, 

salinity) Greater biomass/yield 

Resilience against oxidative damage 

(lower MDA, H₂O₂) 

 

To sum up, using organic and microbial inputs in crop production 

presents a practical and balanced way to improve plant health and productivity. 

These inputs don’t just help plants grow better or produce more; they also give 

plants a stronger defense system to deal with stress from the environment. By 

improving both the soil and how plants respond to challenges like drought or 

salinity, these treatments play a key role in building a more sustainable and 

climate-ready type of farming. 
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Figure 2: Plant Physiological Responses under Organic and Microbial Treatments 

 

5. Organic and microbial applications from an economic 

perspective 

In today’s world, where climate issues are more serious than ever, the 

economic side of using agricultural inputs is just as important as their 

environmental benefits. Organic and microbial soil amendments like biochar, 

vermicompost, and plant growth-promoting rhizobacteria (PGPR)  have drawn 

interest because of their ability to improve soil conditions. Still, if these tools 

are going to be widely used, farmers need to see results that are both reliable 

and repeatable. The problem is, even though microbial products tend to work 

well under controlled or experimental conditions, their effects don’t always 

hold up in different soil types, crop species, or environments. That 
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inconsistency makes it hard to apply them across the board in real-life farming 

(Naamala and Smith, 2020). 

Introducing organic and microbial inputs into regular farming isn’t 

always easy, especially since conventional agriculture is still heavily shaped by 

the agrochemical market. Even though laws around chemical use are getting 

tighter and their prices are going up, farmers are also facing more social and 

policy pressure to cut down on chemical residues in both food and soil. At the 

same time, shrinking profit margins, more emphasis on integrated pest 

management (IPM), and rising demand for organic food are pushing farmers to 

look for new ways to manage their fields (Sessitsch et al., 2018; Phillips, 2020). 

In the long run, for organic and microbial options to really take hold in 

agriculture, it’s not enough for them to work  they also need to make financial 

sense and be easy enough for farmers to apply. With the negative impacts of 

conventional fertilizers becoming more obvious, researchers are putting more 

focus on sustainable alternatives. In that light, improving how plants, nutrients, 

and microbes work together has become a key focus  not just for the sake of 

soil health, but also to improve efficiency, raise yields, and help farmers cut 

costs overall (Jacoby et al., 2017). 

Recent research has shown that plant growth-promoting rhizobacteria 

(PGPR) can play a major role in supporting plant growth even in tough 

conditions like nutrient-poor soils, environmental stress, or contaminated areas. 

These beneficial microbes help stabilize yields, especially in regions facing 

harsh climates, giving farmers a valuable tool to reduce production risks while 

also supporting long-term economic and environmental sustainability. Interest 

in this field has grown rapidly in recent years, thanks in part to advances in 

biotechnology that make it easier to identify and understand how specific 

microbial communities function (Castiglione et al., 2021). 

At the same time, agroecological methods have started getting more 

attention, especially as farmers and researchers look for ways to reduce 

chemical use and rely more on natural ecological balances and biodiversity (Le 

Mire et al., 2016). The basic idea behind agroecology is to protect biodiversity, 

support natural biological processes, and keep the nutrient and energy cycles of 

the ecosystem running smoothly. In this context, biostimulants  products that 

not only help plants grow directly but also encourage the activity of useful 

microbes in the soil are proving to be valuable tools for increasing yield without 
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harming the environment (Hellequin et al., 2020). Their growing popularity 

isn’t just changing how we farm; it’s also having an impact on how input 

markets are shaped, how agricultural policy is formed, and even how trade 

between countries is approached. 

That said, for microbial products to really find their place in modern 

agriculture, they need to be backed by clear and reliable regulations. In Europe, 

the European Biostimulants Industry Council (EBIC), founded back in 2011, 

has played a major role in pushing for consistent rules for both microbial and 

organic-based inputs. One notable development is the refinement of the 

Component Material Category 7 (CMC 7), which has helped clarify things like 

product safety, quality control, and legal expectations. Thanks to these 

improvements, there’s been more room for innovation and easier access for new 

microbial products in the market (Castiglione et al., 2021). 

To sum up, bringing microbial inputs into farming systems isn’t just 

about sustainability; it also opens up real economic benefits. These include 

lower production costs, better handling of risk, and opportunities to tap into 

newer markets all of which become more possible with stronger and more 

predictable regulatory support. 
 

5.1. Yield and Productivity Enhancement  

One of the main reasons why organic and microbial inputs are gaining 

popularity in agriculture is because they’re really good at improving crop 

yields. Different types of soil bacteria especially plant growth-promoting 

rhizobacteria (PGPR) help plants grow by doing a range of things like making 

nutrients more accessible, producing natural growth hormones, and helping 

plants handle stress better. As research keeps uncovering the specific roles of 

various PGPR strains, these microbes are becoming more common as 

biofertilizers in today’s farming systems (Vessey, 2003). What’s particularly 

interesting is that in some studies, even when chemical fertilizer use was 

reduced, biological inputs still kept yields at strong levels (Adesemoye et al., 

2009). 

Another big plus is how effective these organic and microbial inputs can 

be in low-input or resource-limited farming. They’re especially useful in 

dealing with nutrient problems like low nitrogen or phosphorus, which makes 

them highly valuable in sustainable production. On top of that, they help plants 
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deal with tough environmental conditions things like high temperatures, 

drought, or salt in the soil (Rouphael and Colla, 2020; Rahman et al., 2025). By 

improving how crops handle these stresses, they don’t just prevent yield losses; 

they also help reduce economic uncertainty and support more consistent 

incomes for farmers trying to adapt to a changing climate. Integrating organic 

and microbial amendments into agricultural systems offers a wide range of co-

benefits: reducing reliance on synthetic inputs, limiting environmental harm, 

improving both yields and crop quality, and supporting the health of people and 

ecosystems alike. 

In conclusion, when applied thoughtfully and strategically, these inputs 

can be powerful tools for advancing sustainable agriculture. They not only 

deliver clear environmental benefits but also support economic sustainability 

by boosting productivity, enhancing product quality, and improving farm 

profitability. 

 

5.2. Economic Incentives and Emerging Market Developments 

The European Union’s Green Deal from 2019 laid out some pretty 

ambitious targets for agriculture including significant cuts in the use of 

pesticides and synthetic fertilizers by 2030. These goals are part of a wider shift 

toward greener and more sustainable farming across the continent. As these 

new rules and expectations begin to take shape, countries that export to the EU 

like Türkiye are starting to feel the pressure to keep up with the changing 

standards. In this situation, turning to organic and microbial inputs is emerging 

as a smart move. Not only do they help farmers comply with EU requirements, 

but they can also give them an edge in competitive markets both at home and 

abroad (European Commission, 2020; Batista and Singh, 2021). 

What makes these inputs especially appealing is that they contribute to 

ecosystem services that also bring financial returns most notably through 

carbon storage. Take biochar, for example: it can hold carbon in the soil for 

years, which not only helps fight climate change but also links farming to the 

global carbon credit economy. This gives farmers a new potential income 

stream (Zomer et al., 2017; Smith et al., 2020). For all these reasons, rural 

development strategies should support the wider use of these practices not just 

to meet environmental goals, but to help farmers tap into climate-smart, nature-

based farming that actually pays off. 



227 | THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE 

 

Turning to microbial biostimulants and organic fertilizers isn’t just good 

for the environment it can also help farmers qualify for sustainable agriculture 

certifications. These certifications open the door to high-value markets, 

particularly in regions like Europe, North America, and Japan where strict 

production standards are in place. Interestingly, even when such certifications 

aren’t a strict requirement for export, products made with organic and microbial 

inputs often fetch higher prices (FAO, 2021). 

On the supply side, growing global demand is opening up new market 

opportunities, especially for countries that produce these inputs. That said, 

getting into this space isn’t always easy. The sector is heavily shaped by high 

R&D costs and complex technology, which has led to a market dominated by a 

few large players creating monopoly- or oligopoly-like conditions in some 

cases (FAO, 2021). 

At present, nitrogen-fixing inoculants account for nearly 79% of the 

biofertilizer market worldwide a segment valued at around $1.5 billion and 

projected to double by 2024. North America, including the U.S., Canada, and 

Mexico, leads in production, holding roughly 27.7% of global output. In terms 

of demand, Europe and Latin America are currently the biggest consumers, with 

China and India following close behind (Soumare et al., 2020). 

The intersection of scientific innovation and rising market interest has 

sparked impressive economic growth in the microbial inputs sector. With 

ongoing breakthroughs in biotechnology and a wider range of agricultural 

applications, microbial products are becoming increasingly attractive to 

investors and agribusinesses alike (Sessitsch et al., 2018). Industry forecasts 

estimate that the global market for these products will grow from approximately 

USD 4.5 billion in 2021 to nearly USD 12 billion by 2027 (FBI, 2021). Riding 

this wave of growth, several biotech startups including AgBiome, 

BioInnovations, Indigo, Marrone Bio Innovations, and New Leaf Symbiotics 

have positioned themselves at the forefront of microbial technology 

development. 

Meanwhile, traditional giants in agriculture and food production have 

begun shifting capital toward biological alternatives. Since 2012, the sector has 

seen a surge in acquisitions, licensing deals, and partnerships worth hundreds 

of millions of dollars (Olson, 2015). As a result, the five largest microbial 
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inoculant producers now hold a commanding share of the global market 

(Sammauria et al., 2020). 

What’s particularly striking is that microbial inputs are no longer viewed 

solely through an ecological lens. They’re now seen as economically valuable 

assets as well. From an agricultural economics perspective, this sector 

represents a strategic opportunity not just for boosting high-value production 

and generating skilled employment, but also for driving broader economic 

growth. Importantly, scaling up domestic production of microbial inputs can 

reduce dependence on foreign chemical inputs, bolster export potential, and 

contribute positively to national income.  

 

 
Figure 3: Key Economic Incentives for Organic and Microbial Input Adoption 

 

5.3. The Need for Research, Development, and Extension 

Support 

Bringing organic and microbial amendments into the heart of modern 

agriculture isn’t just a matter of knowing the science it also demands steady 

support through research funding and a reliable extension network. For many 

small and mid-sized farmers, the decision to adopt new practices often comes 

down to whether they can access clear, practical information and determine if 
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these methods will actually pay off (Feder et al., 1985). In reality, the success 

of any agricultural innovation hinges on the people who help deliver it: 

extension agents, farmer organizations, and independent advisors who act as 

the bridge between research and the field (Klerkx et al., 2012). 

This is where the Agricultural Knowledge and Information Systems 

(AKIS) framework proves valuable. AKIS emphasizes the importance of 

turning scientific insights into actionable knowledge that farmers can use on the 

ground. By streamlining communication and knowledge exchange, it helps 

farmers make smarter, more informed decisions and adapt quickly when needed 

(Röling & Engel, 1991). 

As Spielman and Birner (2008) pointed out, even the most promising 

R&D efforts need strong national coordination to truly drive innovation. And 

it's not just about rolling out new technologies extension services must also help 

farmers become more resilient in the face of rising challenges like climate 

change (Tambo & Abdoulaye, 2012). 

Ultimately, if organic and microbial inputs are to play a lasting role in 

sustainable agriculture, extension models must evolve too. Success depends on 

collaboration between public institutions and the private sector, ensuring 

farmers have access to not only new ideas, but also the training, tools, and 

confidence to implement them effectively. 

 

Conclusion 

Climate change continues to challenge the future of agricultural systems, 

particularly by undermining soil health, crop stability, and long-term 

productivity. In light of these challenges, there has been growing interest in 

using organic and microbial amendments such as biochar, vermicompost, and 

plant growth-promoting microbes not only for their agronomic potential but 

also for their contributions to environmental sustainability. 

What makes these inputs especially valuable is their multifaceted role: 

they enhance soil structure, improve nutrient efficiency, and support microbial 

life, while also offering a buffer against abiotic stresses like drought and 

salinity. Such improvements, even if sometimes modest, can make a real 

difference especially for farmers working in risk-prone or resource-limited 

environments. 
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On the economic side, organic and microbial inputs are gradually 

becoming part of a broader shift toward climate-smart agriculture. Tools like 

carbon credit mechanisms and sustainable certification programs are starting to 

reshape how these products are viewed not just as technical solutions, but as 

market-oriented investments. For countries exporting to high-standard markets, 

this shift is already creating both pressure and opportunity. 

Still, wider adoption of these practices won’t happen on its own. 

Smallholder farmers in particular often face information gaps or financial 

constraints that limit their ability to shift away from conventional methods. 

That’s why investment in extension services and region-specific research 

remains crucial. Bridging the gap between science and practice is not just a 

technical issue it’s also about building trust and making innovation genuinely 

accessible. 

In short, while organic and microbial inputs are not a silver bullet, they 

represent a realistic and increasingly necessary step toward more resilient and 

sustainable agriculture. If supported by the right policies, informed advisory 

systems, and fair market conditions, these nature-based solutions could help 

shape the next generation of productive and ecologically sound farming 

practices. 
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INTRODUCTION 

Soil is not only a physico-chemical environment consisting of mineral 

particles, but also a dynamic living ecosystem consisting of microorganism 

communities such as bacteria, fungi, actinomycetes, protozoa and nematodes 

(Schneider et al., 2025). These microbial communities, which contain 10⁸–10⁹ 

cells per gram, sustain complex biochemical cycles by feeding on dead plant 

residues, root secretions and organic matter residues. In order to meet the needs 

of the increasing world population, soil nutrients play a critical role in terms of 

sustainable and high-yield production of agricultural products and access to 

healthy food. In agricultural production, fertilizer use is needed to increase 

yield. The fertilizers used can be of chemical, organic or microbial origin. These 

types of fertilizers provide significant contributions both in terms of supporting 

plant growth and improving soil quality. Chemical fertilizers are preferred to 

provide the necessary nutrients to plants quickly and to achieve results in a short 

time. However, the high nutrient content of these fertilizers can cause 

environmental problems, especially negative effects such as pollution of water 

resources (Mahdi et al., 2010). In this context, biofertilizers stand out as a 

sustainable alternative that increases agricultural productivity without harming 

the environment. 

          Plant growth-promoting microorganisms (PGPMs) are naturally found in 

the nutrient-rich soil region called the rhizosphere, which surrounds plant roots. 

These microorganisms help plants absorb nutrients more efficiently through 

functions such as nitrogen fixation and phosphate solubilization. In addition, 

PGPMs produce various plant hormones, siderophores, cyanide compounds, 

and lytic enzymes, which act as biopesticides and rhizomediators by promoting 

plant growth. These microorganisms, which live naturally in the rhizosphere, 

support plant development while also increasing plant resistance to diseases 

(Mrkovacki et al., 2012). PGPMs can be divided into two main groups: bacteria 

and fungi. Prominent microorganisms belonging to these groups include 

Azospirillum, Azotobacter, Rhizobium, Pseudomonas, Enterobacter, Bacillus, 

Penicillium, and Trichoderma. While some of these microorganisms directly 

increase plant growth and yield, others can be used as biological control agents 

against harmful organisms and plant pathogens. 
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1. Definition And Importance Of Soil Microbial Activity 

Soil microbial activity refers to the activities of microorganisms 

(bacteria, fungi, actinomycetes, algae, etc.) living in the soil in biochemical 

processes. These activities include basic soil functions such as decomposition 

of organic matter, mineralization of nutrients, nitrogen fixation, phosphorus 

dissolution, and humus formation (Nannipieri et al., 2003). Microbial activity 

is an important indicator of soil health and plays a critical role in processes that 

directly affect plant growth and productivity. 

Soil microorganisms release carbon dioxide and inorganic nutrients by 

decomposing organic matter. This process enables nutrients to be provided to 

plants in a usable form (Sylvia et al., 2005). For example, free-living or 

symbiotic bacterial species (Rhizobium, Azotobacter, Azospirillum) contribute 

to the soil nitrogen cycle by converting atmospheric nitrogen into a form usable 

by plants (Zaidi et al., 2009). Mycorrhizal fungi are particularly effective in the 

transport and uptake of phosphorus to plant roots (Smith & Read, 2008). 

Another important aspect of microbial activity is the improvement of soil 

structure. Polysaccharides and other adhesive substances secreted by 

microorganisms promote the formation of soil aggregates, which positively 

affects soil aeration, water retention capacity and root development (Tisdall & 

Oades, 1982). In addition, some microorganisms can suppress pathogenic 

microorganisms and increase plant resistance to diseases. This situation 

becomes especially important in biofertilizer and biopesticide applications 

(Glick, 2012). 

Soil microbial activity is directly related to agricultural practices. 

Applications such as excessive use of chemical fertilizers, pesticides, intensive 

tillage and monoculture can negatively affect microbial diversity and activity 

(Lupwayi et al., 2001). On the other hand, sustainable methods such as organic 

matter addition, rotation, minimum tillage and biological fertilization protect 

the biological balance of the soil by increasing microbial activity (Hartmann et 

al., 2015). Soil microbial activity is one of the main determinants of soil fertility 

and health. The continuity of biological processes in the soil is directly related 

to the functional diversity and metabolic capacities of these microorganisms. 

Therefore, supporting microbial activity in sustainable agricultural systems is 

of great importance both in terms of increasing product productivity and 

ensuring environmental sustainability. 
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2. Microbial Role In Plant Nutrition 

Plant nutrition involves the provision of macro and micro nutrients that 

plants need for growth, development and product yield from the soil or external 

sources. In this process, soil microorganisms play a fundamental role in plants 

accessing nutrients and using them effectively. Microorganisms such as 

bacteria, fungi and actinomycetes in the soil biota regulate the plant nutrient 

cycle and increase bioavailability through both direct and indirect mechanisms 

(Glick, 2012). One of the most obvious functions of microorganisms is the 

conversion of macro nutrients (especially nitrogen, phosphorus and sulfur) into 

forms that plants can absorb by decomposing organic matter (Richardson et al., 

2009). For example, nitrogen-fixing bacteria (Rhizobium, Azospirillum, 

Azotobacter) convert atmospheric nitrogen into ammonium form and provide 

it to the soil. This biological nitrogen fixation supports sustainable agriculture 

by reducing dependence on synthetic fertilizers (Bhattacharyya & Jha, 2012). 

Likewise, phosphate-solubilizing microorganisms (Pseudomonas, Bacillus 

species) dissolve insoluble phosphorus compounds in the soil and make them 

available for plants (Khan et al., 2007). 

Mycorrhizal fungi play a critical role in the transport of low-mobility 

elements, especially phosphorus and zinc. These fungi establish a symbiotic 

relationship with roots, expanding the root surface area and allowing more 

nutrients to be taken from the soil (Smith & Read, 2008). In addition, the uptake 

of micronutrients such as iron is increased by siderophores secreted by 

microorganisms. This increases the resistance of plants to nutrient deficiencies 

(Compant et al., 2010). Microorganisms also produce phytohormones (auxin, 

cytokinin, gibberellin, etc.) that directly stimulate plant growth. These 

substances stimulate root development, allowing the plant to take in more 

nutrients and water (Vessey, 2003). In addition, some microorganisms develop 

biocontrol mechanisms against pathogens, promoting healthy root development 

and thus indirectly supporting nutrient uptake (Lugtenberg & Kamilova, 2009). 

Soil microorganisms are decisive actors not only in the decomposition of 

organic matter, but also in the conversion of nutrients into suitable chemical 

forms for the plant to absorb them more efficiently. The active use of these 

microorganisms in agricultural production increases both product quality and 

yield, while also supporting environmental sustainability. For this reason, 
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microbial fertilizers and biological applications are becoming increasingly 

important in modern plant nutrition strategies. 

3. New Generation Biopertifiers And Their Microbial 

Contents 

Biofertilizers are environmentally friendly, sustainable and economical 

agricultural inputs containing microorganisms that support plant growth. While 

traditional biofertilizers generally show limited properties such as nitrogen 

fixation or phosphorus solubility, new generation biofertilizers (NNBGs) 

increase both bioavailability and plant stress tolerance thanks to multifunctional 

microorganisms and advanced carrier systems (Rouphael et al., 2015; Vassilev 

et al., 2020). The main difference of new generation biofertilizers is that they 

contain microorganisms that are not only limited to providing nutrients but also 

reduce biotic and abiotic stresses, increase root development in the plant, 

synthesize phytohormones and suppress pathogens (Lugtenberg & Kamilova, 

2009). The microorganisms used in these fertilizers are genetically selected or 

developed with engineering techniques and can perform a wide range of 

functions. 

 

3.1. Microbial Contents 

Microorganisms frequently found in the content of new generation 

biofertilizers are as follows: 

3.1.1. Nitrogen Fixing Bacteria: Bacteria such as Rhizobium, 

Azospirillum, Azotobacter meet the nitrogen needs by converting atmospheric 

nitrogen into a form that plants can use (Bhattacharyya & Jha, 2012). 
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Table 1: Effect of Azotobacter on crop yield (Bhattacharjee & Dey, 2014). 

Crop Yield Increase with Chemical Fertilizers (%) 

Cereals  

Wheat 8–10 

Rice 5 

Maize (Corn) 15–20 

Sorghum 15–20 

Others  

Potato 13 

Carrot 16 

Cauliflower 40 

Tomato 2–24 

Cotton 7–27 

Sugarcane 9–24 
 

3.1.2. Phosphate-Solving Microorganisms: Bacillus, 

Pseudomonas and Penicillium species dissolve phosphorus that is not dissolved 

in the soil with the help of organic acids and enzymes and present it to the plants 

(Khan et al., 2007).  

 

3.1.3. Mycorrhizal Fungi (Glomus spp.): They establish a 

symbiotic relationship with plant roots and increase the uptake of phosphorus, 

zinc and water. They also increase the root surface area and facilitate the 

transportation of micronutrients (Smith & Read, 2008). 

 

 
Figure 1: Mycorrhiza (Peters, 2002). 
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3.1.4. Plant Growth-Promoting Rhizobacteria (PGPR): Species 

such as Pseudomonas fluorescens, Bacillus subtilis, and Enterobacter cloacae 

synthesize hormones such as auxin, gibberellin, and cytokinin, increasing root 

development and nutrient uptake (Glick, 2012). 

3.1.5. Silicate-Solving Bacteria: Species such as Bacillus 

mucilaginosus enhance plant resistance by increasing potassium and silicon 

solubility (Etesami et al., 2017). 

3.1.6. Biocontrol-Effective Microorganisms: Trichoderma, 

Streptomyces, and some Bacillus species protect plant health by suppressing 

pathogens and indirectly support productivity (Compant et al., 2010). The use 

of specific microorganisms to combat plant diseases and pests is defined as 

biological control. This method offers a nature-sensitive, ecologically based 

solution to the environmental and economic problems caused by plant 

protection practices (Harman et al., 2004). Bacterial and fungal groups, in 

particular, play an active role in this control. Among these, Trichoderma species 

are highly valuable for biological control. Trichoderma species are free-living, 

beneficial microorganisms that can inhabit soil, leaves, and roots, and are 

highly adaptable to environmental conditions. Thanks to their antifungal 

properties, these species provide effective defense against plant pathogens. 

Trichoderma is frequently preferred both as a biofertilizer and as a 

biocontrol agent by forming mycorrhizal-like symbiotic interactions with plants 

(Harman et al., 2004). These species have been shown not only to suppress 

pathogenic fungi but also to promote plant growth and contribute to increased 

yields (Doni et al., 2013). Trichoderma spp. has been scientifically confirmed 

to produce siderophores, phosphate-solubilizing enzymes, and plant growth 

hormones (phytohormones) (Doni et al., 2013). Some Trichoderma species 

colonize plant roots, triggering various morphological and biochemical changes 

in the plant. This effect leads to systemic plant-wide resistance responses. 

Trichoderma competes with other microorganisms in the root zone for both 

nutrients and habitat, while inhibiting disease development by inhibiting 

enzymes such as pectinase, which play a role in the activity of plant pathogens. 

With the increasing interest in alternative and environmentally friendly 

agricultural practices, the use of microbial fertilizers as an alternative to 
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chemical fertilizers is rapidly expanding. Biofertilizers formulated with 

beneficial microorganisms like Trichoderma have become indispensable 

components of sustainable agricultural systems. 

Additionally, new-generation biofertilizers are formulated with 

advanced technologies such as nanocarriers, biochar-supported structures, and 

controlled-release polymers to maintain microbial viability for long periods 

(Malusá & Vassilev, 2014). These formulations increase the effectiveness of 

microorganisms in the soil and make them more resilient to environmental 

conditions. 

Conclusion 

New-generation biofertilizers represent a significant paradigm shift in 

agricultural production in terms of both increased yields and environmental 

sustainability. Considering the long-term negative effects of traditional 

chemical fertilizers, such as deteriorating soil structure, polluting water 

resources, and reducing microbial diversity, biofertilizers, especially new-

generation formulations with enriched microbial content, stand out as a strong 

alternative for sustainable agricultural practices. 

New-generation biofertilizers not only provide nutrients such as nitrogen 

and phosphorus, but also produce phytohormones that promote plant root 

growth, synthesize pathogen suppressing substances, and enhance plant 

adaptability under biotic/abiotic stress conditions. Functional microorganisms 

such as mycorrhizal fungi, rhizobacteria, and phosphate-solubilizing bacteria 

provide the multifaceted effects of these products. Furthermore, the use of 

advanced carrier systems (nanomaterials, biochar, controlled-release polymers) 

enhances bioavailability by allowing microorganisms to remain active in the 

soil for longer periods and increasing their interaction with the target plant. 

Considered in this context, the use of new-generation biofertilizers offers not 

only short-term yield increases but also long-term benefits such as maintaining 

soil health, maintaining microbial balance, and minimizing environmental 

impacts. Promoting these biological inputs is of strategic importance for the 

future of agricultural production, reducing chemical dependence, and 

preserving ecosystem services. Therefore, new-generation biofertilizers should 

be the focus of both scientific research and agricultural policies, and they should 

be expanded as an integral component of integrated nutrition strategies. 
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INTRODUCTION 

Soil is not only a physical-chemical environment consisting of mineral 

particles, but also a dynamic living ecosystem consisting of microorganism 

communities such as bacteria, fungi, actinomycetes, protozoa and nematodes 

(Schneider et al., 2025). The world population is expected to reach 

approximately 9 billion by 2050. In order to meet the nutritional needs of this 

rapid population growth, agricultural lands should be used more efficiently, 

modern agricultural technologies should be disseminated, genetic improvement 

studies should be carried out, agricultural productivity should be increased 

through effective irrigation and balanced fertilization practices (Blanco, 2011). 

As of 2013, global chemical fertilizer consumption was estimated at around 

183.4 million tons, with a market value of 59.2 billion USD. Nitrogen-based 

fertilizers account for approximately 60% of this total usage (Mikkelsen, 2009; 

FAO, 2011). 

Nitrogen is the most commonly limiting nutrient in crop production and 

plays a crucial role in promoting plant growth and productivity (Kara, 2006). 

(Kara, 2006). Globally, nitrogen use efficiency averages around 50%, 

depending on the application method and fertilizer type. The economic value 

of nitrogen that remains unused by plants is estimated to be approximately 17.7 

billion USD annually (Brentrup and Palliere, 2011; Karaşahin, 2014). This 

unutilized nitrogen negatively affects soil microorganisms responsible for 

biological nitrogen fixation, is transported through precipitation and irrigation, 

and contributes to eutrophication and nitrate accumulation in both surface and 

groundwater resources. Moreover, nitrogen losses through denitrification result 

in the emission of greenhouse gases, which contribute to atmospheric warming, 

acid rain, and the depletion of the ozone layer (Gupta and Khosla, 2014). 

Nitrate, which enters the human body through drinking water and nitrate-

rich foods, first turns into nitrite and then reacts with secondary amines to form 

harmful compounds called nitrosamines. These compounds are known for their 

toxic, mutagenic, teratogenic and carcinogenic effects (Ekici, Alişarlı and 

Sancak, 2008). As of 2012, annual chemical fertilizer consumption in Turkey 

was approximately 5.3 million tons and 39% of this amount was met through 

imports (Gübretaş, 2013). The ratio of nitrogenous fertilizers in the total 

fertilizers used in our country is approximately 65%. High amounts of 

nitrogenous fertilizer imports cause a significant loss of foreign exchange and 
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high amounts of fossil fuels are consumed in the production of these fertilizers. 

The low absorption of nitrogenous fertilizers produced and applied by plants 

both puts pressure on these limited resources and brings additional costs to 

producers and consumers. Nitrogen losses; gas emission, nitrification, 

denitrification, surface runoff, evaporation and leaching from the root zone to 

groundwater. Increasing nitrogen uptake efficiency is a basic requirement to 

ensure adequate plant production to feed the increasing population and to 

reduce the negative effects of nitrogen fertilizer use on the environment and 

human health. 

Nitrogen Uptake Efficiency in Plant Production 

Nitrogen uptake efficiency is defined as the ratio of plant-absorbed 

nitrogen to the total available nitrogen in the soil. As a key determinant of plant 

productivity, nitrogen is often regarded as a primary limiting factor in crop 

growth. However, research has shown that nitrogen uptake efficiency tends to 

decline as the amount of applied nitrogen increases (Staley and Perry, 1995; 

Presterl et al., 2003). Once plants reach their optimal nitrogen requirement, any 

additional nitrogen is susceptible to leaching losses and does not contribute to 

further yield improvements (Jokela and Randall, 1997; Lambert, Esgar, and 

Joos, 2000). Furthermore, exceeding the optimal nitrogen application rate 

reduces nitrogen use efficiency and significantly increases nitrate losses 

(Karam et al., 2002). When excessive nitrogen application is combined with 

poor agricultural management practices, the risk of nitrate contamination in 

surface and groundwater is substantially heightened. 

In order to make nitrogen use more efficient, it is very important to 

consider the amount of mineral nitrogen in the root zone. The plant's nitrogen 

uptake capacity from the soil depends on the planting date, the amount of 

available mineral nitrogen (especially the nitrate form) and the amount of 

nitrogen released from the mineralization of organic matter during the growth 

period (Sarımehmetoğlu, 2007). In increasing nitrogen use efficiency and 

effectively taking the nitrogen the plant needs, the correct nitrogen dose is a 

determining factor. It is emphasized that the amount of fertilizer to be applied 

depends directly on the plant's nitrogen need and indirectly on the nitrogen 

uptake efficiency; the amount of mineral nitrogen in the soil and the residual 

nitrogen from the previous period should be taken into consideration before 
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fertilization (Büyük, 2006). It has been determined that only the necessary 

amount of nitrogen should be provided to the plant in order for nitrogen to be 

used with maximum efficiency, and that the plant's nitrogen uptake depends on 

temperature and humidity conditions; nitrogen uptake is more effective at high 

temperatures and humidity (Muchow, 1994). 

Irregular fertilization practices can negatively impact nitrogen uptake 

efficiency by causing imbalances and antagonistic interactions among plant 

nutrients. For instance, potassium deficiency during the early stages of plant 

development is known to restrict nitrogen absorption (Swain et al., 2006). 

Conversely, the application of sulfur has been shown to enhance nitrogen 

uptake efficiency and reduce nitrogen losses from the soil (Brown et al., 2000). 

Conducting soil nutrient analysis prior to fertilization is essential—not only to 

ensure balanced nutrient application, but also to optimize nutrient use 

efficiency and minimize environmental risks and economic losses (Kılıç and 

Korkmaz, 2012). The development of slow-release and long-lasting fertilizers 

can help mitigate nutrient losses and reduce the risk of seed damage caused by 

fertilizers applied during sowing. Such innovations are expected to further 

enhance nitrogen uptake efficiency. In maize, insufficient nitrogen application 

during the early growth stages significantly reduces nitrogen uptake and 

utilization. Approximately 73% of the total nitrogen absorbed by maize at 

maturity is stored in the grains, with about half of this nitrogen translocated 

from vegetative tissues such as leaves and stems (Plenet and Lemaire, 2000). 

Therefore, suboptimal nitrogen availability during early growth can 

substantially limit both yield and nitrogen use efficiency. It has also been 

reported that nitrogen uptake efficiency tends to increase with longer plant 

growth durations. 

Species with a long vegetative period have the capacity to take more 

nitrogen from the soil thanks to their more developed root systems, which 

increases nitrogen uptake efficiency. The period when nitrogen uptake is most 

intense in plants is the full leafing stage. It has been determined that most of the 

factors affecting nitrogen uptake reach their highest levels during this period; 

the amount of nitrogen taken after flowering meets only 12-18% of the total 

grain nitrogen requirement, and high nitrogen doses given before planting do 

not increase nitrogen uptake after flowering. It is also stated that net nitrate 
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uptake in spring wheat varieties increases until the flowering period and then 

experiences a sudden decrease (Cengiz, 2007). 

 In order to increase nitrogen uptake efficiency, the nitrogen fertilization 

method, application time and the nitrogen needs of the plant at different growth 

stages should be taken into consideration (Zotarelli et al., 2008; Karnez, 2010). 

In addition to the amount of fertilizer, the irrigation program is also a 

determining factor in nitrogen leaching. Proper irrigation management can 

significantly increase nitrogen uptake from the plant's root zone. Especially in 

soils with low water holding capacity, excessive irrigation leads to the loss of 

these elements by leaching before the plant nutrients are fully taken up 

(Zotarelli et al., 2008). When flood irrigation is applied to sandy and low water 

holding capacity soils, nitrogen leaching becomes inevitable due to the effect 

of excess water (Perrin et al., 1998). In order to prevent nitrogen losses in such 

soils, a careful and controlled irrigation program should be applied.  

Irrigation should be started when approximately 10-50% of the usable 

water between the field capacity and the wilting point is depleted. The amount 

of water to be given should be at a level that will bring the root zone back to 

field capacity. For example, while nitrogen uptake efficiency increases with 

regular and correct irrigation applications in lettuce cultivation, water shortages 

have negatively affected both yield and nitrogen use efficiency. Under full 

irrigation conditions, nitrogen uptake efficiency reaches 77%, while this rate 

drops to 48% in water shortage (Battilani et al., 2008). Studies show that high 

nitrogen use efficiency can be achieved by using low amounts of nitrogen with 

appropriate irrigation and agricultural care (French et al., 2014). Nitrogen 

uptake varies significantly depending on the availability of water in the soil. 

The plant provides the highest efficiency under conditions where sufficient 

water and nitrogen are present together in the soil. If nitrogen is applied when 

there is a lack of water in the soil, the plant's cell water is drawn by the fertilizer 

due to osmotic pressure, which can lead to plant death. On the other hand, 

nitrogen applied as a result of excessive irrigation is easily removed from the 

plant root zone with water (Martin et al., 1982). In general, only approximately 

50% of applied nitrogenous fertilizers can be taken up by plants. Effective 

irrigation and fertilization methods contribute to the prevention of 

environmental damage by increasing nitrogen use efficiency (Karnez, 2010).  
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In the dynamic fertigation system, water and nutrients are applied by 

adjusting them precisely according to the daily dry matter increase and root 

volume of the plant (Battilani et al., 2008). Giving nitrogen in the period when 

the plant needs it and in the right amount increases fertilizer uptake efficiency 

while also reducing environmental damage. When preparing fertilization plans, 

soil analyses and nutrient uptake trends observed in plants for many years 

should be taken into account. It is also known that annual and regional climate 

differences have an effect on nitrogen uptake efficiency. Nitrogen uptake by 

plants varies according to ecological conditions, temperature and humidity 

levels (Staley and Perry, 1995). Nitrogen and water uptake by plants is closely 

related to temperature. While nitrate uptake slows down at low temperatures, 

nitrogen uptake increases at high temperatures and humidity conditions 

(Muchow, 1994). While suitable temperature and humidity encourage plant 

development, low temperatures encountered during the flowering period reduce 

the transfer of nitrogen from leaves and stems to grains and reduce the uptake 

rate of soil nitrogen, increasing losses through evaporation and leaching. In 

addition, when nitrogen fertilizer is applied when the soil temperature is low, 

nitrogen uptake efficiency remains low because the roots are not active enough 

(Brown et al., 2000). 

There are differences in nitrogen use efficiency among plant species and 

even varieties. Studies show that hybrid varieties use nitrogen more efficiently 

than synthetic varieties. The difference in root length and morphology also 

affects nitrogen uptake capacity. It has been stated that nitrogen application 

positively affects the root development of corn plants and that root development 

supports nitrogen uptake (Büyük, 2006).  

Nitrogen uptake depends on the uptake capacity of roots, the storage 

capacity of shoots and the growth rate of these structures. In general, nitrogen 

uptake in plants varies depending on factors such as dissolved carbohydrate 

levels in roots, environmental temperature, water status and nitrogen 

availability in the soil. It has been reported that nitrogen use efficiency in wheat 

varieties varies according to genetic differences, while nitrogen uptake and 

usage times differ among varieties in corn genotypes. These differences are 

generally related to changes in root structure or nitrogen transport within the 

plant. When there is high nitrogen in the soil, uptake is related to growth rate, 

and in low nitrogen conditions, it is related to the morphological and 
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physiological characteristics of the roots (Khalilzadeh, Mozaffari and Azizov, 

2011). 

In no-till farming practices, leaving plant residues in the soil increases 

grain and straw yields, water and nitrogen use efficiency, and soil organic 

matter in wheat production (Mohammad et al., 2012). There is an inverse 

relationship between root depth and nitrate leaching. Therefore, growing deep-

rooted plants after shallow-rooted plants in rotation reduces nitrogen loss and 

increases nitrogen uptake efficiency. Deep-rooted plants act as a biological 

filter in the soil, regaining nitrate from groundwater and preventing nitrate loss. 

Especially in sandy soils, including deep-rooted plants such as alfalfa in 

rotation is an effective method to reduce the leaching problem by increasing 

water and nitrogen use efficiency (Zhaohui et al., 2014). 

Although nitrogen uptake efficiency varies for different plant species and 

ecosystems, it generally does not exceed 50%. For example, this rate varies 

between 29-42% for cereals. In order to increase nitrogen uptake efficiency, it 

is necessary to establish a correct relationship between nitrogen application 

method, time and nitrogen requirements of plants at different growth stages. 

Nitrogen uptake efficiency is affected by many factors such as applied nitrogen 

dose, nitrogen source, application time and method (Karnez, 2010). In addition, 

low temperature, inadequate soil and water conditions also reduce nitrogen 

utilization rates (Muchow, 1994). The main factors affecting nitrate leaching 

are applied nitrogen dose, time, fertilizer source and application method, use of 

nitrification inhibitors, plant density, nitrogen uptake, soil profile and structure, 

rainfall amount, distribution and amount of irrigation water. In order to reduce 

nitrogen losses in the soil-plant system and increase nitrogen uptake efficiency, 

crop rotation, inclusion of legume plants in production, preference of hybrid or 

cultivar varieties, appropriate soil tillage, use of ammonium-based fertilizers, 

foliar nitrogen application and appropriate irrigation techniques are 

recommended as basic strategies (Raun et al., 2002; Das, Munda, & Patel, 

2005). 

 

What is NUE and How Can It Be Managed? 

Nitrogen use efficiency (NUE) is an important concept that needs to be 

addressed comprehensively. The first definition of NUE refers to the ability of 

plants to take nitrogen from the soil and retain it in their bodies (Daigger et al., 
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1976). The reason for preferring this definition is that plants tend to release 

some of the nitrogen they take in to the atmosphere in the form of nitrogen 

oxide (N₂O) instead of keeping it fixed in their structures. On the other hand, 

legume plants generally have higher NUE values because they fix nitrogen by 

atmospheric means and store it in their bodies (Vinod et al., 2016; Hocking & 

Reynolds, 2012). However, due to nitrogen losses that occur during the 

decomposition of these plants, it is still debated whether net nitrogen efficiency 

is really higher compared to other species (Volpe et al., 2016). NUE allows the 

evaluation of the extent to which nitrogen is used effectively by revealing the 

amount of nitrogen taken in by a plant and how much of it is lost as nitrogen 

oxide. While nitrogen taken up by plants is considered as available nitrogen; 

nitrogen oxides released into the atmosphere are assumed to be from the soil 

before plants absorb this nitrogen. Because plants can take nitrogen in the forms 

of ammonium (NH₄⁺) and nitrate (NO₃⁻) from the soil through their roots (Choi 

et al., 2009). This approach also overlaps with the basic definition of NUE. The 

second definition of NUE refers to an efficiency level in which nitrogen applied 

to the soil by organic or synthetic means is used only by the plant and is not 

consumed by other processes such as denitrification (Koffi et al., 2016).  

Nitrogen solubility in the soil is mostly related to factors such as 

excessive fertilization, poor drainage (usually caused by lack of organic matter) 

or sloping lands (Daniel et al., 2010). On the other hand, denitrification is 

mostly caused by excess water in the fields (Matejek et al., 2010). With soil 

samples taken at the beginning of the season and analyses, the amount of 

available nitrogen, the amount of fixed nitrogen (Choi et al., 2009), the amount 

of nitrogen lost through leaching and denitrification, and the amount of nitrogen 

remaining in the soil can be calculated. The efficiency of the system is 

determined by how much nitrogen the plant can take up and use compared to 

the nitrogen lost as a result of these processes and remaining in the soil. When 

considered particularly in terms of fertilizer applications, the goal is for the 

plant to take in all of the applied nitrogen and to minimize losses (Peltonen et 

al., 1995). 

In general terms, NUE is the level of effective and beneficial use of 

nitrogen. This efficiency is expressed as the ratio of the nitrogen taken up and 

retained by the plant until harvest to the total available nitrogen in the soil and 

is usually evaluated in comparison with the applied fertilizer nitrogen (Raun & 
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Johnson, 1999). NUE is a common indicator showing the relationship between 

the amount of nitrogen applied and the amount of nitrogen taken up by the plant. 

A typical example of this is the ratio of the biomass of the harvested crop to the 

amount of nitrogen applied. Considering the nitrogen losses that occur in field 

conditions, the variability in yield potential, and the fluctuations in both 

nitrogen fertilizer and product prices, the development of practices to optimize 

fertilizer use is of great importance. Globally, nitrogen use efficiency (NUE) in 

cereal production is low, and it is estimated that only an average of 33% of the 

applied fertilizer is recovered by the plant (Raun & Johnson, 1999). The main 

reasons for these losses are leaching nitrate with precipitation and 

denitrification. The time between the time nitrogen is applied and the time the 

plant actively absorbs this nitrogen prepares the ground for various losses. 

During these processes, losses such as leaching, clay retention, immobilization, 

denitrification, and transition to the gas phase may occur (Scharf & Lory, 2002). 

Globally, nitrogen use efficiency (NUE) in cereal production is low, with 

an estimated average of only 33% of applied fertilizer being recovered by the 

plant (Raun & Johnson, 1999). The main causes of these losses include leaching 

of nitrate with precipitation and denitrification. The time between when 

nitrogen is applied and when the plant actively absorbs it, creates the ground 

for various losses. These processes can include leaching, clay retention, 

immobilization, denitrification and gaseous phase losses (Scharf & Lory, 

2002).  

One of the main reasons why current nitrogen management practices lead 

to low NUE is the lack of synchronization between when nitrogen is applied 

and when the plant needs it (Raun & Johnson, 1999; Cassman et al., 2002; 

Abebe & Feyisa, 2017). High doses of nitrogen applied before planting further 

increase this synchronization problem. Depending on the weather and soil 

conditions, nitrogen applied early can seep below the root zone before the plant 

reaches the period when it needs nitrogen the most (Cameron et al., 2013). This 

leads to a high level of usable nitrogen accumulation that can be lost in the soil 

in a short time. In addition, it is observed that productivity decreases as the 

amount of nitrogen applied increases (Reddy & Reddy, 1993). In contrast, 

nitrogen applications made during the growing season provide higher NUE than 

pre-applications (Olson et al., 1986). Nitrogen provided during the period when 

the plant needs it can increase productivity (Keeney, 1982). 
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 Another important factor causing low NUE is the application of the same 

amount of nitrogen to areas with different yield potential in the fields. Studies 

show that variable nitrogen applications specific to the area are more beneficial 

from an environmental and economic perspective (Scharf & Lory, 2002; Mamo 

et al., 2003). Soil nitrogen availability, plant nitrogen uptake and nitrogen 

response vary spatially within fields (Inman et al., 2005). Therefore, fixed-rate 

nitrogen applications applied throughout the field may be excessive in some 

regions and inadequate in others. 

 

Soil Test Approach 

Soil and plant analyses are widely employed as essential tools in nitrogen 

management strategies (Cameron et al., 2013). To account for spatial variability 

within agricultural fields, several studies advocate for variable nitrogen 

application based on spatial management zones (MZs) (Franzen et al., 2002). 

Management zones are defined as areas that exhibit similar soil and landscape 

characteristics. Regions with comparable attributes such as electrical 

conductivity (EC), historical crop yield data, and farmer knowledge are 

considered to be homogeneous units (Flowers et al., 2005; Kitchen et al., 2005). 

Fertilizer applications within these zones are expected to produce uniform crop 

responses and comparable environmental impacts due to their similar 

agronomic potential. 

Various methods have been developed to determine MZ boundaries. 

Spatial data such as soil color, EC, topography and yield are analyzed and 

classified with the help of geographic information systems (GIS) (Schepers et 

al., 2004). In addition, information such as soil mapping units (Wibawa et al., 

1993), remote sensing techniques (Schepers et al., 2004), topographic analyses 

(Alexandra et al., 1949), yield maps and EC measurements (Franzen et al., 

2002) have been successfully used in MZ definitions. However, since most of 

these determinations are based on yield potential that varies over time, they may 

have limited reliability (Jaynes & Colvin, 1997; Lambert et al., 2006). 

Therefore, this data alone may not adequately reflect the differences in nitrogen 

requirements within the field. In commercial crop production, nitrogen 

requirements are usually calculated with a formulation based on target yield, 

soil nitrate measurements up to 60 cm depth and nitrogen remaining from the 

previous crop. This system is important in terms of increasing both economic 
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gain and reducing environmental losses by encouraging efficient use of 

nitrogen. NUE is widely used to show the relationship between applied nitrogen 

and the amount of nitrogen taken up by the plant. The ratio of the amount of 

harvested products to the amount of nitrogen applied is an important indicator 

of this efficiency. 

When the variability in yield and nitrogen loss potential observed in 

different fields is combined with the annual fluctuations in nitrogen and product 

prices, the development of fertilization strategies that allow the determination 

of seasonal nitrogen doses can increase both efficiency and the producer's 

profitability. In crop cultivation, climatic conditions such as temperature and 

precipitation affect the uptake of nitrogen by the plant and the rate of 

mineralization of residues. In addition, characteristics such as soil structure, pH 

and organic matter levels can increase nitrogen losses through denitrification 

and leaching, especially in rainy years. Therefore, it is ideal to plan nitrogen 

applications in a way specific to the region and climatic conditions (Bibi et al., 

2016). 

In some cases, especially in C4 crops, the amount of nitrogen to be 

applied is determined by the biomass yield of the crop. For example, C4 crops 

such as maize have lower nitrogen requirements for the same biomass than C3 

crops such as wheat (Gastal & Lemaire, 2002). However, in arid climate 

conditions, precipitation and temperature variability make yield estimation 

difficult. Therefore, nitrogen requirements can be calculated based on average 

yield data from past years; however, this does not necessarily reflect future 

yields. For more reliable estimates, it is recommended to consider yield values 

from years with good growing conditions. However, in adverse conditions, 

nitrogen either remains in the soil or is lost during off-season periods. 

Therefore, when determining target yield, it is recommended to take the average 

of the last 5 to 7 years and add 5–10% to it (Gastal & Lemaire, 2002). 

 

Use of Tissue Analysis for N Management 

One method used to assess nutrient levels is to use highly sensitive plant 

species as indicators of soil conditions. Some plants are reliable reflections of 

general development status because of their direct relationship to 

environmental conditions and tillage practices (Inada, 1965). In general, 

increased nitrogen in plants leads to higher nitrogen concentration in leaf tissue, 
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resulting in increased chlorophyll (Inada, 1965) and increased photosynthetic 

capacity (Sinclair & Horie, 1989). The chlorophyll level in maize leaves, as 

determined by a chlorophyll meter, is strongly correlated with both yield and 

leaf nitrogen content (Schepers, Blackmer & Francis, 1992). 

The nitrogen level in the plant, especially at critical times, can provide 

information about nitrogen status. Critical nitrogen refers to the lowest amount 

of nitrogen required for maximum growth at that time (Ulrich, 1952). Nitrogen 

concentration is high in the early stages of plant development, while this rate 

decreases as development progresses. The curve showing this decrease is called 

the ‘critical nitrogen dilution curve’ (Lemaire & Salette, 1984). The Nitrogen 

Nutrition Index (NNI) is calculated as the ratio of plant available nitrogen to a 

predetermined critical nitrogen level (Gastal & Lemaire, 2002). NNI greater 

than or less than 1 indicates sufficient or insufficient nitrogen levels, 

respectively. This method has been used successfully in wheat (Justes et al., 

1994), sorghum (Van Oosterom, Carberry & Muchow, 2001), rice (Sheehy et 

al., 1998) and various grasses (Lemaire & Salette, 1984). However, in some 

crops such as maize and potato, assessments based on critical nitrogen levels at 

early developmental stages do not give reliable results (Binford, Blackmer & 

Cerrato, 1992); this may be due to competition between plants (Binford et al., 

1992). Furthermore, as the crop grows, nitrogen concentration may decrease as 

biomass increases, a dilution effect (Greenwood et al., 1990). The critical 

nitrogen curve for maize remains valid up to the silage stage (Herrmann & 

Taube, 2004). This approach is generally considered unsuitable for large-scale 

commercial production, although it is more applicable in small-scale 

agricultural systems. 

 

Spatial Variability 

Production areas in commercial agriculture are differentiated by spatial 

differences in soil types, history of use, farming techniques, and nutrient and 

water movement. This variation can affect plant nitrogen requirements, stress 

sensitivity, and yield potential from one region to another. Differences in the 

slope of the land can cause significant fluctuations in grain yield (Alexandra, 

Kravchenko & Bullock, 1949). In addition, soil depth and drainage 

characteristics have significant effects on maize and potato yields (Kravchenko 

et al., 2005). Accumulation of elements such as organic matter and clay content 
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in depressions can lead to increased nitrogen productivity in these areas. This 

is more pronounced in upper slope areas with low organic matter (Ginting, 

Moncrief & Gupta, 2003). Although phosphorus (P) and potassium (K) levels 

are higher in foothill areas, intensive cropping in the past may have caused these 

nutrients to be less available than expected (Ginting et al., 2003). Therefore, the 

distribution of P and K may not be directly related to the slope (Ginting et al., 

2003). Topography is one of the important factors affecting the spatial 

variability in grain yield. For example, in corn and soybean (Glycine max L.) 

production, topographic structure and slope differences explain 30% to 85% of 

the yield variation (Kravchenko et al., 2005). However, these two factors only 

partially explain the yield difference; there are many other factors that affect 

productivity. When plants are under stress, growth performance and crop yield 

decrease. Seasonal climatic conditions affect plants differently, especially in 

areas with different slopes.  

In dry seasons, soils with high water holding capacity and rich organic 

matter feel less drought effects, while excessive rainfall can cause ponding and 

yield loss in depression areas (Alexandra et al., 1949; Kravchenko et al., 2005). 

In addition, deterioration in soil structure can deepen these differences by 

causing a decrease in organic matter and water content. Field tillage methods 

and agricultural techniques used also play a decisive role in growth and yield. 

In areas where the use of chemical inputs and the amount of soil tillage are 

reduced, an increase in spatial variability has been observed (Alexandra et al., 

1949; Kravchenko et al., 2005). 

 

Fertilizer Application Method and Timing 

Nitrogen, one of the most extensively utilized nutrients by plants, is 

highly susceptible to various soil processes that influence its availability and 

efficiency. These processes occur both at the surface and within the soil profile, 

directly affecting nitrogen use efficiency (NUE). Significant nitrogen losses 

commonly occur through mechanisms such as leaching, surface runoff, and 

volatilization, all of which can substantially reduce the amount of nitrogen 

available for plant uptake. 

For efficient nitrogen use, nitrogen must be applied in a highly accessible 

manner. For example, surface-spread urea-ammonium nitrate (UAN) solutions 

may result in lower yields than subsoil-applied UAN, especially in areas with 
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plant residue (Fox et al., 1986; Bandel et al., 1980). Surface-applied UAN can 

cause losses such as ammonia volatilization from the urea compound in 

solution and nitrogen fixation in surface residue (Bandel et al., 1980). 

Therefore, subsoil application of nitrogenous fertilizers is generally more 

effective. 

 

Leaf Area Index (LAI) 

Leaf Area Index (LAI) is defined as the ratio of leaf surface area to unit 

soil area (Whittaker and Marks, 1975). This ratio is an indicator that directly 

reflects the photosynthetic capacity of the vegetation (Cowling and Field, 

2003). In some plant species, there is a strong relationship between LAI and 

biological productivity, while in other species this relationship depends on 

other variables such as light intensity, canopy density, nitrogen use efficiency 

(NUE) and the amount of light reaching the canopy (Anten et al., 1995). C4 

plants generally exhibit higher nitrogen productivity in denser vegetation, while 

they produce more leaf area than C3 plants under the same conditions (Anten 

et al., 1995). 

Various methods have been developed to determine LAI by remote 

sensing. The most common methods include inversion of radiative transfer 

models (Fang et al., 2003) and empirical relationships between LAI and 

spectral vegetation indices (Weiss and Baret, 1999). However, these methods 

have some limitations. For example, calculations based on vegetation indices 

are difficult to generalize to different types of sites or large geographies 

(Wiegand et al., 1979). In addition, variables such as atmospheric conditions, 

ground properties, vegetation architecture, and sensor-sun-target geometry can 

affect the accuracy of measurements, especially at high LAI levels (Curran, 

1983). 

When plants are exposed to environmental stress factors, changes occur 

in the spectral properties of their leaves. Carter (1993) stated that stresses such 

as competition between plants, the effect of diseases, inadequacy of 

ectomycorrhizal infections, aging, herbicide damage, increased ozone levels, 

drought and soil salinity cause similar changes in spectral responses. These 

responses are generally associated with a decrease in chlorophyll levels. 

Chlorophyll a has limited light absorption in the red and green wavelengths. 

Therefore, even small changes in chlorophyll levels can cause increased 
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reflectance in these spectral ranges (Carter and Knapp, 2001). Zhao et al. (2003) 

reported that the amount of chlorophyll a in plants decreased by more than 60% 

42 days after emergence, and as a result, increased reflectance was observed 

between 550 and 710 nm. Estimation of Vegetative Indices 

 

Nutritional Status 

Soil quality directly affects corn growth, and this growth can be 

optimized by supplementing deficient nutrients with fertilizer (Belay et al., 

2002). While traditional methods for assessing the nutrient status of plants 

include soil analyses and destructive plant analyses, non-destructive sensor-

based technologies have recently become increasingly used (Schepers et al., 

2003). Such sensor applications are mostly aimed at determining the nitrogen 

status of plants (Shanahan et al., 2001). Nitrogen deficiency reduces the 

photosynthetic capacity of leaves in corn plants, leading to a decrease in kernel 

dry weight, a decrease in yield components, and overall yield losses (Wolfe et 

al., 1988). Therefore, determining appropriate spectral wavelengths is of great 

importance in monitoring the nitrogen status of corn (Belay et al., 2002; 

Shanahan et al., 2001). Shanahan et al. (2001) suggested the use of the Green 

NDVI (GNDVI) index along with conventional NDVI. GNDVI is calculated 

based on the reflections obtained from the green bands in the near infrared 

(NIR) range of 500–600 nm. These results are based on a comprehensive study 

in which four different corn hybrids were evaluated at five different nitrogen 

levels under irrigation conditions.  

The active optical sensors used in the study can measure by reflecting 

light at four different wavelengths: blue (460 nm), green (555 nm), red (680 

nm) and near infrared (800 nm). It was determined that the obtained NDVI 

values were significantly related to the applied nitrogen doses and sampling 

dates. It was also determined that the increase in chlorophyll content showed a 

high level of positive correlation with nitrogen applications (r² ≥ 0.96) (Ma et 

al., 1996). Hansen et al. (2003) showed that NDVI is an effective indicator for 

monitoring growth and development, especially in small grain plants. Similarly, 

a study by Eminoğlu (2019) aimed to estimate yield and some yield variables 

in corn using NDVI images obtained from an unmanned aerial vehicle (UAV) 

flown at low altitude. Within the scope of the study, a general increase in NDVI 

values was observed as the vegetative development of the plants progressed 
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This finding supports the strong relationship between NDVI and plant biomass, 

indicating that NDVI is an effective spectral indicator for monitoring plant 

growth (Figure 1). 

 

 

Figure 1. Variation in NDVI Values of Plots Depending on Plant Growth           

Eminoğlu (2019) 

Yield Estimation 

Although vegetative indices can be related to green leaf biomass, sensor-

based yield estimation is complex (Gitelson et al., 2003). Sensor measurements 

taken at the Feekes 5 stage of wheat have shown a stronger relationship with 

grain yield than at other stages (Moges et al., 2005). Estimates based on sensor 

data can explain 83% of the variation in grain yield (Raun et al., 2001). 

However, this relationship varies over time and space; factors such as sampling 

time, hybrid differences, seasonal fluctuations, local conditions, and nitrogen 

fertilization create uncertainty (Inman et al., 2007). 

 

Use of Sensors and NDVI 

Farmers often base nitrogen application on past experience and soil 

conditions and rarely use season-specific decision support tools (Kitchen and 

Goulding, 2001). They often target maximum yield by using nitrogen above the 
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recommended dose (Scharf et al., 2006). Sensors close to the canopy plant help 

determine nitrogen requirements (Schepers et al., 2003). SPAD chlorophyll 

meters are widely used to assess plant nitrogen status and allow balancing 

nitrogen to use with optimum yield (Schepers et al., 2003; Scharf et al., 2006). 

However, samples taken from different hybrids and leaves may affect the 

instrument calibration (Schepers et al., 2003). A reference strip fertilized with 

sufficient nitrogen in the field is usually needed (Schepers et al., 1992). When 

nitrogen carrier is used in the irrigation system, nitrogen recommendations can 

be made by comparing the measurements in the reference strip and the fields 

(Scharf et al., 2006). Nitrogen application can be made in cases where the 

SPAD value falls below the critical threshold (Scharf et al., 2006). Relative 

SPAD measurements provide better estimates of grain yield than absolute 

measurements (Scharf et al., 2006). In drought systems, it may be difficult to 

establish a precise relationship with a single nitrogen application (Scharf et al., 

2006). However, in irrigated systems, SPAD measurement is more effective in 

these systems because constant low rates of nitrogen application can be 

repeated when necessary. 

 

Conclusions 

This review has determined that it is not a single method that can be used 

alone, but a combined approach can help improve NUE. In long-term 

prospecting, the use of optical sensors can help improve NUE and farmer profits 

only when accurate data are collected from multiple sites, considering soil, 

climate and cultural practice variability, and then a robust yield prediction 

model is developed. Sensor-based in-season nutrient management combined 

with a soil test approach at the beginning of crop planting and a split application 

may be the answer to improving nitrogen use efficiency. Improvement in sensor 

technology and algorithm development requires further research to develop 

more reliable and stable models. 
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1. INTRODUCTION 

Global climate change stands as one of the most pressing and complex 

environmental challenges of our time, exerting profound impacts on natural 

ecosystems as well as on agriculture and food security. Rising temperatures, 

irregular precipitation patterns, drought, and the increasing frequency of 

extreme weather events are undermining the stability of agricultural production 

systems (IPCC, 2023; FAO, 2022; Smith et al., 2020). These environmental 

stressors reduce productivity across all components of agriculture, from crop 

cultivation to livestock production, and create significant vulnerabilities within 

food supply chains. Among the most directly affected elements are forage 

resources, which are critical for livestock nutrition. 

Silage crops, in particular, are highly sensitive to climatic conditions and 

are thus among the most impacted by these changes. In semi-arid regions such 

as Turkey, increasing temperatures and diminishing water resources pose 

serious challenges to the cultivation of traditional summer forage crops. Under 

these circumstances, cool season cereals (e.g., wheat, barley, rye, triticale), 

which benefit from winter precipitation and can be harvested in early spring, 

have emerged as valuable alternatives (Brown et al., 2024; Rodriguez et al., 

2023). 

Cool season cereals offer a robust solution for sustainable agriculture in 

the face of climate change due to their tolerance to low temperatures and 

reduced water requirements, their adaptability to various soil types, and their 

early growth cycles (Thivierge et al., 2023; Acar & Kaya, 2023; Gökkuş & 

Hanoğlu Oral, 2022). Agroecological practices such as cereal legume mixtures 

further enhance their value, improving soil health and increasing forage quality, 

thereby supporting integrated production systems (Singh et al., 2023; Lopez et 

al., 2023). 

These mixtures contribute to sustainable intensification by reducing the 

need for nitrogen fertilizers through biological fixation, while also enhancing 

crude protein content and silage digestibility. This dual effect supports both 

productivity and feed quality in ruminant systems (Kchaou et al., 2022; Maxin 

et al., 2016). Additionally, their contribution to increased carbon sequestration 

reinforces the role of agricultural systems in climate change mitigation (Ibáñez 

et al., 2020; Papanaoum et al., 2020). 



THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE | 284 

 

In contrast, maize (Zea mays L.), although widely cultivated for its high 

yield potential, is notably sensitive to drought and heat stress. Under such 

adverse conditions, maize silage yields and quality may significantly decline, 

jeopardizing feed security in livestock systems (Babu, 2021; Bernardes et al., 

2018). This underscores the need to develop more resilient and sustainable 

forage sources. 

This study aims to evaluate the silage potential of cool season cereals in 

the context of climate change. Based on recent literature, it will examine the 

environmental adaptability, yield, and forage quality performance of these 

cereals, as well as their role in sustainable feed production. Furthermore, the 

study will explore innovative silage management strategies and identify future 

research needs, offering strategic recommendations to enhance climate 

resilience in the livestock sector. 

 

2. Silage Potential and Adaptation Traits of Cool Season 

Cereals 

Cool season cereals have emerged as alternative forage sources due to 

their ability to adapt to changing climate conditions. Compared to maize, these 

cereals are more tolerant to lower temperatures and reduced water availability. 

Their capacity to utilize winter precipitation through autumn sowing and their 

early spring development allowing harvest before the onset of summer drought 

enders them highly resilient to climate variability (Thivierge et al., 2023; Acar 

& Kaya, 2023).  

Table 1. Cold Tolerance and Development Period of Cereals*  

Cereal 

Type 

Cold 

Tolerance 

Spring Growth 

Timing 

Pre Harvest Development 

Period (days) 

Barley High  Early  135 

Triticale 
Medium 

High 
 Early  140 

Rye High  Moderate  145 

Maize Low  Late  165 

*(Ma et al., 2022) 
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Moreover, their adaptability to diverse soil types and ecological 

environments enables cultivation even in marginal areas, thereby enhancing the 

sustainability of forage production systems (Gökkuş & Hanoğlu Oral, 2022). 

Cool season cereals such as barley, rye, and triticale are increasingly 

regarded as important alternatives in forage production due to their resilience 

to climate change and adaptability to a wide range of agroecological conditions. 

Their tolerance to lower temperatures and limited water resources, particularly 

in comparison to maize, makes them ideal candidates for autumn sowing 

systems. Poudel et al. (2023) emphasized that these cereals exhibit high dry 

matter yields and highlighted triticale as especially advantageous for silage use 

in terms of both productivity and nutritional value. Their study further 

demonstrated that water efficient species can be successfully cultivated even in 

semi-arid regions, thereby providing a sustainable forage resource for livestock 

systems. 

3. Silage Quality and Yield Characteristics of Different Cool 

Season Cereals 

Cool season cereals offer varying silage quality and yield potential 

depending on the species. Crops such as wheat (Triticum aestivum L.), barley 

(Hordeum vulgare L.), oats (Avena sativa L.), rye (Secale cereale L.), and 

triticale (× Triticosecale Wittm.) possess different nutritional values and 

digestibility characteristics, which are influenced by climatic conditions and 

cultivation practices. In general, cool season cereals tend to have higher crude 

protein content compared to maize silage, although their energy values may be 

somewhat lower. However, these differences can be minimized through proper 

harvest timing and optimized ensiling techniques (Bernardes et al., 2018). 

3.1. Barley and Rye 

Barley and rye exhibit high adaptability to arid and semi-arid regions and 

are capable of producing acceptable levels of green and dry matter yields even 

under water limited conditions. In a study conducted by Acar and Kaya (2023), 

the green and dry forage yields of barley and rye grown under drought 

conditions at different growth stages were evaluated, and both species were 

found to have significant potential as silage crops. Due to its high tolerance to 

cold and drought, rye stands out as a reliable forage source, especially under 



THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE | 286 

 

challenging climatic conditions. Barley, on the other hand, has a broader 

adaptation range and can be successfully cultivated across diverse soil types 

and climatic zones. 

Table 2. Silage Yield and Quality of Cool Season Cereals* 

*(Poudel et al., 2023) 

3.2. Triticale 

Triticale, a hybrid of wheat and rye, combines the advantageous traits of 

both parent species and is classified as a cool season cereal. It is characterized 

by high yield potential, good nutritional value, and resilience to environmental 

stressors. Triticale silage is particularly valued as a high quality roughage 

source for dairy cattle. In a doctoral dissertation by Babu (2021), which 

examined the effects of climate change on maize silage production, winter 

cereal mixtures especially triticale were highlighted for their potential as 

alternative forage options. Thanks to its high fiber digestibility and energy 

content, triticale can positively influence animal performance. 

3.3. Wheat and Oats 

Wheat and oats are also cool season cereals with potential for silage use. 

Wheat silage, especially when harvested during the grain filling stage, can offer 

high levels of energy and protein. Oats are noted for their rapid growth and high 

dry matter yield. However, the silage quality of these species can vary 

considerably depending on harvest timing and cultivation conditions. For 

instance, early harvested oat silage tends to have higher protein content and 

digestibility, whereas delayed harvesting increases fiber content and reduces 

nutritional value. 

 

 

 

Cereal 

Type 

Dry Matter 

Yield (t/ha) 

Crude Protein 

(%) 

NDF  

(%) 

Digestibility 

(%) 

Barley 11.8 10.2 53.4 63.1 

Triticale 12.5 11.0 50.1 65.7 

Rye 10.3 9.5 55.8 60.2 

Maize 15.2 8.7 45.2 70.3 
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3.4. Cereal Legume Mixtures 

Growing cool season cereals in combination with legumes such as forage 

pea (Pisum sativum L.), common vetch (Vicia sativa L.), or alfalfa (Medicago 

sativa L.) can significantly improve both silage quality and yield. Legumes 

contribute to nitrogen fixation, reducing the need for synthetic fertilizers and 

enhancing crude protein content in the silage. In a study by Kchaou et al. 

(2022), the forage potential of cereal legume mixtures was evaluated as a 

climate adaptation strategy, and these mixtures were suggested to be an 

important agroecological tool for sustainable farming systems. Additionally, 

such combinations provide environmental benefits by improving soil health and 

promoting biodiversity. 

4. Management Practices for Silage Production from Cool 

Season Cereals 

Climate change can affect not only plant yield but also the nutritional 

value and fermentation quality of silage. Elevated temperatures and drought 

conditions may reduce the water content of plants, leading to increased dry 

matter content at harvest. This can cause compaction difficulties during ensiling 

and negatively impact the fermentation process. Conversely, excessive rainfall 

may increase plant moisture levels, lowering dry matter content, which may 

result in undesirable butyric acid fermentation and nutrient losses (Bernardes et 

al., 2018). To minimize these risks, dry matter content should be continuously 

monitored at harvest, and adjustments such as pre wilting or controlled water 

addition should be considered. Moreover, the use of silage additives (e.g., 

inoculants, organic acids) can help optimize fermentation and reduce microbial 

spoilage. 

4.1. Variety Selection and Sowing Time 

Selecting drought  and disease tolerant cultivars that are compatible with 

climate change conditions is a critical step for successful silage production. 

Regional climate projections and local conditions should be considered when 

choosing early maturing or stress resilient varieties. In autumn sowings, optimal 

use of winter precipitation and the minimization of spring frost risks depend 

heavily on the timing of sowing. In early spring sowings, varieties that allow 
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harvest before the onset of summer droughts should be prioritized (Thivierge et 

al., 2023). 

4.2. Fertilization and Soil Management 

Under climate change conditions, fertilization programs must not only 

meet the nutritional needs of the plants but also support environmental 

sustainability. The timing and dosage of nitrogen fertilizers should be adjusted 

according to plant developmental stages and soil test results. Intercropping with 

legumes can enrich soil nitrogen content naturally, thereby reducing the need 

for synthetic fertilizers (Kchaou et al., 2022). Practices that improve soil health 

such as reduced tillage and the incorporation of organic matter can enhance soil 

water holding capacity and improve plant resilience to drought stress. 

 

4.3. Harvest Timing and Ensiling Techniques 

The quality of silage from cool season cereals is closely linked to harvest 

timing. Generally, cereals harvested at the milk or dough stage provide optimal 

dry matter content and nutritional value. Early harvesting results in higher 

protein content but lower dry matter, while late harvesting increases fiber 

content and reduces digestibility. Therefore, harvest time should be adjusted 

flexibly based on climate conditions. For instance, if early summer droughts 

are expected, harvesting should be scheduled earlier. 

Silage making techniques should also be adapted to climatic conditions. 

In cold regions, low temperatures can slow down the fermentation process and 

encourage the growth of undesirable microorganisms. In such cases, the use of 

lactic acid bacteria based inoculants or acid based additives can accelerate 

fermentation and improve silage quality (Bernardes et al., 2018). Proper 

compaction and exclusion of air are critical for successful fermentation and 

high quality silage. Measures must also be taken to prevent oxygen infiltration 

during storage. 

 

4.4. Water Management 

Given the variability in precipitation patterns, water management 

strategies play a crucial role in silage production from cool season cereals. 

Winter sowing allows for maximum use of seasonal rainfall, potentially 

reducing the need for supplemental irrigation. In drought prone areas, water 



289 | THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE 

 

saving irrigation methods such as drip irrigation, or alternative sources like 

rainwater harvesting, should be considered. Practices such as mulching can also 

be effective in preserving soil moisture. 

 

4.5. Integrated Pest and Disease Management 

Climate change influences the spread and severity of plant diseases and 

pests. Therefore, integrated pest and disease management (IPM) strategies must 

be applied in the silage production of cool season cereals. The use of resistant 

varieties, crop rotation, biological control, and, when necessary, chemical 

treatment are all important for protecting plant health and minimizing yield 

losses. Early detection and intervention are essential to prevent potential 

outbreaks. 

 

4.6. Animal Performance and Economic Feasibility 

The impact of silage derived from cool season cereals on animal 

performance and the economic feasibility for livestock enterprises should be 

thoroughly investigated. Optimal ration formulations should be developed for 

different animal species and production systems, and the long term effects of 

silage on milk yield, meat quality, and animal health should be assessed. 

Additionally, a cost benefit analysis of silage production from cool season 

cereals should be conducted to determine its economic attractiveness for 

farmers. 

 

5. Conclusion 

Under changing climate conditions, the potential use of cool season 

cereals for silage is becoming increasingly important for global food and feed 

security. These cereals provide a more adaptable alternative to maize, showing 

greater resistance to drought, high temperatures, and irregular rainfall patterns. 

However, fully realizing this potential requires further research and 

development efforts. 

In conclusion, cool season cereals represent a promising roughage source 

for the livestock sector in the context of climate change. Thanks to their 

adaptability, nutritional value, and flexible management practices, they can play 

a critical role in ensuring feed security and enhancing the sustainability of 
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agricultural production. Through future research and policy support, this 

potential can be fully utilized, contributing significantly to global food security 

and climate change mitigation. 
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1.INTRODUCTION 

Climate change, characterized by rising greenhouse gas emissions, 

global temperature increases, and the intensification of extreme weather events, 

has emerged as one of the most critical environmental threats to agricultural 

ecosystems. These climatic shifts exert multifaceted impacts on soil health and 

plant–soil interactions, which form the foundation of agricultural productivity. 

Soil not only provides physical support to plants but also serves as a vital 

medium for water retention, nutrient cycling, and microbial activity. However, 

disruptions in soil moisture regimes, organic matter dynamics, microbial 

processes, and biochemical functions caused by climate change significantly 

compromise soil fertility and ecosystem resilience (Brevik, 2013). 

Soil systems mediate the balance between climate, vegetation, and 

edaphic factors through complex mechanisms such as the carbon and nitrogen 

cycles, microbial diversity, root development, and symbiotic interactions. 

Recent studies have increasingly highlighted the vulnerability of these 

interactions under changing climatic conditions and the varying responses of 

agroecosystems to such stressors (Yang et al., 2025). For instance, elevated 

temperatures associated with climate change accelerate the decomposition of 

soil organic matter, leading to carbon losses and a consequent decline in soil 

quality (Pires et al., 2023). Furthermore, alterations in vegetation cover and the 

quantity and composition of root exudates reshape the structure of soil 

microbial communities and induce shifts in nutrient cycling pathways (Fetzer 

et al., 2024). 

 

Figure.1 Pathways of climate change impacts on soil physical health and fertility 

(Oishy et al.,2025). 
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Plant–soil interactions are shaped not only by physical and chemical 

properties but also by intricate biological processes. Microbial activity within 

the rhizosphere plays a pivotal role in regulating nutrient availability and 

enhancing plant resilience under stress conditions (Kumar et al., 2022). 

Moreover, the tripartite relationship among plants, soils, and microorganisms is 

central to the sustainability of ecosystem services, especially under the 

influence of climate change (Sevanto et al., 2020). Several studies have 

demonstrated that the effects of plant–soil interactions on microbial 

communities can vary significantly under climatic stressors, and these shifts 

may initiate feedback loops with long-term implications for ecosystem 

functioning (Brigham et al., 2021). In this context, a comprehensive 

examination of how climate change affects soil health and plant–soil 

interactions is not only essential for sustaining agricultural productivity but also 

critical for maintaining ecosystem services and environmental balance. This 

chapter will provide an in-depth analysis of the effects of climatic variability 

on soil physical properties, organic matter content, microbial community 

composition, and nutrient cycling. It will also explore how reciprocal feedback 

mechanisms within the plant–soil system mediate and potentially amplify these 

changes over time. 

2. IMPACTS OF CLIMATE CHANGE ON SOIL HEALTH 

Soil health encompasses the integrated physical, chemical, and 

biological properties that sustain ecosystem functionality. However, ongoing 

global climate change poses a multifaceted threat to this integrity. Rising 

temperatures, altered precipitation patterns, and the increasing frequency of 

extreme weather events—such as droughts and floods—directly and indirectly 

affect the functioning of soil systems (Keesstra et al., 2016; Lal, 2011). 

One of the most critical consequences of these changes is the decline in 

soil organic matter. Organic matter plays a fundamental role in maintaining soil 

structure, supporting biological activity, and facilitating chemical processes. 

Elevated temperatures and moisture loss accelerate the decomposition of 

organic matter and the depletion of soil carbon stocks. This not only leads to 

reduced soil quality but also contributes to increased atmospheric greenhouse 

gas concentrations (Eviner, 2008; Shah et al., 2022). As organic matter declines, 

the stability of soil aggregates is compromised, weakening the soil's resistance 
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to erosion. Irregular and intense rainfall events exert further pressure on these 

fragile structures, resulting in severe surface runoff and the loss of fertile topsoil 

layers (García-Fayos et al., 2009). 

The decline in soil organic matter also signifies a reduction in the primary 

energy source for soil biota. Microbial communities are central to the biological 

dynamics of soil ecosystems, functioning as key drivers of nutrient cycling and 

organic matter decomposition. However, fluctuations in temperature and 

moisture resulting from climate change adversely impact both the diversity and 

functionality of these communities (Classen et al., 2015; Bardgett & van der 

Putten, 2013). In particular, symbiotic organisms such as mycorrhizal fungi and 

nitrogen-fixing rhizobacteria exhibit reduced activity and colonization under 

stress conditions, thereby disrupting critical plant–soil interactions (Brigham et 

al., 2021; Fetzer et al., 2024). A loss in microbial diversity not only impairs 

overall ecosystem functioning but also diminishes the soil’s capacity to 

suppress plant pathogens, which can lead to cascading negative effects on plant 

health. 

Climate change also induces substantial degradation in the physical 

properties of soil. Increased rates of evaporation reduce soil moisture levels, 

leading to physical deformations such as compaction and cracking in drying 

soils (Kumar et al., 2022). These alterations restrict root development and 

negatively impact both the retention and movement of water within the soil 

profile. Concurrently, increasingly erratic precipitation patterns contribute to a 

dual stress scenario: prolonged droughts suppress biological activity, while 

intense rainfall events accelerate erosion processes. The disintegration of soil 

aggregates, weakening of structural integrity, and reduction in porosity 

diminish the soil’s water infiltration capacity, thereby exacerbating water stress 

(Baveye et al., 2016).  

From a chemical perspective, climate change disrupts the balance of 

essential soil nutrients, particularly the cycles of key macronutrients such as 

nitrogen, phosphorus, and potassium. Rising temperatures accelerate nitrogen 

mineralization while simultaneously promoting denitrification processes, 

which result in significant nitrate losses (Classen et al., 2015). Moreover, 

intense rainfall events facilitate the fixation of phosphorus in soil matrices and 

enhance potassium leaching, thereby reducing nutrient availability for plant 
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uptake (Eviner, 2008). These nutrient losses negatively affect plant nutrition 

and, consequently, threaten crop productivity. 

Fluctuations in soil pH and increases in salinity levels further 

compromise soil chemical health. Climate-induced shifts in pH can limit 

microbial activity and decrease the capacity of plants to absorb nutrients 

(Bardgett & van der Putten, 2013). In irrigated regions, elevated evaporation 

rates lead to the accumulation of salts at the soil surface, increasing salinity and 

impairing both biological and chemical soil functions (Shah et al., 2022; Lal, 

2011). 

These multifaceted impacts undermine the biological diversity, structural 

stability, and chemical balance of soils, thereby impeding their capacity to 

function as integral components of natural ecosystems. The effects of climate 

change on soil health represent not only an environmental concern but also a 

global threat to agricultural productivity and food security. In this context, the 

development of integrated policies, adaptive agricultural practices, and 

ecosystem-based management approaches is critical for enhancing the 

resilience of soil systems. 

3. DISRUPTION OF PLANT–SOIL INTERACTIONS 

Plant–soil interactions play a central role in the functioning of terrestrial 

ecosystems and are critical for the sustainability of numerous ecosystem 

services, including plant health, nutrient cycling, carbon sequestration, and soil 

fertility. However, climate change exerts multifaceted pressures on this intricate 

network of interactions, leading to significant disruptions. Rising temperatures, 

prolonged droughts, irregular precipitation patterns, and increased atmospheric 

carbon dioxide concentrations are profoundly altering the biochemical and 

physiological relationships between plants and soils (Muhammad et al., 2025; 

Ostle et al., 2009). 

Climate change directly limits root development and functionality, 

particularly under drought conditions, where adaptive yet yield-reducing 

responses such as reduced root biomass, lower root density, and deeper root 

penetration are observed. These changes restrict plant access to water and 

essential nutrients in the soil and concurrently reduce rhizodeposition, thereby 

negatively impacting rhizosphere microbial communities (Classen et al., 2015). 

Moreover, the combined effects of elevated temperatures and water scarcity 
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cause damage to root membranes and impair nutrient exchange between roots 

and soil. 

Mutualistic relationships with mycorrhizal fungi, rhizobacteria, and 

other symbiotic organisms are highly sensitive to climate change. Elevated 

temperatures and drought conditions destabilize these symbiotic interactions, 

thereby reducing the ability of plants to uptake essential nutrients such as 

nitrogen and phosphorus, and diminishing the stress tolerance benefits typically 

conferred by symbiosis (Brigham et al., 2021; Daunoras et al., 2024). In 

particular, arbuscular mycorrhizal fungi (AMF) show significant declines in 

colony density and spore production under climate stress, which has cascading 

effects on plant water-use efficiency and resilience (Pritchard, 2011). 

 

Figure.2 Climate change adaptation and soil microbiome (Shah et al.,2022). 

Climate change also transforms the composition and functionality of 

microbial communities inhabiting the rhizosphere. Studies have shown that 

changes in soil temperature, moisture, pH, and organic matter availability 

significantly affect microbial biodiversity and enzymatic activity (Daunoras et 

al., 2024). In this context, declines or imbalances in the activity of key microbial 

enzymes involved in the carbon (C), nitrogen (N), and phosphorus (P) cycles—

such as β-glucosidase, N-acetyl-glucosaminidase, phosphatases, and urease—

can limit nutrient mineralization and plant nutrient uptake. Microbial enzymes 
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are considered biological fingerprints of soil ecosystem functionality, and 

alterations in their activity directly impact soil health and plant development 

(Zhang et al., 2021). 

Nutrient imbalances and disrupted microbial symbioses result in 

substantial deficiencies in plant nutrition. This leads to decreased 

photosynthetic efficiency, elevated metabolic stress, and growth inhibition, 

ultimately reducing crop productivity (Kumar et al., 2022). Moreover, such 

disruptions weaken beneficial microbial interactions that suppress pathogens, 

rendering plants more vulnerable to diseases. 

In conclusion, climate-induced environmental stresses weaken the 

functional and symbiotic relationships between plants and soils, thereby 

threatening the sustainability of soil health, the continuity of nutrient cycles, 

and agricultural productivity. In this regard, promoting climate-resilient plant–

microbe associations, developing adaptive agricultural practices, and 

implementing rhizosphere-focused sustainable management strategies are of 

critical importance. 

4. ADAPTATION STRATEGIES AND SUSTAINABLE 

MANAGEMENT 

One of the major challenges faced in agricultural production systems 

under climate change is the restoration of degraded soil health and the 

sustainable support of plant–soil–microbe interactions. In this context, 

adaptation strategies and sustainable soil management practices are essential 

tools for both climate change mitigation and resilience building. 

At the core of these strategies lies the enhancement of soil organic matter. 

The application of organic amendments such as compost, farmyard manure, 

green manures, and cover crops plays a vital role in improving soil structure, 

increasing water retention capacity, and stimulating microbial activity. 

Moreover, organic matter enhances the soil’s buffering capacity, conferring 

resilience against pH fluctuations and facilitating more efficient nutrient uptake 

by plants (Lal, 2011; Eviner, 2008). In addition to improving soil functionality, 

these practices contribute to climate change mitigation by enhancing the soil's 

carbon sequestration potential and reducing greenhouse gas emissions. 

Another critical strategy involves the use of biofertilizers and microbial 

inoculants. These applications commonly include beneficial microorganisms 
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such as arbuscular mycorrhizal fungi, nitrogen-fixing rhizobacteria, phosphate-

solubilizing bacteria, and potassium-mobilizing microbes, which are 

introduced into the plant rhizosphere. These symbiotic organisms improve 

nutrient availability and uptake while also enhancing plant tolerance to 

environmental stresses (Muhammad et al., 2025). Furthermore, such microbial 

agents contribute to plant health by suppressing soil-borne pathogens within the 

rhizosphere. 

 

Figure.3 Impact of climate change on the interactions of soil organic matter, 

microbial communities, and soil biodiversity (Oishy et al.,2025). 

These biological approaches are increasingly integrated into the 

development of “climate-smart soil management” practices, which represent a 

systematic and multi-component management paradigm. Climate-smart soil 

management encompasses a wide array of techniques, ranging from water-

conserving practices and reduced tillage to integrated nutrient management, 

aiming not only to preserve soil structure and productivity but also to minimize 

environmental impacts. Such practices are particularly effective in limiting soil 

erosion, mitigating salinity and pH imbalances, regulating soil temperature, and 

enhancing microbial diversity (Keesstra et al., 2016; Brigham et al., 2021). 

For soil health to be maintained in a sustainable manner, adaptive and 

holistic strategies must be tailored to site-specific conditions. These practices 
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not only enhance agricultural productivity but also secure the long-term 

ecological functioning of soils. Therefore, building a resilient agricultural 

system under climate change conditions necessitates a combined consideration 

of organic matter management, microbially assisted biofertilization, and 

climate-smart agronomic techniques. Future research and policy initiatives 

should prioritize the field-level integration and impact assessment of these 

strategies to ensure both sustainable food security and ecosystem health. 

5.CONCLUSION AND FUTURE DIRECTIONS 

The impacts of climate change on soil health and plant–soil interactions 

are multifaceted and complex. The findings presented in this chapter highlight 

that soil organic matter, microbial diversity, nutrient cycling, and symbiotic 

relationships are increasingly threatened by climate change. These threats 

extend beyond short-term productivity losses, posing risks to long-term 

ecosystem resilience and agricultural sustainability. The depletion of soil 

organic matter leads to the contraction of microbial habitats and a decline in 

biological diversity, while disruptions in nutrient cycling directly impair plant 

development and crop quality. Moreover, the breakdown of symbiotic 

relationships weakens plants’ defense mechanisms, particularly under drought 

and heat stress conditions. 

Looking ahead, enhancing the resilience of soil ecosystems to climate 

change requires the integration of multidisciplinary and cross-scale approaches. 

Advanced modeling studies that evaluate the responses of various soil types 

and plant systems under different climate scenarios, along with long-term field 

trials, are essential in this context. Furthermore, elucidating the molecular 

mechanisms of plant–soil–microorganism interactions will enable the 

development of genetic and biogeochemical adaptation strategies. These 

insights will form a scientific foundation for the design of site-specific and 

locally adapted agricultural practices. 

To address the impacts of climate change on agricultural productivity and 

soil health, it is vital to develop applicable, context-specific, and sustainable 

policy approaches. Farmers should be educated and incentivized to implement 

practices such as organic matter management, biological fertilization, and 

climate-smart agriculture. Agricultural support programs must go beyond the 

promotion of chemical inputs to also prioritize ecosystem-based solutions. 
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Local and national governments should establish digital soil health monitoring 

systems to enable early detection of risks such as erosion, salinization, and 

organic matter loss through decision-support tools. In addition, legal 

regulations and incentives for climate-resilient soil practices should be enacted, 

while fostering collaboration among private sectors, public institutions, 

academia, and farmers. This multi-stakeholder approach will not only promote 

environmental sustainability but also support food security and rural 

development. 
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INTRODUCTION 

Soil is considered to be one of the most fundamental resources for 

sustaining life, yet its inherent complexity is frequently disregarded. Humans 

engage in a variety of activities on the land, including walking, farming, and 

construction, yet often neglect to consider its fundamental functions. It is vital 

for sustaining life, supporting agricultural practices, and regulating the climate. 

This article will explore the multifaceted world of soil, including the organisms 

that inhabit it, the ecological functions it fulfils, and the threats it faces. 

Soil, which is largely invisible and silent, is the foundation of life on 

Earth. It is therefore vital to understand its processes if we are to ensure 

environmental and agricultural sustainability. The phrase "below the surface of 

the soil" is used to denote the entirety of that which exists beneath the Earth's 

uppermost layer, a realm characterised by abundant life and activity. Soil itself 

is a complex system of mineral particles, organic matter, microorganisms, water 

and air, with an even more complex environment underneath. 

Although soil may appear to be a simple and unremarkable component 

of the Earth's surface, it in fact harbors a complex and dynamic ecosystem that 

supports nearly all terrestrial life. Despite its vital role in the sustainability of 

life, soil is often perceived merely as a medium that facilitates plant growth. 

However, this perspective falls short of capturing the richness and depth of the 

intricate processes taking place beneath the surface. From microbial activities 

in the rhizosphere to the interactions between soil particles and organic matter, 

the world below is far from "silent"—rather, it is a vibrant environment in 

which countless organisms are engaged in continuous cycles of life, death, and 

renewal. 

This study seeks to explore the often-overlooked significance of soil as 

a living system, examining its structure, functions, and role in sustaining life on 

Earth. By delving into the microbial, physical, and chemical processes that 

define the soil environment, it aims to highlight the soil’s interconnectedness 

with broader ecological and environmental systems. Furthermore, 

understanding the biological complexity of soil has profound implications for 

agriculture, biodiversity conservation, and the fight against climate change. 

This text provides a foundation for recognizing soil as a dynamic resource that 

warrants careful study and protection. 
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Soil: The Foundation of Life 

Soil, in its simplest form, is a mixture of minerals, organic matter, 

water, and air. Mineral components formed from the decomposition of rocks 

provide the soil's basic structure and contain the nutrients necessary for plant 

growth. However, the true life-giving element of soil is organic matter, 

commonly called "humus." This material, mixed with the soil through the decay 

of plant and animal remains, provides a rich microbial environment. Soil 

consists of layers that vary in composition, texture, and biological activity. 

 

O Layer: The top layer is rich in organic matter and consists of 

decaying plant and animal remains. 

 

Layer A (Topsoil): Contains a mixture of organic matter and 

minerals. 

 

Layer B (Subsoil): The accumulation of minerals leached from the 

upper layers. 

 

Layer C (C Layer): Made up of weathered bedrock. 

 

R Layer: Bedrock, which is the source of soil formation. 

The physical structure of soil (texture, porosity, etc.) affects plant and 

microbial life by determining its capacity to retain water, nutrients and gases. 

For example, sandy soils filter water quickly but are less fertile, while clay soils 

retain water and nutrients but can become compacted and inhibit root growth. 

These balances directly determine soil fertility and its ability to support life. 

 

Soil Composition 

Soil is a dynamic and heterogeneous medium composed of mineral 

particles, organic matter, air, and water. While its composition may vary across 

different ecosystems, all soils share a fundamental structure. These components 

play critical roles in soil functions such as nutrient cycling, water retention, and 

providing habitat for various organisms. 
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1.Mineral Particles 

Mineral particles in the soil are primarily derived from the weathering of 

rocks and are classified according to their size. There are three main particle 

size categories: sand, silt, and clay. These particles contribute to the texture of 

the soil, which in turn influences its permeability, water-holding capacity, and 

nutrient retention ability. Sandy soils, characterized by larger particles, allow 

for efficient water drainage but retain fewer nutrients. In contrast, clay soils 

contain finer particles, which enhance the retention of water and nutrients, 

although they have lower permeability. 

 

2. Organic Matter 

Organic matter consists of decomposed plant and animal material. It is a 

vital component of soil, enhancing soil structure, supplying nutrients, and 

supporting the growth of soil organisms. The decomposition of organic matter 

releases essential nutrients such as nitrogen, phosphorus, and sulfur into the 

soil. Humus, a dark, stable form of organic matter, improves soil fertility by 

retaining water and nutrients, thus providing a favorable environment for plant 

growth. 

 

3. Air and Water 

Soil also contains air and water, which are essential for sustaining life. 

The pores within the soil provide space for gas exchange and water movement, 

both of which are critical for the survival of plants and microorganisms. The 

balance between soil moisture and air content is crucial for plant health, as 

excessive water can deplete oxygen and cause root rot, while insufficient water 

can lead to drought stress. 

 

Soil Microbial Life: The Hidden Network 

Beneath the soil surface lies an invisible yet highly diverse ecosystem of 

microorganisms. Soil hosts a vast array of organisms, including bacteria, fungi, 

protozoa, nematodes, and other microbes. These microorganisms play essential 

roles in nutrient cycling, organic matter decomposition, and the maintenance of 

overall soil health. 
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One of the most fascinating aspects of soil is the diversity and abundance 

of its microbial life. Soils are teeming with billions of bacteria, fungi, protozoa, 

and nematodes. These microorganisms break down organic matter to facilitate 

nutrient cycling, form symbiotic relationships with plant roots, and contribute 

significantly to soil fertility. 

- Bacteria play a critical role in the nitrogen cycle by converting 

atmospheric nitrogen into forms usable by plants. 

- Fungi form mutualistic relationships with plant roots known as 

mycorrhizae, enhancing water and nutrient uptake. 

- Visible soil organisms, such as earthworms, enrich the soil by 

consuming organic matter and improving soil structure. 

These processes are particularly concentrated in the rhizosphere—the 

region surrounding plant roots. Organic compounds secreted by roots serve as 

a food source for microorganisms, which in return enhance soil structure and 

nutrient availability. 

Although modern molecular techniques have significantly advanced our 

understanding of soil microbiota, the complex interactions among these 

organisms are still not fully understood. A deeper understanding of soil ecology 

is essential for developing sustainable agricultural practices and addressing 

challenges related to climate change. 

 

1. Decomposers 

Soil decomposers, including bacteria and fungi, break down organic 

matter into simpler compounds. This decomposition process releases essential 

nutrients necessary for plant growth, thereby supporting nutrient cycling. 

Additionally, the activity of decomposers contributes to the formation of 

humus, which enhances soil structure and fertility. 

 

2. Symbiotic Relationships 

Certain soil microbes establish symbiotic relationships with plants. For 

example, mycorrhizal fungi form mutual associations with plant roots. These 

fungi extend their hyphal networks through the soil, increasing the plant’s 

access to water and nutrients such as phosphorus. In return, the plant provides 

the fungi with carbohydrates produced through photosynthesis. 
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Certain bacteria, such as Rhizobium, form symbiotic relationships with 

leguminous plants, converting atmospheric nitrogen into a form that plants can 

utilize. This process is vital for maintaining the nitrogen cycle in soils and plays 

a significant role in reducing reliance on synthetic fertilizers. 

 

Soil as a Habitat 

Soil serves as a habitat for a wide range of organisms, from microscopic 

bacteria to larger organisms such as earthworms, insects, and small mammals. 

These organisms interact within complex food webs and contribute to soil 

health and nutrient cycling. 

Soil is home to a vast array of living organisms, including earthworms, 

insects, bacteria, fungi, and other microorganisms. These organisms play key 

roles in decomposing organic matter, recycling nutrients, and supporting plant 

growth. 

- Earthworms improve soil structure by aerating the soil. 

- Fungi decompose organic matter and form symbiotic relationships 

with plant roots. 

- Bacteria contribute to nutrient cycling by breaking down organic 

compounds. 

 

1. Earthworms 

Earthworms are often referred to as "ecosystem engineers" due to their 

significant influence on soil structure. Their burrowing and feeding activities 

create channels that facilitate air and water movement, thereby improving soil 

aeration and drainage. Furthermore, earthworms incorporate organic matter 

into the soil and assist in nutrient cycling. 

 

2. Soil Invertebrates 

Soil is also inhabited by a diverse group of invertebrates, including 

insects, ants, and nematodes. These organisms perform essential functions such 

as decomposing organic material, recycling nutrients, and regulating the 

populations of other soil organisms. 

 

 



THE FUTURE OF AGRO-ECOSYSTEMS IN THE PROCESS OF CLIMATE CHANGE | 314 

 

Ecological Functions of Soil 

Soil performs a multitude of ecological functions that are essential for 

the conservation of biodiversity and the sustainability of life on Earth. 

 

1. Nutrient Cycling 

Soil is a crucial component of nutrient cycling. It stores essential 

nutrients required by plants, such as nitrogen, phosphorus, and potassium. Soil 

microorganisms facilitate the decomposition of organic matter, thereby 

releasing these nutrients in forms accessible to plants. Through this process, 

soil maintains a balanced supply of nutrients that supports plant growth. 

 

2. Water Regulation 

Soil plays a vital role in regulating water flow across landscapes. It 

absorbs and retains rainfall, reducing surface runoff and the risk of flooding. 

Moreover, soil gradually releases this stored water through evaporation and 

transpiration, contributing to the maintenance of groundwater levels. The 

water-holding capacity of soil is influenced by its texture and structure; clay-

rich soils generally retain more moisture than sandy soils. 

 

3. Carbon Storage 

Soil acts as a significant carbon sink by storing large amounts of carbon 

in the form of organic matter. This function is critical in mitigating climate 

change, as it helps reduce the concentration of carbon dioxide in the 

atmosphere. In fact, soil can store more carbon than the atmosphere and 

terrestrial vegetation combined, making it a key component of the global carbon 

cycle. By storing atmospheric carbon as organic matter, soil can slow the 

progression of climate change. However, this capacity is threatened by 

deforestation, erosion, and unsustainable agricultural practices. Maintaining 

healthy soils is essential for enhancing climate resilience. 

 

4. Plant Roots 

Roots are the most prominent structures underground. They anchor 

plants in the soil and absorb water and nutrients from the soil. Depending on 
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the plant species, roots can extend deep into the soil, forming a vast network 

that supports life above ground. 

 

Soil: The Vital Link 

Soil is not only physical support for plants but also a source of water and 

nutrients. Elements such as nitrogen, phosphorus, and potassium are essential 

for photosynthesis and growth. Plants feed soil microorganisms through their 

roots, and in return, the soil gains organic matter from the carbon fixed by the 

plants. 

However, modern agricultural practices (monoculture, chemical 

fertilizers, etc.) disrupt this delicate balance, leading to soil degradation. 

Sustainable agriculture should ensure food security and environmental 

sustainability by focusing on soil health. 

 

Human Impact and Soil 

Human activities have a profound impact on soil health and significantly 

impact the soil's ability to perform its functions. Deforestation, agriculture, 

urbanization, and pollution have led to soil erosion and the loss of ecosystem 

services. 

 

1. Soil Erosion 

Soil erosion is a significant problem due to deforestation, overgrazing, 

and intensive agricultural practices. In areas devoid of vegetation, wind and 

water can easily remove the topsoil, which contains most of the soil's nutrients. 

Erosion leads to a loss of soil fertility and can lead to desertification in 

vulnerable areas. 

 

2. Soil Compaction 

Soil compaction occurs when soil particles compress each other, 

reducing pore space and restricting the movement of air and water. Heavy 

machinery used in agriculture and construction can cause soil compaction, 

which makes it difficult for plant roots to penetrate the soil and reduces the 

soil's water and nutrient retention capacity. 
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3. Pollution 

Chemicals such as pesticides, heavy metals, and industrial wastes cause 

soil pollution, posing a significant threat to soil health. These pollutants can 

weaken soil organisms, reduce biodiversity, and contaminate the food chain. 

Persistent pollutants such as pesticides can also affect the soil's ability to 

support healthy plant growth. 

 

The Future of Soil Management 

Given the critical importance of soil, sustainable management practices 

are essential to maintain soil health and ensure that soil continues to provide 

ecosystem services. Sustainable agriculture, reforestation and soil conservation 

efforts are important strategies to maintain soil quality. 

 

1. Sustainable Agriculture 

Sustainable agricultural practices, methods such as crop rotation, 

reduced tillage and organic farming can help maintain soil fertility, prevent 

erosion and reduce the need for synthetic fertilizers and pesticides. These 

practices aim to sustain long-term productivity by focusing on working with 

the soil in harmony with natural processes. 

 

2. Soil Conservation 

Soil conservation includes practices that reduce erosion and protect soil 

from degradation. Farming on slopes, terracing and using protective vegetation 

can help prevent soil loss and increase water-holding capacity. 

 

3. Tackling Climate Change 

Soil management is also an important tool in the fight against climate 

change. By adopting practices that increase carbon storage, such as agro-

forestry and no-till farming, we can increase soil's ability to store carbon and 

mitigate the effects of global warming. 

 

7. Conclusion 

Soil is more than just a passive environment for plant growth; it is a 

dynamic and living environment that supports the life of living things in ways 
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we do not yet fully understand. The complex network of microorganisms, the 

physical properties of soil and the ecosystem services it provides are vital for 

sustaining life on Earth. As we face global challenges such as climate change, 

biodiversity loss and soil erosion, it is critical that we recognize the importance 

of soil and work on sustainable management practices to protect this precious 

resource. A quiet life, indeed, but one that supports and sustains the complex 

web of life on Earth. 
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1. INTRODUCTION 

Cotton (Gossypium hirsutum), a member of the Malvaceae family, is a 

critically important industrial crop. Under favorable conditions, cotton exhibits 

continuous growth by producing leaves, flowers, and bolls (Chalise et al., 

2022). The plant has an upright, branched, and hairy stem, with lobed, heart-

shaped leaves. Its taproots can reach depths of 30 to 100 cm, and the fruit—

commonly referred to as the boll—is a 3- to 5-loculed capsule (Khalili, 2023). 

Initially cultivated to meet clothing needs, cotton has since evolved into 

a globally significant economic crop (Çopur, 2018). Today, its fiber is used 

extensively in the textile industry; its linters are utilized in the paper, furniture, 

and cellulose sectors; the seed serves the oil industry; and its hulls and meal are 

important in the feed industry (Khalili, 2023). Furthermore, the increasing use 

of cottonseed oil in biodiesel production positions cotton as a potential 

alternative to petroleum in the long term (Khalili, 2023). 

Although cotton can grow in various soil types, deep-profile alluvial soils 

are essential for high yield and quality fiber (Evcim & Değirmencioğlu, 2007). 

In Turkey, cotton cultivation dates back to 330 BC, but it flourished particularly 

during the Seljuk period in the 11th century and the Ottoman Empire in the 14th 

century (Yurtoğlu, 2020). Today, cotton farming remains a vital agricultural 

activity for Turkey, often referred to as “White Gold” due to its economic 

significance (Khalili, 2023). 

As in many countries, cotton cultivation holds a prominent place within 

the agricultural sector in Turkey. In the 2022/2023 season, approximately 

573,000 hectares were planted with cotton, yielding around 1.017 million tons 

of lint cotton (TÜİK, 2023). Production is concentrated in three major regions: 

Southeastern Anatolia, the Aegean, and Çukurova. About 55% of national 

production comes from Southeastern Anatolia, making it the leading region in 

cotton production (TÜİK, 2023). 

Şanlıurfa province is the epicenter of cotton cultivation in Turkey. In the 

2022/2023 season, 2,424,783 decares were planted in this province alone, 

producing 408,055 tons of lint cotton. These figures underscore Şanlıurfa’s 

dominant role in terms of both cultivation area and production volume (TÜİK, 

2023). 
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2. Climatic Requirements of Cotton and the Impact of 

Temperature Fluctuations 

Cotton yield, growth, and development are highly sensitive to 

environmental conditions. Temperature fluctuations significantly influence 

these processes, with yield variations reaching up to 70% (Farooq et al., 2015; 

Luo et al., 2014; Nasim et al., 2016; Rahman et al., 2017). When a short-term 

increase in temperature exceeds a plant's thermal tolerance, it results in heat 

stress (Gür et al., 2010). Heat stress is often accompanied by other abiotic 

stresses, such as drought (Rehman, 2006). 

Heat stress reduces yield potential, and it is estimated that plants can only 

achieve about 25% of their genetic yield potential under combined 

environmental stress conditions (Boyer, 1982). Increased temperatures and 

altered precipitation patterns pose significant challenges to achieving consistent 

and high cotton yields (Gwimbi & Mundoga, 2010; Iqbal et al., 2016). The 

optimal temperature for cotton growth is around 33°C, while temperatures 

exceeding 36°C lead to significant reductions in boll retention (Luo, 2011; 

Nasim et al., 2016). Heat stress, therefore, represents a serious global threat to 

cotton productivity (Hall, 2001). 

High temperatures affect cotton plants in various ways, inducing 

morphological, physiological, and biochemical changes that reduce 

performance and lint production. Heat stress impacts seed germination, 

seedling development, and root growth. Optimal temperatures for germination 

and early seedling development range between 28–30°C, and maximum root 

growth occurs at day/night temperatures of 30/22–35/27°C. However, at 

40/32°C, root architecture is negatively altered, limiting root depth (Reddy et 

al., 1997a, b). While temperatures just above 30°C may enhance germination 

and early seedling growth, exceeding 40°C can have detrimental effects. Heat-

tolerant genotypes may exhibit acquired thermo-tolerance between 37.7–40°C 

(Burke, 2001). 

Although cotton has a well-defined growth pattern, this development is 

largely temperature-dependent (Iqbal et al., 2016). Elevated temperatures often 

accelerate plant growth and lead to earlier maturity, which can prevent the plant 

from fully expressing its genetic potential (Reddy & Zhao, 2005). 

Developmental processes accelerate with rising daytime temperatures (Reddy 

et al., 1996), although leaf expansion is more pronounced under low-light or 
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dark conditions (Krieg & Sung, 1986). Rising temperatures during the growing 

season can shorten the crop cycle by up to 24 days, and a 5°C increase in global 

average temperature could reduce the time from germination to maturity by as 

much as 35 days (Reddy et al., 1997a, b). Leaves are particularly sensitive to 

temperature changes early in development; three weeks post-emergence, leaf 

expansion at 28–30°C can be 6–8 times greater than at 20–21°C (Reddy et al., 

1992a, b, c; 1997a, b). 

In contrast to roots, cotton shoots require higher temperatures for optimal 

growth (Pearson et al., 1970). Cooler temperatures slow down growth and 

development, leading to the accumulation of metabolites and excessive 

vegetative branching (Reddy et al., 1992a, b, c). As a result, higher daytime 

temperatures are not conducive to excessive vegetative growth. Temperatures 

above 30/22°C during early development support stem elongation and fruiting 

branch formation, with an associated increase in boll-setting nodes (Reddy et 

al., 1992a, b, c). Meanwhile, night temperatures play a critical role in 

controlling the onset of flowering. For example, a night temperature of 25°C 

delayed flowering and fruiting branch initiation in upland cotton (Mauney, 

1966), and boll maturation was also delayed under lower night temperatures 

(Gipson & Joham, 1969). 

Temperature fluctuations significantly impact cotton growth and 

potential yield (Nasim et al., 2011; Luo et al., 2014; Rahman et al., 2017). While 

the plant grows optimally at 33°C, fruit set drops markedly at temperatures 

exceeding 36°C (Luo, 2011; Singh et al., 2007). High temperatures disrupt 

carbohydrate production and assimilation, leading to increased boll shedding, 

malformed (parrot-beaked) bolls, reduced fiber quality, and overall yield losses 

(Hatfield et al., 2008; Oosterhuis, 2009). 

Among various developmental stages, the reproductive phase—

including floral development and fertilization—is the most sensitive to heat 

stress (Zinn et al., 2010). Adverse weather conditions can negatively affect 

ovule development, pollen viability, and anther dehiscence (Zinn et al., 2010; 

Young et al., 2004). Although viable pollen is essential for successful 

fertilization, it is highly susceptible to elevated temperatures (Kakani et al., 

2005). Consequently, heat stress during anthesis may hinder fertilization, 

resulting in fewer seeds and boll formation (Kakani et al., 2005; Reddy et al., 

1992a, b, c; Snider et al., 2009). 
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3. Effects of Temperature Variations on Fiber Quality 

Since cotton fiber develops on the surface of seeds within the boll, the 

number of seeds per boll and the number of ovules per locule significantly 

influence both the quantity and quality of the resulting fiber (Stewart, 1986). 

Variations in seed number within a boll may indicate inadequate fertilization or 

post-fertilization embryo abortion, both of which are influenced by genetic 

factors as well as adverse environmental conditions (Stewart, 1986; Karmakar 

et al., 2016). 

Rising temperatures accelerate plant growth and developmental 

processes (Ziska & Bunce, 1997); however, when temperatures exceed optimal 

thresholds, crop performance is adversely affected. Cotton is sensitive to heat 

stress at all growth stages, with the fruiting stage being the most vulnerable 

(Snider et al., 2009, 2010, 2011). For instance, a 1°C increase in temperature 

has been shown to hasten the appearance of squares, flowers, and mature bolls 

by 1.6, 3.1, and 6.9 days, respectively (Reddy et al., 1997a, b). Heat stress 

disrupts and shortens the fruit maturation period, ultimately limiting 

productivity and increasing fruit shedding, leading to smaller bolls and reduced 

yields (Reddy et al., 1999; Zhao et al., 2005). 

Fruit retention is highly sensitive to elevated temperature stress, and the 

duration of such stress is a critical factor in determining the fruit load a plant 

can carry. The optimal temperature range for healthy cotton growth is 20–32°C 

(Mohamed & Abdel-Hamid, 2013). The ideal temperature conditions for 

maximum boll number and fiber yield are reported to be 30°C during the day 

and 22°C at night (Burke et al., 1988; Reddy et al., 1996). Reddy et al. (1992a, 

b, c) found that a temperature of 30/32°C was optimal for achieving the highest 

boll weight. When the average daily temperature reached 33°C, cotton plants 

retained only 50% of their bolls, while at 36°C, fruit retention ceased entirely. 

Young bolls are particularly sensitive to heat stress, often aborting when the 

daily mean temperature exceeds 32°C (Reddy et al., 1996). However, cotton 

can tolerate very high temperatures (43–45°C) for short periods, provided that 

adequate soil moisture is available. Among C3 plants, cotton exhibits relatively 

higher heat tolerance; nevertheless, supra-optimal temperatures promote square 

and boll abscission, resulting in sharp yield declines (Schlenker & Roberts, 

2009). Both the intensity and duration of heat stress are critical determinants of 

fruit retention, and high night temperatures during the fruiting stage are 
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especially detrimental compared to daytime heat. Research has shown that 

elevated night temperatures increase respiration rates, reduce soluble 

carbohydrate concentrations in leaves, and contribute to higher fruit drop, thus 

significantly reducing productivity (Loka & Oosterhuis, 2010). 

Cotton is primarily cultivated for its fibers, which consist of more than 

85% cellulose. Cellulose is a linear polysaccharide composed of glucose 

molecules linked by β-1,4-glycosidic bonds. The optimal temperature range for 

cellulose synthesis is reported to be 25–30°C; synthesis declines when 

temperatures fall below or rise above this range (Roberts et al., 1992). Sucrose, 

a carbohydrate produced via photosynthesis, is the primary substrate for 

cellulose biosynthesis (Tian et al., 2013); therefore, any fluctuations in sucrose 

levels directly impact cellulose production. 

The photosynthetic capacity of cotton plants decreases when the average 

daily temperature exceeds 32°C (Crafts-Brandner & Salvucci, 2000), which in 

turn reduces sucrose availability. A stable photosynthetic rate under varying 

environmental conditions is essential for the production of high-quality fiber. 

Under favourable temperature conditions, a single cotton seed can produce 

approximately 12,000–15,000 fibers. 

Adequate carbohydrate supply is critical for healthy fiber development. 

Adverse conditions such as high temperatures can impair carbohydrate 

assimilation, resulting in reductions in seed number, seed size, fiber count per 

seed, and fiber weight per seed, all of which contribute to yield losses (Arevalo 

et al., 2004; Oosterhuis, 1999). Temperature fluctuations have pronounced 

effects on cotton fiber properties, which can vary depending on specific 

environmental contexts. Fiber quality is determined by several parameters—

such as fiber length, strength, and fineness (micronaire value)—that exhibit 

varying degrees of sensitivity to environmental conditions (Gou et al., 2007; 

Pettigrew, 2008). Elevated temperatures may lead to altered fiber 

characteristics, including higher micronaire values, increased fiber strength, 

and enhanced fiber maturity (Ton, 2011). 

While improved fiber strength and maturity are desirable, higher 

micronaire values are economically unfavourable. Temperature fluctuations 

exert significant influence over fiber quality traits (Pettigrew, 2008), 

particularly affecting fiber strength during secondary cell wall thickening 

(Ruan, 2007). An average daily temperature of 26°C is considered optimal for 
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fiber development (Rahman et al., 2007), whereas temperatures above 30°C or 

peak daytime temperatures exceeding 35°C inhibit the formation of high-

quality fibers, depending on the duration of heat exposure (Pettigrew, 2001; 

Oosterhuis, 1999; Rahman et al., 2007). Similarly, night temperatures also 

influence fiber quality. Maximum fiber length occurs when night temperatures 

range between 15 and 21°C; lengths decline when night temperatures rise above 

21°C or fall below 15°C (Pettigrew, 2008; Zhang et al., 2012). At both the upper 

and lower thermal limits, fiber output per boll, fiber index, and fiber percentage 

tend to decrease. 

 

4. Osmolytes That Mitigate Temperature Stress in Cotton 

4.1. Salicylic Acid 

Plants are frequently exposed to various abiotic stress factors during their 

growth, development, and production phases, which prevent them from 

achieving optimal yield and quality. Salicylic acid (SA), a seven-carbon 

phenolic compound initially isolated from willow bark, is endogenously 

synthesized by plants and can also be applied exogenously. SA has emerged as 

a key plant defence hormone with critical roles in different aspects of plant 

immunity (Zhang & Li, 2019; Sharma et al., 2022a). 

Salicylic acid enhances plant tolerance to stress conditions and is 

involved in mitigating a range of abiotic stress factors such as metal toxicity, 

drought, high salinity, cold, and heat. Once synthesized by the plant or applied 

externally, SA is transported through the phloem to various plant organs 

(Rocher et al., 2006; Culpan & Arslan, 2018). It plays a central role in the 

plant’s tolerance to both biotic and abiotic stresses and functions as a key 

signalling molecule that regulates growth, development, and defence responses 

under stress conditions (Dong et al., 2015). 

Moreover, SA plays a vital role in the functioning of guard cells, which 

are essential for stomatal closure, and in maintaining photosynthesis under 

stress (Sharma et al., 2022b). In plants subjected to abiotic stress, salicylic acid 

has been shown to enhance antioxidant activity and reduce the levels of reactive 

oxygen species (ROS), thereby alleviating oxidative damage. These properties 

highlight SA’s importance in mitigating the adverse effects of both biotic and 

abiotic stresses on plants (El-Sherif, 2022). 
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4.2. Proline 

To mitigate the adverse effects of environmental stress factors, various 

osmolytes are externally applied to plants; among them, the amino acid proline 

is particularly favoured due to its effectiveness across a wide range of plant 

species (Hare & Cress, 1997). Proline is an organic compound that accumulates 

in higher plants in response to environmental stresses and increases in 

concentration under such conditions (Kishore et al., 2005; Ashraf & Foolad, 

2007; Verbruggen & Hermans, 2008; Ali & Ashraf, 2011). As an osmolyte, 

proline regulates intracellular osmotic pressure during stress, stabilizes 

subcellular structures such as membranes and proteins, scavenges free radicals, 

and contributes to the maintenance of intracellular redox homeostasis (Ashraf 

& Foolad, 2007; Ali & Ashraf, 2011; Moustakas et al., 2011). 

 

4.3. Jasmonic Acid (JA) 

Jasmonic acid is a phytohormone that plays a vital role in plant growth 

and development, and it has demonstrated strong potential in alleviating the 

detrimental effects of salinity stress. JA enhances plant tolerance to stress by 

modulating morphological, physiological, and biochemical responses (Rehman 

et al., 2023). Studies have shown that JA application can increase chlorophyll 

synthesis (Ali et al., 2022a, b), enhance antioxidant activity, promote osmolyte 

accumulation, and help maintain membrane stability under saline conditions 

(Zhu et al., 2022a, b). 

 

4.4. Glycine Betaine (GB) 

Glycine betaine is a crucial Osmo protectant actively utilized by plants, 

particularly in arid environments with limited water availability (Singh et al., 

2015). Under drought conditions, GB helps maintain cellular water potential by 

compensating for loss of turgor pressure and contributes to osmotic balance 

(Mukarram et al., 2021). This represents a dynamic physiological response that 

tactically regulates water uptake. Drought leads to reduced transpiration rates, 

aiding in resource conservation (Ghadirnezhad Shiade et al., 2023). GB also 

provides long-term protection against drought-induced damage by stabilizing 

proteins and membranes (Upadhyaya & Panda, 2019). Plants engineered or 

selected for enhanced GB production exhibit competitive advantages in water-

limited regions, enabling them to survive in broader ecological niches and 
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contribute to ecosystem balance (Sá et al., 2019). In summary, the use of 

glycine betaine enhances plant resilience through key functions such as 

osmoregulation and water conservation while protecting cells from external 

environmental pressures (El Beltagi et al., 2022). 

 

5. Conclusion 

The increasing prevalence of heat stress due to global warming poses a 

significant threat to cotton production, both in terms of yield and fiber quality. 

Elevated temperatures negatively impact cotton plant development by reducing 

photosynthetic efficiency, increasing respiration rates, and disrupting critical 

physiological processes such as flowering and boll formation. These effects 

lead directly to yield losses and deterioration in fiber quality. To enhance the 

resilience of cotton plants against heat stress, a range of adaptive strategies have 

been developed. These include the adoption of appropriate agronomic 

practices, the development and use of heat-tolerant cultivars, the application of 

plant hormones (such as jasmonic acid and salicylic acid), and improved 

irrigation management. A multifaceted approach is essential to mitigate the 

adverse effects of rising temperatures on cotton production. 
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