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1. Introduction

Climate change has emerged in recent years as one of the most significant 
environmental challenges directly impacting agricultural production. 
The global rise in greenhouse gas emissions leads to increasing average 
temperatures and substantial shifts in precipitation regimes (Hatfield et al., 
2014). This situation results in consequences such as yield losses -particularly 
in water-dependent agricultural systems- increased production costs, changes 
in crop patterns, and risks to food security.

Due to its geographical location, Türkiye is under the influence of various 
climatic zones and exhibits a high sensitivity to climate change. Recent research 
reveals that average temperatures in Türkiye are rising, precipitation amounts 
are decreasing, and the frequency of droughts is increasing (MGM, 2023). 
This leads to serious outcomes, such as the depletion of water resources and 
an increased need for irrigation, especially in the Aegean, Central Anatolia, 
and Southeastern Anatolia regions where agricultural production is intensive.

The efficient, equitable, and sustainable management of water in 
agricultural production is a fundamental component of the climate change 
adaptation process. Approximately 70% of agricultural water use in Türkiye 
is for irrigation purposes, and a significant portion of this usage is managed 
through local organizations. Irrigation cooperatives stand out as local 
institutional structures that enable producers to act collectively, performing 
critical functions such as water distribution, operation of irrigation 
infrastructure, maintenance and repair activities, and energy management. 
In these respects, irrigation cooperatives are not merely technical service 
providers; they are also social structures that strengthen participatory 
governance, solidarity, and the sense of collective responsibility in rural areas.

In the literature, it is emphasized that climate change increases the 
pressure on agricultural production and water resources, particularly in 
the Mediterranean Basin; furthermore, temperature increases, irregular 
precipitation regimes, and the rising frequency of droughts have turned water 
management into a critical policy area (Türkeş et al., 2000; Lal, 2009; Kendirli 
et al., 2010; Bozkurt & Şen, 2011; Dellal et al. 2012; Demircan et al., 2013; 
Türkeş, 2019; MGM, 2023; 2024; Karahan & Pınar, 2023; Zobar et al., 2025). 
In this context, irrigation cooperatives are considered institutional structures 
that ensure the collective management of water resources at the local scale 
and gain increasing importance in the climate change adaptation process 
(Aküzüm et al., 2010; Taş et al., 2011; Ünver, 2016; Aküzüm et al., 2019; Altın 
& Barak, 2020; Islam, 2023). Various studies demonstrate that cooperative-
based water management approaches increase water use efficiency, strengthen 
coordination among producers, and contribute to the management of climate-
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related risks (Everest et al., 2019; Vu et al., 2023; Uysal & Yıldız, 2025). 
Moreover, modern irrigation techniques, digital monitoring systems, and 
energy-efficiency-based applications emerge as fundamental tools supporting 
both environmental and economic sustainability in agricultural production 
(Çakmak & Gökalp, 2011; 2013; 2015a; 2015b; Çaltı & Somuncu, 2019; 
Bildirici, 2024; Wang & Xu, 2025). National and international reports also 
highlight the strengthening of local institutional structures as a priority 
area in water governance and agricultural adaptation policies (TGDF, 2017; 
CIHEAM, 2020; OECD, 2021; FAO, 2022; World Bank, 2023; TÜİK, 2024).

As one of the major agricultural centers of the Aegean Region, the 
province of Izmir is among the regions that feel the effects of climate 
change intensely. Its multi-basin structure, encompassing the Gediz, Küçük 
Menderes, and Bakırçay basins, faces increasing pressure on water resources 
due to rising temperatures and irregular precipitation patterns; this situation 
renders the strategic importance of irrigation in agricultural production even 
more prominent (Bozkurt & Şen, 2011; Demircan et al., 2013; Türkeş, 2019; 
MGM, 2023; 2024, Zobar et al., 2025). The crop pattern in Izmir, which is 
widely cultivated in plant production and has high water demand, necessitates 
the sustainable management of groundwater and surface water resources. In 
this regard, irrigation cooperatives stand out as critical local actors in ensuring 
the efficient and equitable use of water. Regional plans and reports indicate 
that irrigation cooperatives operating in Izmir hold significant potential for 
maintaining the continuity of agricultural production, increasing water use 
efficiency, and strengthening the resilience of producers against climate risks 
(Atış et al., 2023; IZKA, 2023; TAGEM, 2023; Izmir Provincial Directorate 
of Environment, Urbanization and Climate Change, 2025).

By addressing the impacts of climate change on Turkish agriculture 
within a general framework, this study aims to evaluate the role of irrigation 
cooperatives in climate change adaptation through the case of Izmir province. 
The study examines the structure, spatial distribution, and functions of irrigation 
cooperatives in Izmir, discussing their current and potential contributions 
to water management, agricultural productivity, and rural development. 
Furthermore, by developing recommendations at the policy, management, 
and implementation levels to enhance the climate change adaptation capacity 
of irrigation cooperatives, it aims to provide a guiding framework for water 
management and agricultural policies. This study is a descriptive evaluation 
based on secondary data analysis and a literature review.

2. Impacts of Climate Change on Agriculture

Climate change creates direct and indirect effects on agricultural 
production in Türkiye, as it does on a global scale (Bozoğlu et al., 2019; 
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Karahan & Pinar, 2023; Candan Demirkol & Gündüzoğlu, 2025). Temperature 
increases, irregularities in precipitation regimes, the depletion of water 
resources, the rise in extreme weather events, and seasonal shifts threaten 
all agricultural systems, from crop production to livestock (Demircan et al., 
2013; Demircan, 2022; Demirtaş et al., 2023). Türkiye’s semi-arid climatic 
characteristics increase its vulnerability to climate change; this situation raises 
production costs, lowers farmers’ income levels, and amplifies food security 
risks, particularly in regions where water-dependent production systems are 
prevalent (TGDF, 2017; OECD, 2021). In this context, it is possible to examine 
the impacts of climate change on agricultural production under four main 
headings.

2.1. Temperature Increase and Precipitation Patterns

The temperature increases observed in Türkiye in recent years are leading 
to significant changes in crop production patterns. According to long-term 
data from the General Directorate of Meteorology (MGM), Türkiye’s average 
annual temperature rose from 13.2°C in the 1971–2000 period to 14.1°C in 
the 2000–2020 period (MGM, 2023). This increase causes plants to undergo 
water stress by raising the risk of drought, especially during the summer 
months (Demircan et al., 2013). Along with the temperature rise, significant 
changes have occurred in precipitation patterns. While a decrease in total 
precipitation has been experienced in the western and southern regions of 
Türkiye, the frequency of short-term but intense rainfall has increased in the 
Black Sea Region (World Bank, 2023). This situation has increased the risk of 
drought on one hand, and the likelihood of floods and overflows on the other. 
Water scarcity creates serious problems in the production of water-dependent 
crops (cotton, maize, vegetable species, etc.) in Southeastern Anatolia, Central 
Anatolia, and the inner parts of the Aegean (CIHEAM, 2020).

2.2. Depletion of Water Resources

One of the most critical impacts of climate change on Türkiye is the 
depletion of freshwater resources. With the annual amount of available water 
per capita falling below 1,300 m³, Türkiye is categorized among “water-
stressed countries” (OECD, 2021). Increasing temperatures and evaporation 
reduce water levels in lakes and dams, while the early melting of snow cover 
disrupts river regimes, creating imbalances in irrigation cycles (Aktaş, 2014). 
This process is becoming particularly evident in the Konya Basin, and the 
Büyük Menderes and Gediz basins. Excessive extraction of groundwater 
leads to a drop in the water table and an increase in salinity (Bozoğlu et al., 
2019). This situation is one of the most significant environmental problems 
threatening the sustainability of agricultural production.
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2.3. Decline in Agricultural Productivity

Climate change has direct negative effects on agricultural productivity 
in Türkiye. Rising temperatures, water scarcity, and drought conditions cause 
yield declines by creating stress during the growth periods of plants. The 
drought experienced in the Central Anatolia Region in 2021 reduced wheat 
yields by 30% in some provinces (TGDF, 2017; Plevneli et al., 2023). It has 
also been reported that temperature increases facilitate the spread of harmful 
organisms and plant diseases, creating additional pressure on production 
quality (Uysal & Yıldız, 2025). Shifts in early flowering or ripening periods 
seen in fruit and vegetable production lead to quality losses and difficulties in 
market planning.

2.4. Extreme Weather Events

Another consequence of climate change is the increase in the frequency 
and intensity of extreme weather events. The prolonged droughts experienced 
in Türkiye between 2020 and 2023 reduced dam occupancy rates and led to 
shorter irrigation seasons (World Bank, 2023). Furthermore, sudden rainfall, 
hail, storms, and heatwaves have caused serious yield losses in agricultural 
production (Yılmaz et al., 2025). Such events affect not only crop production 
but also agricultural infrastructure. The clogging of irrigation canals, the 
disruption of drainage systems, and rising energy costs create uncertainty in 
production planning. In particular, the increase in flood and hail events has 
raised the economic vulnerability of producers by increasing the burden on 
agricultural insurance systems (OECD, 2021).

In conclusion, climate change in Türkiye appears as a multi-dimensional 
environmental and socio-economic problem that threatens the sustainability 
of agricultural production. Therefore, the development of adaptation and 
resilience strategies in agricultural production is a priority requirement at the 
policy level.

3. The Role of Irrigation Cooperatives in Agriculture and Water 
Management

3.1. Efficiency in Operation of Irrigation Infrastructure and Water 
Distribution

One of the most fundamental functions of irrigation cooperatives is 
the operation and maintenance of irrigation infrastructure and ensuring the 
equitable distribution of water. In many regions of Türkiye, the operation of 
irrigation canals, pumping stations, and pressurized pipe networks is largely 
carried out by cooperatives. Reducing water losses, increasing on-farm water 
efficiency, and maintaining operating costs at a sustainable level are directly 
related to the institutional capacity of these cooperatives. Indeed, research 
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indicates that yield per unit of irrigation water in networks operated by 
cooperatives increases by 15–40%, while water loss rates decrease by 10–
30%. This efficiency ensures lower energy costs -especially in areas where 
groundwater is pumped- and makes irrigation periods more predictable. 
Furthermore, equitable water distribution reduces the risk of conflict among 
producers and prevents delays during the irrigation season.

3.2. Management Structure, Participation, and Decision-Making 
Processes

The success of irrigation cooperatives is closely linked not only to physical 
infrastructure but also to their organizational structure and the inclusiveness 
of their decision-making processes. The structure of cooperatives, based on 
democratic management principles, allows producers to participate actively 
in decision processes. When members collectively decide on issues ranging 
from water distribution schedules and infrastructure investments to water 
pricing policies and maintenance priorities, both legitimacy and institutional 
commitment are strengthened. Thanks to these participatory mechanisms:

•	 Disputes regarding water use are reduced,

•	 Trust and cooperation among producers are strengthened,

•	 The implementation rate of decisions increases,

•	 Problem-solving processes are accelerated.

In international literature, the participatory management model of 
cooperatives is considered one of the successful examples of “localization” 
and “multi-stakeholder governance” principles in water management.

3.3. Agricultural Productivity, Costs, and Economic Efficiency

Irrigation cooperatives play both direct and indirect roles in increasing 
agricultural income. Collectively operated irrigation infrastructures lower the 
energy, maintenance, and investment costs that producers would struggle to 
meet individually. This facilitates access to irrigation services, particularly 
for small-scale producers, and contributes to the continuity of production 
activities. From the perspective of economic efficiency, cooperativization 
provides the following advantages:

•	 Sharing of energy costs: In regions with pumping systems, distributing 
energy expenses according to the number of members significantly 
reduces the individual burden on producers (Bildirici, 2024).

•	 Reduction in maintenance and repair costs: Collective organization 
facilitates planned maintenance and allows for rapid intervention in 
case of malfunctions.
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•	 Yield increase: Regular and timely irrigation minimizes yield losses 
by supporting plant development.

•	 Increased bargaining power: Cooperatives empower producers in 
terms of energy tariffs, equipment procurement, and access to public 
subsidies (Everest et al., 2019; Uysal & Yıldız, 2025).

Studies in the literature reveal that in regions where irrigation cooperatives 
operate effectively, agricultural productivity per decare increases by 12–35%, 
while operating costs are reduced by 8–20% (Çakmak & Gökalp, 2011; 2013; 
2015a; 2015b; Caltı & Somuncu, 2019; Wang & Xu, 2025). These findings 
demonstrate that irrigation cooperatives are an important institutional tool 
not only for water supply but also for enhancing economic efficiency in 
agricultural production.

3.4. Technological Modernization and Digitalization in Water 
Management

In recent years, the use of digital technologies in agricultural water 
management has been steadily increasing. Pressurized irrigation systems, 
automatic control units, soil moisture sensors, meteorological stations, 
and remote monitoring software enable the precise management of water. 
Irrigation cooperatives act as a vital catalyst in the dissemination of these 
technologies. By sharing the cost of technology investments among members, 
cooperatives accelerate the transition to modern systems; they also facilitate 
the adaptation process by providing training and technical consultancy to 
producers. Through digitalization, water consumption is measured more 
accurately, irrigation timing is optimized, and energy efficiency is enhanced. 
These developments both strengthen climate change adaptation and support 
the sustainable use of water resources.

3.5. Socioeconomic Contributions and Role in Rural Development

Beyond supporting agricultural production, irrigation cooperatives make 
significant contributions to strengthening the rural social structure. Increased 
access to water and the regularization of irrigation services support the 
economic stability of rural households by raising agricultural productivity 
and income levels; this contributes to maintaining living standards in rural 
areas and reduces the tendency of the younger population to leave agriculture 
and migrate to cities (Ünver, 2016; Aküzüm et al., 2019).

The institutional presence of cooperatives allows for the development 
of local governance capacity in rural regions and enables communities to 
manage their own natural resources in a more effective, fair, and participatory 
manner. Collective decision-making processes conducted through irrigation 



8  . Dilek YÜCEL ENGİNDENİZ

cooperatives contribute to the strengthening of social capital among producers, 
the development of trust, and an increased capacity to solve common problems 
together (Everest et al., 2019; Vu et al., 2023). Moreover, by reinforcing 
the culture of organization at the local level, cooperatives create a suitable 
institutional ground for the emergence of other rural development initiatives 
such as marketing cooperatives, producer unions, and rural tourism. In this 
regard, irrigation cooperatives are regarded as integrated structures that 
bring together the economic, social, and institutional dimensions of rural 
development (Izmir Development Agency, 2023; Atış et al., 2023).

4. Structure and Distribution of Irrigation Cooperatives in Izmir 
Province

In Türkiye, cooperatives under the Ministry of Agriculture and Forestry 
are examined under two main groups according to their functions and 
purposes: (i) agricultural cooperatives and (ii) agricultural credit cooperatives. 
Agricultural cooperatives include agricultural development cooperatives, 
irrigation cooperatives, fishery cooperatives, and beet growers’ cooperatives.

According to data from the Ministry of Agriculture and Forestry, the 
highest proportion in terms of the number of cooperatives nationwide is 
observed in agricultural development cooperatives, followed by irrigation 
cooperatives and agricultural credit cooperatives, respectively. Total 
agricultural cooperatives constitute approximately 69% of all cooperatives 
in Türkiye. In terms of the number of members, beet growers’ cooperatives 
stand out. There are only 31 beet growers’ cooperatives across Türkiye, yet 
they have approximately 1.4 million members; this figure represents about 
56% of the total number of members of agricultural cooperatives. The 
primary reason for such a high number of members is that producers are 
mandatorily required to be cooperative members due to the quota system 
applied in beet production. In the ranking of member numbers, beet growers’ 
cooperatives are followed by agricultural credit cooperatives and agricultural 
development cooperatives. When agricultural organizations in Türkiye are 
examined, apart from the five main types of cooperatives under the Ministry 
(agricultural development, irrigation, fishery, beet growers, and agricultural 
credit), there are also different types such as agricultural sales cooperatives, 
tobacco production and marketing cooperatives, and fresh fruit and vegetable 
marketing cooperatives.

This general organizational structure and the distribution of cooperative 
types necessitate a more concrete evaluation of the position and importance 
of irrigation cooperatives within the Turkish agricultural system. Especially 
in a period when water-dependent production is increasing and the pressure 
of climate change on agricultural activities is intensifying, a temporal 
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examination of the numerical development and changes in the partnership 
structure of irrigation cooperatives is critically important for understanding 
the dynamics of this form of organization. In this context, the development 
trends shown by irrigation cooperatives over the years should be handled 
together with agricultural policies, rural development approaches, and 
structural transformations regarding water management.

Table 1, prepared based on data from the Ministry of Agriculture and 
Forestry, presents the numerical development of irrigation cooperatives in 
Türkiye during the 2000–2024 period, showing changes in the number of 
cooperatives and members from a holistic perspective. The table provides a 
quantitative basis for subsequent evaluations by allowing for the analysis of 
growth and contraction trends over time. When the data is examined, a steady 
increase in both the number of cooperatives and members is observed between 
2000 and 2015. This increase was driven by the expansion of localization 
policies in water management, the rise in rural development investments, and 
the acceleration of the transition to pressurized irrigation systems. Conversely, 
after 2015, a downward trend in the number of irrigation cooperatives emerged 
due to the significant rise in energy costs, economic uncertainties created 
by the COVID-19 pandemic, the increasing frequency of droughts, and the 
impacts of the climate crisis. However, it is noteworthy that despite the decline 
in the number of cooperatives during this period, the number of members 
remained largely protected or even showed a limited increase. This indicates 
that irrigation cooperatives maintain their importance for agricultural 
production and water management, and the need for producers for this type of 
organization continues. The decline in the number of cooperatives observed 
particularly in the 2023–2024 period is associated with the acceleration of 
liquidation and merger processes rather than a loss of function.

Table 1. Number of Irrigation Cooperatives and Members in Türkiye

Year
Number of 

Cooperatives 
(Units)

Number of 
Members 
(Persons)

Notes / Key Developments

2000 2,378 258,420 Localization steps in water management.
2005 2,455 275,600 Increase in rural development investments.
2010 2,512 294,150 Transition process to pressurized irrigation systems.
2015 2,540 310,420 Period of rising energy costs.
2020 2,505 318,850 Stagnation due to pandemic and drought effects.
2023 2,446 321,196 Decrease due to climate crisis and operating costs.
2024 2,446 319,500 Current liquidation and merger processes.

Source: Ministry of Agriculture and Forestry Statistical Bulletin — “Agricultural 
Organizations, 2024” (Official annual compilation, KoopBİS data).
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In Izmir, irrigation cooperatives continue their activities in districts where 
agricultural production is intensive and play a fundamental role in producers’ 
access to irrigation services despite dwindling water resources. There are 69 
active irrigation cooperatives operating across the city. These cooperatives 
serve a total of 12,657 members, and the average number of members per 
cooperative is calculated as 183.

According to data from the Ministry of Agriculture and Forestry and the 
Izmir Development Agency, irrigation cooperatives in Izmir operate in 18 
districts, with the spatial distribution of cooperatives concentrating in certain 
regions. In particular, the districts of Kemalpaşa, Ödemiş, Menderes, and 
Tire stand out as areas with the highest number of cooperatives. When the 
distribution of irrigation cooperatives in Izmir by district is examined, it is 
seen that they are spatially concentrated in specific regions. The distribution 
of a total of 69 cooperatives reflects both the level of water resource utilization 
and the intensity of agricultural activities.

Table 2. Distribution and Featured Characteristics of Irrigation Cooperatives in Izmir 
Province

District Number of 
Cooperatives

Percentage 
(%) Density / Featured Characteristics

Kemalpaşa 9 13.0 Highest number of cooperatives; fruit-
growing focus

Ödemiş 8 11.6 Large irrigable land and intensive 
livestock

Menderes 6 8.7 Greenhouse (protected) cultivation and 
vegetable production

Tire 6 8.7 Water management within the Greater 
Menderes Basin

Bergama 5 7.2 Large agricultural lands and modern 
infrastructure needs

Torbalı 5 7.2 Industry–agriculture balance and 
intensive field crop production

Bayındır 4 5.8 Irrigation for floriculture and sapling 
production

Menemen 4 5.8 Final station water management in the 
Gediz Basin

Others (10 
districts) 22 31.9 Foça, Kınık, Selçuk, Urla, etc.; 1–3 

cooperatives each
Total 69 100.0 12,657 total members

Source: Compiled from Izmir Development Agency (İZKA), 2023

The district with the highest number of irrigation cooperatives is 
Kemalpaşa, containing 13.0% (9 cooperatives) of the total. Kemalpaşa is 
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followed by Ödemiş (11.6%), Menderes (8.7%), and Tire (8.7%), which are 
important agricultural production centers. The primary reasons for the high 
number of irrigation cooperatives in these districts are the extensive presence 
of irrigable land, the intensity of agricultural production, and the necessity 
of organizing water management through collective structures. On the other 
hand, the number of cooperatives is also relatively high in districts such as 
Bergama (7.2%) and Torbalı (7.2%). Shared characteristics of these districts 
include large agricultural lands, diverse crop patterns, and the need for 
modern irrigation infrastructure. Districts with a low number of cooperatives 
include Foça, Kınık, Narlıdere, Selçuk, and Urla, each having only one 
cooperative (1.4%). This situation may indicate that agricultural production 
in these districts is more limited, or that irrigable areas are smaller in scale or 
scattered. Similarly, the low number of cooperatives is evaluated to be related 
to the mode of access to water resources and the specific characteristics of the 
production structure.

In general, the distribution in Izmir shows that irrigation cooperatives are 
clustered in districts where agricultural production is concentrated and water 
dependency is high. This spatial pattern is closely related to urban and rural 
development trends, topography, and the accessibility of water resources.

Regarding member counts, a significant portion of irrigation cooperatives 
are concentrated in the 101–500 member range. Cooperatives with more than 
500 members are found only among those established between 1961 and 
1980. This indicates that older cooperatives have gathered more members 
over time, while member counts in newly established cooperatives remain 
relatively lower. Therefore, it can be said that as the year of establishment 
becomes more recent, the number of members tends to decrease. This trend 
can be associated with factors such as changes in the number of producers, 
the shrinking of irrigation areas, or new initiatives starting on a smaller scale.

Table 3. Distribution of Irrigation Cooperatives in Izmir Province by Member Count 
Range

Member Count Range Number of Irrigation Cooperatives
7–10 2
11–50 12
51–100 13
101–500 39
501–1000 3
1001 and above 0
TOTAL 69

Source: Izmir Development Agency (İZKA), 2023.



12  . Dilek YÜCEL ENGİNDENİZ

5. Irrigation Cooperatives in Climate Change Adaptation in Izmir 
Province

Agricultural production in Türkiye is largely dependent on irrigation, 
and the effective management of water resources stands out as a decisive 
factor in the climate change adaptation process (Bozoğlu et al., 2019; FAO, 
2022). Izmir, which encompasses the Gediz, Küçük Menderes, and Bakırçay 
basins, is one of the provinces experiencing this process most vividly due to 
both its agricultural production intensity and the pressure on water resources. 
In this context, irrigation cooperatives emerge not only as structures that 
organize water distribution but also as strategic actors that provide producers 
with access to technical knowledge, manage collective decision-making 
processes, and increase adaptation capacity against climate risks. This section 
discusses the role of irrigation cooperatives in Izmir regarding climate change 
adaptation through the dimensions of collective water management, modern 
irrigation practices, producer training, and risk management.

5.1. Collective Water Management

Agricultural irrigation in Izmir relies heavily on limited surface and 
groundwater resources. Particularly in the Gediz and Küçük Menderes basins, 
the decline in groundwater levels and the increasing frequency of droughts 
have necessitated the planned and balanced use of water. At this point, 
irrigation cooperatives develop collective management mechanisms that 
ensure the equitable sharing of water among producers. These mechanisms 
include preparing irrigation schedules based on seasonal precipitation and 
meteorological data, directing water to priority crops during drought periods, 
and limiting excessive water extraction. Irrigation cooperatives in Izmir 
implement water management plans that individual producers struggle to apply 
alone through joint decision-making processes. This situation both reduces 
potential conflicts among producers and contributes to the sustainable use of 
water resources. Collective water management also plays an important role in 
reducing the risks of salinity and soil degradation (Aktaş, 2014; Ciampittiello 
et al., 2024; Abdourhimou et al., 2025).

The most advanced example of this collective management is the Bayındır 
Hasköy Irrigation Cooperative. In cooperation with the local government, the 
cooperative distributes “Class A” reclaimed water from the IZSU treatment 
plant to its members, thereby offering a resilient circular agriculture model 
against climate change by reducing the pressure on groundwater.

5.2. Dissemination of Modern Irrigation Techniques

One of the primary strategies of irrigation cooperatives in Izmir during the 
climate change adaptation process is the dissemination of water-saving modern 
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irrigation techniques. Drip and sprinkler irrigation systems significantly 
reduce water use compared to traditional flood irrigation methods and 
increase yield per unit area (FAO, 2022). Particularly in the Küçük Menderes 
Basin, producers who have transitioned to pressurized irrigation systems 
observe both a decrease in water consumption and a drop in production costs. 
However, many irrigation infrastructures in Izmir are old and based on open 
channels, which increases water losses. Infrastructure modernization works 
carried out by irrigation cooperatives include transitioning to closed pipe 
systems and using energy-efficient pumps. These applications not only reduce 
water losses but also strengthen the economic resilience of producers against 
rising energy costs.

Within the scope of modernization efforts, high-pressure underground 
pipe systems (Closed-Circuit) are being installed instead of old concrete 
canals in the Ödemiş and Kiraz basins. Furthermore, to combat rising energy 
costs, structures like the Dikili Yahşibey Irrigation Cooperative have reduced 
the cost of extracting water from deep wells by 40-60% by establishing 
Solar Power Plants (SPP). These practices directly strengthen the economic 
durability of the producers (Izmir Provincial Directorate of Environment, 
Urbanization and Climate Change, 2025).

As seen in the case of the Tire Karateke Irrigation Cooperative, practical 
training provided to producers within the scope of EU-supported projects 
promotes the use of sensor technologies and digital agricultural tools, 
ensuring the spread of precision farming practices. It is emphasized in the 
literature that such applications contribute to more effective water use and the 
prevention of yield losses through soil moisture monitoring (CIHEAM, 2020; 
Wang & Xu, 2025).

5.3. Producer Training and Awareness Raising

Irrigation cooperatives also play a major role in producer training and 
awareness activities, which constitute the social dimension of the climate 
change adaptation process in Izmir. Trainings organized through cooperatives 
cover topics such as choosing drought-resistant plant varieties, optimizing 
irrigation timing, preserving soil moisture, and maintaining the fertilizer-
water balance. These trainings ensure that producers respond to climatic 
conditions in a more conscious and planned manner.

In this context, the “Training on Implementation Plans for the Project 
on Strengthening Climate Change Adaptation Action in Türkiye,” organized 
by the Ministry of Environment, Urbanization and Climate Change on June 
30, 2025, played a critical role in increasing the institutional capacity of local 
cooperatives and localizing climate action plans. The S.S. Tire Karateke 
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Neighborhood Irrigation Cooperative (through technology transfer and EU 
projects) and S.S. Ödemiş Bademli (with drought-resistant production models 
and sapling diversity) have been the most important field practitioners of these 
trainings. Practices carried out in the Aegean Region show that producers 
participating in irrigation and climate-related trainings can maintain similar 
yield levels while using less water (Bozoğlu et al., 2019). This demonstrates 
that the dissemination of information is as important as technical investments 
in climate change adaptation.

5.4. Risk Management and Disaster Preparedness

Rising temperatures, irregular precipitation, and extreme weather events 
in Izmir directly threaten agricultural production. Irrigation cooperatives take 
on a preventive and planning role against these risks. Key practices include 
increasing water storage capacity for dry periods, strengthening drainage 
infrastructure against sudden rainfall, and flexibly updating irrigation 
schedules. Cooperatives also contribute to the repair of irrigation infrastructure 
and the reorganization of production plans by providing coordination among 
producers in post-disaster processes. This approach increases the resilience of 
the agricultural system against climate shocks (FAO, 2022).

The “Prepaid Smart Card Meter System,” implemented by cooperatives in 
the Tire and Bergama regions, digitally prevents excessive water consumption 
during drought periods and offers data-based preparedness for disasters by 
keeping a record of every drop.

5.5. Strategic Measures and Policy Recommendations

To strengthen the climate change adaptation capacity of irrigation 
cooperatives in Izmir, the following strategic measures stand out:

•	 Infrastructure: Preventing leakage losses by converting irrigation 
lines into closed systems.

•	 Technology: Disseminating smart and sensor-supported “precision 
irrigation” systems.

•	 Energy: Increasing SPP incentives so that irrigation cooperatives can 
produce their own energy.

•	 Education: Ensuring the continuity of climate-friendly agriculture 
and water management training for producers.

•	 Planning: Preparing “Drought Action Plans” on a cooperative basis 
for collective water management and crisis periods.

These measures support the sustainable use of water resources in 
Izmir’s agriculture while further strengthening the strategic role of irrigation 
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cooperatives in the climate change adaptation process (OECD, 2021; MDPI, 
2021).

6. Conclusion and Discussion

This study has examined in depth the critical role assumed by irrigation 
cooperatives in the face of increasing pressure from climate change on 
agricultural production and water resources, specifically within the province 
of Izmir. The findings reveal that irrigation cooperatives are not merely 
technical structures providing water distribution services; on the contrary, 
they are strategic actors building local resilience against the climate crisis and 
merging social capital with technical innovation.

With its structure encompassing the Gediz, Küçük Menderes, and 
Bakırçay basins, Izmir constitutes an agricultural region that perceives the 
effects of climate change early and intensely. This multi-basin structure of 
Izmir and the water dependency of its crop patterns render the role of irrigation 
cooperatives more critical compared to many other Anatolian provinces. This 
situation necessitates the planned use of water resources and increases the 
importance of collective management mechanisms. The “Class A Reclaimed 
Water” project carried out by the S.S. Bayındır Hasköy Irrigation Cooperative 
in collaboration with IZSU, which was examined in this study, is one of the 
most successful field reflections of the “circular water management” theory 
in literature. This project offered farmers a “climate-independent” water 
supply guarantee during a period when groundwater levels dropped to critical 
stages. Similarly, the Solar Power Plant (SPP) investments aimed at reducing 
energy costs observed in the cases of S.S. Dikili Yahşibey and S.S. Bergama 
have proven that climate adaptation cannot be considered independently of 
economic sustainability.

The dissemination of modern irrigation techniques also stands out 
as one of the fundamental contributions of irrigation cooperatives to the 
climate change adaptation process in Izmir. While the transition to drip 
and sprinkler irrigation systems increases water use efficiency, it also 
strengthens the economic resilience of producers against rising energy 
costs. Infrastructure modernization and the use of energy-efficient systems 
demonstrate that irrigation cooperatives address both environmental and 
economic sustainability together. This situation reveals that cooperatives 
develop long-term strategies rather than merely short-term solutions for 
climate change adaptation. It has also been observed that modernization 
is not limited to physical infrastructure (closed-circuit pipe systems) but is 
evolving into a digital transformation. The leadership of the S.S. Tire Karateke 
Neighborhood Irrigation Cooperative regarding “precision agriculture” and 
sensor technologies has ensured that every drop of water becomes measurable 
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and manageable. It is an indisputable fact that training activities create a more 
permanent impact than technical investments in transforming producers’ 
water use habits from “wild irrigation” to “needs-based irrigation.”

Producer training and awareness efforts constitute the social dimension 
of the adaptation process. Training activities conducted through irrigation 
cooperatives in Izmir support producers in using water more consciously and 
in making production decisions suitable for climatic conditions. This finding 
indicates that technical investments alone are not sufficient; information 
sharing and the strengthening of institutional capacity are decisive in adapting 
to climate change.

When evaluated in terms of risk management and disaster preparedness, 
it is observed that irrigation cooperatives perform a significant coordination 
function at the local scale against droughts, excessive precipitation, and other 
extreme weather events. Increasing water storage capacity, strengthening 
drainage infrastructure, and reorganizing irrigation schedules during crisis 
periods enhance the resilience of the agricultural system against climate 
shocks. In this respect, irrigation cooperatives function as a buffer mechanism 
against climate change in Izmir’s agriculture.

Evaluated overall, irrigation cooperatives in the province of Izmir stand 
out as a critical institutional structure in the climate change adaptation process. 
However, to maintain the effectiveness of this structure in the face of increasing 
climate pressures, the technical, financial, and managerial capacities of 
cooperatives must be strengthened. Increasing public support, implementing 
climate adaptation policies at the local level through cooperatives, and further 
strengthening producer participation are of vital importance for the future of 
Izmir’s agriculture.

In conclusion, this study demonstrates that irrigation cooperatives are 
not merely complementary but central actors in adapting to climate change, 
specifically in Izmir. Strengthening these cooperatives should be considered 
a fundamental policy area for both the sustainable management of water 
resources and the continuity of agricultural production under climate change 
conditions.

Within this framework, the findings indicate that irrigation cooperatives 
in the province of Izmir possess significant institutional potential in the 
climate change adaptation process; however, this potential cannot be fully 
utilized under current conditions. The increasing risk of drought, pressure 
on water resources, and uncertainties encountered in agricultural production 
necessitate that irrigation cooperatives be supported not only with existing 
practices but also with goal-oriented and applicable policies. Therefore, at 
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this stage of the study, in light of the evaluations presented in the previous 
sections, practical solution recommendations aimed at strengthening the 
climate change adaptation capacity of irrigation cooperatives in Izmir are 
provided.

To increase the effectiveness of irrigation cooperatives in the climate 
change adaptation process in Izmir, the following practical recommendations 
have been developed based on the study’s findings. These recommendations 
aim to strengthen existing institutional structures and disseminate solutions 
suitable for local conditions.

1.	 Infrastructure Renewal and Modernization: First and 
foremost, the renewal and modernization of irrigation infrastructure 
emerge as a priority need. The open channels and outdated pumping 
systems used by many irrigation cooperatives in Izmir lead to 
significant water and energy losses. Encouraging the transition 
to closed-conduit systems and the use of high-energy-efficiency 
pumps and motors will not only increase water conservation but also 
strengthen the resilience of producers against rising input costs.

2.	 Smart and Climate-Sensitive Irrigation: It is necessary 
to disseminate smart and climate-sensitive irrigation practices. 
Introducing soil moisture sensors, automation systems, and remote 
monitoring technologies to producers through cooperatives will 
ensure that irrigation timing is optimized according to climatic 
conditions. Such applications will contribute to more effective water 
use, particularly in basins with a high risk of drought.

3.	 Continuous Producer Training: Ensuring the continuity of 
producer training is of critical importance. Informing producers about 
climate change, water management, and drought-resistant production 
techniques through regular training programs within irrigation 
cooperatives will increase the effectiveness of technical investments. 
Planning training activities according to local needs and including 
practice-oriented content will support the success of this process.

4.	 Collective Planning and Governance: Collective planning 
and governance mechanisms must be strengthened. Preparing 
irrigation schedules with producer participation, operating joint 
decision-making processes during crisis periods, and increasing 
intra-cooperative communication will support the equitable and 
sustainable use of water resources. This approach will strengthen 
the capacity for collective action against climate risks by fostering 
solidarity among producers.
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5.	 Risk and Disaster Management: The development of local-
scale plans for risk and disaster management is recommended. Creating 
preparedness plans at the cooperative level against climate-induced 
risks such as drought, excessive precipitation, and flooding—along 
with increasing water storage capacity and developing coordination 
mechanisms for post-disaster production processes—will enhance 
the resilience of the agricultural system.

6.	 Strategic Support and Technology Integration: To maximize 
the climate change adaptation capacity of irrigation cooperatives 
in Izmir, gradual support mechanisms should be developed by 
considering the spatial distribution of districts such as Kemalpaşa 
(13%) and Ödemiş (11.6%) and the drought sensitivity of the basins. 
To alleviate the increasing energy burden on cooperatives, Solar 
Power Plant (SPP) investments should be accelerated through “public-
cooperative partnership” models. Furthermore, the strategy of using 
treated wastewater in agriculture, successfully implemented in the 
Bayındır model, should be integrated into other advanced biological 
treatment plants in Izmir and established as a regional policy. 
Additionally, “Drought Early Warning Units” that process real-
time meteorological data should be established within cooperatives, 
ensuring that this data is shared directly with the S.S. Izmir Region 
Union of Irrigation Cooperatives via a digital network.

These practical solution recommendations aim to strengthen the climate 
change adaptation capacity of irrigation cooperatives in Izmir and support 
the sustainability of agricultural production. The implementation of these 
proposals will contribute to irrigation cooperatives assuming a more effective 
role in the execution of climate adaptation policies at the local scale.
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INTRODUCTION

Vegetables, which are among the most important nutritional components 
for human health, must be produced continuously when considered from 
a production perspective. The most significant climatic factor limiting this 
continuity is known to be temperature (Abevoy 2018). Greenhouse production 
systems are an important production method that allows the control of climatic 
factors and enables cultivation outside the natural growing season (Jalwania 
et al. 2025).

Temperature is one of the key external factors required for plants to carry 
out essential cellular and biochemical processes (Li et al. 2018). When the 
optimum temperature range is exceeded, these processes are reduced or may 
not occur at all. This situation is referred to as “temperature stress” (Wang et 
al. 2024). Temperature stress is among the most widespread and economically 
critical abiotic stress factors in protected vegetable cultivation (Hoshikawa et 
al. 2021). Climate change driven by global warming leads to more frequent 
and severe temperature extremes in greenhouse cultivation. In particular, when 
the desired temperature conditions are not met, reductions in photosynthetic 
activity, flowering, and yield are observed in plants (Balfagón et al. 2020).

In conventional production systems, farmers often confront this stress 
and attempt to manage it in a reactive manner. However, these methods are 
limited in their ability to provide immediate responses and to facilitate early 
intervention (Kittas and Bartzanas 2007).

In greenhouse cultivation, minimizing or eliminating the negative impacts 
of temperature stress throughout the entire crop life cycle, from sowing to 
harvest, is therefore crucial. Accordingly, this chapter proposes an approach 
that focuses on proactive methods currently used to mitigate this stress factor 
and discusses how these methods can be integrated. 

1.	 PHYSIOLOGICAL BASICS OF HEAT STRESS

Temperature is a fundamental environmental factor required for living 
organisms to carry out their life functions. Cellular metabolic activities, 
enzymatic reactions, energy transformations, and other biological processes 
occur only within an appropriate temperature range. When conditions 
exceed this range, adverse effects such as protein denaturation, disruption of 
biochemical reactions, and loss of cell viability may be observed (Zhang et al. 
2020 Mittler 2002). This applies to the vital activities of all living organisms, 
whether they are eukaryotic or prokaryotic in structure.
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Figure 1: Impact of Temprature Stress on Plant Physiology and Cellular Structure. 
This schematic representation has been prepared as an illustrative example based 

on previously published studies (Mahajan and Tuteja 2005, Blum 2017, Wien 1997, 
Hasanuzzaman et al., 2013)

In plants, each stage of the life cycle—germination, flowering, pollination, 
fruit set, photosynthesis, and respiration—occurs most efficiently within a 
particular temperature range. When temperatures fall outside these ranges, 
they are considered a stress factor (Wahid et al. 2007; Hasanuzzaman et al., 
2013; Taiz and Zeiger, 2010). These temperatures are limited to minimum 
and maximum values at which life processes are suspended. The temperature 
that yields the highest efficiency in each physiological event is called the 
optimum temperature (Went 1953). Optimum temperature values may change 
depending on plant species and varieties, as well as the developmental stage 
and age of plant tissues and organs. In general, optimum temperatures for 
greenhouse vegetable species are accepted to be in the range of 18-30°C 
(Wien 1997, Hasanuzzaman et al., 2013)(Figure 1).

When temperatures fall below minimum values, various structural and 
functional abnormalities occur in plants. The fluid phospholipid structure of 
the cell membrane solidifies, its flexibility is impaired, its semi-permeability 
is lost, and as a consequence, substance exchange cannot occur (Ruelland et 
al. 2009; Theocharis et al. 2012). As a result, the cell membrane causes ions 
(K+, Ca2+, Mg2+) inside the cell to leak out, disrupting the osmotic pressure 
balance within the cell (Figure 1). This leakage reduces turgor pressure due to 
the imbalance in osmotic pressure, causing the cell to lose water (Mahajan and 
Tuteja 2005, Blum 2017).  Leaves wilt and then dry out due to plasmolysis. 
In addition, enzymes do not function at minimum temperatures. Enzymes 
involved in photosynthesis, respiration, and protein synthesis, in particular, 
cannot function. Plant growth and development, energy production, and other 
vital processes cannot occur (Theocharis et al. 2012). Another significant 
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effect of cold stress is the disruption of chlorophyll structure. Mg²⁺ and nitrogen 
absorption decreases due to low temperatures, leading to reduced chlorophyll 
synthesis and yellowing (chlorosis) of leaves (Hussain et al., 2018). Under 
greenhouse conditions, night temperatures falling below 9–12 °C, in particular, 
cause significant cold stress in warm-climate vegetable species such as tomatoes, 
peppers, eggplants, and cucumbers (Kläring et al. 2015, Pressman et al. 2006, 
Lopez et al. 2007, An et al. 2021). Under these conditions, water and nutrient 
absorption in the root zone slows down, growth in young leaves and shoots 
declines, pollen viability decreases, and consequently, reductions in flowering 
and fruit set are observed. As the duration of cold stress increases, anthocyanin 
formation increases in the stem, fruit, and tips. Curling of terminal shoots and 
chlorosis in leaves are observed (Pressman et al. 2002).

Temperatures higher than the maximum tolerable value are a significant 
factor of stress for plants. At high temperatures, unlike at temperatures below 
the minimum, cell membrane fluidity increases. However, this excessive fluidity 
leads to a weakening of membrane stability. The intracellular-extracellular 
ion balance is disrupted. Furthermore, high temperatures cause denaturation 
of proteins and enzymes, inhibiting biochemical processes (Wahid et al. 
2007, Hasanuzzaman et al. 2013). Due to the increase in respiration speed, 
the photosynthesis-respiration balance is disrupted in favor of respiration. 
Therefore, assimilation products that could be used for growth are consumed 
more in respiration, and net carbon yield and growth rate decrease (Posch et al., 
2019). High temperature stress, especially during flowering and pollination, 
can significantly reduce fruit set rates by decreasing pollen viability and 
germination ability (Pressman et al. 2002, Kawasaki 2014). In greenhouse 
vegetable crops such as tomatoes, peppers, and cucumbers, temperatures 
above 35°C, flower loss, formation of hollow fruit and deformities, and drying 
and burning at the tips of plants are observed (Bhattarai et al. 2021, Lee et al. 
2023, Sato et al. 2000). Under high temperature and drought conditions, plants 
close their stomata either partially or completely to limit excessive water loss. 
Stomatal closure reduces transpiration rate, thereby decreasing water loss 
from the leaf surface, but it also limits the mass flow that transports water and 
dissolved nutrients from the roots (Arve et al. 2011). Consequently, water and 
nutrient uptake from the soil slows down, and the disruption of water balance 
within the plant can negatively affect growth and development. As a result, 
yield and quality losses increase under high-temperature conditions.

2. TEMPERATURE MANAGEMENT PRACTICES IN 
GREENHOUSE VEGETABLE CULTIVATION

The previous section discussed the physiological basis of heat stress in 
greenhouse vegetable cultivation. This chapter examines how heat stress can 
be managed during the production period. Increasing environmental risks due 
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to climate change require planned and monitoring-based integrated approaches 
rather than traditional reactive methods. In this regard, greenhouse climate 
control, the use of biostimulants, and sensor-supported digital control systems 
are modern practices that stand out.

2.1. Climate and Temperature Management Applications

2.1.1. Greenhouse Structural Design and Climate Control

The temperature must be maintained at optimal levels to reduce yield 
losses in greenhouse production due to cold and heat stress. However, the 
manual and reactive interventions commonly used today are often insufficient 
to maintain optimal temperature levels. The majority of producers in traditional 
greenhouse cultivation rely on trial and error to regulate the temperature and 
humidity inside the greenhouse without the use of a device. Depending on 
how hot or cold the air feels, ventilation is opened or closed. However, such a 
practice negatively impacts the quality and yield of production. This situation 
creates an environment conducive to the spread of diseases and pests. For 
this reason, sensor-supported monitoring and automation-based climate 
management are now taking the place of manual and reactive interventions. 
These systems are mostly used in modern, large-scale greenhouses. However, 
their adoption in small-scale operations is also important to prevent yield 
losses.

Temperature and relativity humidity (RH) sensors positioned at plant level 
inside the greenhouse and under the roof enable continuous monitoring of the 
microclimate. The system automatically activates climate control equipment 
such as ventilation, heating, shading, or fogging when predefined threshold 
values are exceeded (Subahi and Bouazza 2020, Rezvani et al. 2020)(Figure 
2). This reduces the need for manual intervention. It keeps both the day/night 
temperature difference and short-term temperature fluctuations under control.
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Figure 2: Modern greenhouse design and climate control comprasion. This schematic 
representation has been prepared as an illustrative example based on previously 

published studies (Subahi and Bouazza 2020, Rezvani et al. 2020, McCartney et al. 
2018, Zhang et al. 2022, Kim 2024, Bonuso et al. 2020, Costantino et al. 2021, Soussi et 

al. 2022, Akpenpuun et al. 2021)

Using these automated systems alone is not sufficient. The correct 
structural design is also critical in ensuring the right temperature in the 
greenhouse. Research shows that the shape, size, orientation, and covering 
material of the greenhouse are decisive factors in the distribution of indoor 
temperature and humidity. Without an appropriate design, automated systems 
may be insufficient in providing the required microclimate (Ghani et al. 
2019, Soussi et al. 2022, Ghoulem et al. 2019). Sufficient roof height and 
ventilation openings, appropriate greenhouse orientation, and the use of 
covering materials that allow diffuse light transmission contribute to reducing 
leaf surface temperature, particularly during the summer months. Shading 
curtains help maintain minimum temperatures by limiting excessive daytime 
heating while also reducing nighttime heat loss. Double-layer polyethylene 
(PE) covers and thermal curtains can significantly reduce heat loss at night 
and improve energy efficiency (Akpenpuun et al. 2021). In one study, a cover 
containing ethylene vinyl acetate (EVA) film provided the best balance between 
temperature and photosynthetically active radiation (PAR) transmittance in a 
tomato greenhouse (Baxevanou et al. 2017).

In controlling greenhouse temperature and relative humidity, various 
ventilation strategies are used alongside the choice of covering material. 
Natural ventilation mainly relies on cross‑ventilation created by airflow 
through sidewall and roof openings. When this natural airflow is combined 
with evaporative cooling devices, such as misting systems, the resulting 
configuration is generally referred to as a hybrid system (NVAC) (McCartney 
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et al. 2018, Zhang et al. 2022, Kim 2024) (Figure 2). Mechanical ventilation, 
by contrast, makes use of fan‑and‑pad systems, fan‑only ventilation, and 
earth–air heat exchangers (EAHX) (Bonuso et al. 2020, Costantino et al. 2021, 
Soussi et al. 2022) (Figure 2). The position and size of sidewall and roof vents 
have a direct influence on ventilation efficiency. In multi‑span or multi‑vent 
greenhouses, using sidewall and bidirectional roof vents together has been 
shown to improve the distribution of temperature and humidity (Kim 2024). 
Fan‑and‑pad systems provide effective cooling by supplying cool, humid air, 
whereas EAHX systems can contribute to cooling during summer and help 
reduce heat loss in winter (Bonuso et al. 2020, Soussi et al. 2022).

2.1.2. Cultural Practices and Variety Selection

During periods of frequent temperature variations, cultural practices 
implemented at the plant level play a significant role in increasing tolerance 
to heat stress. Selection of vegetable varieties that are more resistant to high 
temperatures stands out as one of the most effective methods for reducing the 
negative effects of heat stress. For example, studies on tomatoes have indicated 
that heat-tolerant varieties such as ‘Minichal’ experience less yield loss and 
maintain better fruit quality under high temperature conditions compared to 
sensitive varieties such as ‘Dafnis’ (Rajametov et al. 2021)(Figure 3). It has 
been reported that considering physiological and biochemical parameters 
such as chlorophyll content, proline accumulation, and membrane stability in 
the development of heat-tolerant varieties increases the success of breeding 
programs. Furthermore, evaluating heat tolerance in both the seedling and 
generative stages is critical for selecting the right variety (Lee et al. 2022, 
Chaudhary et al. 2022). In addition, controlled heat stress priming applied 
at the seedling stage has been shown to enhance plant tolerance to high 
temperatures during later growth stages, helping to maintain yield and seed 
quality in Brassica species. At the same time, appropriate regulation of plant 
density, together with cultural practices such as pruning and topping, improves 
air circulation within the greenhouse. As air movement increases, leaf and 
fruit temperatures tend to decline, which helps relieve the limitations on 
airflow and excessive heat buildup associated with dense planting. In this way, 
these practices support a more stable and favorable greenhouse microclimate 
(Chaudhary et al., 2022, Delamare et al., 2025) (Figure 3).
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Figure 3: Cultural measures for temprature stress management in greenhouses. This 
schematic representation has been prepared as an illustrative example based on 

previously published studies (Rajametov et al. 2021, Chaudhary et al., 2022, Delamare 
et al., 2025)

2.1.3. Root Zone Temperature Management

Water and nutrient absorption in plants is directly linked to root zone 
temperature. Soil and irrigation water are very important for maintaining 
root temperature at the optimum level.  At temperatures outside the optimum 
range, root respiration decreases or increases, negatively affecting water and 
nutrient uptake (Giri et al. 2017). As a result, nutrient deficiency or toxicity 
occurs. The optimum root temperature required for vegetables is generally 
between 18-25°C, varying depending on the species (Bai et al. 2016, Giri et al. 
2017) (Figure 3). Low temperatures negatively affect osmosis, preventing the 
transmission of substances to the root hairs. Therefore, yield and quality los-
ses occur in the plant. Low root temperatures, in especially, significantly limit 
water and carbon transfer and cause drought-like stress symptoms in the plant 
(Wang and Hoch 2022). On the other hand, high temperatures in the root zone 
harm the root cells, reduce root metabolism, and decrease oxygen uptake.
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Figure 3: Root zone temperature management strategies. This schematic representation 
has been prepared as an illustrative example based on previously published studies (Bai 

et al. 2016, Giri et al. 2017, Liu et al. 2022, Manni et al. 2021)

A variety of cooling methods are used to manage root zone temperature. 
Root zone temperature can be effectively reduced by applying cooled irriga-
tion water and using substrate cooling systems (water-circulating pipes) in 
soilless farming systems. It has been reported that cooling the root zone tem-
perature to 22-25°C in cucumbers significantly increases growth, yield, and 
nutrient uptake in hydroponic systems (Liu et al. 2022) (Figure 3).

Also, other methods used to balance soil temperature are mulching and 
shading practices. Reflective mulches prevent overheating of the soil surface 
by reflecting sunlight (Manni et al. 2021) (Figure 3). Light-colored plastic 
mulches reduce soil temperature in summer (Amare and Desta 2021), while 
organic mulches provide insulation and balance the day-night temperature dif-
ference (de Lima et al. 2020).

In conclusion, root zone temperature management is an important practi-
ce that must be integrated with greenhouse climate control to maintain yield 
and quality in greenhouse vegetable production. 

2.2. Biostimulants and Antistress Applications Against Heat Stress

Among the strategies developed against heat stress in plants, biostimulant 
and antistress agents have the potential to maintain yield and quality in prote-
cted vegetable cultivation. These biostimulants are defined as products contai-
ning seaweed extracts, protein hydrolysates, humic and fulvic acids, free ami-
no acids, arbuscular mycorrhizal fungi, microalgae extracts, phytohormones 
(salicylic acid, melatonin, etc.), certain microorganisms, and specific mineral 
elements; they are products that regulate processes such as nutrient uptake, 
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root development, antioxidant defense, and stress tolerance in plants (Di Sario 
et al. 2025). 

Biostimulants are generally applied to leaves, roots, and seeds; the appli-
cation time and dose vary depending on the plant species (Bulgari et al. 2019, 
Quan et al. 2022). In a study conducted on cold and drought stress in squash, it 
was observed that protein hydrolysates and amino acid-based products incre-
ased the plant’s biomass, chlorophyll/photosynthetic efficiency, and recovery 
capacity under high-temperature conditions (Navarro-Morillo et al. 2024). 
Niu et al. (2022) applied the biostimulants Boosten, Megafol, and Isabion to 
the leaves of tomato seedlings. In their study, their effects were evaluated un-
der different temperature conditions (10°C, 25°C, and 35°C). It was reported 
that Boosten was the most effective biostimulant under heat stress. In organic 
hydroponic tomato cultivation, the MycoApply® biostimulant applied over 
12 weeks achieved the highest yield (Dash et al. 2025). Another study in to-
mato reported that Ascophyllum nodosum extract (PSI-494), obtained at high 
temperature and alkalinity, significantly increased flowering, pollen viability, 
and fruit yield during the reproductive stage against heat stress, significantly 
improving tolerance and yield against heat stress (Carmody et al. 2020). 

Consequently, when biostimulant applications are integrated with green-
house climate management, they form an effective complementary strategy 
against temperature stress.

2.3. Monitoring Temperature Stress and Digital Decision Support 
Systems

In the greenhouse, temperature and humidity sensors, root zone tempe-
rature monitoring systems, and leaf sensors are used to prevent plants from 
experiencing temperature stress. Automation systems can be integrated with 
data from these sensors to allow for real-time intervention. With these sys-
tems, the labor and time required for manual intervention are saved. In additi-
on, plant health and productivity are increased (Bhujel et al. 2020).

With such systems, data collected from the greenhouse environment is 
processed, and data analysis and prediction models provide early warnings 
to the producer. Integrated with weather forecasts, these systems minimize 
the risks associated with sudden temperature changes. Farmers can monitor 
greenhouse conditions at any time and can intervene using mobile applicati-
ons. Recently, artificial intelligence algorithms have been integrated into these 
systems, allowing the plant’s temperature requirements to be easily control-
led without the need for farmer intervention (Lee et al. 2024, Hemming et 
al. 2020).  However, while artificial intelligence and sensor-based systems in 
greenhouse automation offer significant opportunities in terms of efficiency 
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and sustainability, they also carry important drawbacks such as high cost, te-
chnical knowledge requirements, data security, and connectivity dependency. 
In contrast to these disadvantages, IoT-based systems reduce sensor and har-
dware costs and facilitate remote monitoring and control (Platero-Horcajadas 
et al. 2024). 

Consequently, digital monitoring and decision support systems form the 
basis of a proactive, data-driven management approach to temperature stress 
in greenhouse vegetable cultivation. When integrated with greenhouse clima-
te control, root zone management, and biostimulant agents, they offer an effe-
ctive solution for sustainable and high-yield production.

3. CONCLUSION AND RECOMMENDATIONS

In vegetable cultivation under greenhouse conditions, heat stress is one 
of the most critical abiotic stress factors directly affecting yield and quality. 
Increasing sudden temperature fluctuations due to climate change are intensif-
ying the effects of this stress and rendering traditional reactive management 
approaches inadequate. The physiological principles and modern manage-
ment practices discussed in this section demonstrate the need for an integrated 
and proactive approach to successfully manage heat stress.

Greenhouse structural design and climate control systems are fundamen-
tal to the effective management of heat stress. Sensor-supported automation 
systems enable rapid response to sudden temperature fluctuations by optimi-
zing the greenhouse microclimate through real-time data collection and analy-
sis. But technological solutions alone are not sufficient and must be supported 
by agronomic practices such as heat-tolerant variety selection, root zone tem-
perature management, mulching applications, and the use of biostimulants. 
Especially maintaining the root zone temperature within the 18-25°C range 
is critical for optimizing water and nutrient uptake. Biostimulants enhance 
plants’ antioxidant defense systems, increasing stress tolerance, and play a 
complementary role when integrated with climate management.

Digital decision support systems and IoT-based solutions are shaping the 
future of heat stress management in greenhouse vegetable cultivation. Sup-
ported by artificial intelligence algorithms, these systems provide early war-
nings using weather forecasts and historical production data, enabling timely 
preventive measures. However, limitations such as high cost and technical 
knowledge requirements can hinder the widespread adoption of these tech-
nologies, especially in small-scale operations. Therefore, the development of 
low-cost sensor systems and user-friendly mobile applications will increase 
the accessibility of the technology.
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As a result, the successful management of heat stress in greenhouse vege-
table cultivation requires an integrated approach that encompasses the entire 
production process from seed sowing to harvest. This approach should in-
corporate greenhouse climate control, agronomic practices, the use of biosti-
mulants, and digital monitoring systems. In the face of uncertainties created 
by climate change, adopting proactive and data-driven stress management 
strategies is essential for sustainable and high-yield greenhouse vegetable 
production. In the future, heat-tolerant variety breeding, energy-efficient co-
oling technologies, and the development of autonomous systems suitable for 
small-scale operations will lead to significant advances in heat stress mana-
gement.
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INTRODUCTION

Growth and yield models enable the projection of forest stands under 
various conditions over time in forest management planning, thereby 
establishing valuable and essential foundations for these ecosystem-based 
functional plans (Vanclay, 1994; Pretzsch, 2009). Knowledge of growth and 
yield relationships is necessary not only for economic utilization of forests, but 
also for monitoring the economic success of forestry operations. In multipurpose 
forest management plans, while obtaining optimal solutions by considering 
economic, ecological, and social functions (Burkhart, 1995; Vanclay, 1994), 
understanding growth and yield relationships holds critical importance for 
directing silvicultural interventions and evaluating the effectiveness of these 
interventions. Therefore, all aspects of the growth and yield relationships 
required for directing forestry practices must be investigated. 

Growth and yield models are defined by Vanclay (1994) as systems of 
equations that estimate the growth and yield values of forest stands. These 
models constitute one of the fundamental components in forest management 
plans and predict the temporal changes in growth and yield elements of 
forest stands (Gadow and Hui, 1999). In forestry applications, modeling and 
simplification of complex systems is widely employed to enhance understanding. 
These growth and yield models serve as indispensable tools for understanding 
systems and evaluating potential scenarios. In forest systems, these models 
are extensively utilized to understand system behaviors that change over time 
and to predict the effects of various interventions. Particularly, considering the 
long-term negative impacts of inappropriate interventions, modeling methods 
enable the tracking of outcomes from different intervention scenarios and the 
determination of optimal intervention strategies. Growth and yield models 
are of critical importance for understanding forest stand dynamics and tree 
growth processes. Through different approaches and methodologies, such as 
empirical growth models and process-based growth models, the accuracy of 
predictions obtained in forestry applications is improved, and thus sustainable 
forest management objectives are pursued (Porté and Bartelink, 2002). 

The implementation of growth simulators becomes possible through 
the development of computer programs and interfaces that predict growth 
and yield characteristics in various forest ecosystems. By simultaneously 
predicting the growth and yield values of trees along with their mortality 
status, these simulators gain the capability to determine stand characteristics 
more successfully. Growth simulators operate processes in which sub-models 
that predict tree increment, other characteristics, and mortality events function 
simultaneously (Vanclay, 1994; Bettinger et al., 2017). These simulators 
reflect the condition of trees within the stand and provide critical information 
for sustainable forest management.
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In countries implementing multipurpose planning, such as the United 
States, Canada, and European nations, numerous growth simulators have 
been developed based on data obtained from permanent sample plots, have 
been used for growth and yield predictions required in planning for many 
decades, and continue to be used at present (Atar, 2023). These simulators 
predict growth and yield values based on permanent sample plots established 
in stands that have undergone specific silvicultural treatment options, thereby 
providing the opportunity to develop planning strategies and silvicultural 
treatment alternatives in the planning of forest areas.

Among growth simulators developed in forestry, the Forest Vegetation 
Simulator (FVS) (FVS, 2022), which is based on the Prognosis simulator 
whose origins date back to the early 1970s (Stage, 1973), stands out as one 
of the most widely used simulators with 21 different variants covering the 
entire United States and certain regions of Canada (a variant of a growth 
simulator is designated when model parameters are estimated specifically 
for an ecological region, thereby developing the simulator for that particular 
region) (Atar, 2023). When this simulator was first developed in the 1970s, it 
was named Prognosis to reference its predictive function in forestry; however, 
in the 1990s, its name was changed to Forest Vegetation Simulator (FVS, 
2022). Currently, FVS predicts growth and yield values of trees based on the 
model structure of the Prognosis simulator proposed by Stage (1973) and has 
furthermore been expanded to include various modules (extensions) related to 
fire, insects, and other forest pests (Crookston and Dixon, 2005). The Forest 
Vegetation Simulator possesses a model structure that can fundamentally be 
classified within the distance-independent single-tree model class (Munro, 
1974), and besides containing sub-models that predict diameter increment and 
mortality probability of trees under various conditions, it also incorporates 
numerous different models as sub-models or model components, such as 
diameter-height models, crown ratio models, and two-entry tree volume 
equations. The simultaneous operation of different model components of 
the Forest Vegetation Simulator and the prediction of growth and yield in 
forest stands is accomplished through an interface called “Suppose,” which 
was coded in the C++ computer programming language (Crookston, 1997). 
Currently, the Forest Vegetation Simulator has been transferred to an R-Shiny 
interface coded in the R language and is being implemented through this 
interface. The Forest Vegetation Simulator is used in the preparation of forest 
management plans in the United States and in the development of management 
plans for forest pests such as fire, fungal, and insect damage, thereby making 
it possible to demonstrate the effects of various forestry activities, particularly 
silvicultural interventions, on stand growth and yield. In this regard, the Forest 
Vegetation Simulator serves as an important and fundamental foundation in 
the development of various plans, particularly forest management plans. 
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Therefore, the Forest Vegetation Simulator, which predicts the growth and 
yield of forest stands under various conditions, has provided important services 
as a fundamental foundation in the execution of various forestry activities in 
American forestry over approximately 50 years and continues to fulfill this 
role effectively at present.

The development of growth simulators of significant importance for our 
country’s forestry, tailored to our important forestry areas where different 
tree species are distributed, is of considerable importance. In this context, 
summary information regarding the equation structure and operational 
processes of growth simulators will be provided, and prediction procedures 
will be presented in this study.

Forest Vegetation Simulator and Its General Structure

The Forest Vegetation Simulator (FVS) is a stand growth simulator 
based on the Prognosis simulator developed in 1973 (Stage, 1973), which has 
gained widespread application throughout the United States and in certain 
regions of Canada and, accordingly, supports ecosystem-based functional 
planning in these regions and serves as a fundamental foundation. The basic 
modeling unit of this simulator is forest stands. There is a modeling strategy 
that predicts growth primarily along the diameter increment axis occurring 
in stands, estimates other characteristics based on this diameter growth, 
calculates mortality rates in trees, removes some trees from calculations, and 
thus excludes them from further analysis. By operating this process annually, it 
bases stand changes throughout the projection period on diameter development 
and mortality events. Specifically, diameter increment is predicted according to 
tree-specific characteristics such as initial diameter at breast height and crown 
ratio at the beginning of the period, as well as competition-related indices such 
as competitive indices among trees and site productivity characteristics. The 
predicted diameter increment is added to the initial diameter value to obtain 
diameter development at the end of the period. Using the predicted diameter 
values, tree height equations estimate the height values of trees. Based on the 
diameter and height development thus obtained, tree volume development is 
predicted using two-entry tree volume equations, and total stand volumes at 
the end of the projection period, determined annually and at user discretion, 
are estimated by summing the volume values of individual trees.

In the basic functioning of the Forest Vegetation Simulator, whether 
based on FVS or other approaches, it becomes possible to simulate stand 
characteristics by obtaining combined predictions from certain single-tree and 
stand sub-models and integrating these predictions. In this regard, the forest 
vegetation simulator comprises several sub-models, and outputs designated 
as simulations can be obtained by running these models together. The forest 
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vegetation simulator to be developed in this study consists of four different 
sub-models: a distance-independent single-tree bark diameter increment 
model with a nonlinear regression model structure, a single-tree mortality 
model based on logistic function, a stand tree number model, and a generalized 
diameter-height model. By obtaining predictions concerning single-tree and 
stand characteristics with these sub-models, or in other words, by running 
them simultaneously, stand simulations are obtained. Using the models 
developed and based on the current condition of sample plots, simulations of 
various stand characteristics such as stand volume, basal area, mean diameter, 
biomass, and carbon may have been obtained following the Forest Vegetation 
Simulator (FVS) system, which is an important growth simulator successfully 
used in the United States and Canada. Explanations regarding the regression 
model structures fundamental to these sub-models and the model development 
processes are provided in the following sections.

Individual Tree Diameter Increment Model

When evaluating the working system of the Forest Vegetation Simulator 
generally, this simulator has two important dynamic sub-models: the diameter 
increment model and the mortality model. The diameter increment model 
being the most fundamental sub-model parts from the fact that, as stated in 
many dendrometric studies, tree diameter measurement is a fast, easy, and 
least error-prone measurement, and moreover, this characteristic has important 
and useful aspects in terms of forest inventory as it demonstrates a strong 
relationship with many other tree characteristics. In single-entry and two-entry 
tree volume equations that are frequently developed and used in calculating 
stand volumes, an important topic in forestry, tree diameter at breast height is 
included as a very important variable along with total tree heights.

The Forest Vegetation Simulator is classified as a simulator within the 
distance-independent single-tree model class in the classification system of 
growth and yield models, as it uses distance-independent competition indices 
to model competition among trees in its diameter increment sub-model, which 
is its fundamental sub-model (FVS, 2022). In this simulator, the diameter 
increment model is based on Wykoff (1990)’s multiple linear regression 
model structure composed of numerous independent variables. However, 
this study presents and thoroughly explains a nonlinear regression model 
structure as an example, which may offer improved predictive capability for 
diameter increments exhibiting a bell-shaped developmental trend relative to 
conventional linear regression models. A nonlinear regression model produced 
by Schelhaas et al. (2018) based on the fundamental function of Gompertz 
(Winsor, 1932) and applied using data from 2.3 million trees of different 
tree species, including European Beech (Fagus sylvatica L.), may presented 
as an illustrative example in this study. In the distance-independent single-
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tree model, which is the core sub-model of FVS; the predicted (dependent) 
variable is 10-year diameter increment, and the independent variables are 
tree characteristics such as diameter at breast height, which is known to 
affect diameter increment of trees, distance-independent competition indices 
that quantify the competition status of trees with other trees, and stand 
characteristics such as site index, stand mean diameter (radius of the basal area 
mean tree), and stand density-related variables. The model can be developed 
through nonlinear regression analysis based on these variables.

The equation structure of the model employed in this study is as follows, 
Equation (1)-(3) (Schelhaas et al., 2018);

			   (1)

	          			     	 (2)

	            				    (3)

In this distance-independent model with given equation structure, 
the fundamental growth characteristics affecting tree diameter increment, 
including tree-specific characteristics such as tree diameter at breast 
height, the site index variable representing site productivity of the growing 
environment, the basal area mean tree diameter variable representing stand 
mean diameter, the stand density ratio representing general stand density, 
and the competition index variables representing competition among trees 
with other trees, were included as significant variables at the 95% confidence 
level (p<0.05) (variables symbolized with b1-b10). Thus, through adjustments 
made to the basic model provided above using the variables employed in 
this study, the equation structure given with parameter values below was 
obtained, Equation (4);

(4)

In this equation, : 10-year diameter increment (cm), d1.30: tree diameter 
at breast height 10 years prior, SI: Site Index value calculated using the site 
index table, SDI: stand density ratio calculated according to Reineke (1933), 
Dg: mean diameter calculated using the basal area mean tree approach, CC1: 
competition index calculated using the approach that relates the diameter at 
breast height of the subject tree to the diameter of the basal area mean tree of 
the stand.

In estimating the parameters and various statistics of this nonlinear 
regression model, which predicts the 10-year diameter increment of trees and 
whose model structure is provided above, through nonlinear least squares 
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analysis, the “GenSa” library, an optimization library for nonlinear estimation 
systems developed in the R language, can be employed (R Development Core 
Team 2024). With this R library, it becomes possible to obtain optimization 
solutions for the parameters of nonlinear models whose structure will be 
defined for specific data structures (pools), and thus after the initial values 
of this nonlinear regression model are determined, nonlinear regression 
analysis can be applied with the “nls” function, and the parameter values and 
various statistical values of the model can be obtained. In this study, based 
on the fundamental Gompertz function (Winsor, 1932), the model structure 
proposed by Schelhaas et al. (2018) was presented as an illustrative example 
using independent variables known to be related to diameter increment 
(diameter at breast height, competition index, site index, stand density ratio, 
and mean diameter). Initial parameter values associated with these variables 
were obtained using the GenSA library, and subsequent nonlinear regression 
analysis was performed using the nls function.

Modeling Tree Mortality Processes

In forest areas, some trees fall behind in the crown and root competition 
seen within stands, which is actually competition for light, water, and plant 
nutrients necessary for tree development, and trees that do not exhibit a certain 
growth potential die and leave the stand (Fırat 1972, Kalıpsız 1998). Mortal-
ity of trees within a stand is an important stand dynamic and process and is a 
model component that must be considered in stand simulation models. In tree 
mortality modeling, a logistic regression framework is frequently applied, in 
which dead trees are coded as 0 and living trees as 1. (Yao et al., 2001). In 
developing the logistic function, which has a nonlinear model structure, the 
dependent variable (p)—tree survival status—is coded as 0 if the tree has died 
and as 1 if it is alive, while the predictions of the logistic model are obtained as 
probability values between 0 and 1. The logistic model structure is expressed 
below, Equation (5);

           			   (5)

In this model, p represents the mortality status of trees, taking a value of 0 
if the tree has died and 1 if it is alive. The variable Xk represents various single-
tree and stand characteristics that exhibit statistically significant relationships 
with tree mortality at the 0.05 significance level and are included in the model, 
βi represents model parameters, and e represents the natural logarithm. In 
this study, a logistic model is used to address tree mortality probabilities, 
and the determination of which trees will die within stands is presented as an 
illustrative example of an important issue in mortality modeling. 
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In the growth and yield simulations performed, a threshold value is used 
to determine whether an individual tree has died or not. For example, Yavuz 
(1992), in simulations based on stochastic Markov chains of uneven-aged 
stands, based the assumption that trees reaching 400 years of age and trees with 
bark-free diameter increment of less than 1 mm would die when determining 
tree mortality and removal. Erkan (1995) noted that the competition pressure 
experienced by trees is very important in identifying trees that would leave the 
stand, and by obtaining critical thresholds for trees experiencing the highest 
pressure according to age and site index using a function based on competition 
indices, conducted simulations with the assumption that trees below this 
critical value should die. However, there is the possibility that predictions 
regarding total tree numbers in a stand obtained from these mortality 
predictions made only on a single-tree basis may not be consistent with 
possible stand tree number values according to the stands’ age, site index, and 
density values. This is because the stand tree numbers obtained by removing 
trees exceeding a certain threshold or critical value based on the single-tree 
mortality probabilities predicted at different ages within a stand may differ 
from the possible tree numbers according to those stands’ age, site index, and 
density values. In this regard, it is necessary to combine mortality conditions 
on a single-tree basis with stand-level changes in tree numbers according to 
different age, site productivity, and site index values. In stand simulations 
conducted by Atar (2023) for Oriental Beech stands in the Western Black Sea 
region, in the first stage, tree numbers were predicted according to the mean 
age, site index, and stand density during a certain simulation period; at the 
end of the relevant simulation period, the current tree number in the sample 
plot was compared with the tree number predicted according to the stand tree 
number model, and if the current tree number exceeded the predicted tree 
number, it was decided that trees with mortality probabilities predicted on a 
single-tree basis using the logistic model would die, starting from the tree with 
the mortality probability closest to 0. For example, if the tree number of a stand 
is predicted to be 600 trees/ha at the end of a period, according to a 600 m² 
sample plot size, this corresponds to 36 trees for the sample plot; if the number 
of trees in the sample plot is 40, these 4 excess trees are identified as the 4 trees 
with mortality probability closest to 0. Thus, in relation to the changes in stand 
tree numbers according to stand age, site index, and density in the stands of 
the study area, tree mortality processes are presented in a manner consistent 
with the general trend of stand tree numbers. On the other hand, relying solely 
on single-tree mortality probabilities and removing trees that do not achieve a 
certain diameter increment or fall below a critical value can result in obtaining 
results inconsistent with stand tree number development, such as significant 
reductions in total tree numbers within the stand or situations where no trees 
die.
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In this study, a predictive model developed to estimate stand tree number 
based on variables such as stand age, site index, and stand density ratio is 
introduced as an illustrative example of an important component in modeling tree 
mortality processes. In this context, different variables were derived from stand 
age, site index, and stand density ratio variables, and a model structure showing 
significant relationships at the 5% significance level with these variables was 
employed. This regression model structure is presented below, Equation (6):

				    (6)

where SI represents the stand site index, SDI represents the stand density 
value, t represents the stand age, and bi represents the coefficients of the 
regression model.

Development of a Simulation Interface Using Excel Program

The modeling strategy for predicting stand characteristics developed in 
this study is presented as an illustrative example, based on simulation pro-
cesses operated through the simultaneous execution of different sub-models. 
In these simulations, diameter increments of trees under various conditions 
can be predicted; by adding diameter increment values to previous diame-
ter at breast height values, diameter at breast height values for the next pe-
riod may be estimated. Based on diameter at breast height values obtained 
at the end of the simulation period, tree heights can be predicted and using 
end-of-period diameter at breast height and height values, tree volume values 
may be obtained using two-entry tree volume equations. Along with growth 
values obtained through diameter increment and the cumulative accumulation 
of these increment values, tree mortality events resulting from competition 
and rivalry among trees within the stand can be modeled using a single-tree 
mortality model based on the logistic function together with the stand tree 
number model. In this regard, the two fundamental important components of 
the simulations conducted van be diameter increments and single-tree mortal-
ity conditions.

Discussion

The primary objective of this study is to provide a general and structured 
overview of forest growth simulators and their underlying sub-model compo-
nents rather than to develop or recalibrate growth and yield models. Within 
this framework, the study focuses on explaining how growth simulators are 
conceptually organized, how their core sub-models function, and how these 
components interact to represent forest stand dynamics in practical forestry 
applications.
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Growth simulators are not single predictive equations but integrated sys-
tems in which multiple sub-models operate simultaneously. This study em-
phasizes that diameter increment, tree mortality, stand tree number, and diam-
eter–height relationships constitute the fundamental building blocks of most 
contemporary growth simulators. Understanding the logical structure and 
functional roles of these sub-models is essential for correctly interpreting sim-
ulation outputs and for applying simulators effectively in forest management 
planning. Within growth simulation systems, diameter increment sub-models 
serve as the primary driving mechanism of stand development. This study 
highlights the conceptual importance of diameter growth in determining sub-
sequent tree attributes such as height, volume, and biomass. The widespread 
use of nonlinear growth functions in simulators reflects an effort to repre-
sent biologically realistic growth patterns across varying site conditions and 
stand structures. Tree mortality is discussed as one of the most complex and 
influential components of growth simulators. Rather than being treated as 
an isolated statistical process, mortality in simulators is commonly linked to 
competition, stand density, and age-related dynamics. This study underscores 
that the integration of individual-tree mortality probabilities with stand-level 
constraints is a conceptual strategy widely adopted to maintain consistency 
between tree-level processes and stand-level development trends, especially 
in long-term simulations. Stand tree number models and generalized diam-
eter–height relationships are presented as complementary components that 
support the internal coherence of growth simulators. These sub-models enable 
the translation of individual-tree growth processes into stand-level structural 
attributes that are directly relevant for forest management, such as basal area, 
volume, and yield projections. Their inclusion ensures that growth simulators 
can produce outputs suitable for planning, evaluation, and scenario analysis.

When the utilization of increment and growth models developed in Türki-
ye is evaluated, it is observed that yield tables classified within the stand-level 
model category are frequently employed in forest management plans to define 
the optimal stand conditions, whereas the application of other model classes, 
such as individual-tree models, remains rather limited. In this respect, stand 
models developed in Türkiye and the normal yield tables derived from these 
models appear to have a restricted application scope, primarily confined to 
the determination of optimal stand conditions required for the preparation of 
conventional forest management plans (Yavuz et al., 2005; Ercanlı, 2010). 
However, in ecosystem-based functional forest management planning that si-
multaneously considers economic, ecological, and socio-cultural functions, 
optimal solutions can be achieved through the identification of multiple ob-
jectives, constraints, and decision variables, and by employing operations re-
search techniques based on scientific methods such as linear programming or 
goal programming (Başkent et al., 2001; Başkent and Keleş, 2004). Within 
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this planning framework, the quantification of stand increment and growth 
components—including tree number, basal area, and volume—through forest 
inventory data is essential not only for representing the economic dimension 
of forest plans, particularly timber production, but also for understanding the 
relationships between these growth attributes, especially stand basal area, and 
various ecosystem functions such as water yield, soil loss, and carbon seques-
tration.

In several studies related to functional forest management planning con-
ducted in recent years (Mısır, 2001; Keleş, 2003; Karahalil, 2003), temporal 
changes in ecosystem functions such as soil conservation and water produc-
tion in response to silvicultural interventions have been quantified using re-
gression equations that describe statistical relationships between stand basal 
area and various function-specific indicators. In particular, changes in forest 
functions have been predicted based on variations in stand basal area resulting 
from different silvicultural treatments. From this perspective, in the prepara-
tion of functional forest management plans, growth models are used to predict 
the temporal dynamics of stand growth and increment characteristics, thereby 
enabling the assessment of corresponding changes in forest ecosystem func-
tions. Consequently, growth simulators, which represent an effective applica-
tion of increment and growth models, can constitute one of the fundamental 
foundations of ecosystem-based functional forest management planning, as 
they not only predict changes in stand structure but also implicitly capture the 
dynamics of forest functions. The predictive consistency and performance of 
these simulators may therefore substantially influence the overall success of 
forest management plans.

In Türkiye, however, no growth simulator has yet been developed that 
plays a prominent role in forestry practices, particularly in forest management 
planning. This deficiency constitutes a significant obstacle to the development 
of ecosystem-based functional forest management plans, which have become 
increasingly prominent in contemporary forest science. Without a growth 
simulator capable of predicting forest ecosystem increment and growth dy-
namics under varying conditions—most notably under different silvicultural 
interventions—it is not possible to develop and implement ecosystem-based 
functional plans in an effective and consistent manner.

From this perspective, the development of growth simulators, such as an 
OVS-type system, capable of predicting stand increment and growth under 
diverse site, stand, and management conditions, represents a critical necessity 
for national forestry. Such simulators are essential not only for improving the 
scientific foundation of forest management planning but also for supporting 
the integrated assessment of economic, ecological, and socio-cultural forest 
functions.
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From a broader perspective, this study underlines that growth simula-
tors should be viewed as decision-support tools rather than purely predictive 
instruments. Their strength lies in their ability to integrate multiple growth 
processes and to explore alternative management and silvicultural scenarios 
over extended time horizons. Consequently, a clear understanding of simula-
tor structure and sub-model logic is as important as statistical accuracy, par-
ticularly for practitioners and researchers who rely on these tools for strategic 
planning. In conclusion, this study contributes by presenting a conceptual and 
methodological overview of forest growth simulators and their sub-model 
structures. By clarifying the roles and interactions of key simulator compo-
nents, it provides a reference framework for understanding how growth sim-
ulators operate and how their outputs should be interpreted within the context 
of sustainable forest management.
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1.	 INTRODUCTION

Agriculture occupies an indispensable position in sustaining human 
life. Ensuring food security, maintaining rural employment, supporting the 
integration between agriculture and industry, and strengthening the resilience 
of national economies depend largely on the continuity of agricultural 
production. In a global context where the population is rapidly increasing, 
challenges such as climate change, declining water resources, shrinking 
agricultural lands, and fluctuations in input prices exert significant pressure 
on agricultural production systems. These pressures further underscore the 
strategic importance of cost management in agricultural enterprises (Kıral et 
al., 1999; Tcacı et al., 2021).

Cost analysis— which is one of the most critical components of 
agricultural production—serves as a fundamental tool for monitoring 
profitability, assessing the efficiency of input use, selecting among alternative 
crops, rationalizing resource allocation decisions, and guiding production 
planning based on optimization principles. Compared to traditional industries, 
agricultural production is characterized by higher uncertainty and risk. 
Variability in natural conditions, biological production cycles, and inadequate 
record-keeping practices necessitate a more careful and systematic cost 
analysis approach (Çelik, 2014).

Moreover, the importance of agricultural cost information is not limited 
to the determination of product-based unit costs but also plays a decisive role 
in farm management, resource allocation, and decision-making processes. 
Evaluating cost data within the framework of management accounting enables 
efficiency and productivity analyses in agricultural enterprises (Govdya et al., 
2017).

Difficulties in cost analysis within agricultural enterprises arise from 
uncertainties in input pricing, challenges in valuing family labor, the allocation 
of joint costs among multiple products, variations in depreciation calculations 
across enterprises, and the lack of standardization in agricultural accounting 
systems (Kumbasaroğlu & Dağdemir, 2010a; Hatunoğlu & Kıllı, 2016). 
Therefore, cost accounting in agriculture is not merely a bookkeeping activity 
but rather a multidisciplinary analytical domain encompassing agricultural 
economics, production economics, accounting standards, and management 
science.

Annual crops constitute one of the most intensively cultivated groups 
within agricultural production. Since these crops complete their production 
cycle within a single vegetative period, require annual sowing, and utilize 
all inputs within one production season, they offer the clearest and most 
measurable structure for cost analysis. Wheat, barley, maize, vetch, 
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sunflower, and several similar field crops are of critical importance for human 
consumption, livestock feed, and agri-food industries. Annual cost estimation 
for these crops is essential for crop pattern decisions, farmers’ production 
choices, and regional agricultural policy formulation (Kumbasaroğlu & 
Dağdemir, 2010b; 2010c).

In recent years, sharp increases in the prices of key inputs including but 
not limited to fuel, fertilizer, seeds, and energy in Türkiye— as evidenced 
by the continuous upward trend in indicators such as the Producer Price 
Index (ÜFE) and the Agricultural Input Price Index (TGFE)—combined with 
farmers’ limited bargaining power, have further heightened the importance 
of cost analysis. The low input demand elasticities reported in the literature 
imply that farmers cannot significantly reduce input use in response to price 
increases (Çiftçi, 2009), leading to rigid and rapidly rising cost structures. 
Similarly, Tcacı et al. (2021) demonstrated through evidence from Moldova 
that increases in production costs directly reduce profitability.

In this context, conducting accurate, comparable, and scientifically 
grounded cost estimations for annual crops has become a critical requirement at 
both the micro level (farm economics, producer decision-making, profitability 
assessment) and the macro level (agricultural support policies, pricing 
strategies, supply management, and sectoral planning). In the agricultural 
economics and accounting literature, the Classical Cost Accounting System 
is widely used for product-based unit cost calculations and is considered 
the most appropriate and reliable method for analyzing the cost structure of 
annual crops.

This book chapter adopts a methodological, systematic, and 
comprehensive perspective to explain the cost accounting process for annual 
crops. It provides a step-by-step framework for defining, classifying, and 
calculating cost components. Drawing on national and international literature 
on cost accounting methods, input-use structures, and production economics, 
the chapter tailored for annual crops, thereby supporting both micro- and 
macro-level decision-making processes.

2.	 PURPOSE AND IMPORTANCE OF COST ACCOUNTING IN 
AGRICULTURAL ENTERPRISES

Agricultural production is an economic activity that entails considerably 
higher uncertainty and risk than other sectors due to its direct dependence 
on natural conditions and biological processes. These uncertainties—arising 
from fluctuations in input prices, the unpredictability of climatic conditions, 
variability in yield levels, and instability in market prices—complicate the 
accurate determination and monitoring of production costs. Therefore, cost 
accounting in agricultural enterprises constitutes a fundamental tool for 
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managing the production process and assessing economic performance in a 
reliable and systematic manner (Kıral et al., 1999).

One of the key functions of cost calculations is their contribution to production 
planning. Farmers can determine which crops are more profitable, which crop 
pattern is most suitable, and how existing resources should be allocated only when 
accurate cost information is available. The ability to compute annual costs clearly 
in annual crops facilitates planning for subsequent production seasons and helps 
reduce production risks (Tcacı et al., 2021). Moreover, establishing consistent and 
comparable cost data over time enables the monitoring of technical and economic 
developments in agricultural production.

The primary purpose of cost calculations is to make product costs comparable. 
However, due to regional differences, variations in production techniques, farm 
sizes, and input-use levels, cost structures in agricultural enterprises can differ 
significantly. Consequently, cost analyses based on a standardized method allow 
meaningful comparisons across products and enterprises.

Economic evaluation of agricultural activities also necessitates profitability 
measurement, which is another critical function of cost analysis. Economic 
performance in agricultural enterprises is assessed using indicators such as gross 
profit, gross value added, net profit, and net farm income (Erkuş et al., 1995; Çelik, 
2014). Accurate computation of these indicators requires precise determination 
of all cost components. Particularly, assigning a monetary value to family labor, 
calculating depreciation, including interest on working capital, and apportioning 
joint costs appropriately among products ensure the reliability of profitability 
analyses. Failure to account for these items leads to incomplete cost calculations 
and misrepresentation of the enterprise’s actual economic performance.

The importance of cost accounting in agricultural enterprises extends 
beyond the farm level; it also carries substantial value for the design and 
evaluation of agricultural policies. Crop-based cost data serve as essential inputs 
for developing support policies, establishing price stabilization mechanisms, 
designing input subsidies, and formulating national agri-food strategies. 
Especially for annual crops, yearly cost and income analyses constitute key 
indicators for regional production planning, market responsiveness, and the 
assessment of international competitiveness.

In conclusion, cost accounting in agricultural enterprises is an 
indispensable managerial tool for guiding production decisions, measuring 
resource-use efficiency, comparing product costs, accurately determining 
enterprise income, and grounding agricultural policies in scientific evidence 
and transparent cost structures.
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3.	 CHARACTERISTICS AND COST STRUCTURE OF ANNUAL 
CROPS

Annual crops are plant species that complete their production cycle within 
a single vegetative period and must be replanted every year. The production 
process of annual crops consists of clearly defined stages, including soil 
preparation, sowing, fertilization, maintenance operations, irrigation, hoeing, 
pesticide applications, harvesting, and marketing. Since all these stages are 
carried out according to a specific calendar, both the timing of cost occurrence 
and the quantity of input use can be monitored with relative ease. In addition, 
most of the inputs used in annual crop production—such as seeds, fertilizers, 
pesticides, and fuel—are variable in nature and must be procured for each 
production season. For this reason, variable costs constitute the dominant 
component of the total production cost in annual crop systems (Kıral et al., 
1999).

Significant differences exist between annual and perennial crops in 
terms of cost structure. Compared to perennial crops, annual crops do not 
require establishment investments, and depreciation represents a relatively 
smaller share of total costs. Moreover, input use intensity in annual crops 
follows yearly cycles. Consequently, variable costs such as fertilizers, seeds, 
and fuel account for the largest portion of total production expenses, whereas 
fixed costs—including depreciation and land rent—gain relative importance 
depending on farm size and operational structure.

The cost structure of annual crops is highly sensitive to production 
conditions and environmental factors. Yield levels vary considerably with 
climatic conditions, soil characteristics, irrigation opportunities, and the 
quality and quantity of inputs used. This variability directly affects unit 
production costs. For instance, in dry seasons, irrigation costs increase while 
yield may decrease, resulting in higher unit costs; conversely, in years with 
adequate rainfall, irrigation expenses decline and higher yields may reduce 
unit costs. Therefore, annual crops are among the most climate-responsive 
plant groups—making climate variability a direct and measurable determinant 
of unit production costs.

As mechanization becomes increasingly prevalent in agricultural 
production, the structure of labor and machinery use has emerged as another 
major determinant of costs. In highly mechanized farms, the need for human 
labor decreases, whereas fuel consumption, repair–maintenance expenses, 
and depreciation items rise. In contrast, small-scale farms rely more heavily 
on family labor, creating methodological challenges in assigning monetary 
value to unpaid labor (Kumbasaroğlu & Dağdemir, 2011) and ensuring 
comparability across farms. Therefore, accurately estimating the opportunity 
cost of family labor is a critical requirement for reliable cost analysis.
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Another important factor shaping the cost structure of annual crops is the 
low elasticity of input demand. Inputs such as seeds, fertilizers, pesticides, and 
fuel are indispensable components of production; therefore, increases in their 
prices cannot easily be offset by producers. Reducing input use would risk 
lowering yield, forcing farmers to maintain input quantities. Consequently, 
production costs display a rigid structure, and increases in input prices are 
rapidly reflected in total costs (Kumbasaroğlu & Dağdemir, 2010b).

In addition, the value of by-products plays a significant role in cost 
calculations for annual crops. For instance, straw in wheat production, oilcake 
in sunflower production, and cob and stalk residues in maize production may 
possess economic value. In cost accounting, the value of such by-products 
is deducted from the total production cost of the main product—in order to 
obtain a more accurate estimation of the net cost attributable to the primary 
output (Çalıyurt, 2010; Hatunoğlu & Kıllı, 2016). 

In conclusion, annual crops require detailed, careful, and multidimensional 
cost analyses due to their short production cycles, high intensity of variable 
inputs, sensitivity to climatic and soil conditions, rigidity of input use, and the 
necessity of incorporating by-product values into cost calculations.

4.	 CLASSIFICATION OF COST COMPONENTS (ENGLISH 
VERSION)

In agricultural production, accurate cost determination requires that cost 
components be classified systematically and on a scientific basis. In annual crop 
production, the production cycle is short, input intensity is high, and production 
stages follow a seasonal pattern. For this reason, accurate categorization of 
each cost item directly affects not only the precision of cost calculations but 
also the reliability of managerial and policy-oriented decisions derived from 
them. The classification of agricultural cost components is traditionally based 
on the Classical Cost Accounting System. Foundational studies by Kıral et al. 
(1999), Çelik (2014), Hatunoğlu & Kıllı (2016), Kumbasaroğlu & Dağdemir 
(2010a; 2010c), and Kumbasaroğlu & Aşkın (2022) represent the core 
references for this methodological framework widely used in the agricultural 
economics literature.

Accordingly, agricultural cost components are conventionally grouped 
into two principal categories—variable costs and fixed costs—each reflecting 
distinct behavioral patterns in relation to production volume and resource 
use. These cost items are examined in detail in the context of annual crop 
production, and Table 1 summarizes the fundamental distinctions between 
these two cost structures as applied to annual crop production.
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Table 1. Classification of Cost Components in Annual Crop Production

Variable Costs Fixed Costs

Seeds General administrative 
expenses

Fertilizers Interest on fixed capital

Pesticides Depreciation of fixed 
capital

Labor wages Land rent
Fuel, lubricants, repair & maintenance expenses for 
machinery —

Irrigation water fee —
Interest on variable costs (working capital interest) —

 Variable Costs

Variable costs are expenditures that vary directly with production volume 
and cultivated area, reflecting the input-intensive nature of annual crop 
systems. In annual crop production, they constitute the largest share of total 
production costs. Since annual crop systems rely heavily on input-intensive 
agricultural activities, the contribution of variable cost items is considerably 
high (Kıral et al., 1999). These costs occur within the production period and 
do not generate expenses when production is not carried out.

The main variable cost items in annual crops are as follows:

•	 Seed Costs: Seeds are the primary input in annual crops, which must 
be replanted every year. Seed price, variety, certification status, and 
sowing density are the main factors determining seed expenditure. 
Costs are calculated by multiplying the required seed quantity with 
unit prices.

•	 Fertilizer Costs: Plant nutrition in annual crops is carried out entirely 
within a single production year, making fertilizer one of the major 
components of variable costs. Soil structure, climatic conditions, 
and yield expectations influence fertilizer requirements. Fertilizer 
expenditures are calculated by multiplying the required fertilizer 
quantities with prevailing unit prices.

•	 Pesticide Costs: Pest management is essential for yield protection. 
Due to high price volatility, pesticide expenditures may vary 
significantly across years and can cause notable fluctuations in the 
overall cost structure.

•	 Fuel, Lubricant, and Machinery Maintenance Costs: In farms 
where mechanized agriculture is widely adopted, fuel, oil, and 
repair– constitute a substantial share of variable costs, especially in 
mechanized farms where field operations are intensive. Increases 
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in fuel prices quickly reflect on production costs (Kumbasaroğlu & 
Dağdemir, 2010b).

•	 Labor Costs: Labor costs include the monetary value of seasonal 
labor used for hoeing, maintenance, harvesting, and other operations. 
Labor hours used in production are multiplied by prevailing wage 
rates to determine total labor expenditure.

•	 Irrigation Costs: Irrigation expenses—including electricity, water 
fees, or contributions paid to irrigation associations—vary depending 
on seasonal water demand. In dry years, rising irrigation needs 
significantly increase costs.

•	 Harvesting and Post-Harvest Costs: This cost category includes 
operations such as combine harvesting, baling, packaging, loading, 
and transportation.

•	 Interest on Working Capital: Since working capital is used 
throughout the production year, calculating interest on working 
capital is an essential component of cost accounting. Although annual 
crop production has a relatively short production cycle, most inputs 
are purchased at the beginning of the season, creating substantial 
financing requirements. The half-year interest calculation method is 
commonly employed (Kıral et al., 1999). The working capital interest 
is calculated using Equation 1, which reflects the standard half-year 
interest method widely adopted in agricultural cost accounting:

(1)

The applicable interest rate is generally based on the average rates published by the 
Agricultural Bank of the Republic of Turkey.

Accurate calculation of working capital interest is crucial for ensuring 
the reliability of total production cost estimation, particularly in annual crops 
where expenditures must be recorded using the quantity × unit price principle, 
ensuring consistency and comparability across farms and production seasons.

4.1.  Fixed Costs

Fixed costs are expenditures that arise independently of the level of 
production and must be paid even if no production takes place. They are 
primarily associated with long-term business assets. Although the proportion 
of fixed costs in annual crop production is generally lower than that of variable 
costs, their relative importance increases in capital-intensive farms with large 
machinery investments.
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The major fixed cost components are as follows:

•	 General Administrative Expenses: General administrative expenses 
correspond to approximately 3% of variable costs during the 
production period. This 3% coefficient is derived from the Classical 
Cost Accounting System and is widely applied in agricultural cost 
studies. These expenses represent the overhead costs necessary for 
managing and maintaining the operational structure of the farm 
business.

•	 Land Rent or Opportunity Cost of Land Capital: If the land is 
leased, the rental payment constitutes the land cost. For owned land, 
the opportunity cost of capital must be taken into account. In this 
case, the prevailing rental value of comparable agricultural land in 
the region is used in the calculation. If the land is leased, the rental 
payment constitutes the land cost. For owned land, the opportunity 
cost of capital must be taken into account. In this case, the prevailing 
rental value of comparable agricultural land in the region is used in 
the calculation.

•	 Machinery Capital Costs and Depreciation Expenses: Depreciation 
reflects the annual wear and tear of machinery, tractors, and 
equipment. Depreciation is calculated based on the economic life 
and residual value of machinery using standard accounting methods 
such as the straight-line method, which is predominantly used in 
agricultural cost studies (Çelik, 2014; Hatunoğlu & Kıllı, 2016).

If a single crop is produced on the farm and the machinery belongs to 
the farmer, the entire machinery capital and depreciation cost is allocated 
to that crop. When multiple crops are cultivated, machinery-related costs 
are distributed proportionally according to the cultivated area of each crop, 
ensuring that machinery costs are allocated in a manner consistent with field 
operation intensity.

4.2.  By-Product and Residual Value Applications

In the production of annual crops, secondary outputs with economic 
value are frequently obtained alongside the main product. For instance, 
straw in wheat production, oilcake in sunflower processing, and stalk–cob 
residues in maize cultivation hold may hold economic value depending on 
market conditions. Since these by-products arise naturally and unavoidably 
from the production process, their treatment within cost analysis represents 
an important methodological consideration.

The literature generally identifies two main approaches for handling 
by-product value. The first and most widely adopted method in classical 
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agricultural economics deducts the value of by-products from the total 
production cost, thereby deriving the net production cost. This approach 
assumes that by-products are secondary outputs that emerge jointly with the 
main product without requiring additional input use by the producer. Therefore, 
income generated from by-product sales is considered a compensating factor 
that reduces the effective cost of production. This methodology has been 
extensively used in Turkey’s standard cost calculation framework (Kıral et al., 
1999) as well as in numerous empirical studies on annual crops (Kumbasaroğlu 
& Dağdemir, 2010a; 2010c).

The second approach allocates by-product value proportionally among 
main and secondary outputs; however, this method is less commonly applied 
in annual crop studies.

Within the context of agricultural cost accounting—where the primary 
objective is to evaluate production efficiency and profitability—deducting the 
by-product value from total cost provides a more consistent and realistic basis 
for unit cost estimation.

In unit cost calculations, the sum of variable and fixed costs constitutes 
the total production cost. If by-product revenue exists, it is subtracted from 
the total cost to obtain the net production cost; if not, the full production cost 
is retained. The net cost value is then divided by the quantity of main product 
obtained to determine the cost per kilogram.

5.	 COST CALCULATION IN ANNUAL CROPS

Cost calculation in annual crops is a multi-stage process that involves 
the systematic identification of all inputs used during the production period, 
together with their economic valuation. Due to the short production cycle—
one of the defining characteristics of annual crops—the consumption of 
inputs within the same season, and the crucial effect of product value on 
producer decisions, cost analysis in annual crops plays a significant role in 
both enterprise management and product-based comparisons. 

In this section, a classical agricultural cost accounting approach is 
adopted, and the cost calculation procedure for annual crops is presented in 
detail. Each calculation step is explained together with the relevant formulas, 
definitions, and methodological descriptions to ensure conceptual clarity.

In the literature, alternative costing approaches have also been applied, 
particularly for agricultural enterprises characterized by multi-product 
and complex production structures. For instance, Gómez-González and 
Morini (2009) demonstrated that activity-based costing can provide a more 
detailed allocation of indirect costs in ornamental plant production systems. 
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However, due to its high data requirements and implementation complexity, 
such approaches are not commonly applied in annual field crop production. 
Therefore, classical cost accounting remains the most practical, transparent, 
and widely adopted framework for cost calculation in annual crops.

5.1.  Determining the Production Unit and the Analysis Period

Cost analysis begins with defining the production unit. In annual 
crops, the analysis unit is typically one decare or one hectare, depending 
on the production scale. Since the production period is confined to a single 
vegetation cycle, the complete use of inputs within the same season enhances 
the comparability and internal consistency of cost calculations.

Defining the appropriate production unit also ensures methodological 
consistency and allows meaningful comparisons across different crops, 
production systems, and regions.

The key variables affecting cost calculations include the type of crop 
(e.g., wheat, maize, vetch), the production method (dry vs. irrigated farming), 
and regional agro-ecological conditions.

5.2.  Activity-Based Definition of the Production Process

The first step in cost analysis is the identification and categorization 
of production activities. The typical activity structure for annual crops is 
presented below.

a)	 Variable Costs

•	 Land Preparation

o	Plowing

o	Planting

o	Harrowing/Rolling

•	 Crop Maintenance

o	Fertilization

o	Hoeing (for industrial crops)

o	Plant protection (pesticide application)

o	Irrigation

•	 Harvesting and Post-Harvest Operations

o	Harvesting



66  . Hediye KUMBASAROĞLU 

o	 Bundling or stacking (crop-specific)

o	Collecting and sorting

o	Bagging

o	Threshing

o	Straw transportation (when applicable)

o	Transportation to storage

o	Loading and unloading

o	Transportation to market

o	Fuel expenses

o	Repair and maintenance expenses

o	Working capital interest 

TOTAL VARIABLE COSTS

b)	 Fixed Costs

These cost items arise even if no production takes place:

o	General administrative expenses

o	Land rent

o	Machinery and equipment depreciation

o	Machinery and equipment interest costs

TOTAL FIXED COSTS

Fixed costs represent long-term expenditures associated with allocating 
asset value over multiple years of use.

5.3.  Depreciation Calculation

Depreciation refers to the systematic allocation of machinery and 
equipment costs over their economic lifespan. In annual crop production, 
proper allocation of fixed capital assets is essential for accurately reflecting 
machinery-related costs in total production expenses. In traditional cost 
accounting, depreciation is calculated using the straight-line method. Equation 
2 presents the standard formula used to calculate annual depreciation:
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(2)

In agricultural machinery, the salvage value is generally assumed to be 
zero. To determine product-based depreciation, the proportion of the machine’s 
annual operating time allocated to each crop must be considered. Equation 3 
illustrates the procedure for calculating crop-specific depreciation:

(3)

This method accurately reflects the effect of capital use on production 
costs, enhances comparability across crops, and ensures methodological 
robustness. The resulting depreciation value is incorporated into the total 
production cost of the crop.

5.4.  Calculation of Operating Capital Interest

Operating capital interest represents the financing cost associated with 
variable inputs and reflects the opportunity cost of capital tied up during the 
production cycle. In agricultural cost accounting, this component ensures that 
the monetary value of production expenditures is evaluated in line with their 
timing and financial implications.

Operating capital interest is calculated using Equation 4, which illustrates 
the half-year interest calculation method widely adopted in Türkiye.

(4)

The applicable interest rate is typically selected within the range of 12–20% 
under Türkiye’s production and financial conditions. The division by “2” accounts 
for the assumption that production expenditures are made gradually and, on 
average, remain committed to the production process for half of the year.

5.5.  Determination of By-Product Value and Its Deduction from Pro-
duction Cost

In annual crops, by-products often possess significant economic value. 
Examples include:

•	 Wheat: straw 

•	 Maize: stalks and cobs 
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•	 Sunflower: oilcake (a valuable processing by-product)

Since these by-products can be sold, their value must be incorporated into 
the cost analysis. In classical agricultural economics, the standard approach is 
to deduct the by-product value from the total production cost to obtain the net 
cost of the main product.

Unit cost is calculated using Equation 5, which presents the standard 
procedure for deriving the net unit cost after deducting by-product revenue: 

(5)

This approach is well-established in the agricultural economics literature 
(Kıral et al., 1999; Kumbasaroğlu & Dağdemir, 2010c–2011) and is applicable 
across all annual crop systems, including wheat, maize, vetch, and potatoes.

5.6.  Profitability Analysis

Profitability performance indicators are calculated as follows. Gross 
margin and net profit are calculated using Equation 6 and Equation 7, 
respectively: 

(6)

(7)

Gross margin reflects the difference between gross revenue and variable costs, 
whereas net profit incorporates all cost components, including fixed expenses.

These indicators provide essential insights into the economic efficiency, 
financial sustainability, and overall viability of annual crop production 
systems.

6.	 GENERAL COST CALCULATION TABLES FOR ANNUAL 
CROPS

Tables 2–5 collectively present a standardized and practical framework 
for conducting comprehensive cost and profitability analyses of annual crops. 
This framework is grounded in the classical agricultural cost accounting 
approach, which clearly distinguishes between variable costs, fixed costs, and 
profitability indicators, thereby ensuring methodological transparency and 
consistency.
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Table 2 provides a general cost calculation template applicable to cereals 
such as wheat, barley, and rye, while Table 3 and Table 4 adapt the same 
methodological structure to crops with different production characteristics, 
such as potato and vetch. Despite crop-specific differences in production 
operations, input intensity, and timing, all tables follow an identical 
accounting logic. This consistency enables direct comparison across crops by 
modifying only input quantities, unit prices, and yield levels, without altering 
the underlying calculation methodology.

Within these tables, variable costs include all inputs directly linked 
to production scale, whereas fixed costs represent expenditures that arise 
independently of output level. The inclusion of operating capital interest 
reflects the financing cost of variable inputs, and the deduction of by-product 
value from total production costs follows a widely accepted and scientifically 
sound practice in agricultural economics. Unit production cost is calculated 
by dividing net production cost by yield per decare, providing a critical 
indicator for evaluating cost efficiency, price competitiveness, and managerial 
performance.

Finally, Table 5 synthesizes cost and revenue components to derive gross 
margin and net profit per decare, thereby translating cost calculations into 
economically meaningful performance indicators. When used together, Tables 
2–5 function as an integrated decision-support tool that standardizes cost 
accounting practices and enhances comparability for researchers, students, 
extension services, and producers. This structured framework facilitates 
informed production planning, economic evaluation, and policy-oriented 
analysis across a wide range of annual crops.
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Table 2. General Cost Calculation Framework for Wheat, Barley, and Rye

Production 
Activities Timing

Labor & 
Machinery 
Require-

ments
Equipment 

Used

Materials Used

To
ta

l E
xp

en
se

s (
₺)

%La-
bor

Ma-
chin-
ery

Type

Q
ua

nt
ity

C
os

t (
₺)

(h
rs

)
C

os
t (

₺)
(h

rs
)

C
os

t (
₺)

I. Soil 
Preparation
a) First Plowing September Plow
b) Second 
Plowing September Cultivator

c) Planting October Seeder Seed
d) Harrowing/
Rolling October Harrow

II. Crop 
Maintenance

a) Fertilization 1 October Fert. 
Applicator DAP

b) Fertilization 2 March Fert.App Urea
c) Pesticide 
Application April Sprayer Chemical

d) Irrigation April Water
III. Harvest & 
Post-Harvest
a) Harvesting August Harvester
b) Bundling or 
Stacking August

c) Harvesting 
(Manual/
Mechanical)

August Thresher

d) Collecting August
e) Straw 
Transportation August Trailer Bag

f) Storage 
Transport August Trailer

g) Market 
Transport
h) Fuel Cost Fuel
i) Repair–
Maintenance
Subtotal 
(I+II+III)
1) Working 
Capital Interest
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A. Total 
Variable Costs
a) General 
Admin. 
Expenses (A × 
3%)
b) Land Rent
c) Machinery 
Depreciation
d) Machinery 
Capital Interest
B. Total Fixed 
Costs
C. Total 
Production 
Cost (A + B)
D. By-Product 
Revenue
E. Grain 
Output (kg/da)
F. Unit Cost (₺/
kg) = (C – D) 
/ E
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Table 3. General Cost Calculation Framework for Potato

Production Activities Timing

Labor & Machin-
ery Requirements

Equipment 
Used

Materials Used

To
ta

l E
xp

en
se

s (
₺)

%
Labor Machinery

Ty
pe

Q
ua

nt
ity

C
os

t (
₺)

(h
rs

)

C
os

t (
₺)

(h
rs

)

C
os

t (
₺)

I. Soil Preparation      
a) First Tillage Sep–Oct Plow
b) Second Tillage May Plow
c) Ridge Formation May Ridge Plow
d) Fertilization May Fertilizer
e) Planting May Plant. Mach Seed
II. Crop Maintenance
a) Fertilization June Manual DAP
b) Hoeing (2×) May–Jul Man. + 

Tool
c) Earthing Up May–Jun Manual
d) Pesticide 
Application June Sprayer Chemical
e) Irrigation (3×) Jul–Sep Water
III. Harvest & Post-
Harvest
a) Harvesting (Lifting) September Man. + 

Plow
b) Collecting & 
Sorting September Manual
c) Bagging September Manual Bag
d) Loading–Unloading September Manual
e) Transport to Market Trailer
f) Fuel Cost Fuel
g) Repair–
Maintenance

     

Subtotal (I + II + III)      
1) Working Capital 
Interest 

             

A. Total Variable 
Costs

             

a) General 
Administrative 
Expenses (A × 3%)

 
       

   

b) Land Rent              
c) Machinery 
Depreciation

             

d) Machinery Capital 
Interest

             

B. Total Fixed Costs              
C. Total Production 
Cost (A + B)

             

D. By-Product 
Revenue

             

E. Potato Yield (kg/
da)

             

F. Unit Potato Cost 
(₺/kg) = (C – D) / E
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Table 4. General Cost Calculation Framework for Vetch

Production Activities Timing

Labor & Ma-
chinery Re-
quirements

Equipment 
Used

Materials Used

To
ta

l E
xp

en
se

s (
₺)

%Labor Machin-
ery

Type

Q
ua

nt
ity

C
os

t (
₺)

(h
rs

)

C
os

t (
₺)

(h
rs

)

C
os

t (
₺)

I. Land Preparation      
a) First plowing April Plow
b) Second plowing May Cultivator
c) Sowing May Seed drill
d) Rolling May Roller Seed
II. Crop Maintenance

a) Fertilization 1 May Fertilizer 
spreader

b) Fertilization 2 Ammoni-
um nitrate

c) Pesticide application Sprayer
d) Irrigation Jun–Jul
III. Harvest and Post-
Harvest Water

a) Harvesting August Combine 
harvester

b) Baling August Baler
c) Transport to threshing area August Trailer
d) Fuel cost Fuel
e) Repair and maintenance      
Subtotal (I + II + III)      
e) Operating capital interest 
(6.565%)              

A. Total Variable Costs              
A) General administrative 
expenses (A × 3%)              

B) Land rent              
C) Machinery depreciation              
D) Machinery capital interest              
B. Total Fixed Costs              
C. Total Production Cost 
(A + B)              

D. By-product revenue              
E. Vetch yield (kg/da)              
e) Repair and maintenance              
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Table 5. Gross and Net Profit per Decare Obtained from Production

No. Cost and Revenue Items Calculated Value
1 Variable costs (₺/da)
2 Fixed costs (₺/da)
3 Total production costs (1 + 2) (₺/da)
4 Selling price (₺/kg)
5 Gross Production Value (₺/da)

a.	 Product revenue* (₺/da)

b.	 By-product revenue (₺/da)
6 Unit product cost (₺/kg)
7 Gross margin (5 − 1) (₺/da)
8 Net profit (5 − 3) (₺/da)
9 Yield (kg/da)

Notes: 
* Product revenue = Yield (kg/da) × Unit price (₺/kg)

By-product revenue = By-product quantity (kg/da) × Unit price (₺/kg)

7.	 CONCLUSIONS AND RECOMMENDATIONS

Cost calculation in annual crops plays a crucial role in revealing the 
economic dimension of agricultural production and enabling producer 
decisions to be evaluated on a rational basis. Due to the short production 
cycle, the concentration of input use within a single season, high sensitivity 
to climatic and market conditions, and the direct impact of by-product 
revenues on total costs, cost analysis in annual crops constitutes a critical 
economic and managerial tool. The classical agricultural cost accounting 
approach adopted in this chapter represents a comprehensive methodology 
widely used in Türkiye for estimating crop production costs. This approach 
is based on the distinction between variable and fixed costs and explicitly 
incorporates operating capital interest and by-product value. The literature 
consistently indicates that this framework is the most appropriate for 
annual crops due to its practical applicability and its ability to generate 
comparable results across different products (Kıral et al., 2003; Çelik, 2014; 
Kumbasaroğlu & Dağdemir, 2010b–2011; Kumbasaroğlu & Aşkan, 2021).

Within this chapter, all essential steps required for cost analysis in 
annual crops have been presented in detail, covering the identification 
of variable and fixed costs, the calculation of operating capital interest, 
the treatment of by-product values, and the estimation of unit costs and 
profitability indicators. To standardize the calculation process, a general cost 
calculation table and a conceptual structure were provided. This framework 
should be regarded not only as an academic approach but also as a practical 
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decision-support model that can be directly applied in farm management and 
production planning.

The importance of cost analysis in annual crops has become even more 
pronounced in today’s agricultural sector. Rapid increases in input prices, 
exchange rate volatility, growing uncertainty driven by climate change, and 
rising production costs have intensified the need for economically sustainable 
production models. Declining profitability levels or situations in which 
production costs approach market prices have the potential to significantly 
alter producers’ crop choices. Under these conditions, it is essential that 
cost analyses are conducted using accurate methodologies and updated on a 
regular basis.

Beyond the farm level, cost analyses also play a critical role in shaping 
regional and national agricultural policies. The evaluation of the profitability 
effects of crop-based support schemes, the assessment of agricultural 
insurance mechanisms, and the effectiveness of input subsidy policies can 
be more reliably examined when grounded in systematic cost data. The 
academic literature emphasizes that transparent and regularly collected cost 
information substantially enhances the quality and reliability of agricultural 
economics analyses (Gül et al., 2016; Uzundumlu et al., 2012; Atay & Kartal, 
2020; Erbaş, 2025).

Within this context, based on the overall framework and evaluations 
presented in this chapter, several key recommendations can be summarized 
as follows.

7.1.  Recommendations for Producers

•	 Producers should regularly record their actual production costs and 
systematically monitor changes in input prices. Accurate cost records 
enable producers to evaluate profitability more realistically and 
support informed decision-making.

•	 If by-products have an economic value, this value must be 
deducted from total production costs; otherwise, unit costs will be 
overestimated.

•	 Cost analyses that exclude operating capital interest fail to reflect the 
true level of profitability, particularly in input-intensive annual crop 
production systems.

•	 Since yield records constitute the basis of unit cost calculations, they 
should be maintained carefully and consistently to ensure reliable 
cost assessments.
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7.2.  Recommendations for Researchers

•	 In cost analyses of annual crops, the use of the classical agricultural 
cost accounting method enhances comparability across products, 
regions, and time periods.

•	 Cost studies should explicitly account for regional differences in 
yield levels, production techniques, and input-use structures to avoid 
misleading conclusions.

•	 High-quality and systematically collected cost data play a key role 
in explaining product-based competitiveness, export potential, and 
price formation mechanisms in agricultural markets.

7.3.  Recommendations for Policymakers

•	 The effectiveness of agricultural support policies should be evaluated 
using comprehensive cost analysis frameworks.

•	 Product-based cost maps that account for regional differences can be 
developed to support more targeted and efficient policy design.

•	 Policies aimed at reducing volatility in input prices are essential for 
ensuring cost stability, improving producer welfare, and sustaining 
agricultural production.

•	 Agricultural insurance schemes may be more effectively structured 
by incorporating cost-based risk groups derived from systematic cost 
analyses.

7.4.  General Evaluation

Cost analysis in annual crops represents a fundamental tool for evaluating 
agricultural production at both micro and macro levels. The methodological 
framework and application examples presented in this book chapter contribute 
to the standardization of cost calculations and provide a common reference for 
researchers, practitioners, and policymakers.

The overall approach adopted in this chapter aims to support improvements 
in economic efficiency, enhance managerial decision-making, and strengthen 
the scientific foundation of agricultural policy design.
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Introduction

Green spaces are parks, woodlands and other natural areas that are crucial 
for improving air quality and promoting healthier populations. Some of the 
studies on noise and its effects in city parks and forest areas were examined. A 
noisy environment can cause physical effects such as temporary or permanent 
hearing loss, physiological effects such as increased blood pressure, changes 
in heart rate and blood circulation, psychological effects such as nervous 
breakdown, fear, anxiety, and decreased performance in areas such as work 
efficiency, learning, and reading. 

Noise is one of the most significant sources of stress for people. Sudden 
exposure to noise levels can cause changes in a person’s heart rate, respiratory 
rate, blood pressure, metabolism, visual acuity, and even the electrical resistance 
of their skin. Insomnia is one of the most common disorders caused by noise. 
It is stated that when environmental noise is 60 dB, catecholamine and cortisol 
levels increase, which causes distraction, communication and sleep disorders 
in humans (Environmental Atlas of Turkey, 2004; Çetin, 2010). According to 
studies conducted in recent years, noise exposure affects hearing loss as well as 
cortisol and epinephrine levels. It has been reported that when environmental 
noise reaches 60 dB, catecholamine and cortisol levels increase, leading to 
concentration, communication, and sleep disorders in humans. Furthermore, 
noise affects neuroendocrine patterns during sleep (Güler et al.,1994; Last et 
al., 1998).  As industrialization and urbanization increase, noise has become a 
significant factor in environmental pollution. Although noise negatively affects 
human health in many ways, it is still not perceived as a risk in our society. 
However, it is also known that the most effective way to protect against these 
negative effects of noise is to control the noise source.

Traffic noise, one of the noises originating from transportation, has a large 
share in the formation of noise pollution. Traffic noise consists of the sum of 
the noises created by motor vehicles alone. The most important noise factors 
caused by the park’s proximity to the transportation line are the sounds of 
horns, the sounds of vehicles stopping and starting, and the sounds of moving 
vehicles (Ünver, 2008; Solak et al., 2023). The rapid increase in the number 
of motor vehicles also causes a rapid increase in noise levels. The density of 
motor vehicles, which causes an increase in the noise level in parks, causes a 
decrease in the comfort of the parks and a decrease in the satisfaction of the 
people visiting the park.

Noise impact in city parks

Parks play a vital role in urban ecosystems in terms of recreation, 
ecological balance, and human health. However, parks located near urban road 
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traffic are exposed to high levels of environmental noise. Some studies have 
examined the relationship between road distance to parks and noise levels.

There are various studies on the impact of noise pollution on parks, 
determining noise levels and offering solutions. Noise measurements were 
made in heavily used urban parks in the Trabzon city center by Bayramoğlu 
et al. (2014). The measurement values ​​were above the required noise level 
according to the Noise Control Regulation. In another study conducted by 
Ünver (2008), noise pollution originating from traffic and recreational use in 
Tekirdağ Çorlu District was investigated and the measurement values ​​were 
found to be above the desired noise level according to the Noise Control 
Regulation. 

It has been determined that the noise measurements carried out to 
determine the level of noise pollution in the parks far exceed the limit values ​​
allowed by the International Organization for Standardization (ISO) and the 
Regulation on Assessment and Management of Environmental Noise. It was 
concluded that the noise in the parks was caused by the park being surrounded 
by roads and heavy vehicle traffic. It has been stated that in order to prevent 
noise pollution, it will be important to leave the noise barrier within the park 
as wide as possible and to use the right plants. In another study conducted to 
determine the noise level in Yakutiye Park, which is the garden of a historical 
building in the city center of Erzurum, it was determined that the noise 
measurement results did not reach the limit value allowed in the Regulation 
on Assessment and Management of Environmental Noise (Official Gazette, 
2010). The reason for this is that large vehicles, especially those excluding 
municipal buses, are prohibited from entering Cumhuriyet Avenue, which 
forms the perimeter of Yakutiye Park, and vehicle speeds are low due to the 
street’s traffic density.

The relationship between the distance of parks within the city from roads 
and measured environmental noise levels was investigated. Traffic noise has 
significant effects on human health and comfort, especially in urban living 
spaces. While parks are designed as escape areas from noise within the city, 
their proximity to roads may not always provide the desired level of silence. 
Distances range from 10–200 m, and noise levels are in the range of 48–79 dB 
(Tunay, 2023). A synthetic dataset consisting of 40 observations was created 
to examine the relationship between road distance to parks and noise levels. 
Distances were randomly distributed between 10 and 200 meters, and noise 
levels were modeled to represent a tendency to decrease depending on traffic. 
Correlation, regression, and residual tests were applied in the analyses. A 
strong negative correlation was found between distance and noise at the level 
of r = -0.952. The regression value is -0.148 and the 95% confidence interval 
is [-0.1635, -0.1323]. The residuals are normal and the model assumptions are 
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satisfied. Traffic noise is a key factor determining the acoustic environment 
of parks. The results are consistent with the literature, and noise decreases 
linearly as distance increases. The analysis offers important implications for 
park planning and urban design: Parks located 5–10 meters from the roadside 
have significantly higher noise levels. Ideal noise reduction for parks is 
observed at distances of 20 meters and above. In park design, seating areas, 
children’s playgrounds, and rest areas should be located on the opposite side 
of the road or at least 20 meters away. Afforestation and green barriers can 
further support noise reduction.

Table 1. Distance and noise levels

Variable Mean SD Min Max
Distance (m) 96.69 56.18 13.91 194.28
Noise (dB) 62.26 8.73 48.23 79.08

 
            

Figure 1. Noise by park type
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Figure 2. 3d scatter: distance, vegetation vs noise 

The dataset used in the analysis consists of the distances of the parks 
from the road (in meters) and the noise levels (dB) measured at the same 
points. Distance was treated as the independent variable, and noise level 
as the dependent variable. The results show a strong, negative correlation 
between distance and noise. In other words, noise decreases significantly as 
the park moves further away from the road. The analysis results show that 
noise levels increase significantly when parks are close to the roadside, and 
decrease steadily as the distance increases. The effect of distance on noise is 
consistent with traffic-related noise models in the literature.
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Figure 3. Noise distribution histogram

The analysis results show that traffic-related noise has a very strong effect 
on the perceived acoustic environment in parks. Although the distance of the 
park from the road was considered as the only parameter, the model exhibited: 
strong correlation, significant slope, appropriate residual distribution. These 
findings support the idea that road traffic is the primary determinant of park 
noise. Furthermore, the obtained slope is consistent with the findings in the 
literature of “a decrease of 12–15 dB for every 100 m distance”.

A feasible action plan for noise control in parks

Parks are spaces for rest, recreation, and social interaction in urban 
life. However, uncontrolled noise disrupts the peaceful atmosphere of parks, 
negatively impacting both visitors and the surrounding ecosystem. In order to 
create a sustainable and peaceful environment in park areas, municipalities 
need to develop a noise management plan for both visitor comfort and 
environmental sustainability. The purpose of this action plan;

-To reduce noise sources in and around the park,

-To manage noise levels in accordance with regulations,

-To create healthy and peaceful environments for park users,

-To reduce noise pressure on the ecosystem.

Noise control in parks is very important both to protect the peace of 
visitors and to protect the surrounding ecosystem (especially birds and 
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other wildlife). Noise control in parks is regulated within the scope of the 
Regulation on Assessment and Management of Environmental Noise (Official 
Gazette, 2010). Parks are considered quiet areas. The most important source 
of noise in parks is the motor vehicle traffic in the immediate vicinity. Typical 
limit for inside the park: 55–60 dB (45–50 dB at night). The Regulation on 
Assessment and Management of Environmental Noise and the Environmental 
Law No. 2872 grant municipalities broad authority in noise control. Physical 
and Infrastructure Measures for Noise Control in Parks;

-Dense greenery and tree buffers can reduce noise by 20–30%.

-Acoustic barriers (natural or artificial) can be used.

-Sound propagation can be controlled through the strategic placement of 
playgrounds, sports -fields, and quiet areas.

-Motorized maintenance vehicles can be replaced with quieter vehicles.

-It is recommended that parks be located at least 80–100 meters away 
from roads.

In urban parks exposed to traffic-related noise, large vehicles should 
be prevented from passing around the park as much as possible, directed 
to alternative routes, and vehicle speeds should be reduced on the roads 
surrounding the parks. There are no shrubs, coniferous and leafy trees on the 
edges of the parks, which are important for noise barriers (Kılıç and Abuş, 
2018).  Therefore, the heavy traffic noise on the roads is also felt in the park. 
For this reason, noise-blocking barriers made of plant materials should be 
added to the edges of the park.

Noise impact in woodlands

The high noise level on the straight sections of the intercity highway 
within the forest affects the habitats of wild animals and access to water 
resources in some sections of the road. When motor vehicles slow down 
and then accelerate at points where there are vertical curves, noise levels, 
especially from the engine and exhaust, reach 65-78 decibel. 

In a study conducted on the Bartın-Karabük highway located in the 
forest area, environmental noise measurements were done at such points 
as especially turns, long plains and vertical curve turns where noise level 
would be different. Furthermore, for the average inner-woods noise level, 
environmental noise measurements were done during the day in different 
parts of a forest isolated from the highway (Atesoglu et al., 2016). 
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                       Figure 4. Noise measurement points in woodland

In the straight parts of the road, it was detected that the noise level 76-78 
dB as a result of cars’ increasing their speed, motors and exhaust sounds. The 
noise level is quite high on the flat sections of the Bartın-Karabük highway 
within the forest, affecting the habitats of wild animals and their access to 
water sources located in some parts of the road. It has been observed that the 
existing trees reduce the noise to varying degrees depending on the slope. 

Noise is one of the important industrial and environmental problems 
of our time. Unless sufficient and effective measures are taken, the noises 
made by industrial machines may do serious harm to workers. Environmental 
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noise affects humans both physically and psychologically (Durgut and 
Celen, 2004). The human ear attempts to adapt to noise up to a certain level. 
However, this adaptation is not sufficient to eliminate industrial noise. In a 
study conducted to ergonomically examine the noise generated by loading 
machines used in forestry activities in forest areas, the equivalent noise levels 
to which operators are exposed during the operation of loading machines 
and the factors affecting these noise levels were determined using regression 
analysis (Melemez and Tunay, 2010). 

                Figure 5. Original cabin-equipped loading machine working in the forest

Figure 6. Noise levels to which the operator is exposed during work
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It has been determined that the noise levels to which loading machine 
operators are exposed during their work range from 85.4 to 104.7 dB. The 
equivalent noise level to which the operator is exposed is 92.9 dB. This 
value is above the danger limit of 90 dB specified in international standards. 
Regression analysis was conducted to determine the factors affecting the 
noise levels experienced by operators working with loading machinery in 
forested areas. The most influential variable on the noise level transmitted to 
the operator is whether the loading machine has its original cab or not. 

 Table 2. Average noise levels

Loading machine Mean SD Min Max

All tractors 91.80 6.10 75.60 105.00

Without a cabin 93.45 3.88 83.50 105.00

Original with cabin 77.53 1.45 75.60 78.90

In forestry operations with loading machines, the minimum equivalent 
noise level for all tractors has been determined as 76 dB, and the maximum 
equivalent noise level as 105 dB. The most ergonomic way to control noise 
in tractors is to use a good cabin. Cabs can reduce tractor noise levels by 
2-10 dB. The average noise level experienced by operators of cabless tractors 
with loading equipment mounted has been found to be considerably higher 
than that experienced by operators of original cabbed loading machines. 
After determining the effects of noise on hearing, research has focused on 
other physiological effects caused by noise. Prolonged exposure to noise has 
been shown to affect heart rate, blood pressure, respiration, and uric acid 
levels in the blood (Sabancı, 1999). As noise levels increase, so does heart 
rate, which is also an indicator of increased energy consumption. Therefore, 
as noise increases, fatigue increases and work performance decreases.  
The most influential factors on the equivalent noise levels experienced by 
loading machine operators during their work were found to be machine cab 
condition, ground roughness, machine operating time, and terrain slope. 
Considering these factors, it can be said that, in general, machine and ground 
characteristics have an impact on noise levels. The slope and roughness of the 
terrain in forest areas are related to the soil characteristics. The more suitable 
these characteristics are, the lower the noise level transmitted to the operator 
will be.
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                                 Figure 7. Hearing loss values in six frequencies

To determine noise-induced hearing loss among forestry workers in the 
Zonguldak region, the workers were divided into three groups: chainsaw 
operators, tractor operators, and other forestry workers (Tunay and Melemez, 
2008). The average noise level to which workers, especially those operating 
chainsaws, are exposed ranges between 90-105 dB. Audiogram testing 
performed on the forest worker revealed bilateral very mild (41-55 dB) 
sensorineural loss in both ears and bilateral moderate (56-70 dB) loss in the 
2000-4000-8000 Hz range. Figure 7 shows the distribution of hearing loss 
values ​​at six frequencies for three worker groups, according to audiometric 
analysis. The most noticeable difference was observed in chainsaw operators 
at the 4000 Hz frequency. High noise levels are a significant factor causing 
hearing loss. Chainsaw operators exposed to high noise levels above 90 dB 
in forested areas have been found to experience significant hearing loss at the 
4000 Hz frequency. Forestry workers who use chainsaws should be informed 
and should use protective equipment.
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1.	 Introduction 

1.1. The convergence of geographic information systems (GIS) and 
artificial intelligence (AI)

The integration of Geographic Information Systems (GIS) with Artificial 
Intelligence (AI) represents a significant advancement in spatial technology 
and geographic information science in the 21st century (Li et al., 2024; Mai et 
al., 2025). This confluence has resulted in the formation of an interdisciplinary 
domain known as Geospatial Artificial Intelligence (GeoAI), which profoundly 
transforms our understanding, analysis, and engagement with spatial data and 
geographic events. Janowicz et al. (2020) observed in their seminal special 
issue on GeoAI that this integration has resulted in a significant transition 
from static, descriptive mapping to dynamic, predictive, and autonomous 
spatial intelligence systems.

This alteration is significant and should not be underestimated. 
Conventional GIS was mostly developed for the storage, management, and 
visualisation of spatial data (Goodchild, 2010). It was groundbreaking in its 
own regard. GeoAI enhances these capabilities by employing machine learning 
techniques, deep learning frameworks, and high-performance computing to 
extract insights from increasingly complex spatial large data (VoPham et al., 
2018). This evolution enables academics, practitioners, and decision-makers 
to understand historical events and their locations, as well as to predict future 
occurrences and their underlying causes across diverse spatial and temporal 
dimensions.

There is no universally accepted definition of GeoAI; nonetheless, 
researchers have proposed various perspectives that emphasise distinct aspects 
of this transdisciplinary domain. GeoAI fundamentally has three principal 
components that function in unison:

1.	 The spatial science foundation: VoPham et al. (2018) describe GeoAI 
as “an emerging scientific discipline that integrates advancements in spati-
al science, artificial intelligence techniques in machine learning (e.g., deep 
learning), data mining, and high-performance computing to derive insights 
from spatial big data” (p. 2). This definition emphasises the field’s roots in 
geographic information science and its commitment to understanding spatial 
phenomena through computer methods.

2.	 The AI methodological component¿ The methodological component 
of AI? GeoAI integrates artificial intelligence techniques, particularly machi-
ne learning and deep learning, with geographic information systems to facili-
tate intelligent, automated spatial analysis (Li et al., 2024). Machine learning 
is a kind of artificial intelligence that concentrates on instructing computers to 
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learn from unprocessed geographical data by identifying patterns and utilising 
them to extract additional information. Deep learning, the most sophisticated 
variant of machine learning, employs neural network designs capable of assi-
milating intricate spatial notions by hierarchically integrating simpler compo-
nents (LeCun et al., 2015).

3.	 The application-oriented dimension: The practical aspect: GeoAI is 
defined as “a fusion of narrow artificial intelligence and applied spatial scien-
ce” (Esri Canada, 2024), with narrow AI pertaining to systems that concent-
rate on particular geographical tasks rather than broad intelligence. This pers-
pective emphasises the potential of GeoAI to address real-world challenges 
across various domains, including urban planning, environmental monitoring, 
disaster management, and public health (Kamel Boulos et al., 2019).

A comprehensive definition of GeoAI is: “The integration of AI 
methodologies and technologies with high-quality geospatial data and 
analysis, amalgamating the advantages of AI and geographic information 
systems to extract valuable insights from spatial data via automated analysis, 
pattern recognition, and predictive modelling” (Spyrosoft, 2024).

Figure 1. Conceptual Framework of Geospatial Artifical Intelligence (GeoAI)
(Source: Adapted from VoPham et al. (2018) and Li et al. (2024)

This thorough comprehension establishes GeoAI not merely as a technical 
tool, but as an avant-garde scientific framework for the acquisition of spatial 
knowledge and decision-making in an era marked by unprecedented data 
proliferation and computational power (Li et al., 2024).

GeoAI possesses some distinctive characteristics that differentiate it from 
conventional GIS and general-purpose AI systems. These attributes arise from 
the integration of spatial cognition with artificial intelligence.
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Clarity in Spatial Context. GeoAI incorporates spatial autocorrelation and 
spatial heterogeneity—two fundamental attributes of geographic phenomena—
into AI modelling (Li et al., 2024). Tobler’s First Law of Geography articulates 
spatial autocorrelation, the principle that proximate entities are more likely to 
exhibit similarities (Tobler, 1970). This approach guides the creation of GeoAI 
models, enabling them to leverage geographical linkages that traditional AI 
methods would neglect. Spatial heterogeneity acknowledges that interactions 
and processes vary across different locations, requiring models that can adapt 
to particular geographic contexts rather than assuming global uniformity.

Table 1. Conceptual Framework of Geospatial Artificial Intelligence (GeoAI)
Characteristic Traditional GIS GeoAI

Primary fonction Data storage management and 
visualization

Automated analysis, pattern 
recognation, and prediction

Data processing Manual or semi automated 
analysis workflows

Automated future extraction 
and classification

Analysis approach Rule-based and expert-driven 
spatial queries

Data-driven machine learning 
and deep learning models

Pattern discovery Requires explicit programming 
of spatial relationships

Autonomous pattern detection 
from training data

Prediction Capability Limited to interpolation and 
basic statistical models

Advanced predictive modeling 
across space and time

Data Volume Handling Challenged by big data; 
requires data reduction

Designed for big spatial data; 
scalable architectures

Computational 
Requirements

Moderate; desktop or server-
based

High; GPU acceleration and 
cloud computing

Expertise Required GIS specialist knowledge and 
domain expertise

Combination of GIS, data 
science, and programming skills

Temporal Analysis Static snapshots or simple time 
series

Dynamic spatiotemporal 
modeling and forecasting

Update Frequency Periodic manual updates Near real-time automated 
updates possible

Interpretability Transparent rule-based 
processes

Variable; some methods are 
“black boxes”

Application Examples Map production, spatial 
queries, overlay analysis

Object detection in imagery, 
traffic prediction, land use 
classification

Emergence Period 1960s-present 2012-present (formally 
recognized field)

Key Technologies Spatial databases, cartographic 
visualization, geoprocessing

CNNs, transformers, ensemble 
methods, foundation models

Scale-Aware Intelligence. GeoAI must operate over many spatial scales, 
including local, regional, and global, as well as diverse temporal scales, such 
as real-time, historical, and predictive (Mai et al., 2022). This differs from 
conventional AI systems. This multi-scale intelligence is crucial for addressing 
complex spatial issues such as climate change, urban expansion, and disease 
proliferation, because processes at varying scales influence one another and 
the outcomes.
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Geospatial Data Integration. GeoAI systems are designed to process 
geospatial data in various formats (raster, vector, point clouds), sourced 
from diverse origins (satellites, drones, IoT sensors, volunteered geographic 
information), and utilising many modalities (optical, radar, thermal, 
multispectral) (Wu, 2025). The capacity to integrate data from several sources 
enhances the comprehension of geographic phenomena beyond what a single 
data source might provide.

Actionable Spatial Intelligence. The primary objective of GeoAI 
is to analyse spatial patterns in order to generate actionable insights that 
assist individuals in making informed decisions and addressing geographic 
challenges proactively (Gao et al., 2023). GeoAI distinguishes itself from 
other methodologies for analysing geographic information by emphasising 
action.

1.2. The modern GeoAI ecosystem

Contemporary GeoAI constitutes a complex ecosystem comprising 
technology, data sources, platforms, organisations, and communities. To 
comprehend the present condition of the field and its trajectory, one must 
grasp the functioning of this ecosystem.

The technical foundation of contemporary GeoAI is established on many 
essential technologies that function together.

Architectures for artificial intelligence: GeoAI transcends conventional 
statistical techniques by employing sophisticated machine learning approaches, 
including supervised learning for classification and regression, unsupervised 
learning for clustering and pattern recognition, and reinforcement learning 
for optimisation and decision-making in uncertain environments. Ensemble 
approaches, like random forests and gradient boosting, remain preferred for 
their robustness and transparency (Choi, 2023).

Analysing geospatial information: Specialised tools and libraries have 
been created to address the distinct requirements of geospatial data. The GeoAI 
Python module (Wu, 2025) features high-level APIs that simplify complex 
machine learning operations while providing expert users considerable 
flexibility. It is capable of reading and writing several data types, including 
GeoTIFF, JPEG2000, GeoJSON, Shapefile, and GeoPackage. It autonomously 
regulates equipment to enhance processing efficiency.

Infrastructure for cloud computing: Contemporary GeoAI applications 
utilise cloud platforms such as Google Earth Engine, AWS, and Azure for the 
storage and processing of substantial data volumes. This enables researchers 
lacking local high-performance computing facilities to conduct advanced 
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research by providing universal access to computational resources and 
extensive geospatial datasets (Gorelick et al., 2017).

The efficacy of GeoAI is significantly influenced by the quality and 
accessibility of geospatial data, which is acquired from several origins.

Satellite-based remote sensing: Diverse categories of Earth observation 
satellites provide data at varying spatial resolutions (ranging from sub-meter 
to kilometres), temporal frequencies (from continuous to monthly), and 
spectral bands (including visible, thermal, and radar wavelengths). Open data 
rules for missions such as Landsat and Sentinel have significantly increased 
data availability (Wulder et al., 2022).

Aerial platforms: Unmanned Aerial Vehicles (UAVs or drones) connect 
satellite and terrestrial observations, providing exceptionally high-resolution 
imagery and LiDAR data for localised and regional studies (Manfreda et al., 
2018).

Ground-based sensors: IoT networks, environmental monitoring 
stations, traffic cameras, and mobile sensors continuously provide streams 
of georeferenced data. This data is compatible with aerial observations from 
satellites and aircraft.

Data from numerous individuals: Volunteered Geographic Information 
(VGI) via platforms such as OpenStreetMap, citizen science initiatives, and 
social media provides valuable ground truth and real-time updates; yet, it 
presents challenges with quality control (Goodchild, 2007).

Derived and modelled data: GeoAI generates novel spatial datasets 
through classification, prediction, and simulation of data. These datasets can 
subsequently serve as inputs for further analysis, so establishing a virtuous 
cycle of knowledge generation.

The GeoAI ecosystem comprises both commercial and open-source 
platforms.

Commercial frameworks: The ArcGIS platform by Esri incorporates 
numerous integrated AI functionalities, including tools for object detection, 
classification, grouping, and prediction. These technologies integrate 
traditional GIS workflows with contemporary ML frameworks, enabling 
anyone with limited technological knowledge to utilise GeoAI methodologies 
(Esri, 2024b).

Open-source frameworks: TensorFlow and PyTorch are fundamental 
deep learning frameworks. Rasterio, Geopandas, and the GeoAI package 
exemplify specialised libraries that enhance geospatial functionalities. This 
open-source ecosystem fosters innovation and ensures universal accessibility.
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Cloud-based services: Google Earth Engine, Sentinel Hub, and analogous 
systems provide cloud-based data and computational resources, hence 
alleviating the necessity for numerous applications to download and analyse 
data locally on their devices.

GeoAI is applicable in nearly every domain where location holds 
significance: Environmental monitoring and conservation (Pettorelli et al., 
2014); urban planning and smart cities (Batty, 2018); disaster management 
and humanitarian response (Ghaffarian et al., 2023); agriculture and food 
security (Kamilaris & Prenafeta-Boldú, 2018); public health and epidemiology 
(Kamel Boulos et al., 2019; VoPham et al., 2018); transportation and logistics 
(Ermagun & Levinson, 2018); climate science and Earth system modelling 
(Reichstein et al., 2019).

Each discipline has unique challenges and opportunities, driving the 
evolution and enhancement of GeoAI methodologies and applications.

2.	 Technical basis of GeoAI

Geospatial Artificial Intelligence (GeoAI) possesses the potential to 
transform the world, as it integrates a sophisticated array of technologies 
encompassing computer science, statistics, and geographic information 
science. This chapter examines the primary technical components that 
enable GeoAI systems to extract information from spatial data, predict future 
occurrences of geographic phenomena, and automate complex spatial analysis 
tasks.

The technical domain of GeoAI encompasses three interrelated 
components: (1) machine learning algorithms that discern patterns from both 
labelled and unlabelled spatial data; (2) deep learning architectures tailored or 
modified for geospatial data; and (3) specialised computational frameworks 
and tools that facilitate the practical application of these methodologies (Choi, 
2023; Li et al., 2024). Contemporary spatial intelligence systems must achieve 
a balance among many objectives. For instance, they must accurately identify 
patterns, do extensive analyses rapidly, be comprehensible to instill trust 
among decision-makers, and manage the vast quantities of Earth observation 
data received daily (Esri, 2024b).

2.1 Basic ideas about machine learning in GIS

Machine learning (ML) represents a significant shift from rule-based spatial 
analysis to data-driven pattern detection. Rather than explicitly programming 
the rationale for spatial relationships, machine learning algorithms derive 
these correlations from training data. This enables children to utilise their 
acquired knowledge in unfamiliar contexts (Chege-Tierra, 2024).
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2.1.1 Distinctive attributes of spatial data

Spatial data possesses distinct characteristics that must be considered, 
in contrast to the tabular data commonly employed in conventional machine 
learning applications (Analytics Vidhya, 2021):

Spatial autocorrelation: refers to the spatial dependency of geographic 
phenomena, suggesting that nearby observations tend to be more similar than 
those that are farther apart, as articulated in Tobler’s First Law of Geography 
(Tobler, 1970). This contradicts the concept of independence upon which 
several conventional statistical methods rely.

Spatial heterogeneity: The associations among variables sometimes 
vary across geographic regions rather than being globally uniform. Machine 
learning models must be flexible to local situations or incorporate geographical 
context as explicit attributes (Fotheringham & Oshan, 2016).

Multi-scale structure: Geographic processes occur simultaneously 
across multiple spatial scales. Goodchild (2011) asserts that machine learning 
for geographic information systems must effectively capture these nested 
scale interactions.

Diverse categories of data: Geospatial data can be represented through 
various formats, including vector geometries, raster grids, point clouds, 
and networks. Each category requires distinct preprocessing and feature 
engineering (Analytics Vidhya, 2021).

2.1.2 Supervised learning in GeoAI

Supervised learning algorithms acquire mappings from input features to 
output labels utilising training datasets in which both inputs and corresponding 
outputs are known (LinkedIn, 2023).

Key Classification Algorithms:

Linear and Logistic Regression: Despite their simplicity, regression-based 
methodologies retain significance in GIS applications where interpretability 
and computational speed are paramount. Geographically Weighted 
Regression (GWR) permits regression coefficients to fluctuate spatially, hence 
encapsulating spatial heterogeneity (Brunsdon et al., 1996; Fotheringham et 
al., 2002).

Random Forests: Introduced by Breiman (2001), random forests 
consolidate predictions from ensembles of decision trees, significantly 
enhancing generalisation performance. Spatial extensions clearly integrate 
spatial context via spatial leave-one-out cross-validation or spatial blocking 
methodologies (Brenning, 2012; Meyer et al., 2018).
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Support Vector Machines (SVM) provide ideal hyperplanes that maximise 
the margin between classes in high-dimensional feature spaces (Cortes 
& Vapnik, 1995). Support Vector Machines (SVMs) have demonstrated 
remarkable efficacy in hyperspectral image classification within remote 
sensing applications, adeptly managing high-dimensional data without 
necessitating substantial training samples (Mountrakis et al., 2011).

Regression for Spatial Prediction: Contemporary machine learning 
regression enhances the functionalities of kriging by accommodating 
intricate nonlinear interactions and multivariate factors. Gradient boosting 
machines (Friedman, 2001) and neural network regressors frequently 
surpass conventional geostatistical methods when ample training data is 
accessible (Hengl et al., 2018). Empirical Bayesian Kriging (EBK) is a hybrid 
methodology that integrates geostatistical principles with automated model 
selection via simulation (Krivoruchko & Gribov, 2019).

2.1.3 Unsupervised learning in GeoAI

Unsupervised learning identifies patterns, structures, or clusters in data 
devoid of specified labels, rendering it advantageous for exploratory spatial 
analysis, data reduction, and anomaly identification (LinkedIn, 2023).

Clustering Algorithms:

K-Means Clustering: Despite its straightforwardness, k-means continues 
to be extensively utilised for spatial segmentation applications. Spatial 
variants integrate geographic limitations by emphasising spatial proximity 
in conjunction with feature similarity or necessitating cluster compactness 
(MacQueen, 1967; Chavent et al., 2018).

DBSCAN: Density-Based Spatial Clustering detects clusters as dense 
regions delineated by sparse areas, autonomously deciding the number of 
clusters and identifying outliers (Ester et al., 1996). In contrast to k-means, 
DBSCAN accommodates clusters of arbitrary shapes, which is advantageous 
for spatial data because natural regions may exhibit irregular forms.

Dimensionality Reduction: Principal Component Analysis (PCA) 
converts correlated variables into uncorrelated principal components (Jolliffe, 
2002). PCA decreases dimensionality in hyperspectral remote sensing data 
comprising numerous associated spectral bands, while preserving the majority 
of information. Contemporary nonlinear techniques such as t-SNE (van der 
Maaten & Hinton, 2008) and UMAP (McInnes et al., 2018) are proficient in 
maintaining local data structure within low-dimensional embeddings.
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2.2 Deep learning architectures for geospatial analysis

Although standard machine learning techniques are still useful for 
numerous GIS applications, deep learning (DL) has become the prevailing 
approach for analysing high-dimensional spatial data, especially images 
obtained from satellites, aircraft, and drones. Deep neural networks 
autonomously acquire hierarchical feature representations from unprocessed 
data, obviating the necessity for manual feature engineering (LeCun et al., 
2015; Reichstein et al., 2019).

2.2.1 The deep learning revolution in remote sensing

The utilisation of deep learning in remote sensing accelerated with the 
2012 ImageNet breakthrough, during which AlexNet attained unparalleled 
image classification accuracy (Krizhevsky et al., 2012). Deep learning 
provides numerous benefits for remote sensing, including automatic feature 
extraction, hierarchical abstraction, end-to-end learning, and scalability (Ball 
et al., 2017; Zhang et al., 2023). Nonetheless, deep learning has obstacles, 
including considerable requirements for labelled data, extensive processing 
costs, sensitivity to hyperparameters, and restricted interpretability.

2.2.2 Convolutional Neural Networks (CNNs)

Convolutional neural networks constitute the foundation of deep learning 
for geographic data processing. Convolutional Neural Networks (CNNs) 
leverage the spatial organisation of pictures via specialised processes—
convolution, pooling, and hierarchical composition—that effectively acquire 
translation-invariant feature detectors (LeCun et al., 1998, 2015).

Fundamentals of CNN Architecture:

Convolutional Layers: Convolution operations utilise learnt filters that 
traverse input feature maps, identifying specific patterns such as edges, 
textures, and forms. The convolution operation for two-dimensional spatial 
data is expressed as: 

where I represents the input, K denotes the learnable kernel, and S 
signifies the output.

Pooling Layers: Pooling processes downsample feature maps by 
consolidating values within local neighbourhoods, hence decreasing 
computational expense and enlarging the receptive field size.

Activation Functions: The Rectified Linear Unit (ReLU), defined as   has 
emerged as the preferred option owing to its processing efficiency and its 
efficacy in alleviating vanishing gradient issues (Glorot et al., 2011).
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Prominent CNN Architectures:

VGGNet: Established that very deep networks utilising modest (3×3) 
convolutional filters could attain exceptional performance (Simonyan & 
Zisserman, 2015). The straightforward, modular architecture of VGG has 
rendered it favoured for transfer learning in remote sensing.

ResNet: Deep Residual Networks implemented skip connections, 
facilitating the training of extremely deep architectures (50-200+ layers) 
without performance deterioration (He et al., 2016). The residual connection 
formulation y = F(x) + x  enables networks to learn residual mappings, hence 
enhancing optimisation.

DenseNet: Enhances ResNet by linking each layer to all following layers 
within dense blocks, hence increasing gradient flow and promoting feature 
reutilization (Huang et al., 2017).

EfficientNet: Methodically adjusts network depth, width, and input 
resolution using compound scaling, attaining exceptional accuracy-efficiency 
balances beneficial for extensive remote sensing applications (Tan & Le, 
2019).

Specialized Remote Sensing Architectures:

Multi-source Fusion Networks: Consolidate data from several sensors 
(optical, SAR, LiDAR) by multi-stream processing, dynamic group 
convolutions, or attention-based fusion techniques (Chen et al., 2020; Zhang 
et al., 2024).

Lightweight Architectures: Utilise depthwise separable convolutions, 
pruning, and quantisation to diminish computing demands for real-time or 
resource-limited applications (Liu et al., 2025; Scientific Reports, 2025).

Attention-Enhanced CNNs: Attention mechanisms dynamically highlight 
significant geographical regions or feature channels, hence enhancing 
performance on tasks like as building extraction and land cover classification 
(Woo et al., 2018; Alhichri et al., 2021).

2.2.3 Advanced deep learning paradigms

Semantic Segmentation Networks: Semantic segmentation allocates 
class labels to each pixel, generating dense predictions crucial for land cover 
mapping and building footprint extraction (Long et al., 2015).

U-Net: The established standard for remote sensing segmentation, 
U-Net’s encoder-decoder architecture with skip links maintains intricate 
spatial features while encompassing semantic context (Ronneberger et al., 
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2015). Various variants improve performance via inception modules, attention 
gates, residual connections, and multi-scale fusion (Discover Computing, 
2025; Khan & Jung, 2024).

DeepLab: Utilises atrous convolutions and atrous spatial pyramid pooling 
(ASPP) to capture multi-scale context and generate precise object boundaries 
(Chen et al., 2018).

Vision Transformers (ViTs) utilise the transformer architecture from 
natural language processing for image analysis, incorporating self-attention 
mechanisms that effectively represent long-range relationships throughout 
complete images (Dosovitskiy et al., 2021). Transformers provide benefits in 
remote sensing by effectively capturing global spatial context, although they 
generally necessitate larger training datasets compared to CNNs.

Hybrid CNN-Transformer Architectures: Integrate convolutional neural 
networks for local feature extraction with transformers for global context 
modelling, utilising their complimentary strengths (Nature, 2025; Zhang et 
al., 2024). The Enhanced Hybrid CNN and Transformer Network (EHCTNet) 
exhibits this methodology by merging spatial and channel attention alongside 
multi-scale feature fusion (Nature, 2025).

Recurrent Neural Networks (RNNs): Long Short-Term Memory 
(LSTM) networks are proficient at handling sequential data by preserving 
an internal state that encapsulates temporal dependencies (Hochreiter & 
Schmidhuber, 1997). In GeoAI, recurrent neural networks facilitate the study 
of satellite image time series, the identification of temporal changes, and the 
forecasting of spatial activities. Bidirectional LSTMs have demonstrated 
efficacy in hyperspectral image categorisation (Mou et al., 2017).

2.3 Training, optimization, and regularization

The successful implementation of machine learning and deep learning 
in GeoAI necessitates meticulous consideration of training methodologies, 
optimisation tactics, and regularisation methods that avert overfitting while 
ensuring robust generalisation.

Loss Functions: for classification tasks utilise cross-entropy loss, 
regression tasks implement mean squared error (MSE) or mean absolute error 
(MAE), and segmentation tasks may adopt specialised losses that tackle class 
imbalance, including Dice loss, Focal loss, or Tversky loss (Salehi et al., 2017; 
Lin et al., 2017).

Optimization Algorithms: tochastic gradient descent (SGD) with 
momentum enhances convergence speed. Adam (Kingma & Ba, 2015) 
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adjusts learning rates for each parameter by utilising first and second moment 
estimations. Learning rate scheduling—diminishing learning rates as training 
advances—mitigates oscillation and facilitates fine-tuning (Smith, 2017).

Regularization Techniques: Regularisation Weight decay (L2 
regularisation) imposes a penalty on substantial parameter values. Dropout 
randomly disables neurones during the training process (Srivastava et al., 
2014). Data augmentation artificially enlarges training datasets by changes 
such as rotation, flipping, and scaling. Early stopping terminates training 
when validation performance stabilises. Batch normalisation standardises 
activations, hence stabilising the training process (Ioffe & Szegedy, 2015).

Transfer Learning and Domain Adaptation: Transfer learning mitigates 
data scarcity by initialising networks with weights pre-trained on extensive 
datasets, thereafter fine-tuning them on smaller target datasets (Yosinski et al., 
2014). In remote sensing, domain adaptation techniques address distributional 
discrepancies between pre-training and target data, enhancing efficacy (Tuia 
et al., 2016). Self-supervised pre-training on unlabelled remote sensing data 
yields an initialisation more aligned with domain characteristics (Caron et al., 
2020).

2.4 Specialized GeoAI methods and emerging paradigms

Graph Neural Networks (GNNs) enhance deep learning for graph-
structured data by learning representations that integrate network topology 
(Kipf & Welling, 2017). Applications encompass traffic forecasting on road 
networks, flood prediction in river systems, and spatial accessibility analysis 
(Jiang, 2021; Li et al., 2021).

Geospatial Foundation Models: Foundation models, which are 
extensive models pre-trained on varied datasets, signify a nascent paradigm 
for GeoAI (Bommasani et al., 2021). Prithvi, created by NASA and IBM, 
is trained on extensive datasets of satellite photography to acquire universal 
representations of Earth observation (Jakubik et al., 2024). The Segment 
Anything Model (SAM) offers zero-shot segmentation functionalities for 
geographical imagery (Kirillov et al., 2023). Foundation models democratise 
GeoAI by lowering data and knowledge barriers; nonetheless, concerns persist 
over its generalisation across many geographic contexts (Mai et al., 2025).

Physics-Informed Machine Learning: Physics-informed or theory-
driven Machine learning incorporates domain knowledge—such as physical 
laws, geographic principles, and process comprehension—into model 
architectures or training methodologies (Karpatne et al., 2017; Reichstein 
et al., 2019). This hybrid methodology integrates data-driven learning with 
scientific comprehension, enhancing generalisation and physical plausibility. 
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Applications encompass the integration of mass balance constraints into 
hydrological models, the incorporation of ecosystem dynamics into 
biodiversity forecasts, and the application of thermodynamic principles to 
constrain climate models (Jiang & Luo, 2022; Daw et al., 2020).

2.5 Computational infrastructure

Hardware Acceleration: Graphics Processing Units (GPUs) are 
crucial for deep learning, enhancing training speed by 10-100 times relative 
to Central Processing Units (CPUs) (Raina et al., 2009). NVIDIA’s CUDA 
platform prevails in scientific deep learning. Tensor Processing Units (TPUs), 
bespoke AI accelerators created by Google, provide superior performance 
for particular activities (Jouppi et al., 2017). High-Performance Computing 
(HPC) clusters offer scalable resources for extensive geographical analysis 
via distributed training over numerous GPUs.

Software Frameworks: Prominent deep learning frameworks 
encompass TensorFlow (extensive ecosystem, (Abadi et al., 2016), PyTorch 
(dynamic computation networks favoured in research, Paszke et al., 2019), 
and JAX (composable transformations for high-performance computing, 
Bradbury et al., 2018). Key geospatial libraries comprise GDAL/OGR 
(fundamental libraries for raster and vector formats), Rasterio (Pythonic 
access to raster data), GeoPandas (vector geospatial data handling), and 
Shapely (geometric operations). GeoAI-specific toolkits comprise the 
GeoAI Python Package (a unified framework, Wu, 2025), TorchGeo (a 
PyTorch domain library, Stewart et al., 2022), and Raster Vision (an end-to-
end framework for satellite and aerial imagery).

Cloud Platforms: Google Earth Engine offers planetary-scale geospatial 
analysis with integrated machine learning capabilities, obviating the need 
for local data (Gorelick et al., 2017). Sentinel Hub provides access to multi-
mission satellite data. Commercial cloud services (AWS SageMaker, Azure 
ML, Google Cloud Vertex AI) offer scalable computing, storage, and pre-
trained model capabilities. ArcGIS amalgamates conventional GIS with 
machine learning and deep learning technologies, encompassing pre-trained 
models (Esri, 2024c).

2.6 Challenges and considerations

Data Requirements and Quality: The substantial demand for 
data in deep learning presents difficulties when labelled training data is 
limited. Active learning, semi-supervised learning, and few-shot learning 
methodologies substantially mitigate this issue; yet, essential trade-offs 
persist (Tuia et al., 2022). The quality of data—spatial precision, temporal 
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relevance, and class label dependability—directly influences model efficacy. 
Spatial autocorrelation may obscure quality concerns during validation if 
inadequately addressed via spatial cross-validation (Meyer et al., 2018).

Computing Complexity: Cutting-edge models necessitate significant 
computing resources, requiring hours to weeks of GPU time for training. 
This restricts accessibility, however cloud services somewhat democratise 
access. Techniques such as model compression, quantisation, and knowledge 
distillation diminish deployment requirements (Hinton et al., 2015).

Interpretability and Explainability: Deep neural networks operate as 
“black boxes,” rendering their decision-making processes opaque to human 
understanding (Rudin, 2019). Explainable AI (XAI) tools, such as saliency 
maps, attention visualisation, and attribution procedures, offer limited 
understanding (Selvaraju et al., 2017), although basic tensions between 
complexity/accuracy and interpretability remain.

Spatial Transferability and Generalisation: Models developed using 
data from a specific geographic area may exhibit suboptimal performance 
when utilised across locations with differing environmental attributes 
(Meyer & Pebesma, 2021). This requires meticulous validation with spatially 
independent test data and the application of domain adaptation strategies.

3. Application Domains of GeoAI

Geospatial Artificial Intelligence has moved beyond theoretical potential 
to become a practical reality in various application areas. GeoAI technologies 
are fundamentally transforming the utilisation of spatial intelligence in 
decision-making by optimising urban infrastructure, enhancing agricultural 
productivity, managing disaster responses, and monitoring environmental 
change (Mapular, n.d.; Sharma, 2023). According to VoPham et al. (2018), 
nearly any field characterised by geographic variability can leverage GeoAI’s 
ability to discern patterns from geographical large data and produce actionable 
forecasts.
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Figure 2. Domains of GeoAI applications and their interrelations Overview of major 
application domains and principal use cases
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Table 2. Comparative Analysis of GeoAI Application Domains, Technology Stack, Data 
Requirements, Performance Metrics, and Economic Impact

Application 
Domain

Primary 
Use Cases

Key Technologies Data 
Sources

Accuracy 
Range

Maturity 
Level

Economic 
Impact

Urban 
Planning & 
Smart Cities 

• Traffic optimiza-
tion 
• Infrastructure 
planning 
• 3D modeling 
• Asset monitoring 

• Computer Vi-
sion
• Predictive An-
alytics 
• IoT Integration 
• Digital Twins 

• Satellite im-
agery 
• Drone surveys 
•Traffic sensors
• Mobile data 

85-95% High
20-35% 
cost sav-
ings

Disaster 
Manage-
ment 

• Risk assessment 
• Early warning 
• Damage assess-
ment 
• Resource alloca-
tion 

• Deep Learning 
• Real-time Pro-
cessing
• Change Detec-
tion
• Spatial Clus-
tering

• Satellite im-
agery 
• Weather data
• Social media
• Ground sen-
sors

80-92% High

40-50% 
response 
improve-
ment

Environ-
mental 
Monitoring 

• Deforestation 
tracking 
• Climate analysis 
• Land cover map-
ping 
• Conservation 
planning 

• CNNs
• Time-series 
Analysis
• Multispectral 
Processing
• Change Detec-
tion 

• Sentinel-2/
Landsat 
• MODIS 
• LiDAR
• Field data 

88-96% High

25-35% 
monitor-
ing effi-
ciency

Agriculture 
& Food 
Security 

• Crop health mon-
itoring 
• Yield prediction 
• Precision irrigation 
• Pest management 

• Multispectral 
Analysis 
• ML Regression 
• Time-series DL 
• Spatial Interpo-
lation

• Satellite im-
agery 
• Drone imagery 
• Weather sta-
tions 
• Soil sensors

82-94%
Me-
dium- 
High

15-25% 
yield 
increase

Public 
Health & 
Epidemiol-
ogy 

• Disease surveil-
lance 
• Outbreak predic-
tion 
• Risk mapping 
• Resource planning 

• Spatial Statistics
• Predictive Mod-
eling
• Network Anal-
ysis  
• Clustering

• Health records
• Mobility data
• Environmental 
data 
• Demographics

75-88% Medium
30-40% 
response 
efficiency

Infrastruc-
ture Moni-
toring 

• Defect detection 
• Predictive mainte-
nance 
• Change detection 
• Compliance mon-
itoring 

• Computer Vi-
sion 
• Object Detec-
tion 
• Anomaly De-
tection 
• ML Classifi-
cation 

• Aerial imagery 
• Drone surveys 
• LiDAR 
• Ground photos

90-98% High

35-45% 
mainte-
nance cost 
reduction

Defense & 
Security

• GEOINT analysis 
• Border monitoring 
• Threat detection 
• Strategic planning

• Deep Learning 
• Pattern Recog-
nition 
• Real-time Anal-
ysis 
• Change Detec-
tion

• Satellite im-
agery
• Radar data 
• Video feeds 
• Sensor net-
works

85-95% High
Classified/ 
Strategic 
value

Notes: Accuracy ranges represent typical performance in operational deployments. 
Maturity levels reflect technological readiness and adoption rates. Economic impact 

varies by implementation scale and context.
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3.1 Urban planning and smart cities

Smart cities exemplify the most extensive application of GeoAI 
technology, amalgamating various data sources to optimise urban operations 
and improve quality of life (Mortaheb & Jankowski, 2022). The smart city 
paradigm leverages synergies among Big Data, GIS, and Data Science to fulfil 
four policy objectives: augmenting urban service efficiency, promoting citizen 
quality of life, tackling societal difficulties, and generating geographical 
information regarding human-urban dynamics.

Traffic Management: Computer vision algorithms analyse video feeds 
from traffic cameras to track vehicle movements and enhance signal timing 
(Viso.ai, n.d.). Intelligent transport systems incorporate IoT sensors, GPS 
technology, and mobile applications to deliver adaptive route suggestions and 
enhance public transit timetables (Mapular, n.d.).

Infrastructure Monitoring: GeoAI facilitates continuous automated 
surveillance using drone-based aerial assessments and computer vision 
technologies that identify pavement fissures, bridge degradation, and illicit 
projects within hours instead of weeks (AeroMegh, 2025). Machine learning 
methods forecast likely problems prior to their occurrence, facilitating 
proactive maintenance that decreases costs by 35-45% (Chapter 3 data).

3D Urban Modelling: Sophisticated software generate digital replicas 
of entire cities, facilitating the visualisation of proposed developments, 
simulation of disaster scenarios, and evaluation of urban heat island effects 
(Viso.ai, n.d.; The GIS Journal, 2025). Natural language interfaces facilitate 
access, enabling non-expert planners to query spatial data via conversational 
prompts (Cooke, 2025).

3.2 Disaster management and emergency response

GeoAI improves disaster readiness via advanced risk modelling and 
delivers essential real-time intelligence during incidents (Mapular, n.d.; The 
GIS Journal, 2025).

Risk Assessment: Machine learning algorithms evaluate past catastrophe 
data, topographical characteristics, and climatic patterns to pinpoint susceptible 
regions. Deep learning models forecast flood-prone regions, wildfire hazards, 
and earthquake damage patterns, guiding zoning decisions and disaster 
preparedness (Li et al., 2023; Al Qundus et al., 2020).

Real-Time Response: Aerial footage processed via computer vision 
algorithms facilitates swift damage assessment post-disaster, accomplishing 
in hours what once necessitated weeks of physical surveys (AeroMegh, 2025). 
Machine learning models enhance the allocation of emergency resources by 
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considering damage severity, population density, and accessibility (Alizadeh 
et al., 2022; Fan et al., 2021). GeoAI systems evaluate road networks 
instantaneously to provide ideal evacuation pathways.

Human-Centered Intelligence: The study of social media, mobile phone 
data, and crowdsourced reporting provide insights into population movements, 
needs, and feelings during crises, supplementing physical damage assessments 
(Imran et al., 2020; Sun et al., 2020).

3.3 Environmental monitoring and conservation

GeoAI transforms environmental monitoring by automated, extensive 
analysis of Earth observation data (The GIS Journal, 2025). Convolutional 
neural networks categorise land cover types—forests, grasslands, water 
bodies, urban areas—with precision comparable to or surpassing manual 
interpretation (Mapular, n.d.).

Applications: Change detection algorithms discern deforestation and 
facilitate prompt action against illegal logging (Viso.ai, n.d.). Deep learning 
techniques define wetland borders with multi-spectral satellite data (The GIS 
Journal, 2025). Machine learning models assess the effects of climate change 
by examining temperature patterns, precipitation trends, and vegetation health 
(Mapular, n.d.). Spatial models delineate essential ecosystems, ecological 
corridors, and conservation objectives for threatened species (Human-centered 
GeoAI, 2025).

3.4 Agriculture and food security

GeoAI facilitates precision agriculture techniques that enhance resource 
utilisation while maximising output (Arizton, 2025; The GIS Journal, 2025). 
Multi-spectral satellite imagery, analysed via deep learning, detects agricultural 
stress and disease outbreaks prior to the manifestation of observable 
signs, facilitating targeted interventions (Mapular, n.d.). Machine learning 
algorithms predict agricultural yields at field, regional, and national levels, 
guiding market planning and food security strategies (Arizton, 2025). GeoAI 
evaluates soil moisture data and meteorological predictions to propose accurate 
irrigation plans, minimising water usage while sustaining productivity (The 
GIS Journal, 2025). Predictive models anticipate pest outbreaks by analysing 
environmental factors, facilitating preventive strategies that minimise crop 
losses and pesticide application.

3.5 Public health and epidemiology

GeoAI revolutionises epidemiological surveillance by the integration of 
spatial data and health information (Mapular, n.d.; Human-centered GeoAI, 
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2025). Spatial clustering methods identify regional concentrations of disease 
cases, elucidating transmission pathways and risk variables (VoPham et 
al., 2018). Machine learning methods utilising historical outbreak data, 
climatic variables, and population movement forecast disease development 
and dissemination, facilitating proactive resource allocation (Mapular, n.d.). 
Throughout the COVID-19 pandemic, GeoAI detected hotspots, monitored 
transmission patterns, informed testing tactics, and enhanced vaccine delivery 
(Human-centered GeoAI, 2025). Other uses encompass air pollution exposure 
modelling, identification of climate-related health risks, mapping of disease 
vectors, and assessment of food deserts in urban environments.

3.6 Defense, security, and emerging applications

Geospatial Intelligence (GEOINT): GeoAI improves military 
operations by automating the study of satellite imagery and video streams. 
Machine learning algorithms identify anomalous behaviour, monitor vehicular 
movements, and oversee border regions, facilitating swifter threat detection 
compared to manual analysis (Arizton, 2025; Viso.ai, n.d.). Pattern recognition 
algorithms detect anomalous behaviours and enhance resource allocation for 
border security and counter-terrorism initiatives.

Emerging Applications: GeoAI offers critical functionalities for 
autonomous vehicle navigation, encompassing real-time object detection 
and route planning (Arizton, 2025). In real estate and location intelligence, 
property appraisal and site selection increasingly depend on GeoAI to analyse 
various spatial datasets (Mapular, n.d.). Remote sensing integrated with 
machine learning uncovers archaeological features obscured by plants, detects 
looting damage to cultural sites, and reconstructs historical landscapes (The 
GIS Journal, 2025).

4. Technical Infrastructure and Platforms

The disruptive applications of GeoAI depend on an advanced technical 
infrastructure that includes hardware, software, data, and cloud platforms. 
This chapter analyses the computing resources, tools, frameworks, and 
services that implement GeoAI, transitioning from research prototypes 
to commercial systems catering to billions of users. Comprehending this 
infrastructure is crucial for practitioners choosing suitable technologies and 
for researchers advancing next-generation GeoAI capabilities. The ecosystem 
is growing swiftly, with the emergence of new tools and platforms alongside 
the maturation of existing ones (Wu, 2025).
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4.1 Hardware infrastructure

Computational Accelerators: Graphics Processing Units (GPUs) are 
essential for deep learning because of their parallel architecture, which is 
optimised for the matrix operations fundamental to neural network training 
and inference (Raina et al., 2009). NVIDIA GPUs lead in scientific computing, 
with CUDA offering extensive development tools. A contemporary GPU 
(NVIDIA A100, H100) can enhance training speed by 10 to 100 times 
relative to CPUs. Google’s Tensor Processing Units (TPUs) provide superior 
performance for particular operations, especially beneficial for extensive 
training at scale (Jouppi et al., 2017). Cloud TPU accessibility democratises 
advanced AI hardware without substantial financial investment.

Edge Computing: For real-time GeoAI applications such as autonomous 
vehicles and drone-based monitoring, edge devices locally process data, 
eliminating cloud latency. The shift towards edge computing will intensify as 
applications require sub-second response times (Arizton, 2025; Viso.ai, n.d.).

High-Performance Computing (HPC): Extensive GeoAI applications—
such as processing continental satellite archives and training foundational 
models—necessitate HPC clusters including hundreds or thousands of GPUs 
functioning concurrently. Distributed training frameworks facilitate model 
training that would be unfeasible on individual machines.

4.2 Software frameworks and libraries

Deep Learning Frameworks: TensorFlow (Abadi et al., 2016) offers 
a robust ecosystem from Google that facilitates research experimentation 
and production deployment, accompanied by substantial documentation 
and community support. PyTorch (Paszke et al., 2019) provides dynamic 
computation graphs and a clear API, enhancing its popularity in research and 
greatly improving production deployment capabilities. JAX (Bradbury et al., 
2018) is an innovative framework that prioritises composable transformations 
and high-performance numerical computing, increasingly popular in scientific 
computing.

Geospatial Data Processing: Key libraries comprise GDAL/OGR 
(fundamental libraries facilitating the reading and writing of nearly all 
geospatial raster and vector formats), Rasterio (Pythonic interface to GDAL for 
raster data access), GeoPandas (enhances pandas dataframes with geospatial 
functionalities for vector data manipulation), and Shapely (performs geometric 
operations on vector geometries).

Integrated GeoAI Toolkits: Specialised frameworks connect artificial 
intelligence with geospatial fields. The GeoAI Python Package (Wu, 
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2025) offers a cohesive framework that merges artificial intelligence with 
geographical research via high-level APIs, which simplify intricate workflows 
while preserving adaptability. TorchGeo (Stewart et al., 2022) functions as a 
PyTorch domain library tailored for geographic data, encompassing datasets, 
transformations, and models. Raster Vision provides a comprehensive 
framework for deep learning with satellite and aerial photos.

4.3 Cloud platforms and services

Planetary-Scale Platforms: Google Earth Engine (Gorelick et al., 
2017) transformed geospatial analysis by granting access to petabytes of 
Earth observation data alongside integrated cloud computing capabilities. 
It obviates the necessity for data download and storage, facilitating study at 
continental scales with uncomplicated scripts. Machine learning integration 
facilitates supervised classification, grouping, and regression. Sentinel Hub 
offers access to multi-mission satellite data together with cloud processing 
capabilities, facilitating custom workflows and API integration.

Commercial Cloud Services: Prominent vendors deliver extensive 
GeoAI functionalities. Amazon Web Services offers SageMaker for managed 
machine learning services, while S3 hosts the Public Dataset Program, 
which includes Sentinel-2, Landsat, and various Earth observation archives. 
Microsoft Azure provides Azure Machine Learning and Planetary Computer 
for cohesive machine learning and geographic data accessibility. Google 
Cloud Platform offers Vertex AI for machine learning workflows, integrated 
with Earth Engine for geospatial analysis.

GIS Platform Integration: ArcGIS (Esri, 2024a) offers an extensive 
GIS platform with profound AI/ML integration. ArcGIS Pro encompasses 
tools for picture categorisation, object detection, and geographical analysis. 
Pre-trained models and automated workflows diminish obstacles to GeoAI 
adoption, whereas ArcGIS Online facilitates cloud-based collaboration and 
analysis. QGIS is an open-source alternative with plugins that facilitate 
Python-based machine learning workflows, offering a cost-free solution for 
numerous applications.
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Table 3. Detailed Comparison of Software Frameworks and Libraries

Framework Organization Primary 
Language

Key Features Best For GeoAI 
Integration

TensorFlow Google Python/
C++

- Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

PyTorch Meta/
Facebook

Python - Dynamic computation
- Intuitive debugguing
- Strong research focus
- TorchScript 
compilation

Research, rapid 
prototyping, 
academic use

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

JAX Google Python - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

Keras Google (TF 
Team)

Python - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

GDAL/
OGR

OSGeo C/C+ + - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

Rasterio Mapbox/
Community

Python - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

GeoPandas Community Python - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

TorchGeo Microsoft Python - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration

GeAl 
Package

OpenGeo Python - Production 
deplovment
- TensorBoard 
visualization
- TF Serving for APIs
- Mobil/Edge support

Large-scale 
production 
systems, 
deployment at 
scale

Excellent:
TF-GAN, 
TF Geo,
Earth Engine 
integration
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4.4 Data infrastructure

Earth Observation Data: Various satellite missions offer a range of imagery 
appropriate for distinct uses. Landsat provides a continuous record spanning 
over 50 years, Sentinel offers high-frequency, high-resolution data, MODIS 
delivers daily worldwide coverage, and private entities (Planet, Maxar) furnish 
very high-resolution imagery. Publicly available, free data from governmental 
missions significantly enhances the accessibility of GeoAI, facilitating study 
and applications that were previously limited by data expenses.

Auxiliary Geospatial Data: Crucial supporting datasets including Digital 
Elevation Models (DEMs) for terrain analysis, OpenStreetMap for vector 
features (roads, buildings, land use), census and demographic data, climate 
and weather archives, and IoT sensor networks. This varied data ecology 
facilitates thorough spatial analysis.

Training Datasets and Benchmarks: Standardised datasets facilitate 
model comparison and provide reproducible research. Significant benchmarks 
comprise UC Merced, AID, and NWPU-RESISC45 for scene classification 
(with AID utilised in 41 studies and NWPU-RESISC45 in 40 studies as per 
Zhang et al., 2023), SpaceNet for building footprints, and other semantic 
segmentation benchmarks for land cover mapping.

4.5 Integration, interoperability, and challenges

Standards and Protocols: OGC standards (WMS, WFS, WCS) facilitate 
interoperability among platforms. GeoJSON and Cloud-Optimized GeoTIFF 
enable the sharing of geospatial data via the web. Workflow orchestration 
technologies like as Apache Airflow, Prefect, and MLflow facilitate the 
management of intricate GeoAI pipelines by coordinating data processing, 
model training, and deployment.

Cost and Accessibility: Although cloud platforms facilitate widespread 
access, large-scale GeoAI continues to be costly. Training sophisticated models 
can incur substantial expenses in computational time, and the inference costs 
for operational systems managing continuous data streams accumulate rapidly. 
Organisations must meticulously reconcile computational requirements with 
financial limitations.

Vendor Lock-In and Data Movement: Extensive integration with 
proprietary platforms engenders dependency risks. Open-source solutions 
offer adaptability but may necessitate greater knowledge. The volume of 
Earth observation data exerts pressure on network bandwidth and storage 
capacity. Cloud-optimized formats and on-the-fly processing address these 
problems; yet, data transportation continues to be a critical factor for large-
scale applications.
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1.Introduction

Water is one of the most fundamental resources for the survival of life. 
With a growing population, climate change, and globalization, the pressure 
on freshwater resources is increasing. In this context, the concept of the water 
footprint is a key indicator of where, how, and how much water is used (Turan, 
2017). The water footprint consists of three components: blue (surface and 
groundwater), green (rainwater), and gray (pollution-diluting water). The 
agricultural sector accounts for approximately 70% of freshwater use globally 
and 77% in Turkey (Yıldıran & Aydın, 2025). Therefore, studies on agricultural 
water footprints are critical for sustainable water management.

Global warming, population growth, and industrialization continue to 
increase pressure on natural resources. Water, one of the essential components 
of life, is now at risk of depletion. Every product we consume contains a 
significant amount of hidden water. This invisible consumption is referred to 
as the water footprint (Hoekstra et al., 2011).The water footprint represents 
the total amount of freshwater used directly and indirectly by an individual, a 
society, or the production of a product. For example, although a cup of coffee 
contains only a small amount of water, approximately 140 liters of water are 
used in producing the coffee beans (Mekonnen & Hoekstra, 2010). This study 
aims to examine the concept of the water footprint, its calculation methods, 
sectoral effects, and strategies for reducing water use for a sustainable future.
The rapidly growing global population, global climate change, and pressures 
on natural resources necessitate the adoption of sustainable practices in 
agricultural production. The agricultural sector is critically important for both 
its impact on natural resources and ecosystems. Establishing and expanding 
sustainable systems is crucial for the continued productivity of the agricultural 
sector and its critical role in global food security. The agricultural sector plays 
a significant role in maintaining a healthy and balanced human diet and food 
security (Doğan and Doğan, 2020). Therefore, agriculture, which can be 
defined as the production, storage, processing, and marketing of plant and 
animal products, is a sector of strategic importance for all countries, regardless 
of their level of development (Acıbuca et al., 2021).

Sustainable agriculture is an approach that aims to protect ecosystems and 
sustain agricultural production over the long term by using resources efficiently 
and minimizing environmental impacts (Gomiero et al., 2011). Examples 
of sustainable agricultural practices include crop rotation systems, organic 
farming, integrated pest management, and precision agriculture techniques 
(Pretty and Bharucha, 2014). These methods offer a model for achieving 
economic, social, and environmental balance in agricultural production. 
However, water availability is the primary component of agricultural 
production, and considering the world’s dwindling water resources, more 
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efficient use of water has become an increasingly important phenomenon. In 
this context, the concept of “water footprint” has emerged as an effective tool 
for understanding and managing the impact of agricultural activities on water 
resources.

The water footprint represents the total amount of water consumed during 
the production process of a product or service (Hoekstra and Chapagain, 
2009). This concept is often divided into three main components: blue, 
green, and gray water. Blue water represents water consumed from surface 
and groundwater sources, green water represents rainwater stored in the soil, 
and gray water represents the amount of contaminated water that needs to be 
reused (Lovarelli et al., 2016).

Agricultural production, which accounts for a significant portion of these 
components, is a prominent sector in the global distribution of the water 
footprint. Water footprint analyses identify vulnerabilities in production 
processes and enable the development of water-saving strategies. This method 
also plays a critical role in agricultural activities’ adaptation to climate change 
and sustainable food security (Deepa et al., 2021).

This review aims to clarify the assessment of the water footprint 
measurement and management in agricultural production and to understand 
its future position.

2.Global Agricultural Water Footprint

Agriculture is the largest user of freshwater resources worldwide. While 
agricultural water use is lower in developed countries thanks to modern 
irrigation techniques, it is significantly higher in developing countries. Global 
agricultural production is under significant pressure due to climate change and 
the unbalanced distribution of water resources. Dependence on blue water, 
particularly in arid regions, is increasing, leading to sustainability challenges 
(Turan, 2017).

The global decline in water resources has led countries to consider the 
amount of water consumed in the production of imported and exported goods. 
To explain this concept, Tony Allan coined the term “virtual water” in the 
early 1990s. Virtual water refers to the total amount of water consumed in 
the production of a good or service (Chapagain and Hoekstra, 2003). When a 
product is transferred from one country to another as an import or export item, 
the amount of water used in the process is considered, thus engaging in virtual 
water trade. This situation contributes to the conservation of water resources in 
water-scarce countries by importing products with high virtual water content 
from other countries instead of producing them. Conversely, countries with 
high water resources can transform their water resources into added value by 
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producing and exporting agricultural products with high virtual water content, 
thereby enhancing their economies (Hoekstra and Hung, 2002)

3.The Water Footprint Concept And Types

The water footprint, developed by Prof. Arjen Hoekstra, quantifies the 
total freshwater used in the production and consumption of goods and services. 
It considers both direct and indirect water use throughout the supply chain 
(Hoekstra et al., 2011). Water footprint consists of three main components:

3.1. Blue Water Footprint  

Freshwater withdrawn from surface and groundwater sources. Common 
in agricultural irrigation, industrial production, and domestic use. Industrial 
sectors (20% of global water use) consume water for cooling, cleaning, and 
processing. The textile sector, especially cotton-based products, has high 
water footprint values due to irrigation and dyeing processes (WWF, 2020).

3.2. Green Water Footprint  

Rainwater stored in soil and absorbed by plants, particularly important in 
agriculture.

3.3. Grey Water Footprint  

The amount of freshwater required to dilute pollutants to acceptable 
environmental standards (Mekonnen & Hoekstra, 2010). Energy production—
particularly thermal power plants and biofuel crops—also contributes 
significantly to water consumption.

4. Water Footprint Calculation and Examples

A water footprint calculation is calculated by summing the amount of 
water used directly and indirectly by a product or activity throughout its 
life cycle. These calculations take into account different sectors and types 
of use, such as agriculture, industry, services, and individual consumption. 
The methodology developed by the Water Footprint Network (WFN) has 
standardized this measurement on a global scale (Hoekstra et al., 2011).

The calculation consists of three basic steps:

a. Life Cycle Analysis (LCA): Water use in all processes, from raw 
materials to consumption, is examined.

b. Differentiating Water Footprint Types: Water consumption at each 
stage is classified as blue, green, and gray water.

c. Determining Total Water Amount: The sum of all water types used 
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gives the total water footprint of the product or process.

5. Examples from Daily Life

A Cup of Coffee: 140 Liters of Water

A cup of coffee contains an average of 7 grams of roasted coffee. 
Approximately 140 liters of water is used to produce this amount (Mekonnen 
& Hoekstra, 2010). The majority of this water is green water used during the 
cultivation of the coffee beans.

1 kg of Beef: 15,000 Liters of Water

The water footprint of meat products is quite high due to factors such as 
the production of the feed consumed by the animal throughout its life and its 
housing conditions. Approximately 99% of the water required for 1 kilogram 
of beef goes into agricultural feed production (Hoekstra, 2008).

One Pair of Jeans: 7,000–10,000 Liters of Water

Approximately 1 kilogram of cotton is required for one pair of jeans. 
Cotton production requires a significant amount of irrigation, resulting in a 
high water footprint. Furthermore, the production and dyeing processes also 
consume gray water (WWF, 2020).

One Slice of Bread: 40 Liters of Water

The stages from growing the wheat used for one slice of bread to baking 
it require a total of approximately 40 liters of water (FAO, 2017).

6. Personal Water Footprint

An individual’s daily water footprint is determined not so much by the 
water they drink as by the food they consume, the clothes they wear, and 
the energy they use. According to the global average, an individual’s total 
daily water footprint is approximately 3,800 liters, nearly enough to fill a 
small swimming pool (Hoekstra et al., 2011). This figure is much higher in 
developed countries.

7 .Efforts to Reduce the Water Footprint of Agricultural Production 
in the World and Türkiye

Turkey’s total water footprint is approximately 140 billion cubic meters 
per year. Green water accounts for 64% of this, blue water for 19%, and 
gray water for 17% (Turan, 2017). The agricultural sector accounts for the 
largest share of water consumption, at 89%. Turkey’s annual per capita water 
availability is estimated at 1,340 cubic meters, placing the country in the 
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water-stressed category (Yıldıran & Aydın, 2025).

Agriculture is responsible for about 70% of global freshwater consumption 
(FAO, 2017). Crops such as rice, wheat, and corn require substantial green 
and blue water. Livestock production significantly increases water footprints 
due to feed cultivation.

When evaluated on a product-by-product basis, grains account for the 
largest share of Turkey’s agricultural water footprint at 57%. This is followed 
by vegetables (15%), oilseed crops (9%), industrial crops (8%), and fruits 
(4%) (Yıldıran & Aydın, 2025). Strategic crops such as cotton, wheat, and 
hazelnuts are critical to Turkey’s water footprint.Another critical issue arising 
from climate change is the depletion of water resources. Furthermore, one 
of the critical issues highlighted in the report is the concept of the water 
footprint. The use of traditional and modern techniques for the efficient use of 
water resources, particularly in arable farming, is crucial. In this regard, the 
establishment of rotation systems appropriate to the region’s ecology (Yue et 
al., 2023), the development of conservation tillage methods (Chandra et al., 
2023), good agricultural practices (Borsato et al., 2018), the use of efficient 
irrigation systems, and the use of modern technologies, including precision 
agriculture practices (Singh et al., 2022), stand out as prominent topics.

Shrestha et al. (2013) used local meteorological, agronomic, and irrigation 
data at high spatial resolution to perform a water footprint analysis for the 
production of nine crops (wheat, rice, maize, millet, potato, sugarcane, lentil, 
pulses, mustard seed, and vegetables) in Nepal, according to the global water 
footprint standard (Hoekstra et al., 2011). Similarly, Chapagain and Hoekstra 
(2011) measured freshwater use for rice production at the global level. For this 
purpose, the authors distinguished between two different sources: irrigation 
water abstracted from groundwater or surface water (blue water) and rainwater 
(green water), and also calculated the volume of water polluted by agricultural 
nitrogen use.

Mekonnen and Hoekstra (2010) and Hoekstra (2011) examined the water 
footprint of numerous crops and processes, assessing agriculture at a high 
spatial resolution. Their results indicated that maize had the lowest water 
footprint (1222 m3/t), while wheat had the highest (1827 m3/t). Rice’s water 
footprint (1644 m3/t) was close to the average. Sugar crops and vegetables 
had low water footprints of 200 and 300 m3/t, respectively. Fruits reached 
1000 m3/t, and oil crops 2400 m3/t. Pulses, spices, and nuts required higher 
volumes, ranging from 4000 to 9000 m3/t, respectively. They calculated the 
water footprint of pasta production. The results showed that the most effective 
stages were durum wheat cultivation (average 1.644 dm3/kg pasta) and 
cooking (10 dm3/kg pasta). In particular, the water footprint of pasta produced 
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in Italy and Türkiye ranged from 1,336 dm3/kg and 2,847 dm3/kg, respectively. 
The graywater footprint ranged from 72% of the total water footprint in the 
United States (balanced by high bluewater) to 91% in Türkiye (Lovarelli et al., 
2016). Yue et al. (2023) compared six different rotation systems in a field study 
and reported that a regionally appropriate cropping pattern reduced the carbon 
footprint and water footprint. Chandra et al. (2022) examined the effects of 
different planting methods and fertilization practices and found that the practices 
resulted in positive results on soil carbon and health, as well as carbon and 
water footprints. Rahman et al. (2021) reported that reduced tillage increased 
carbon sequestration up to 10-fold compared to conventional methods, and 
that conservation tillage methods also allowed for water footprint reduction. 
Nasseri (2023) reported that conservation tillage increases crop productivity 
while reducing water footprint in wheat farming. Jin et al. (2023) conducted 
a field study in China between 2018 and 2020, focusing on different planting 
methods and rice-rapeseed rotations. They determined that planting on dry land 
contributed to reducing the water footprint. Barsato et al. (2018) examined the 
effects of tillage, rotation, and different fertilizer applications on the graywater 
footprint and demonstrated that soil pollution can be reduced through appropriate 
tillage methods without sacrificing yield. They also determined that precision 
agriculture practices reduce the graywater footprint.

8.Water use in the global and Turkish agricultural sectors.

When comparing water use in the global agricultural sector with Turkey’s, 
it is seen that Turkey’s agricultural water consumption is above the global 
average. The intensive use of blue water, especially in arid regions, increases 
pressure on freshwater resources in Turkey. Conversely, in some regions, 
the use of green water is more advantageous for production. This reveals 
differences in water footprints based on regional climate and crop patterns 
(Turan, 2017; Yıldıran & Aydın, 2025).

Water resources are not distributed equally across regions worldwide. 
Therefore, it is not possible to accurately calculate the average amount of 
water per capita and varies significantly by region. For Turkey, the average 
water potential is expressed as 183 billion m3, and the target is to increase 
this to 190 billion m3 by the end of the year (DSI, 2024). Meanwhile, the 
total amount of usable water provided by 25 basins in Turkey is calculated 
as 25 billion m3 (DSI, 2020). According to assessments conducted by the 
United Nations World Water Assessment Program (UNWWAP), 70% of 
global freshwater resources are consumed through agriculture, 20% through 
industry, and the remaining 10% through domestic use. These rates vary from 
developed to underdeveloped countries, and increased industrial activity in 
developed countries results in higher water consumption.
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In many underdeveloped countries around the world, more than 90% 
of their total water consumption is used in agriculture (UNWWAP, 2014). 
According to DSI (2020) data, 44 billion m3 (77%) of Turkey’s 57 billion 
m3 freshwater potential is allocated to agriculture, while the remaining 13 
billion m3 (23%) is allocated to industry and domestic use (Anonymous, 
2013, 2021a, 2021b).

The concept of a water footprint sheds light on the amount of water 
consumed during the production process, providing detailed and in-depth 
information about each step. Furthermore, the concept of a water footprint 
is an indicator of the direct and indirect use of fresh water by consumers or 
producers (Hoekstra et al., 2009). While virtual water indicates the amount 
of water used in a product’s production process, the concept of a water 
footprint reflects not only the amount but also the type of water used (blue, 
green, and gray) and when and where it is used. Therefore, the concept of a 
water footprint provides much more detailed information than the concept 
of virtual water (Şahin, 2018). A blue water footprint indicates the amount of 
groundwater and surface water used in a product’s production process, while 
a green water footprint indicates the amount of rainwater used (Mekonnen 
and Hoekstra 2010).

The greywater footprint is an indicator that measures the indirect impact 
of a product, service, or human activity on water resources. Specifically, it 
refers to the amount of clean water required to dilute the pollutants used in 
a production process or activity. In other words, it calculates the amount of 
water required to recycle polluted water without harming the environment 
(Hoekstra et al., 2009).

9.Sustainability and Future Perspectives

Increasing water efficiency in agriculture is a priority for the 
sustainability of water resources in Turkey. Expanding modern irrigation 
techniques, planning crop patterns according to climate and water 
potential, and increasing practices such as rainwater harvesting are crucial. 
Furthermore, importing water-intensive products through virtual water trade 
can contribute to reducing pressure on water resources (Turan, 2017).

Sustainable agriculture, by definition, requires a continuous process of 
optimization. This concept has gained prominence alongside the concept 
of sustainable development since the publication of the Brundtland Report 
in 1987 (Tait and Morris, 2000). MacRae et al. (1989) defined sustainable 
agriculture as management procedures that work with natural processes 
to conserve all resources, minimize waste and environmental impacts, 
prevent problems, and promote agroecosystem resilience, self-regulation, 
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evolution, and continuous production for the nourishment and fulfillment of 
all. Reganold et al. (1990) argued that for a farm to be sustainable, it must 
produce sufficient quantities of high-quality food, conserve its resources, and 
be both environmentally safe and profitable. They stated that a sustainable 
farm would rely as much as possible on beneficial natural processes and 
renewable resources derived from the farm itself, rather than relying on 
purchased materials such as fertilizer. However, similar definitions have not 
been definitively agreed upon (Velten et al., 2015).

The need for a sustainable agriculture concept stems from factors such as 
the depletion or toxicity of natural resources, alarming global food security, 
combating climate change, the need to protect ecosystems, and economic 
and social contributions (Khan et al., 2021). From this perspective, the 
primary goals of sustainable agricultural systems can be listed as follows:

Reducing the use of chemical fertilizers and pesticides,

Preserving and increasing biodiversity,

Supporting local production and consumption,

Improving the socioeconomic levels of producers,

Adapting to climate change and encouraging the development of modern 
production techniques,

Achieving food security by preventing food waste,

Increasing the use of renewable energy sources

While each of these primary objectives is of critical importance, water 
is the primary material of agriculture, just as it is the source of life. The 
most important factor determining the cropping patterns, productivity, and 
contribution to the food supply in a region is the region’s water availability and 
the success of its irrigation systems (Pimentel et al., 1997; Marothia, 2003; 
Sauer et al., 2010; Pereira, 2017). Therefore, the use and proper management 
of water resource conservation systems are of critical importance. For the 
effective use and proper management of water resources, it is necessary to 
calculate the amount of water used in all processes, from the production of 
any agricultural product to its transportation, thus meticulously identifying 
areas within the system where savings are needed. The primary reason for 
the acceleration of research on the water footprint in agricultural production 
is precisely because it contributes to the proper management of this process.

10. Conclusion And Recommendations
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Water is essential for all living organisms. Ensuring the sustainability 
of water resources is one of the major global challenges of the 21st century. 
Population growth, climate change, pollution, and overuse threaten water 
security.

Water footprint studies are a critical indicator of water management in 
Turkey and globally. Turkey’s limited water resources necessitate sustainable 
water use in agricultural production. Therefore, developing policies to reduce 
the water footprint is crucial for ensuring a safe water supply for future 
generations. The essential elements for the continuity of sustainable agriculture 
include protecting water resources, expanding renewable energy sources, 
reducing carbon emissions, and preserving soil health and biodiversity. Water 
resources, which form the foundation of agriculture and life, are increasingly 
vital. Therefore, considering the water footprint concept, which allows for the 
calculation of water consumption at each stage of agricultural production and 
the development of appropriate strategies, forms the basis of proper water and 
land management.

By 2050, the global population will reach 9.4 billion, and nearly 3.76 
billion people will face severe water-related problems. Water scarcity affects 
food security, energy, biodiversity, and climate resilience. In the coming years, 
planning will become essential to determine which regions offer the most 
advantageous water footprints for producing a given crop. Research reveals that 
despite equal yields, there are still differences in water resources used. Clearly 
identifying crop patterns based on the water potential of different regions, 
enabling more efficient use of water resources, will enable the preservation 
of underground resources and increased income for regional producers. 
Strategies and innovative approaches supporting sustainable agriculture will 
be a cornerstone of future agricultural policies. In this context, the water 
footprint concept will serve as an indispensable guide for both agricultural 
producers and decision-makers.
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INTRODUCTION

Greenhouses are a controlled environment that protects plants from 
negative weather conditions and harmful pests. It also makes it possible 
to grow crops outside of the usual growing season. While this production 
system offers significant advantages for sustainable and high-yield 
vegetable cultivation throughout the year, it requires careful management of 
environmental conditions. Vegetable species, especially, are susceptible to 
physiological stress due to their short development periods, high metabolic 
activities, and sensitivity to environmental conditions. Stress factors such as 
heat, light, water, salinity, and nutrient deficiencies reduce photosynthetic 
efficiency, result in losses in flowering and fruit set, and significantly limit 
final yield. These loss can be prevented with proper and applicable stress 
management. In greenhouse vegetable cultivation, rather than eliminating 
stress factors entirely, managing these stresses correctly and effectively is a 
more realistic and important approach (Li et al. 2022).

In conventional greenhouse cultivation, physiological stresses are mostly 
reduced through reactive methods that can be implemented immediately after 
a problem arises, such as shading, ventilation, or standard irrigation regimes. 
However, extreme and sudden temperature/humidity changes, salinity 
problems, and similar environmental pressures associated with climate change 
can cause permanent damage to plant metabolism (Nahar et al., 2013). Under 
these conditions, reactive intervention methods alone are often insufficient 
(Kittas and Bartzanas 2007). When plants face increasing stress, the symptoms 
are mild at first. However, if timely measures are not taken, these damages can 
worsen and become permanent (Moustaka and Moustakas 2023). 

Changing production conditions clearly demonstrate that immediate in-
terventions alone are insufficient today. Therefore, it is emphasized that stress 
management should be approached as an integrated and sustainable strategy 
encompassing the entire production process, from seed planting to harvest 
(Fahad et al. 2017). Completely eliminating stress in modern production met-
hods is generally not possible. However, it has been proven that yield losses 
can be significantly reduced with an effective management strategy (Kumari 
et al. 2022).

With this in mind, water stress, one of the most common and economi-
cally critical abiotic stress factors in greenhouse vegetable cultivation, will be 
discussed in detail in this section. In addition, applicable modern approaches 
to water stress management and their scientific basis will be evaluated.
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1. PHYSIOLOGICAL BASES OF WATER STRESS IN GREEN-
HOUSE VEGETABLE CULTIVATION

Water is the most important compound involved in fundamental 
processes such as photosynthesis and respiration in plants. It is also essential 
for the occurrence of intracellular physiological activities, the maintenance 
of intracellular turgor, and the uptake and transport of nutrients. Greenhouse 
vegetable production is usually carried out in regions with sufficient water 
resources to prevent water from becoming a stress factor. However, errors 
in the amount and timing of irrigation, as well as the characteristics of the 
soil and/or growing medium, can cause stress conditions in plants in the form 
of both water deficiency (drought) and water excess. Water deficiency or 
overwatering can cause a disruption in the physiological balance of plants and 
result in plant losses. In this context, water stress is generally examined under 
two headings: “drought stress” and “excess water and oxygen deficiency.”

1.1. Drought Stress in Greenhouse Vegetables

Drought stress in plants begins when the volumetric water content in the 
soil falls to between the 10-20% level, depending on the soil texture (Fu et al. 
2008). Due to water deficiency in the soil, water and water-soluble nutrients 
cannot penetrate the plant through the absorbent hairs in the root hairs (Farooq 
et al. 2008). Since there is not enough water entering the cells, turgor cannot 
be maintained (Anjum et al. 2011). Consequently, cellular events such as cell 
expansion, cell division, organelle movement, and the transfer of nutrients 
within In photosynthesis, H+ from water is required for energy and nutrient 
production (Barber 2017) (Figure 1). In respiration, water is necessary for 
the formation of H+ bonds in the structure of ATP (Prieß et al. 2018). Under 
water stress conditions caused by water deficiency, these two most important 
processes in plants (photosynthesis and respiration) slow down and their 
efficiency decreases (Qiao et al. 2024). As a result of the inability to carry 
out these two processes and produce sufficient nutrients, events such as leaf 
area reduction, failure to form shoots, small fruit formation, flower drop, 
and shortened plant height are observed in plants, especially in greenhouse 
vegetables (Farooq et al. 2008) (Figure 1). 
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Figure 1: Physiological changes in vegetables under drought stress . This schematic 
representation has been prepared as an illustrative example based on previously 

published studies (Anjum et al. 2011, Barber 2017, Qiao et al. 2024, Farooq et al. 2008, 
Razi and Muneer 2021)

Stomata close partially or completely in response to drought stress to 
reduce water loss through transpiration (Gupta et al. 2020) (Figure 2). This 
closure restricts CO₂ entry, leading to a decrease in photosynthesis rate (Qiao 
et al. 2024, Farooq et al. 2008) (Figure 1) (Figure 2). During prolonged drought 
periods, oxidative stress occurs due to damage to photosynthetic pigments and 
the accumulation of reactive oxygen species (ROS). These conditions can lead 
to irreversible damage in leaves, such as chlorosis (yellowing) and necrosis 
(tissue death) (Qiao et al. 2024, Razi and Muneer 2021).

Figure 2: Drought stress and irrigation management effect on stomatal mechanism.  
This schematic representation has been prepared as an illustrative example based on 

previously published studies (Gupta et al. 2020, Mubashir et al. 2023, Qiao et al. 2024, 
Farooq et al. 2008)
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When there is a lack of water in the soil and, as a result, nutrients cannot 
be transferred to the plant, nutrient deficiencies occur in plants. For example, 
studies have reported that water stress in tomatoes reduces the uptake of es-
sential nutrients, particularly nitrogen and potassium, leading to chlorosis in 
leaves and stunted growth (Mubashir et al. 2023, Lyu et al. 2025). Another 
study found that drought applied during the flowering and fruit development 
stages in greenhouse tomato cultivation reduced yield by 13% and 26%, res-
pectively (Cui et al. 2020). Furthermore, under low irrigation conditions in 
tomatoes, plant height decreased by 20%, leaf area by 50%, fresh shoot weight 
by 43%, and chlorophyll content by 17% (Turan et al. 2023, Yıldız and Aki 
2025). On the other hand, in eggplant, it has been observed that it reduces cell 
membrane stability and leaf water content and triggers deficiencies in micro-
nutrients such as zinc, and these deficiencies negatively affect photosynthetic 
efficiency and fruit yield (Semida et al. 2021). Similarly, in peppers and cu-
cumbers, water deficiency has been reported to cause a decrease in macro- and 
micronutrients (e.g., calcium, magnesium) in plant tissues and lead to physi-
ological disorders (Schwarz et al. 2010). Consequently, nutrient deficiencies 
associated with water scarcity cause significant losses in both growth and pro-
duct quality in these vegetables (Kim et al. 2022, Mubashir et al. 2023).

1.2. Overwatering and Oxygen Deficiency in Greenhouse Vegetables 

Plants may experience a variety of problems in greenhouse cultivation 
due to insufficient drainage, heavy soils, and incorrect irrigation methods. 
The soil moisture content should generally be between 40-60% by volume, 
although this varies depending on the soil type (Libohova et al. 2018). Under 
these conditions, there is insufficient air in the soil. Thus, oxygen deficiency 
or anaerobic conditions occur in plant roots. Since the roots cannot perform 
aerobic respiration adequately, energy production decreases. This inhibits plant 
cell division and restricts root development. Under oxygen-free conditions, 
cells begin anaerobic respiration and start using lactic and ethanolic substances 
instead of oxygen. At the same time, toxic substances begin to accumulate 
within the cells. This causes cell breakdown and necrosis in the roots (Zhang 
et al. 2025). 

Due to the root structure being damaged, nutrient uptake slows down and 
nutrient deficiencies appear in the plant. Some symptoms similar to drought 
stress can appear in the upper part of the plant. Particularly, a reduction in the 
uptake of elements such as nitrate, calcium, and iron shows itself in the form of 
chlorosis in the leaves, tip burn in young leaves, and general growth failure. A 
previous study on overwatering reported that while soil oxygen decreased by 
4% in tomato plants, shoot length decreased by 25%, and fresh weight and total 
leaf area decreased by 60-70% after 2 weeks. Furthermore, a 32% decrease 
in leaf nitrogen content and a significant increase in ethylene production were 
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observed (Fiebig and Dodd 2016). Similarly, Yin et al. (2023) reported up to 
60% reductions in plant height, 59% reductions in single fruit weight, and 
80% reductions in fruit yield in six tomato genotypes under excessive water 
application. In a study examining the effects of excessive watering on tomato 
seedlings, it was noted that there was deterioration in the root morphology 
of the seedlings, a decrease in root length and root surface area, a reduction 
in leaf area, and a shortening of plant height (Liu et al. 2023). In peppers, 
over-watering has been reported to promote the development of pathogens 
(especially Pythium spp. and Phytophthora capsici) in the soil, causing 
diseases such as root rot, stem necrosis, leaf drop, and wilting (Díaz-Pérez 
and Hook 2017). Another study on cucumbers found that plants subjected 
to overwatering for 10 days showed a decrease in plant height, number of 
leaves, and leaf area, with declines of up to 40% in fresh and dry biomass 
(Barickman et al. 2019). However, in another study, it was reported that the 
total soluble salt content in cucumber greenhouses subjected to excessive 
irrigation decreased from 8.65 g/kg to 0.597 g/kg (Deng et al. 2022). 

In a molecular-level study on eggplant, it was noted that extreme water 
stress causes differences in genes and miRNAs associated with chlorophyll 
and lignin metabolism. Specifically, the study reported that adaptation genes 
were activated (Jiang et al. 2023). In another study, eggplant plant height, 
SPAD (chlorophyll) value, and fruit yield decreased by 30-40%, respectively. 
Furthermore, yield loss under flooding conditions was found to be higher than 
under drought conditions. There were differences between different eggplant 
varieties in response to excessive irrigation, and some varieties (e.g., Purple 
King) were reported to have higher yields and chlorophyll values (Zohura et 
al. 2024).

In summary, both insufficient and excessive water in protected vegetable 
cultivation can lead to irreversible physiological disorders at the root and 
shoot levels, disruptions in nutrient uptake, and significant yield losses. 
Under drought stress, restricted water and nutrient uptake, loss of turgor, 
and decreased photosynthetic capacity are the main problems. Conversely, 
under excessive water conditions, oxygen deficiency, necrosis in root tissues, 
pathogen development, and hormonal imbalances emerge as fundamental 
problems. Therefore, in greenhouse vegetable production, it is important to 
develop integrated management strategies that limit the emergence of these 
stress factors, reduce their severity, and increase plant tolerance. In the 
following section, modern and practical approaches that can be used in the 
management of temperature and water stress will be discussed in detail in the 
context of protected vegetable cultivation.
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2. WATER STRESS MANAGEMENT PRACTICES IN 
GREENHOUSES VEGETABLE CULTIVATION

Previous sections have focused on the physiological basis of water stress 
in greenhouse vegetable cultivation. The negative effects of water stress on 
growth and yield in crops such as tomatoes, peppers, eggplants, and cucumbers 
have also been examined. This section, however, explores how water stress 
can be managed during the production process. While traditionally stresses 
have mostly been mitigated using reactive methods, increasing environmental 
risks associated with climate change require planned and monitoring-based 
integrated approaches. Greenhouse climate control, precision watering and 
drainage systems, the use of biostimulants, and sensor-supported digital 
decision systems are some of the prominent modern applications in this 
scope. These methods are evaluated below in terms of greenhouse vegetable 
cultivation.

2.1. Irrigation and Nutrient Strategies in Drought Stress Manage-
ment

As stated earlier, in greenhouse vegetable cultivation, stress factors cau-
sed by over or lack of water negatively affect turgor pressure, photosynthesis 
mechanisms, and nutrient uptake in plants. In order to decrease these prob-
lems and prevent yield loss in plants, this stress must be reduced using correct 
and effective methods. This stress can be effectively managed through sensi-
tive watering techniques that allow for effective water use and correct plant 
feeding practices that increase drought tolerance. 

In modern greenhouse agriculture systems, the goal is to accurately de-
termine the plant’s water requirements and meet these needs with appropriate 
irrigation systems. Drip irrigation systems and fertigation systems deliver the 
necessary water to the root zone, minimizing water loss and ensuring that 
nutrients are supplied according to the plant’s needs (Yang et al. 2023). Mo-
isture sensors (tensiometers, TDR/FDR probes) and simple automation units 
integrated into these irrigation systems are used. In this way, the timing and 
amount of irrigation can be adjusted according to the actual water needs of the 
plant. These sensors analyze soil or air moisture to generate real-time data and 
prepare irrigation programs according to the actual water needs of the plant. 
In addition, based on the plant, devices that measure water flow in the leaves, 
leaf moisture, and stem diameter are being tested (Marino et al. 2021).

During flowering and fruit development periods, applying water at the 
right time and in the right amount is of great importance in greenhouse ve-
getable cultivation. In this period, ethylene and abscisic acid hormone levels 
increase in plants that encounter drought stress, and flower and fruit drop oc-
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curs. Cui et al. (2020) reported that water restrictions during these periods led 
to yield reductions of 13–26%. While Muñoz-Carpena et al. (2005) showed that 
sensor-controlled drip irrigation saves water with similar yields in tomatoes, 
Vázquez et al. (2011) stated that the same system increases yield and water 
use efficiency in processing tomatoes. Besides the right watering system, cor-
rect plant nutrition also plays an important role in increasing plant resistance to 
drought stress. Providing essential elements such as potassium and nitrogen in 
appropriate amounts improves intracellular osmotic balance and water use effi-
ciency. Potassium also plays an important role in maintaining the turgor balance 
necessary for the functioning of the stomatal mechanism (Mubashir et al. 2023) 
(Figure 2). The application of macronutrients in vegetable production via drip 
irrigation (fertigation) increases fertilizer use efficiency and productivity (Sin-
gh et al. 2023). While foliar applications for micronutrients provide immediate 
corrective effects, particularly under stress conditions such as drought (Semida 
et al. 2021). In conclusion, the combined use of drip irrigation, sensor-based 
irrigation management, and fertigation in greenhouse vegetable cultivation inc-
reases water and nutrient use efficiency. Furthermore, these practices offer a 
powerful tool for minimizing drought-related yield losses.

2.2. Management of Waterlogging and Oxygen Deficiency

Soils with high clay content, agricultural areas lacking adequate drainage, 
and improper irrigation techniques can cause root asphyxiation in plants. This 
condition can lead to stunted growth and death. Furthermore, soil-borne pat-
hogens can proliferate in soils with low oxygen levels, limiting plant nutrient 
uptake (Zhang et al. 2025). Therefore, the primary target in managing excess 
water is to maintain the air-water balance in the soil, providing a viable envi-
ronment for plant roots (Ben-Noah and Friedman 2018).

The first step toward improvement is establishing an effective drainage sys-
tem in the greenhouse substructure. Drainage channels and pipes are the most 
common methods used to remove excess water from the soil surface (Wu et al. 
2022). In addition, the use of soilless farming systems is an effective solution 
in greenhouses with unfavorable soil that is not actively used (Mielcarek et al. 
2023). In such production systems, growing media with high air porosity and 
balanced water-holding capacity (peat, cocopeat, perlite mixtures) are preferred 
for use in place of soil or in combination with soil in raised pads or troughs. In 
this way, both the risk of root suffocation due to excess water is reduced and the 
controlled delivery of water is facilitated (Mielcarek et al. 2023).

The irrigation program should be adjusted in terms of frequency and qu-
antity to prevent the risk of excess water, especially under low evapotranspira-
tion conditions (closed, low light, and cool days). Soil moisture sensors allow 
for early intervention in cases of over-irrigation. In addition, the quality and 
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salinity level of the irrigation water are also very significant criteria. Irrigation 
carried out to eliminate soil salinity problems that may arise due to excessive 
fertilization can cause problems in terms of oxygen deficiency in the roots in 
cases of inadequate drainage. 

In cases of excess water, it is important to regularly check the roots and 
root collars and to clear any obstructions in the irrigation lines. This integrated 
approach, supported by appropriate cultural measures such as rotation and 
solarization when necessary, can significantly reduce the negative effects of 
excess water in protected vegetable cultivation.

2.3 Biostimulants and Antistress Applications Against Water Stress

In greenhouse vegetable cultivation, water stress cannot always be fully 
controlled through irrigation management alone. In these situations, comple-
mentary biostimulants and stress-preventing applications are used to increase 
plant resistance. Biostimulants are defined as products containing seaweed 
extracts, protein hydrolysates, humic and fulvic acids, free amino acids, ar-
buscular mycorrhizal fungi, microalgae extracts, phytohormones (e.g., salicy-
lic acid, melatonin), certain microorganisms, and specific mineral elements. 
They are defined as products that regulate processes such as nutrient uptake, 
root development, antioxidant defense, and stress tolerance in plants (Di Sario 
et al. 2025). Under greenhouse conditions, these applications are typically 
applied several times, depending on the plant’s growth stage, either to the root 
zone via drip irrigation or to the leaves via foliar spraying.

Studies have reported that seaweed-derived biostimulants (e.g., extracts 
of Laminaria digitata and Ascophyllum nodosum) can reduce water stress-in-
duced biomass loss in plants such as tomatoes and lettuce from 45% to 25% 
and maintain photosynthetic activity (Velasco-Clares et al. 2025; Campo-
benedetto et al. 2021). According to a study conducted on peppers, protein 
hydrolysates and amino acid-based biostimulants increase the resistance of 
plants to water loss (Agliassa et al. 2021). Similar results were reported in 
another study conducted on ‘Chery’ tomatoes; protein hydrolysates and amino 
acid-based biostimulants were shown to increase antioxidant enzyme activi-
ties and mitigate the adverse effects of water stress (Gil-Ortiz et al. 2023). 
Application of humic substance-based biostimulants to lettuce roots or leaves 
contributed to the preservation of photosynthetic capacity under water stress 
conditions and reduced the oxidative damage caused by water stress (Ate-
ro-Calvo et al. 2025). It was reported that applying a biostimulant derived 
from Ascophyllum nodosum + Laminaria digitata three times to tomato plants 
against drought stress primed the plants against stress and reduced stress sy-
mptoms by regulating reactive oxygen species (ROS) responses under water 
stress (Cerruti et al. 2024).
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Minerals such as silicon (Si), calcium (Ca), and potassium (K), as well 
as signaling molecules like salicylic acid (SA) and jasmonate (JA), are used 
at appropriate doses in greenhouses vegetable cultivation to increase plant 
resistance to abiotic stresses such as temperature and water stress. These com-
pounds are reported to support osmotic balance by strengthening cell wall and 
membrane integrity, positively affecting defense mechanisms and antioxidant 
enzyme activities (El-Mogy et al. 2025, Song et al. 2023). In cucumbers under 
water stress, the foliar application of Ca, K, and Si nanoparticles increased an-
tioxidant enzyme activities (SOD, CAT), chlorophyll content, water use effi-
ciency, and yield, while reducing MDA and ABA levels (El-Mogy et al. 2025). 
Similarly, it has been reported that SiO₂ application in lettuce plants increased 
chlorophyll and anthocyanin content and enhanced stress tolerance under heat 
and drought stress conditions (Simko et al. 2025).

These results show that biostimulants and antistress applications are effe-
ctive tools that complement traditional irrigation and fertilization strategies in 
water stress management. However, the performance of these products varies 
depending on plant type, application rate and timing, and environmental con-
ditions. Therefore, the use of biostimulants in greenhouse vegetable producti-
on should be approached in an integrated manner with greenhouse climate and 
irrigation management, adapted to local conditions.

2.4 Monitoring Water Stress and Digital Decision Support Systems

Sustainable agricultural practices are becoming increasingly effective 
through the continuous monitoring of soil moisture and greenhouse climate 
parameters using sensors in greenhouse vegetable cultivation. Furthermore, 
integrating this data into digital decision support systems is also gaining im-
portance (Dirlik et al. 2025, Incrocci et al. 2020) (Figure 3). As stated earlier, 
continuously measuring soil or growing medium moisture with devices such 
as tensiometers, TDR/FDR, and capacitive sensors greatly benefits agricultu-
ral activities. Additionally, processing data on parameters such as air tempera-
ture, relative humidity, and light in a digital system provides fast and accurate 
results. With this method, the amount of water required for the roots can be 
increased by 30-50% by reducing unnecessary watering (Dirlik et al. 2025, 
Palumbo et al. 2021, Abdelmoneim et al. 2025) (Figure 3). Sensor-based ir-
rigation has resulted in yield increases of up to 47% and water savings of 
36-47% in vegetables such as tomatoes and green beans (Dirlik et al. 2025, 
Palumbo et al. 2021). In recent years, applications have been developed for 
these systems that alert producers when critical levels are exceeded (Cayuela 
et al. 2022, Conde et al. 2024). With these systems, yield and quality losses 
due to water stress are prevented with real-time data. 
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Figure 3: Digital desicion support system flowchart.  This schematic representation has 
been prepared as an illustrative example based on previously published study (Dirlik et 
al. 2025, Incrocci et al. 2020, Palumbo et al. 2021, Abdelmoneim et al. 2025), Cayuela 

et al. 2022, Conde et al. 2024)

The main reason for the uncommon use of sensors is the inability to afford 
the costs and calibration requirements. However, low-cost and easier-to-calib-
rate IoT-based systems can reduce these barriers (Abdelmoneim et al. 2025, 
Okasha et al. 2021).

As a result, sensor-based monitoring and digital decision support systems 
offer effective and evidence-based solutions for preventing water stress and 
increasing water use efficiency in greenhouse vegetable cultivation. 

3. CONCLUSION AND RECOMMENDATIONS

Water stress is one of the most significant abiotic stress factors limiting 
greenhouse vegetable cultivation. This stress can cause serious physiological 
damage to plant roots and shoots, inhibit the uptake of nutrients, and con-
sequently lead to significant yield losses. In this chapter, we have tried to 
demonstrate that some practices have been highly successful in combating 
water stress. The integrated use of sensor-supported irrigation technology, 
precision irrigation techniques, proper fertigation, appropriate variety selec-
tion, etc., can be a solution against drought stress. In cases of excessive wa-
ter stress, solutions can be achieved through methods such as selecting ap-
propriate growing environments, implementing effective drainage systems, 
and correctly adjusting greenhouse slopes. Additionally, adjusting irrigation 
programs according to soil evaporation rates significantly contributes to this 
process. Besides technical applications, plant resistance supported by biosti-
mulants and antistress applications further reduces the effects of water stress. 
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In particular, the use of seaweed extracts and protein hydrolysates has greatly 
increased stress resistance in tomato, pepper, and lettuce cultivation. In addi-
tion, it has been observed that mineral elements such as silicon (Si), calcium 
(Ca), and potassium (K) support plant cell walls and membranes, reducing the 
effects of ROS caused by water stress. 

Figure 3: Proactive and holistic approach model in water stress management instead of 
reactive interventions. The figure highlights the importance of integrating sensor-based 

digital systems, biostimulant applications, and technical cultural measures in combating 
the negative effects of water stress (drought and excessive water) on crop yield.

The integrated use of sensor-based monitoring and digital decision 
support systems enables effective irrigation with real-time data without 
considering water as a stress factor in greenhouse production. Despite the 
increasing use of integrated automation systems in recent years, high costs 
have limited producers. However, according to recent developments, low-cost 
IoT-based sensors enable more precise, sustainable, and economical water 
stress management.

Consequently, water stress management in protected vegetable cultivation 
should be approached holistically rather than only intervening when problems 
arise. In this process, the combined use of variety selection, drainage, 
appropriate irrigation, nutrient management, biostimulant use, and digital 
monitoring systems will yield the highest success (Figure 3).
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of ATP hydrolysis in an ABC transporter. ACS central science, 4(10), 1334-1343.

Qiao, M., Hong, C., Jiao, Y., Hou, S., & Gao, H. (2024). Impacts of drought on photos-
ynthesis in major food crops and the related mechanisms of plant responses to 
drought. Plants, 13(13), 1808. 

Razi, K., & Muneer, S. (2021). Drought stress-induced physiological mechanisms, sig-
naling pathways and molecular response of chloroplasts in common vegetable 
crops. Critical Reviews in Biotechnology, 41, 669 - 691. 

Schwarz, D., Rouphael, Y., Colla, G., & Venema, J. (2010). Grafting as a tool to improve 
tolerance of vegetables to abiotic stresses: Thermal stress, water stress and orga-
nic pollutants. Scientia Horticulturae, 127, 162-171. 

Semida, W. M., Abdelkhalik, A., Mohamed, G. F., Abd El-Mageed, T. A., Abd El-Ma-
geed, S. A., Rady, M. M., & Ali, E. F. (2021). Foliar application of zinc oxide na-
noparticles promotes drought stress tolerance in eggplant (Solanum melongena 
L.). Plants, 10(2), 421.

Simko, I., Zhao, R., & Peng, H. (2025). Differential Impact of SiO2 Foliar Application on 
Lettuce Response to Temperature, Salinity, and Drought Stress. Plants, 14(12), 
1845.

Singh, J., Sandal, S. K., Yousuf, A., & Sandhu, P. S. (2023). Effect of drip irrigation 
and fertigation on soil water dynamics and productivity of greenhouse toma-
toes. Water, 15(11), 2086.

Song, W., Shao, H., Zheng, A., Zhao, L., & Xu, Y. (2023). Advances in roles of salicylic 
acid in plant tolerance responses to biotic and abiotic stresses. Plants, 12(19), 
3475.

Turan, M., Ekinci, M., Argin, S., Brinza, M., & Yildirim, E. (2023). Drought stress 
amelioration in tomato (Solanum lycopersicum L.) seedlings by biostimulant as 
regenerative agent. Frontiers in Plant Science, 14, 1211210.



 . 155INTERNATIONAL COMPILATION OF RESEARCH AND STUDIES IN THE FIELD OF 
AGRICULTURE, FORESTRY AND AQUACULTURE SCIENCES

Vázquez, N., Huete, J., Pardo, A., Suso, M. L., & Tobar, V. (2010, August). Use of soil 
moisture sensors for automatic high frequency drip irrigation in processing 
tomato. In XXVIII International Horticultural Congress on Science and Horti-
culture for People (IHC2010): International Symposium on 922 (pp. 229-235).

Velasco-Clares, D., Navarro-León, E., Izquierdo-Ramos, M. J., Blasco, B., & Ruiz, J. M. 
(2025). Enhancing drought tolerance in lettuce: The efficacy of the seaweed-de-
rived biostimulant cytolan® stress applied at different growth stages. Horticul-
turae, 11(2), 157.

Wu, Q., He, Y., Qi, Z., & Jiang, Q. (2022). Drainage in paddy systems maintains rice 
yield and reduces total greenhouse gas emissions on the global scale. Journal of 
Cleaner Production, 370, 133515.

Yang, P., Wu, L., Cheng, M., Fan, J., Li, S., Wang, H., & Qian, L. (2023). Review on 
drip irrigation: impact on crop yield, quality, and water productivity in China. 
Water, 15(9), 1733.

Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., & Chen, S. (2021). Response mechanism 
of plants to drought stress. Horticulturae, 7(3), 50.

Teker Yıldız, M., & Akı, C. (2025). Evaluation of Physiological and Biochemical 
Responses of Four Tomato (Solanum lycopersicum L.) Cultivars at Different 
Drought Stress Levels. Agronomy, 15(3), 653.

Yin, J., Niu, L., Li, Y., Song, X., Ottosen, C. O., Wu, Z., ... & Zhou, R. (2023). The effects 
of waterlogging stress on plant morphology, leaf physiology and fruit yield in 
six tomato genotypes at anthesis stage. Vegetable Research, 3(1).

Zhang, Y., Chen, X., Geng, S., & Zhang, X. (2025). A review of soil waterlogging impa-
cts, mechanisms, and adaptive strategies. Frontiers in Plant Science, 16, 1545912.

Zohura, F. T., Naher, N., Sultana, T., & Rao, T. V. V. L. N. (2024). Study on the effect of 
drought and waterlogging conditions on yield and growth of three local varie-
ties of eggplant (Solanum melongena L.). Archives of Agriculture and Environ-
mental Science, 9(4), 661-666.



156  . Esmanur DEMİREL 



Chapter

Seçil EKER1

Muhammed Akif AÇIKGÖZ2 

1 Seçil Eker, Assist. Prof. Dr., Ordu University, Faculty of Agriculture, Department of Plant 
Protection, Orcid: 0000-0002-5409-6226
2 Muhammed Akif Açıkgöz, Assoc. Prof. Dr., Ordu University, Faculty of Agriculture, De-
partment of Field Crops, Orcid: 0000-0003-2436-5605

EPIGENETIC DEFENSE CODES: NEXT-
GENERATION REGULATORS OF SECONDARY 

METABOLITE-MEDIATED PLANT PROTECTION

9



158  . Seçil EKER & Muhammed Akif AÇIKGÖZ 

INTRODUCTION

1. The New Face of Plant Immunity with Epigenetic Codes

Because plants are stationary life forms, instead of fleeing from 
environmental threats, they recognize these threats and develop internal 
defense mechanisms. These defense systems have become complex and 
multi-layered throughout the evolutionary process. Physical barriers 
(epidermis, lignin), receptor-based pathogen recognition systems (PRRs), 
reactive oxygen species (ROS), and, most importantly, secondary metabolites 
are the basic components of these defense systems (Cui et al., 2025; Joshi et 
al., 2025). Secondary metabolites (SMs) are biologically active compounds 
that are not essential in the plant life cycle but are vital under environmental 
stress conditions. Classified as flavonoids, alkaloids, terpenoids, phenolics 
and glucosinolates, these compounds protect the plant in a multifaceted 
way thanks to their antimicrobial, antioxidant, antifungal, and antigenic 
properties (Mahanta et al., 2025). Classical genetic approaches assume 
that the biosynthesis of these metabolites is controlled by genetic pathways 
(enzyme genes, transcription factors). However, advanced molecular studies 
in the last decade have revealed that these regulatory systems are not limited 
to the genetic code, and that epigenetic mechanisms additionally play a 
profound role in this process (Ben Ammar, 2025; Choi et al., 2025). The 
response of plants to environmental stimuli largely depends on the synthesis 
and distribution of SMs. Take for instance, glucosinolates in Brassica species, 
tropane alkaloids in Solanaceae species and isoflavonoids in Fabaceae species 
rapidly accumulate, especially during pathogen attacks, forming a defensive 
wall (Martins et al., 2020; Tong et al., 2025). The production of these 
compounds is not static; it changes dynamically according to the intensity 
and duration of environmental stress, the age of the plant, and even previous 
stress experiences. At this point, epigenetic memory comes into play. By 
“remembering” previous stressors, plants can respond more quickly and 
effectively to similar threats in the future. This phenomenon is called priming, 
and it has been shown to be epigenetically based in many SM genes (Nair 
et al., 2022; Abdulraheem et al., 2024). Epigenetic regulation encompasses 
mechanisms that permanently or temporarily alters gene expression without 
changing the DNA sequence. In plants, there are three main mechanisms of 
this regulation: DNA methylation: Genes can be silenced by adding methyl 
groups to gene promoter regions. Histone modifications: The chromatin 
structure is loosened or tightened by acetylation/methylation of histone 
proteins surrounding the DNA. RNA-based silencing (RNAi): Small RNA 
molecules inhibit protein synthesis by degrading the target mRNA. These 
mechanisms can directly affect structural and regulatory genes involved in 
secondary metabolite biosynthesis pathways. Take for instance, in Nicotiana 
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attenuata, genes responsible for nicotine biosynthesis have been shown to be 
rapidly activated following unwinding of DNA methylation after stress (Tong 
et al., 2025). Similarly, in Arabidopsis thaliana, glucosinolate biosynthesis 
genes have been found to carry both H3K27me3 repressive and H3K4me3 
activating histone modifications, indicating that they can be switched on and 
off in an environmentally sensitive manner (Choi et al., 2025). This regulation 
creates a plastic defense system, allowing plants to adjust both their local and 
systemic immunity to environmental conditions. One of the most striking 
findings is that some epigenetic changes create not only individual responses 
but also hereditary defense strategies that can be passed down to subsequent 
generations (Ben Ammar, 2025). This phenomenon is particularly observed 
in perennial plants and perennial species. Take for instance, parental plants 
exposed to a pathogen show a lower infection rate and higher levels of 
microbial malformations (SM) compared to their offspring (Huang et al., 
2025). This epigenetic inheritance is thought to be advantageous in terms 
of natural selection and to increase the ecological resilience of these species.
The integration of epigenetic information into plant biotechnology means the 
permanent restructuring of defense systems without the need for external 
chemical applications. Take for instance: Epigenetic repression of specific 
metabolite genes can be removed using DNA methyltransferase inhibitors. 
Negative regulators controlling SM production can be silenced with RNAi-
based small RNAs. Epigenetic markers can be targeted with genome editing 
(e.g., CRISPR-dCas9) (Mahanta et al., 2025). These strategies are particularly 
important for sustainable agriculture, environmentally friendly disease 
control, and reduced pesticide use.

2. Molecular Foundations of Epigenetic Mechanisms

When plants face environmental threats, they can survive by 
reprogramming their defense systems. The flexibility and sensitivity of these 
defense systems are shaped not only by genetic information but additionally 
by epigenetic regulation. Epigenetic mechanisms are systems that control 
gene expression without altering the DNA sequence, can be heritable, and 
can be modulated in response to environmental stimuli (Cui et al., 2025). 
The role of epigenetic markers in plant defense systems, particularly in the 
production of secondary metabolites, has been extensively researched in 
recent years. These compounds perform vital functions such as protection 
against pathogens, insect defense, and stress tolerance. That’s why, epigenetic 
control of genes encoding or regulating these compounds plays a fundamental 
role in plant defense biology (Ben Ammar, 2025). Three basic epigenetic 
mechanisms will be detailed below: DNA methylation, Histone modifications, 
RNA-based silencing (RNA interference, RNAi). DNA methylation occurs 
through the modification of cytosine bases, usually in the CG (CpG) regions, 
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with methyl groups. In plants, this mechanism is often associated with gene 
silencing. However, in recent years, it has been shown that methylation can 
change dynamically depending on the environment and has a direct effect on 
secondary metabolite production (Cimmino et al., 2025; Ibragić et al., 2025; 
Jangpangi et al., 2025). Take for instance, in Arabidopsis thaliana, decreased 
DNA methylation increased flavonoid synthesis, while in Nicotiana attenuata, 
demethylation in nicotine biosynthesis pathways led to a significant increase 
in alkaloid levels (Tong et al., 2025). DNA methyltransferase (MET1, DRM2) 
and demethylase (ROS1) enzymes are key players in this regulation. Moreover, 
DNA methylation also functions as part of the epigenetic priming mechanism. 
During the first encounter with a pathogen, demethylation of defense genes 
can occur, allowing for a faster defense response upon repeated exposure to 
the same pathogen (Mencia et al., 2025). This mechanism forms the basis of 
the concept of epigenetic memory. Histones are proteins that wrap around 
DNA within the nucleus. Chemical modifications of these proteins (e.g., 
methylation, acetylation, ubiquitination) determine the readability of DNA. 
Activator markers (H3K4me3, H3K9ac) increase gene expression, while 
repressor markers (H3K9me2, H3K27me3) cause gene silencing (Choi et al., 
2025). The role of histone modifications in plant defense is clearly documented. 
Take for instance, in Brassica napus, a significant increase in the expression 
levels of genes associated with glucosinolate production was detected upon 
removal of the H3K27me3 repressor marker (Fan & Feng, 2025; Moon et al., 
2025; Wu et al., 2025). This demonstrates the strong control of histone markers 
over secondary metabolite production. On the other hand, bivalent histone 
modifications can be found in some gene regions. This means that the same 
region carries both active (e.g., H3K4me3) and repressive (e.g., H3K27me3) 
markers. In this way, gene expression can be rapidly activated or repressed 
in response to environmental stimuli. This has been demonstrated in defense 
genes in Arabidopsis (Choi et al., 2025). Histone modifications also serve a 
transcriptional memory function. Especially under repeated stress conditions, 
specific histone markers become persistent, creating a state of ready metabolite 
production in response to the next attack (Bashir & Setyawati, 2025; Ibragić 
et al., 2025). RNA interference (RNAi) is the process of repressing gene 
expression through small RNA molecules. Specifically, molecules such as 
miRNA and siRNA indirectly control the production of defense compounds 
by targeting regulatory genes involved in secondary metabolite biosynthesis 
(Grewal & Roy, 2025; Upadhyay et al., 2025). Take for instance, miR858 limits 
phenylpropanoid production by repressing MYB transcription factors, which 
play a critical role in flavonoid synthesis. However, in the case of pathogen 
attack, miR858 expression decreases, MYB activity increases, and flavonoid 
production accelerates (Yang et al., 2025). Moreover, RNAi systems can 
also influence epigenetic processes at the DNA level, such as RdDM (RNA-
directed DNA methylation). siRNAs can perform transcriptional silencing by 
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guiding methylation sites on DNA (Cui et al., 2025). In terms of application, 
RNAi technology is used to increase secondary metabolites in both model 
plants and agricultural plants. Kumar et al. (2025) managed to manipulate 
plant immunity by temporarily suppressing alkaloid synthesis using an RNAi-
based silencing method (Shah et al., 2025). Epigenetic mechanisms are not 
isolated; rather, they function as complementary and interacting structures. 
DNA methylation can direct histone modifications; small RNAs can perform 
gene silencing at both the transcriptional and post-transcriptional levels. Take 
for instance, in the study by Fan & Feng (2025), an increase in H3K9me2 
histone markers was observed along with an increase in DNA methylation 
in flavonoid gene clusters. The accumulation of siRNAs in the same region 
indicates that a coordinated silencing mechanism is at work. These integrated 
systems allow defense responses to operate with precise timing. The plant 
first recognizes the threat, then, through epigenetic pathways, activates or 
deactivates only the necessary genes. This saves energy while simultaneously 
creating an effective defense (Choi et al., 2025). Controlling epigenetic 
regulation allows for the development of more resistant and productive plant 
varieties in modern agriculture. Epigenetic priming has the potential to reduce 
pesticide use. Take for instance: Defense genes can be activated with DNA 
demethylase-inducing chemicals. Specific gene regions can be modified with 
CRISPR/dCas9-fused epigenetic regulators. With RNAi-based applications, 
metabolite profiles can be temporarily altered (Kumar et al., 2025). Thanks to 
these techniques, environmentally friendly and sustainable plant protection 
strategies can be developed without the need for genetic modification.

3. Epigenetic Interaction Pathways of Secondary Metabolite 
Production

Plants produce secondary metabolites for defense under biotic and abiotic 
stress conditions. These compounds, in addition to their direct toxic effects, 
play a role in cellular defense signaling and interplant communication (Khan 
et al., 2025). However, the production of these compounds is tightly controlled 
because it is energy intensive. Recent research shows that this control occurs 
not only at the transcriptional level but additionally at the epigenetic level. 
In particular, the production of major metabolite groups such as flavonoids, 
alkaloids, and terpenoids is regulated by epigenetic modifications according 
to environmental conditions (Açıkgöz, 2025; Açıkgöz et al., 2025). This 
is detailed below with examples for each group. Flavonoids are a class of 
metabolites derived from the phenylpropanoid pathway that have functions 
such as UV protection, pathogen resistance, and antioxidant defense. Anti-
microbial flavonols and antiviral flavonones play a critical role in defense 
(Kırgeç et al., 2023). Flavonoid biosynthesis is generally controlled by the 
transcription factors MYB, bHLH, and WD40. The expression of these genes 
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is regulated by epigenetic mechanisms (Chen et al., 2025; Rani & Chaudhary, 
2026). DNA methylation: In Arabidopsis, methylation in the MYB111 
promoter region suppresses flavonol synthesis. After stress, this region 
becomes demethylated, and an increase in flavonoids is observed (Wang et al., 
2025). Histone modifications: Active markers such as H3K4me3 and H3K9ac 
are concentrated in flavonoid biosynthesis genes. miRNAs: miR858 limits 
flavonoid production by suppressing MYB factors; this suppression disappears 
under pathogen stress (Kumar et al., 2025). Zhang et al. (2025) analyzed post-
stress anthocyanin accumulation in cotton and found that this accumulation 
was associated with the suppression of H3K27me3. The same study showed 
that some flavonoid gene promoters undergo remethylation via the RdDM 
pathway. Alkaloids are generally neurotoxic or bitter-tasting compounds and 
are effective against threats such as insects, fungi, and bacteria. Examples 
include compounds such as nicotine, morphine, capsaicin, and sanguinarine. 
A study on Nicotiana attenuata showed that DNA demethylation in the gene 
cluster region controlling nicotine production activated transcription (Tong 
et al., 2025). When MET1 expression decreased, nicotine levels increased. 
Hussain et al. (2025) temporarily silenced an acetyltransferase gene involved 
in alkaloid biosynthesis using the VIGS method, altering the metabolite 
content in the plant (Jose et al., 2025). This demonstrated the feasibility 
of RNA-based silencing. The fact that alkaloid-encoding genes are often 
clustered makes it possible to control these regions epigenetically as blocks. 
Masuda et al. (2025) showed that gene expression decreased in regions where 
H3K9me2 increased in these clusters. Terpenoids encompass a wide variety 
of secondary metabolites, including volatile compounds. Examples used in 
defense include limonene, geraniol, taxol, and gibberellic acid. They are 
effective in both antimicrobial and signal transduction. DNA methylation 
plays a role, particularly in silencing TPS (terpenoid synthase) genes. Fan & 
Feng (2025) showed increased production in these genes under stress, along 
with demethylation. Histone acetylation was found to be associated with 
active gene expression, particularly in TPS promoter regions. siRNAs target 
the transcripts of some TPS genes, applying post-transcriptional silencing. 
Sometimes defense compounds are activated co-activated. Choi et al. 
(2025) showed that in Arabidopsis, both flavonoid and terpenoid genes have 
similar histone markers under stress, and that this synergy is coordinated at 
genetic and epigenetic levels. Accumulation of epigenetic markers has been 
observed in regions where genes encoding defense components converge. A 
region repressed by DNA methylation can fully activate a gene cluster upon 
demethylation. When H3K27me3 repression is removed, multiple defense 
genes can be activated simultaneously. sRNA clusters can simultaneously 
carry out both promoter methylation and transcript degradation. This holistic 
structure, especially when combined with the concept of epigenetic memory, 
allows the plant to develop a more effective secondary response to the same 
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threat. With recent developments, applications targeting epigenetic mechanisms 
have begun to be tested in the field: CRISPR-dCas9 systems, combined with 
proteins that methylate or remove DNA, enable epigenetic modification of the 
target gene. Flavonoid biosynthesis can be activated at the desired time and 
region with RNAi-based spray applications. Defense genes can be activated 
before stress with epigenetic priming agents (such as azacytidine). These 
strategies hold great promises for reducing pesticide use and developing 
biologically based plant protection systems (Bashir & Setyawati, 2025).

4. Epigenetic Inheritance and the Transmission of Defense Memory

Although plants, unlike animals, do not possess circulating immune 
cells, they have the capacity to “remember” their responses to environmental 
threats at the epigenetic level. This phenomenon is called “epigenetic 
memory,” and in some cases, this memory can be passed down through 
generations (Feng & Xia, 2025). This defense memory is particularly evident 
in gene clusters involved in the biosynthesis of secondary metabolites (Yang 
& Lu, 2025). Epigenetic memory allows the plant to “remember” a stress 
it has previously encountered, enabling it to produce a faster and stronger 
response when exposed to the same threat. These responses can be recorded 
as DNA methylation patterns, histone modifications, and small RNA profiles 
(Choi et al., 2025). Plants can alter their DNA methylation profiles under 
stress. While some of these changes are temporary, others become permanent 
and can be transmitted via mitotic or meiotic pathways. Take for instance, the 
RdDM (RNA-directed DNA methylation) mechanism silences defense genes 
by targeting methylation. However, demethylation removal after stress leads 
to faster activation of the same defense genes (Feng & Xia, 2025). As an 
example, demethylation in the promoter region of the AT5G24010 gene in 
Arabidopsis thaliana made the plant more susceptible to bacterial attack; the 
same gene was activated earlier in the next generation (Deleris et al., 2016). 
Some histone markers (particularly H3K4me3, H3K27me3) can become 
persistent, leaving an epigenetic tag on defense genes. Choi et al. (2025) 
showed that these markers can be transmitted through mitotic divisions and 
passed on to seeds. Biosynthetic gene clusters associated with secondary 
metabolites, when activated following environmental stresses, traces of this 
activation can be detected in histone profiles. Small RNAs, such as siRNA 
and tasiRNA, provide post-transcriptional silencing by interacting with 
defense genes following a stress response. These molecules can, in some 
cases, be transferred to seeds. Take for instance, in Nicotiana tabacum, 
siRNAs suppress nicotine biosynthesis genes, and this silencing can persist 
for generations (Tong et al., 2025).

Flavonoid production varies according to environmental stimuli. 
Flavonoid biosynthesis genes activated by epigenetic markers after stress 
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show faster expression in subsequent stresses. This mechanism has been 
documented, particularly in intergenerational transmission after UV stress 
(Zhang et al., 2024). Alkaloid biosynthesis is generally associated with cluster 
structures. Epigenetic markers acquired on these clusters (e.g., H3K9me2) can 
be persistent, allowing for rapid activation of the same gene set in subsequent 
generations (Yu et al., 2018; Wagh et al., 2025). Some terpenoid genes, such as 
TPS21 (Terpene Synthase 21), are activated by demethylation after pathogen 
attack. The expression level of these genes is higher in the second generation 
when the same stress is repeated (Fan & Feng, 2025). Transgenerational 
epigenetic inheritance is possible through the transmission of an epigenetic 
state to germ cells. This is limited but proven in plants. Similar defense 
profiles have been observed in the offspring of plants particularly exposed to 
drought, salinity, and pathogen pressure (Bashir et al., 2026). Another example 
is shown in Brassica napus, where water stress increased glucosinolate 
production in descendant individuals, and this increase was correlated with 
histone acetylation in the promoters of the relevant genes (Ben Ammar, 
2025). These findings demonstrate that plants can “remember” their stress 
history and pass on an epigenetic immunity strategy to future generations. 
Next-generation agricultural biotechnology aims to artificially trigger these 
epigenetic inheritance mechanisms. Take for instance: Epimutagens (DNA 
methylation inhibitors such as azacytidine) enable early activation of defense 
genes. The methylation status of specific gene regions can be altered with 
CRISPR/dCas9-TET or dCas9-MQ1 systems. Defense metabolites can be 
artificially modulated with RNAi sprays (Basso et al., 2025). Thanks to these 
applications, the defense memory of plants can be programmed without the 
need for genetic modification. This has great potential, especially in terms of 
reducing pesticide use and adapting to the climate crisis (Zidan et al., 2025).

5. Agricultural Applications and the Future of Epigenetic Regulation

Today, agriculture still relies heavily on chemical use to combat biotic 
stressors (pathogens, pests). However, these methods pose serious risks to 
environmental health, soil microbiota, and human health. In this context, 
ways to increase plant resistance without genetic modification have gained 
significant importance. Epigenetic regulation is a new generation strategy 
that can offer biological and sustainable solutions to this need (Karalija et 
al., 2025). By epigenetically activating defense genes, both chemical inputs 
can be reduced and the production of metabolite-based biopesticides can 
be encouraged. Epi mutagenesis aims to direct gene expression by altering 
DNA methylation. Since these changes do not involve genetic mutations, 
they are more acceptable in terms of regulation. Chemicals that inhibit 
DNA methylation (e.g., 5-azacytidine, zebularin) remove methylation in 
the promoter regions of some defense genes. This, in turn, increases the 
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production of defense metabolites (Kouighat et al., 2025). Take for instance, 
in Arabidopsis, 5-azacytidine application resulted in increased expression of 
defense genes such as PR1 and PDF1.2, leading to an increase in secondary 
metabolite levels. Although limited to this extent, attempts have been made 
to activate defense genes with superficial epi mutagenic sprays. Especially 
when applied before stress, “priming” effects can trigger sustained defense 
responses (Fan & Feng, 2025). While the classical use of CRISPR technology 
is in gene editing, in recent years it has become possible to regulate epigenetic 
markers without genetic modification using dCas9 (catalytically inactive 
Cas9) systems. dCas9-DNMT3A: Provides gene silencing by adding a methyl 
group to the target gene region. dCas9-TET1: Performs gene activation by 
providing demethylation. dCas9-p300: Opens promoter regions with histone 
acetyltransferase, increasing gene expression. CRISPR-based epigenetic 
modifications are particularly preferable in gene regions where defense 
metabolites cluster. Thus, the entire gene family or biosynthetic pathway can 
be activated together (Feng & Xia, 2025). Epigenetic priming is an approach 
that aims to acquire epigenetic marks by applying mild stress to the plant 
and obtain a faster and stronger response to subsequent attacks. This priming 
can sometimes be passed down through generations. Ibragić et al. (2025) 
showed that low-dose UV application in cotton increased the H3K4me3 mark 
in the promoters of flavonoid genes and that higher expression was achieved 
upon repeated UV exposure. Epigenetic memory development was observed 
in plants when they were exposed to low salt stress, mild heat shock, and 
small amounts of biotic agents under controlled conditions. This strategy 
specifically targets the activation of defense metabolites during the seedling 
stage (Choi et al., 2025). Many secondary metabolites additionally have 
the potential to act as biological pesticides. Epigenetically increasing these 
metabolites could produce alternatives to conventional pesticides. Flavonols 
(quercetin, kaempferol) have inhibitory effects against many bacteria and 
fungi. The production of these compounds can be increased by lowering the 
miR858 level. Volatile terpenoids (limonene, pinene) function as interplant 
alarm signals. Their production increases when H3K9ac histone acetylation is 
added to gene promoters (Fan & Feng, 2025). In Brassica species, removing the 
H3K27me3 repressor mark increases glucosinolate production and provides 
resistance to insects (Ben Ammar, 2025). Even without genetic modification, 
most epigenetic engineering applications still face regulatory uncertainty. 
It is not yet clear how long epigenetic changes persist and how they can be 
reversed depending on environmental conditions. With new generation 
epigenomic, metabolomic, and transcriptomic tools, targeted and rapid 
analysis is becoming possible. In the future, epigenetic information could be 
integrated into agricultural artificial intelligence systems and become part of 
decision support mechanisms (Bashir & Setyawati, 2025).
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6. Conclusion

The defense strategies developed by plants against environmental 
stress conditions are not only based on genetic potential but additionally 
vary depending on epigenetic regulations shaped by interaction with the 
environment. This study details how secondary metabolite production is 
controlled by epigenetic mechanisms, how these processes function in the 
context of plant protection, and their potential future applications. The impact 
of epigenetic processes such as DNA methylation, histone modifications, 
and RNA-based silencing on plant defense genes and secondary metabolite 
biosynthesis pathways is supported by a growing number of studies. These 
regulations are not limited to short-term responses but can also be transmitted 
to future generations through epigenetic memory and even transgenerational 
heritage. These epigenetic networks have been shown to play important roles, 
particularly in the synthesis of major metabolite groups such as flavonoids, 
alkaloids, and terpenoids. In this context, epigenetic regulatory mechanisms 
enable the development of biologically based and environmentally friendly 
protection systems as alternatives to conventional pesticide use. Epigenetic 
modification using CRISPR/dCas9 systems, controlled use of epi mutagens, 
targeted gene silencing techniques via small RNAs, and epigenetic priming 
strategies will be among the fundamental components of future agricultural 
technologies. However, there are some critical issues that need to be resolved 
before these technologies can be widely adopted. The permanence of 
epigenetic changes, their reversibility depending on environmental conditions, 
regulatory deficiencies, and difficulties in field application remain high on the 
research agenda. To wrap things up, epigenetic regulation mechanisms bridge 
the gap between plant defense and secondary metabolite production, offering 
a new paradigm in agricultural biotechnology. This approach represents both 
a major shift in fundamental science and an important breakthrough for the 
future of sustainable agriculture. In the coming years, epigenetic engineering 
is expected to play a decisive role in many areas, such as plant breeding, 
biopesticide production, and environmentally friendly protection applications.
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1. Introduction

The agricultural sector has historically held a significant place in the 
economic and social structures of countries; it has been considered a strategic 
area in terms of ensuring food security, creating employment, and supporting 
rural development. Products directly related to agriculture-based industries 
necessitate addressing the agricultural sector not only in terms of production 
but also in terms of industry, trade, and employment. In this context, sugar beet 
stands out as one of the most prominent examples of the strong link between 
agriculture and industry, both globally and in Türkiye (Kadıoğlu, 2009; Yücel, 
2023).

Sugar beet production differs from many other agricultural products due 
to its high input use, the need for planned production, and the necessity of 
processing it shortly after harvest. These characteristics have made sugar beet 
more dependent on organized and planned production models rather than 
individual production. In particular, the continuity of raw material supply, 
quality standardization, and marketing security are critically important for the 
healthy functioning of the sugar industry (Çalışkan et al., 2020). Therefore, 
sugar beet production in Türkiye, as in most countries, is carried out within the 
framework of contract farming and organized production structures (Taşpınar, 
2019).

In Türkiye, sugar beet production has been central to agricultural policies 
since the early years of the Republic (Fedai, 2016). The sugar industry was 
systematically developed to encourage domestic sugar production, reduce 
dependence on foreign sources, and support rural development (Eştürk, 2018). 
During this process, sugar beet farming became a regular source of income 
for thousands of grower families; and sugar factories played a significant 
role in shaping the economic and social life of their regions. However, the 
sustainability of this structure depended more on growers acting within an 
organized framework rather than on individual efforts (Paksoy, 2023).

Cooperativism in agricultural production is an important organizational 
model that enables growers to become more resilient against market conditions 
by combining their economic power (Özüdoğru, 2010). Cooperatives aim to 
solve the problems faced by small and medium-sized growers in areas such as 
production, financing, marketing, and access to information within a collective 
structure (Yıldız, 2020). In countries like Türkiye, where agricultural 
enterprises largely consist of small family farms, cooperativism is considered 
one of the fundamental tools for agricultural sustainability (Engindeniz Yücel 
and Yercan, 2024).

In the context of sugar beet production, cooperative organization holds a 
privileged position in Turkish agriculture. Sugar Beet Growers’ Cooperatives 
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are not only structures that support growers in the production process; they 
are also institutional carriers of agricultural-industrial integration. Through 
these cooperatives, growers have gained a stronger position in input supply, 
credit access, production planning, and marketing processes. Furthermore, 
the cooperatives’ participation in sugar factories or their direct industrial 
investments have enabled growers to share in the added value (Özer Topaloğlu, 
2021).

The quota system and contract farming model applied in sugar beet 
production in Türkiye further enhance the importance of cooperatives. Growers 
are included in production planning through cooperatives; marketing risks are 
significantly reduced thanks to purchase and price guarantees (Koç et al., 2018). 
This has made sugar beet production a more stable source of income compared 
to many other agricultural products. At the same time, cooperatives play an 
intermediary role between growers and state and industrial organizations, 
effectively influencing the implementation of agricultural policies in the field 
(Timurkaynak, 2017).

However, factors such as globalization, climate change, increasing 
input costs, and structural transformation in agriculture are presenting sugar 
beet production and growers with new challenges (Koç and Yıldırım, 1997; 
Kadakoğlu et al., 2023). Changes in sugar policies, debates surrounding 
starch-based sugar production, and international competition are making the 
role of cooperatives even more important. Under these conditions, evaluating 
the current functions of cooperativism and revealing its potential for the future 
is of great importance.

The main objective of this study is to examine the role and strategic 
importance of cooperatives in the sustainability of sugar beet production 
in Türkiye, from both economic and institutional perspectives. The study 
investigates the functions of Sugar Beet Growers’ Cooperatives in the 
production process, their contributions to growers, and their place in 
agricultural-industrial integration, addressing the problems encountered and 
offering future assessments. The study utilizes data from previous studies on 
the subject and from FAO, the Turkish Statistical Institute (TURKSTAT), the 
Ministry of Agriculture and Forestry (MAF), Türkiye Sugar Factories Inc. 
(Türkşeker), and the Union of Sugar Beet Growers Cooperatives (Pankobirlik). 
The obtained data are presented in graphs and tables using percentage and 
index calculations.

2. Global Sugar Beet and Sugar Production

Sugar beet is one of the most important agricultural products in global 
sugar production. Sugar production comes from two main sources: sugarcane 
and sugar beet. Sugarcane is mostly grown in tropical and subtropical regions, 
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while sugar beet is widely produced in temperate climates. Therefore, sugar 
beet is a primary raw material for sugar, especially in Europe, North America, 
and parts of Asia.

Approximately one-third of global sugar production comes from sugar 
beet. Sugar beet is preferred in many developed and developing countries 
due to its high sugar content, suitability for advanced agricultural techniques, 
and amenity to mechanization. Furthermore, sugar beet farming strengthens 
agricultural-industrial integration and makes significant contributions to 
employment and rural development.

World sugar beet production increased during the 2015/16-2023/24 period. 
In 2023/24, sugar beet production reached 281.19 million tons. However, the 
increase in world sugar production during the same period was lower. 181.38 
million tons of sugar were produced in 2023/24 (Table 1).

Table 1. Developments in Sugar Beet and Sugar Production Worldwide

Years Production 
area (ha)

Sugar beet 
Production

(ton)

Index
(2015/16=100

Yield 
(Kg/ha)

Sugar 
production 

(ton)

Index
(2015/16=100

2015/16 4,208,371 240,319,765 100 57,105 174,676,732 100
2016/17 4,587,746 278,811,858 116 60,773 178,479,499 102
2017/18 4,984,014 313,971,150 131 62,996 178,525,085 102
2018/19 4,788,192 273,423,200 114 57,104 182,135,160 104
2019/20 4,650,037 280,724,641 117 60,370 176,791,086 101
2020/21 4,335,966 250,420,967 104 57,754 173,089,040 99
2021/22 4,427,127 269,000,527 112 60,762 175,357,422 100
2022/23 4,298,648 260,004,206 108 60,485 187,626,279 107
2023/24 4,520,200 281,194,639 117 62,208 181,384,000 104

Kaynak: FAOSTAT, 2025.

Sugar beet production in the world is concentrated in certain countries. 
European Union countries have a significant share in world sugar beet 
production. France, Germany, and Poland, in particular, stand out in terms 
of both production quantity and efficiency. Modern agricultural techniques, 
high-yield seeds, and advanced irrigation systems are widely used in these 
countries. The Russian Federation and Ukraine hold significant positions in 
world sugar beet production due to their vast agricultural areas. The United 
States, on the other hand, intensively produces sugar beets, particularly in 
the Midwestern states (such as Minnesota, North Dakota, and Michigan). 
In Asia, China stands out among the countries in sugar beet production. 
Although sugar production in China is largely based on sugarcane, sugar 
beet production is increasing in the northern regions. In addition, Türkiye, 
Iran, and Kazakhstan are among the countries contributing to world sugar 
beet production (Figure 1).
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Figure 1. Major Sugar Beet Producing Countries
Source: FAOSTAT, 2025.

Sugar beet is a plant that prefers cool and temperate climates. Long 
daylight hours, sufficient rainfall or irrigation, and fertile soil are essential for 
high yields. Therefore, sugar beet production is generally common in mid-
latitude countries. Extreme temperatures and drought negatively affect the 
plant’s development and can reduce its sugar content.

Globally, climate change is also affecting sugar beet production. Drought, 
dwindling water resources, and extreme weather events are making production 
planning difficult and can lead to yield losses. Therefore, many countries are 
turning to developing more resilient beet varieties and adopting water-saving 
methods.

Worldwide sugar beet production is significantly influenced by 
government policies and international trade regulations. In the European 
Union, in particular, sugar production has been regulated for many years 
through quotas and subsidy policies. These policies aim to protect growers 
while simultaneously ensuring market stability. However, with the spread of 
globalization and free trade, competition in the sugar market has increased. 
The lower cost of sugarcane production has led to a decline in sugar beet 
production in some countries. Nevertheless, many countries continue to 
support sugar beet production for reasons such as food security, protection of 
domestic production, and rural development.

Worldwide, sugar beet production faces various challenges such 
as increasing production costs, environmental problems, and changing 
consumption habits. Criticism of sugar consumption from a health perspective 
has led to a decrease in sugar demand in some countries. On the other hand, 
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biofuel production and alternative uses offer new opportunities for sugar beet.

In the future, the importance of sustainable agricultural practices in sugar 
beet production will increase. Production models that consume less water, are 
environmentally friendly, and have high yields will come to the forefront. In 
addition, digital farming applications and precision farming techniques will 
increase productivity and enhance the competitiveness of growers.

Sugar beet has an important place in world agriculture and the sugar 
industry. Widely produced in temperate climate regions, this product has both 
economic and strategic value for many countries. Despite the environmental 
and economic changes experienced on a global scale, it is predicted that sugar 
beet production will maintain its importance worldwide with appropriate 
policies and modern agricultural methods.

In the 2023/24 period, world sugar production was 181.38 million tons, 
consumption was 179.97 million tons, surplus was 1.41 million tons, import 
demand was 69.12 million tons, export availability was 69.63 million tons, 
closing stocks were 97.81 million tons, and the stock/consumption ratio was 
54.35% (FAOSTAT, 2025). World sugar production is expected to decrease by 
3.32% in the 2024/25 period, reaching 175.54 million tons. 78% of this will 
be sugar derived from sugar beets. Adverse climatic conditions, diseases, and 
low sucrose content are cited as potential causes of this decrease (Şekertürk, 
2025). In addition to sugar obtained from sugar beet processing, by-products 
such as molasses and beet pulp are also used in livestock farming and industry. 
This makes sugar beet a high-value agricultural product.

3. Sugar Beet and Sugar Production in Türkiye

Sugar beet is a strategic agricultural product of great economic and social 
importance in Turkish agriculture. As the basic raw material for the sugar 
industry, sugar beet also supports rural employment, enables the development 
of agriculture-based industries, and contributes to livestock farming through 
its many by-products. Türkiye is among the countries suitable for sugar beet 
production in terms of climate and soil conditions and holds an important 
position in world sugar beet production (Demirdöğen, 2022).

Sugar beet is a cool-climate crop, usually sown in spring and harvested 
in autumn. It prefers deep, organically rich, and well-drained soils. Irrigation, 
fertilization, and disease control are crucial for achieving high yields. Since 
sugar beet production is labor-intensive, it requires both mechanization and 
human labor (Çiçek et al., 2022).

In 2024/25, sugar beet production by organizations producing sugar from 
sugar beets (Türkşeker, cooperatives, and the private sector) involved 93,293 
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growers planting sugar beets on 3.28 million decares of land, resulting in a 
production of 22.41 million tons. Basic data on sugar beet production for 
the last 10 years is given in Table 2. As can be seen, significant increases in 
production and yield have been recorded.

Table 2. Sugar Beet Production Area and Production Quantity in Türkiye

Years Number of 
growers

Production 
area (da)

Production 
(ton)

Index
(2015/16=100)

Yield
(kg/da)

2015/16 103,400 2,739,912 16,022,783 100 5,848
2016/17 105,460 3,219,533 19,592,731 122 6,086
2017/18 110,131 3,388,829 21,149,020 132 6,241
2018/19 106,237 2,906,976 17,436,100 109 5,998
2019/20 88,279 3,100,807 18,054,320 113 5,822
2020/21 93,812 3,363,483 23,025,738 144 6,846
2021/22 86,097 3,023,486 17,767,086 111 5,876
2022/23 77,065 2,954,052 19,253,962 120 6,518
2023/24 99,714 3,628,146 25,250,213 158 6,960
2024/25 93,293 3,281,033 22,413,958 140 6,831

Source: TURKSTAT, 2025; Türkşeker, 2025.

Sugar beet production in Türkiye is mainly concentrated in the Central 
Anatolia, Aegean, Black Sea, and Eastern Anatolia regions. Konya, Eskişehir, 
Yozgat, Aksaray, Kayseri, Ankara, Afyonkarahisar, and Tokat are among 
the leading producing provinces (Figure 2). The Central Anatolia Region, 
in particular, accounts for a large portion of Türkiye’s sugar beet production 
thanks to its vast agricultural areas and favorable climatic conditions.

Figure 2. Important Provinces in Sugar Beet Production in Türkiye
Source: TURKSTAT, 2025.

Sugar beet production has generally developed in regions where sugar 
factories are located. The main reason for this is the need to process the 
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beets quickly after harvesting. This situation has led to a strong link between 
agriculture and industry, and sugar factories have been at the center of 
economic life in many cities (Karabulut and Topak, 2007).

In Türkiye, sugar beet production has been supported and planned by 
the state for many years. A quota system is implemented to balance supply 
and demand in sugar production. Under this system, growers are informed 
in advance how much sugar beet they can plant, and production is planned 
accordingly. The quota system aims to prevent overproduction while 
simultaneously securing growers’ incomes. However, quota systems are 
sometimes criticized by growers. In particular, reductions in quota amounts 
can lead to income loss for growers. Despite this, sugar beet remains a reliable 
source of income for many growers (Erdinç, 2017).

In Türkiye’s sugar industry, a total of 20 companies operate: 15 beet sugar 
producers and 5 starch-based sugar producers (Table 3). Additionally, there 
are 5 starch-based sugar producers that do not have quota rights and produce 
solely for export. Türkşeker owns 15 factories. However, the immovable 
properties and structures of the Çarşamba Sugar Factory were transferred to 
Machinery and Chemical Industry Inc. by Presidential Decrees No. 9315 and 
9316 dated December 25, 2024.

Table 3. Number of Sugar Producing Companies and Factories in Türkiye

Structure Number of companies Number of factories
Sugar produced from beets 15 33
- Türkşeker 1 15
- Cooperative 3 6
- Private sector 11 12
Sugar produced starch-based 5 5

Source: Türkşeker, 2025.

Currently, Türkiye has a total sugar production capacity of 4.39 million 
tons annually, comprising 3.30 million tons of beet sugar and 1.09 million 
tons of starch-based sugar. Table 4 shows the total A quota sugar production 
amounts, calculated by Türkşeker, cooperatives, and private factories, based 
on the allocated quota for beet sugar production.
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Table 4. Quota - Production Relationship (Beet Sugar - A Quota)

Years Quota
(ton)

Production 
(ton)

Production/
Quota (%)

Production/Quota (%)

Türkşeker Cooperative + 
private sector

2015/16 2,250,000 1,890,957 84 79 90
2016/17 2,385,000 2,383,480 100 100 100
2017/18 2,536,500 2,525,244 100 99 100
2018/19 2,565,000 2,205,505 86 76 92
2019/20 2,632,500 2,457,568 93 96 92
2020/21 2,632,500 2,632,363 100 100 100
2021/22 2,632,500 2,469,299 94 92 95
2022/23 2,681,250 2,450,308 91 81 98
2023/24 2,837,250 2,837,474 100 100 100
2024/25 2,837,250 2,422,219 85 61 99

 
Source: Türkşeker, 2025.

In the 2024/25 marketing year, a Presidential Decree allocated 2.84 
million tons of A quota and 141,863 tons of B quota to companies producing 
sugar from sugar beets. In the 2024/2025 marketing year, 35.72% of the total 
A quota sugar amount in the country was allocated to Türkşeker, 35.34% to 
cooperatives, and 29.94% to the private sector. As a result of the campaign 
lasting 83-191 days nationwide, 21.56 million tons of sugar beet were 
processed from a production of 22.41 million tons, and a total of 2.75 million 
tons of sugar (A quota + C sugar) was produced (Table 5).

Table 5. Developments in Beet Sugar Production in Türkiye

Years Campaign Duration 
(days)

Processed beet
(ton)

Sugar production 
(ton)

2015/16 82 15,418,923 1,976,124
2016/17 118 18,715,614 2,559,122
2017/18 105 20,467,586 2,769,588
2018/19 95 17,049,102 2,273,263
2019/20 99 17,751,820 2,535,602
2020/21 70-177 22,291,911 3,069,306
2021/22 43-132 17,423,766 2,519,549
2022/23 54-149 18,858,051 2,652,190
2023/24 82-182 24,251,403 3,335,353
2024/25 83-191 21,556,496 2,749,706

Source: Türkşeker, 2025

Sugar beet production is not limited to sugar production alone. By-
products such as beet pulp, molasses, and leaves are used as animal feed, 
which increases the added value of the production. Furthermore, sugar 
factories provide direct and indirect employment to thousands of people in 
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their regions (Yılmaz et al., 2023). For growers living in rural areas, sugar 
beet is an important product that provides a regular income. The guaranteed 
purchase price reduces the growers’ production risk. In this respect, sugar beet 
is considered one of the fundamental agricultural products contributing to rural 
development.

Sugar beet production in Türkiye also faces some problems. Rising input 
costs (diesel fuel, fertilizer, seeds, and irrigation) can cause growers to abandon 
production. Furthermore, environmental factors such as climate change, 
dwindling water resources, and drought negatively impact production (Ünsal, 
2024). In addition, starch-based sugar (SBS) production and import policies are 
also subjects of debate for sugar beet growers. This situation highlights the need 
to protect domestic sugar beet production.

Sugar beet is a strategically important product for Turkish agriculture and 
economy. Its structure, which brings together agriculture, industry, and livestock 
sectors, makes a multifaceted contribution. Supporting growers, disseminating 
modern agricultural techniques, and using water resources efficiently are crucial 
for ensuring the sustainability of production. With the right policies, sugar beet 
production in Türkiye will continue to contribute to both the national economy 
and rural development in the long term.

Türkşeker was included in the privatization scope by the High Council 
of Privatization’s decision dated 20/12/2000 and numbered 2000/92, and in 
the public share privatization program by its decision dated 02/08/2008 and 
numbered 2008/50 (Aygen and Duman, 2021). In the privatizations carried out 
in 2018, 10 sugar factories belonging to Türkşeker were privatized. Currently, 
Türkşeker is one of the leading industrial enterprises in our country for 99 years, 
with 15 sugar factories, as well as 3 machinery factories, 1 electromechanical 
equipment factory, 1 alcohol factory, and 1 sugar institute. Türkşeker was 
removed from the privatization scope and program by Presidential Decree 
dated 29/4/2021 and numbered 3923, and its entire capital was transferred to 
the Türkiye Wealth Fund. It was assigned to the Ministry of Agriculture and 
Forestry by Presidential Decree No. 4083 dated 12/11/2021 (Türkşeker, 2025).

4. Sugar Beet and Sugar Marketing in Türkiye and Prices 

Sugar beet is a strategically important industrial crop in Turkish agriculture, 
forming the basic raw material for the sugar industry. Both the production and 
marketing processes of sugar beet are crucial for the success of agricultural 
activities. In Türkiye, unlike many other agricultural products, sugar beet 
marketing is carried out within a planned and contractual framework rather 
than under free market conditions. This ensures both income security for 
growers and a regular supply of raw materials for the sugar industry (Kanat, 
2023).
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In Türkiye, sugar beet marketing is largely based on contract farming. 
Before the planting season begins, growers sign contracts with sugar factories 
or Sugar Beet growers’ Cooperatives, and the amount of beets they will produce 
is determined in advance. This system reduces uncertainty in production and 
eliminates marketing risk (Tuğcu, 2009).

The most important actors in the marketing of sugar beet are sugar 
factories, Sugar Beet Growers’ Cooperatives, and Pankobirlik. Growers do 
not offer their beets directly to the free market; they deliver them to the factory 
with which they have a contract. In this respect, sugar beet is considered one 
of the agricultural products with the fewest marketing problems.

One of the most important factors shaping sugar beet marketing in 
Türkiye is the quota system. Implemented to balance supply and demand in 
sugar production, this system determines the amount of beets to be produced 
each year. Under the quota system, growers are granted planting permits, and 
all of the beets produced are purchased at a predetermined price.

While the quota system provides price and purchase guarantees for 
growers, it is also considered a factor that limits marketing flexibility. Growers 
may experience difficulties in marketing the sugar beets they produce outside 
the quota. Nevertheless, the system ensures that sugar beet marketing in 
Türkiye is carried out in a regular and stable manner.

Sugar beet prices are determined annually by the government, sugar 
factories, and relevant stakeholders before the start of the production season. 
Pricing takes into account production costs, inflation, input prices, and 
market conditions. The announced purchase price applies to all growers and 
eliminates price uncertainty in the market. Table 6 shows the changes in the 
base purchase prices for quota A.

Table 6. Sugar Beet Prices Received by Growers

Years Base purchase price           
(A Quota) (TL/ton)

Türkşeker base purchase 
price  (A Quota) (TL/ton)

Average grower price 
(TL/ton) (*)

2015/16 191 190 190
2016/17 194 190 190
2017/18 210 210 210
2018/19 235 235 240
2019/20 300 300 320
2020/21 336 336 360
2021/22 420 420 410
2022/23 1,400 1,400 1,500
2023/24 1,750 1,750 1,910
2024/25 2,375 2,262 2,310

(*) TURKSTAT data
Source: TÜRKSTAT, 2025; Türkşeker, 2025.
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In addition to the price of sugar beets, growers may also receive quota 
premiums, early delivery premiums, and other support payments. These 
payments aim to increase growers’ income and maintain the attractiveness 
of sugar beet production. Timely payments during the marketing process are 
crucial for grower satisfaction.

Sugar Beet Growers’ Cooperatives are one of the most important 
organizational elements in sugar beet marketing in Türkiye. These cooperatives 
act as intermediaries between growers and sugar factories, managing contract 
processes, organizing beet delivery, and protecting growers’ rights (Çiçek, 
2021).

Cooperatives also play an active role in logistics activities such as the 
transportation, storage, and shipment of sugar beets to the factory. This makes 
the marketing process more organized and cost-effective. In regions where 
cooperatives are strong, growers experience minimal marketing problems 
(Oğuz and Mete, 2017).

Sugar beet is a product that needs to be processed quickly after harvesting. 
Therefore, the marketing process must be well-planned from a logistical 
perspective. Growers deliver their beets to sugar factories on the specified 
dates and at the designated delivery points. During delivery, the quality 
criteria of the beets (sugar content, soil content, etc.) are taken into account 
and evaluated accordingly.

While sugar beet marketing in Türkiye generally has a stable structure, 
some problems exist. Rising transportation costs, delays in delivery processes, 
and quality degradation can negatively impact growers. Furthermore, the 
tightening of quotas is limiting the marketing opportunities of some growers. 
In addition, starch-based sugar production and sugar imports are among the 
factors affecting the market share of beet sugar. This situation indirectly 
impacts the marketing power of sugar beet growers and cooperatives.

According to the Sugar Law No. 4634, production planning is carried 
out in Türkiye to meet the demand for sugar, and the amount of sugar to 
be marketed within the country is determined by quotas allocated by the 
President (Çiçek, 2022). It is programmed that 95% of Türkiye’s annual sugar 
needs will be met by beet sugar and 5% by starch-based sugars. With Law No. 
7103, starting from the 2019/2020 marketing year, the quota for starch-based 
sugars has been determined annually by presidential decree as 2.5% of the 
total national A quota. The beet sugar and starch-based sugar quotas for each 
year are given in Table 7.
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Table 7. Beet Sugar and Starch-Based Sugar Quotas (1,000 ton)

Years Beet sugar quota (A) Starch-based sugar 
quota (A)

Total quota 
(A)

2015/16 2,363 250 2,613
2016/17 2,504 255 2,769
2017/18 2,523 267 2,790
2018/19 2,565 135 2,700
2019/20 2,633 67.5 2,700
2020/21 2,633 67.5 2,700
2021/22 2,633 67.5 2,700
2022/23 2,681 68.75 2,750
2023/24 2,837 72.75 2,910
2024/25 2,837 72.75 2,910

Source: Pankobirlik, 2025.

In Türkiye, sugar beet marketing has a planned structure based on 
contract farming, a quota system, and cooperatives. This system largely 
eliminates marketing risk by offering growers purchase and price guarantees. 
However, factors such as increasing costs, policy changes, and global 
competition necessitate the continuous improvement of the marketing 
process. Strengthening cooperatives, improving logistics infrastructure, and 
continuing grower-friendly policies are crucial for maintaining an effective 
marketing structure.

Türkşeker is committed to keeping sugar sales prices at a minimum level 
to reduce food inflation and regulate the market, ensuring that our citizens can 
consume sugar at affordable prices. The ex-factory sales prices (excluding 
VAT) determined for beet sugar, representing the weighted average for 
Türkiye, and the general average for starch-based sugar are given in Table 8.

Table 8. Sugar Prices in Türkiye

Years Beet sugar price 
(TL/kg) Change (%) Starch-based sugar 

price (TL/kg) Change (%)

2015/16 2.70 7.14 1.87 7.00
2016/17 2.66 -1.48 1.92 2.67
2017/18 2.87 7.89 2.11 9.90
2018/19 3.13 9.06 2.70 27.96
2019/20 3.54 13.10 3.30 22.22
2020/21 3.66 3.39 3.66 10.91
2021/22 8.16 122.95 6.74 84.15
2022/23 19.37 137.38 18.57 175.52
2023/24 25.04 29.27 29.80 60.47

Source: Türkşeker, 2025.

In Türkiye, as with other products, protectionist measures for sugar are 
determined and implemented in accordance with the World Trade Organization 
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Agreement on Agriculture, “Commitments to Market Access”. A 10% reduction 
was committed from the 150% import protection rate, which was committed 
as a ceiling, until 2004. From 2004 onwards, the customs duty was reduced to 
135% and remains at the same rate. Since no specific protectionist measures 
are foreseen, the current import protection rate may occasionally be insufficient 
depending on world sugar prices and exchange rate fluctuations. The fact that 
world market prices are below domestic prices necessitates that the sustainability 
of the sector be secured with high protection rates. In the 2024/25 period, 
Türkiye imported 200,000 tons of crystal sugar and 20,700 tons of starch-based 
sugar, while exporting 345,100 tons of starch-based sugar (Türkşeker, 2025). 
Developments regarding production, use, foreign trade, and self-sufficiency 
levels in sugar beet and sugar in Türkiye are given in Table 9.

Table 9. Sugar Beet and Sugar Balance in Türkiye
Sugar Beet

Years
Supply = 

usage 
(ton)

Usable 
production

(ton)

Import
(ton)

Domestic 
use (ton)

Processed
(ton)

Losses 
(ton)

Export
(ton)

Sufficiency 
level (%)

2015/16 16,022,783 16,022,783 - 16,022,783 15,418,923  603,860 - 100
2016/17 19,592,731 19,592,731 - 19,592,731 18,715,614  877,117 - 100
2017/18 21,149,020 21,149,020 - 21,149,020 20,467,586  681,434 - 100
2018/19 17,436,100 17,436,100 - 17,436,100 17,049,102  386,998 - 100
2019/20 18,054,320 18,054,320 - 18,054,320 17,751,820  302,500 - 100
2020/21 23,025,739 23,025,738 1 23,025,733 22,291,911  733,822 6 100
2021/22 17,767,101 17,767,085 16 17,767,077 17,423,766  343,311 24 100
2022/23 19,253,962 19,253,962 - 19,253,948 18,858,051  395,897 14 100
2023/24 25,250,213 25,250,213 - 25,250,119 24,251,403  998,716 94 100

Sugar

Years
Supply = 

usage 
(ton)

Usable 
production

(ton)

Import 
(ton)

Domestic 
use (ton)

Human 
consumption 

(ton)

Losses 
(ton)

Export
(ton)

Sufficiency 
level 
(%)

2015/16 2,303,757 1,976,124  327,633 2,093,365 2,061, 965  31,400  251,833 94
2016/17 2,869,730 2,559,122  310,608 2,485,379 2,448,098  37,281  268,649 103
2017/18 3,060,680 2,769,588  291,092 2,384,887 2,349,114  35,773  251,319 116
2018/19 2,515,474 2,273,263  242,211 2,543,151 2,505,004  38,147  377,717 89
2019/20 2,819,264 2,535,602  283,662 2,562,852 2,524,409  38,443  244,712 99
2020/21 3,286,742 3,069,306  217,436 2,558,663 2,520,283  38,380  592,629 120
2021/22 2,924,248 2,519,549  404,699 2,641,249 2,601,630  39,619  463,178 95
2022/23 3,325,124 2,652,189  672,935 2,910,450 2,866,793  43,657  409,558 91
2023/24 3,588,689 3,335,540  253,149 2,494,566 2,457,148  37,418  515,222 134

Source: TURKSTAT, 2025.

5. Agricultural Cooperatives in Türkiye

Agricultural cooperatives are a form of organization formed by growers 
operating in the agricultural sector who voluntarily come together to protect 
and improve their economic, social, and cultural interests. In countries like 
Türkiye, where agriculture plays a significant role in terms of employment 
and production, agricultural cooperatives play an important role in both 
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increasing growers’ income levels and ensuring rural development. In Türkiye, 
agricultural cooperatives are an important subject that deserves examination 
in terms of their historical development, organizational structure, and the 
problems they face.

Cooperative activities in Türkiye date back to the Ottoman Empire. The 
National Funds established in 1863 under the leadership of Mithat Pasha, 
are considered the first examples of agricultural cooperatives. These funds 
aimed to meet the credit needs of growers and later formed the basis of the 
Agricultural Bank.

After the proclamation of the Republic, agricultural cooperatives were 
supported by the state and given a legal framework. The Cooperatives 
Law, enacted in 1935, regulated cooperative activities and encouraged 
the proliferation of cooperatives in the agricultural sector. Especially after 
the 1960s, Agricultural Development Cooperatives, Agricultural Credit 
Cooperatives, and Agricultural Sales Cooperatives increased rapidly.

The primary goal of agricultural cooperatives is to enable growers to 
meet their needs more easily and at a lower cost by acting collectively, needs 
that they would find difficult to meet individually. In this context, cooperatives 
operate in many areas, including input supply, product marketing, credit 
provision, storage, processing, and consulting services.

Thanks to cooperatives, growers can obtain agricultural inputs such as 
fertilizers, seeds, pesticides, and feed at more affordable prices; and they 
have the opportunity to market their products at better prices. In addition, 
cooperatives contribute to the quality and standardization of agricultural 
production, thus increasing the competitiveness of growers.

Agricultural cooperatives in Türkiye are organized into different types 
according to their areas of activity. Agricultural Credit Cooperatives are one 
of the most common types of cooperatives, providing growers with financing 
and inputs. These cooperatives contribute to the sustainability of agricultural 
production by facilitating growers’ access to credit.

Agricultural Sales Cooperatives are established to help growers evaluate 
and market their products. Operating in products such as hazelnuts, cotton, 
olives, grapes, and sunflowers, these cooperatives help growers be less 
affected by market fluctuations. Furthermore, Agricultural Development 
Cooperatives operate with the aim of creating employment in rural areas, 
developing livestock farming, and supporting local development.

Agricultural cooperatives are an important tool in achieving rural 
development. Cooperatives contribute to a more balanced income distribution 
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by enabling small-scale growers to have a voice in the market. They also help 
develop organizational awareness and strengthen social solidarity in rural 
areas.

Cooperatives also have the potential to increase the participation of 
women and young people in agricultural production. Women’s cooperatives, 
in particular, play a significant role in promoting local products and supporting 
entrepreneurship. In this respect, agricultural cooperatives are considered not 
only an economic but also a social development tool.

In Türkiye; agricultural cooperatives constitute 18% of the total number 
of cooperatives and 57% of the number of cooperative members. Information 
on the number of agricultural cooperatives operating in Türkiye and the 
number of members is presented in Table 10. As can be seen, the cooperatives 
with the largest number are Agricultural Development Cooperatives (6,597). 
Agricultural Development Cooperatives constitute 56% of agricultural 
cooperatives (11,709). These cooperatives are affiliated to Village-Cooperative, 
Agriculture, Animal Husbandry, Forestry and Tea Regional Unions according 
to their fields of activity. When examined in terms of the number of members, 
it is seen that the cooperatives with the largest number of members are Sugar 
Beet Growers Cooperatives (1,399,339). Sugar Beet Growers Cooperatives 
constitute 38% of the total number of members of agricultural cooperatives 
(3,672,010) (Table). Sugar Beet Growers Cooperatives take the necessary 
measures regarding soil preparation, planting, growing and protecting sugar 
beets and other agricultural products, and increasing their yield per decare, 
and help their partners obtain useful information (Yücel Engindeniz and 
Yercan, 2024).

Agricultural cooperatives in Türkiye face various problems. These 
include management deficiencies, financing issues, insufficient awareness 
of cooperatives among members, and a lack of professional management. 
Furthermore, the political influence of some cooperatives hinders their 
effective and efficient operation. The inadequacy of cooperatives in marketing 
and branding is also a significant problem. This leads to low added value of 
cooperative products and prevents growers from achieving their expected 
income.
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Table 10. Agricultural Cooperatives Operating in Türkiye (2024)
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Source: MAF, 2025.



188  . Dilek YÜCEL ENGİNDENİZ

Agricultural cooperatives are an indispensable element for the development 
of Turkish agriculture and rural development. To increase the effectiveness of 
cooperatives, it is necessary to strengthen their institutional structures, expand 
training and consultancy services, and make effective use of government 
support. Strong and sustainable agricultural cooperatives will increase the 
competitiveness of the agricultural sector in Türkiye, making significant 
contributions to both growers and the national economy.

6. Purposes and Activities of Sugar Beet Growers’ Cooperatives in 
Türkiye

Sugar beet is one of the strategically important products in Turkish 
agriculture, holding a significant economic and social position thanks to 
its strong connection with both agricultural production and industry. The 
sustainability of sugar beet production has been made possible by growers 
operating within organized structures. In this context, Sugar Beet Growers’ 
Cooperatives stand out as one of the most successful examples of agricultural-
industrial integration in Türkiye. Sugar Beet Growers’ Cooperatives are well-
established organizations that protect the rights of growers, support production, 
and contribute to the development of the sugar industry (Çiçek and Acar, 2019).

The emergence of Sugar Beet Growers’ Cooperatives in Türkiye is closely 
linked to the establishment of the sugar industry in the early years of the 
Republic. The Republican government placed great importance on developing 
domestic industry to ensure economic independence. In line with this, with 
the establishment of the Alpullu and Uşak Sugar Factories in 1926, sugar beet 
cultivation began to be systematically expanded.

Since sugar beet production necessitates a regular and continuous supply 
of raw materials, the organization of farmers became inevitable. In response to 
this need, sugar beet growers were encouraged to form cooperatives. The first 
Sugar Beet Growers’ Cooperatives began to be established from the 1950s 
onwards and gradually spread throughout Türkiye. These cooperatives served 
as a bridge between sugar factories and growers (Ertan, 1997).

The 1970s marked a significant turning point for Sugar Beet Growers’ 
Cooperatives. During this period, cooperatives began to be active not only 
in the production phase but also in the industrial sector, and the process of 
becoming shareholders in sugar factories accelerated. Thus, growers moved 
beyond simply being growers growing sugar beets and gained an industrialist 
identity as well.

In Türkiye, Sugar Beet Growers’ Cooperatives are organized according to 
regional principles. Each cooperative encompasses growers in the sugar beet 
growing area of ​​a specific sugar factory. The highest-level organization of these 
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cooperatives is the Union of Sugar Beet Growers’ Cooperatives (Pankobirlik). 
Pankobirlik ensures coordination among the cooperatives, develops common 
policies, and undertakes the representation of growers at the national level.

Pankobirlik has over 1 million members engaged in sugar beet production 
in 13,750 settlements across 64 provinces of Türkiye (Figure 3), 328 branches 
of 31 Sugar Beet Cooperatives, 6 Cooperative Sugar Factories (Amasya, 
Kayseri, Boğazlıyan, Konya, Çumra, Turhal), and over 50 agricultural 
subsidiaries (Pankobirlik, 2025).

Figure 3. Distribution of Sugar Beet Grower Cooperatives in Türkiye
Source: Pankobirlik, 2025.

Amasya Sugar Factory Inc., Kayseri Sugar Factory Inc., and Konya 
Sugar Factory Inc. are private companies within the Pankobirlik organization. 
Pankobirlik is a higher-level union established through joint ventures between 
local Sugar Beet Growers’ Cooperatives and Türkşeker, with the aim of 
developing sugar beet farming and protecting the rights of local cooperatives 
by addressing their economic and technical shortcomings.

The Amasya, Kayseri, and Konya Sugar Factories, which were under the 
umbrella of Pankobirlik and had special status, were managed and managed 
by Türkiye Sugar Factories Inc. from their establishment until the early 1990s, 
through decisions of their Boards of Directors. In 1991, the Amasya Sugar 
Factory, and in 1992, the Kayseri and Konya Sugar Factories, relinquished 
their management authority to Türkiye Sugar Factories Inc. and became part 
of Pankobirlik.

The management structure of the cooperatives is based on democratic 
principles. Growers elect their managers through the general assembly and 
participate directly in cooperative activities. This structure ensures that 
growers have a say in decision-making processes, thus aligning with the 
fundamental principles of cooperativism.
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The activities of Sugar Beet Growers’ Cooperatives cover a very wide 
range. Foremost among these activities is the supply of inputs to growers. 
Cooperatives provide growers with inputs used in production, such as seeds, 
fertilizers, pesticides, fuel, and agricultural equipment, under favorable 
conditions. This reduces costs for growers and increases productivity. Another 
important activity of cooperatives is financing and credit services. Sugar Beet 
Growers’ Cooperatives provide financial support to growers throughout the 
process from planting to harvesting by providing in-kind and cash loans. 
This support is of great importance, especially for small and medium-sized 
growers.

Production planning and contract farming practices are also among 
the core activities of cooperatives. Since sugar beet production is managed 
through a quota system, cooperatives plan production on behalf of growers 
and sign contracts with sugar factories. This eliminates the risk of growers 
being unable to sell their products and ensures income stability.

Over time, Sugar Beet Growers’ Cooperatives have expanded beyond 
agricultural production and made significant investments in the industrial 
sector. Cooperatives have become shareholders in sugar factories or have 
begun operating them directly. This development has enabled growers to 
receive a greater share of the added value.

In addition to sugar production, the production of ethanol, feed, molasses, 
and starch-based by-products has also become part of the cooperatives’ 
activities. By-products such as beet pulp and molasses make significant 
contributions to the livestock sector and increase the economic value of 
production.

Sugar Beet Growers’ Cooperatives make significant contributions to the 
development of economic and social life in their regions. Cooperatives and 
affiliated organizations create employment in rural areas and have a mitigating 
effect on migration. They also contribute to the development of solidarity and 
organizational awareness among  growers.

Cooperatives increase the knowledge level of growers through training 
and consultancy activities, and support the spread of modern agricultural 
techniques. This contributes to both increased productivity and the development 
of an environmentally conscious production approach.

Pankobirlik, with over 50 subsidiaries, continues to serve its members 
and contribute to the economy without interruption. Its place and contribution 
within the national economy, as expressed in the 2020 figures, is as follows: 



 . 191INTERNATIONAL COMPILATION OF RESEARCH AND STUDIES IN THE FIELD OF 
AGRICULTURE, FORESTRY AND AQUACULTURE SCIENCES

It has a capital of 349 million USD, total assets of 2.596 billion USD, a 
turnover of 2.272 billion USD, has provided 63 million USD in in-kind and 
cash support to its members, and paid 65 million USD in taxes to the treasury 
(Pankobirlik, 2025).

Sugar Beet Growers’ Cooperatives also face some structural and economic 
problems. Rising input costs, climate change, dwindling water resources, and 
the decline of young people in agriculture are among the significant issues. 
Furthermore, sugar policies, quota applications, and debates surrounding 
starch-based sugar production directly affect beet growers. Strengthening the 
institutional capacity of cooperatives, promoting professional management, 
and increasing transparency will play a crucial role in overcoming these 
problems.

Sugar Beet Growers’ Cooperatives are one of the oldest and most 
effective examples of agricultural cooperatives in Türkiye. Historically, these 
cooperatives have evolved from structures solely supporting production to 
actively participating in industry and trade, increasing the economic power 
of growers. Supported by sound policies, strong organization, and sustainable 
agricultural practices, Sugar Beet Growers’ Cooperatives will continue to play 
a significant role in the future of Turkish agriculture and the sugar industry.

7. Conclusion

In Türkiye, sugar beet production constitutes one of the strongest examples 
of integration between agriculture and industry, and the sustainability of this 
structure has largely been made possible through the cooperative model. Sugar 
Beet Growers’ Cooperatives have ensured the continuity of sugar beet farming 
by solving economic, technical, and marketing problems that growers find 
difficult to address individually, within a collective structure. In this respect, 
cooperativism has become not only a form of organization but also one of the 
fundamental pillars of the production process.

Cooperatives provide support to growers in a wide range of areas in 
sugar beet production, from input supply to financing, from production 
planning to marketing. This structure, which operates within the framework 
of contract farming and a quota system, significantly reduces production risks 
by providing growers with purchase and price guarantees. Thus, sugar beet 
has become a product with lower marketing uncertainty and higher income 
stability compared to many other agricultural products. This situation stands 
out as an important factor encouraging small and medium-sized growers to 
remain in agriculture.
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Another significant contribution of cooperatives is that they enable 
growers to gain a stronger position in the agricultural-industrial chain. The 
participation of Sugar Beet Growers’ Cooperatives in sugar factories or their 
direct industrial investments have allowed growers to receive a greater share 
of added value. This development has transformed cooperatives from classical 
solidarity organizations into economically powerful institutional structures. It 
has also yielded significant results in terms of job creation in rural areas and 
the revitalization of local economies.

However, the structural problems facing the cooperative structure should 
not be overlooked. Factors such as increasing input costs, climate change, 
dwindling water resources, and the decline of young people in agriculture 
are challenging sugar beet production and, consequently, the effectiveness 
of cooperatives. Furthermore, management problems, lack of institutional 
capacity, and insufficient awareness of cooperatives among members, as 
observed in some cooperatives, can prevent them from fully realizing their 
potential.

In this context, strengthening the role of cooperatives in sugar beet 
production in Türkiye requires the development of their institutional structures 
and the widespread adoption of transparent and professional management 
practices. Providing growers with training, consultancy, and digital agriculture 
applications through cooperatives will both increase productivity and support 
a sustainable production approach. The state’s pursuit of cooperative policies 
with a long-term and grower-focused approach will also be crucial for the 
success of this process.

In conclusion, cooperatives form the economic, social, and institutional 
foundation of sugar beet production in Türkiye. Thanks to strong cooperative 
structures, growers become more resilient to market fluctuations, and 
agricultural-industrial integration continues in a sustainable manner. 
Therefore, supporting and developing cooperatives is of strategic importance 
not only for sugar beet growers but also for the future of Turkish agriculture 
and rural development.
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1. INTRODUCTION

Forestry practices depend heavily on intensive fieldwork; however, 
the wide and heterogeneous geographical distribution of forests across 
the country makes the use of aerial photographs indispensable. Moreover, 
identifying the spatial and structural  characteristics of forest resources and 
integrating this information into planning processes constitutes one of the 
core responsibilities of the forestry sector (Erdin, 1992).

Considering the distribution characteristics of forests in our country, 
access to each forested area is not always easy, and it is often impossible to 
carry out effective and safe work in these areas. Within the scope of forestry 
practices, it is necessary to visit these areas to take measurements and make 
observations, collect samples, and monitor these areas periodically. However, 
access to these sites, which are mostly located in steep and mountainous areas, 
is not always possible; even when access is possible, the work is often time-
consuming, laborious, and costly. On the other hand, assessments carried out 
by a limited number of personnel or teams covering a limited area in thousands 
of hectares of land generally remain at a local scale and do not adequately 
represent the overall structure of the forest ecosystem. For this reason, the use 
of modern technologies in the effective monitoring, integrated planning, and 
sustainable management of forest areas is becoming increasingly important.

In this context, aerial photogrammetry stands out as one of the 
fundamental methods that enables the rapid, accurate, and comprehensive 
determination of the spatial and structural characteristics of forested areas. 
Thanks to high-resolution images obtained via aerial platforms, many forestry 
applications can be carried out effectively, such as forest inventory creation, 
forest structure analysis, biomass and volume estimates, forest road detection, 
damage detection, and monitoring of temporal changes. In recent years, the 
widespread use of unmanned aerial vehicles (UAVs) in photogrammetric 
studies has made data collection processes safer, more cost-effective, and 
more flexible in areas that are difficult to access and risky.

Aerial photogrammetry is considered an indispensable technological 
approach that reduces dependence on terrain in forestry studies, strengthens 
decision support processes, and contributes to sustainable forest management. 
This study aims to examine the applications of aerial photogrammetry and 
deep learning in the field of forestry. The second section introduces the 
fundamental concepts related to aerial photogrammetry and forestry, the 
third section explores application areas of aerial photogrammetry and deep 
learning in forestry, and the final section discusses the results based on the 
study’s findings.
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2. FORESTRY AND AERIAL PHOTOGRAMMETRY

The demand for reliable, objective, cost-effective, and periodically 
obtainable information covering the entire forest ecosystem is increasing. 
In this context, photogrammetric techniques play a crucial role in forestry 
research and applications.

Photogrammetry is a scientific discipline that is constantly evolving 
with technological advances and is widely used in many different disciplines. 
Photogrammetry is generally divided into two main groups: terrestrial 
photogrammetry and aerial photogrammetry, depending on the platform 
from which the photograph is obtained. Terrestrial photogrammetry is the 
photogrammetry technique used on the ground or near the ground. Aerial 
photogrammetry, on the other hand, is a special mapping technique that 
allows large areas to be easily mapped by taking pictures from high above 
the ground in areas that cannot be reached by terrestrial shooting techniques.

When examining the historical development of aerial photogrammetry, 
it can be seen that balloons, pigeons, kites, zeppelins, rockets, airplanes, 
helicopters, and satellites have been used as image acquisition platforms. In 
recent years, UAV’s, which are widely used for a variety of purposes, have 
been added to these platforms and have gained an important place in aerial 
photogrammetry applications.

In recent years, UAV systems have emerged as a new platform for 
photogrammetric data acquisition, gaining prominence due to the advantages 
they offer, particularly in areas that are difficult or hazardous to access. 
In this respect, UAV systems are especially well suited for use in forested 
environments and provide an effective alternative to existing systems and 
methods.

Data sources used in forestry applications within the scope of aerial 
photogrammetry have diversified significantly in parallel with rapid 
developments in sensor technologies, and each data type offers unique 
advantages for different analysis requirements. In this context, UAV-based 
RGB images, multispectral and hyperspectral aerial photographs, thermal 
camera images, aerial LiDAR data, and LiDAR-photogrammetry fusion are 
among the basic data types commonly used in current forestry studies.

High-resolution RGB images obtained with UAV’s are widely used 
for detailed visual interpretation and geometric analysis. In addition, 
multispectral and hyperspectral aerial photographs enable the separation of 
spectral characteristics of vegetation cover, providing significant contributions 
to applications such as species classification, stress detection, and forest 
health monitoring. Thermal camera images provide valuable information 
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for assessing plant water status, temperature anomalies, and fire risk. Aerial 
LiDAR data enables high-accuracy three-dimensional modeling of forest 
structure, while fusion approaches that combine LiDAR and photogrammetric 
data integrate both geometric and spectral information, allowing for more 
comprehensive, reliable, and effective analysis in forestry studies.

Aerial photogrammetry has extensive applications in forestry, largely 
attributable to its high spatial resolution resolution and ability to produce 
three-dimensional data. Using digital surface models, point clouds, and 
orthomosaic images obtained through photogrammetric methods, tree crown 
detection can be performed; the crown position, crown diameter, and crown 
cover ratio can be determined with high accuracy on an individual tree basis 
(Zarco-Tejada et al., 2014; Zhou et al., 2020). These data form the basis for 
analyzing stand structure and calculating tree density.

Within the scope of tree species classification, spectral, textural, and 
geometric features derived from aerial photographs can be used to distinguish 
between different tree species or species groups.In particular, multispectral 
and high-resolution images, when used in conjunction with machine learning 
and deep learning-based classification algorithms, significantly increase the 
accuracy of species discrimination (Puliti et al. 2015; Franklin et al. 2015; 
Nevalainen et al., 2017). It is possible to classify tree species using spectral, 
textural, and geometric features obtained from aerial photographs (Ke et al., 
2010; Fassnacht et al., 2016). In particular, high-resolution images based on 
UAVs, when used in conjunction with object-based and machine learning 
methods, significantly increase classification accuracy (Nevalainen et al., 
2017).

Aerial photogrammetry enables the rapid and up-to-date production of 
data over large areas by reducing dependence on field conditions in forest 
inventory studies. Basic dendrometric parameters, such as tree height, canopy 
height, and canopy closure, can be estimated from photogrammetric 3D data; 
when integrated with traditional inventory data, this information yields more 
comprehensive and reliable inventory results.Three-dimensional point clouds 
obtained from aerial photogrammetry are effectively used in forest inventory 
studies to estimate basic parameters such as tree height, stand density, and 
volume (Bohlin et al., 2012;White et al., 2013). UAV-based photogrammetry, 
in particular, offers a low-cost and flexible inventory approach for small and 
medium-sized areas (Puliti et al., 2015).

The obtained three-dimensional structural information also offers 
significant potential for estimating biomass and carbon stocks. Three-
dimensional point clouds and crown metrics obtained from aerial 
photogrammetry enable the estimation of structural parameters such as tree 
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height and volume; and these parameters are effectively used in calculating 
biomass and carbon stocks through allometric equations (Lim, 2004; 
Vastaranta et al., 2013). This contributes significantly to carbon monitoring 
and reporting efforts in the context of combating climate change.

In the context of forest health monitoring, time-series airborne 
photogrammetric data can be used to detect signs of desiccation, insect 
damage, disease, and stress. Changes in image color, deterioration in crown 
structure, and variations in canopy closure enable the early detection of 
adverse developments in forest health. High-resolution images obtained from 
aerial photogrammetry and three-dimensional crown structure information 
enable the early detection of signs of desiccation, stress, and damage in forest 
health monitoring (Dandois et. al., 2013; Näsi et al., 2015; Lehmann, 2015; 
Dash, 2017). UAV-based photogrammetry, in particular, provides substantial 
advantages in temporal monitoring and detailed analysis at the local scale 
(Nevalainen et al., 2017).

In addition, aerial photogrammetry is an effective tool for generating 
pre-fire risk maps. Topographic models derived from photogrammetric 
data, together with parameters such as fuel load distribution and vegetation 
structure, when integrated with fire behavior models, enable the identification 
of high-risk areas. High-resolution orthomosaics and three-dimensional 
surface models obtained from aerial photogrammetry contribute significantly 
to the creation of pre-fire risk maps by being used to determine fuel load 
distribution and vegetation structure(Hirschmugl et al., 2007; Fernández-
Guisuraga et al., 2016). UAV-based photogrammetry is an effective tool, 
particularly for detailed and up-to-date risk analyses at the local scale (Varga 
et. al., 2016).

Digital terrain models and orthomosaic images obtained from aerial 
photogrammetry are effectively used in the planning of forest road routes, 
slope analyses, and the optimization of transportation systems (Contreras et 
al., 2012; Akgul et al., 2016; Buğday, 2018; Kınalı et al., 2022). UAV-based 
photogrammetry enables the rapid and objective assessment of structural 
damage to roads and haulage routes (Pierzchała et al., 2014).

Finally, in post-disturbance damage assessments following fires, storms, 
insect infestations, or human-induced impacts, aerial photogrammetry 
provides rapid and objective data. It contributes significantly to the 
identification of affected areas, the quantitative assessment of damage levels, 
and the planning of remediation efforts. High-resolution orthomosaics and 
3D point clouds derived from aerial photogrammetry enable the precise 
quantification of the spatial distribution and severity of damage caused by 
fires, storms, and insect outbreaks. (Fernández-Guisuraga et al., 2016). In 
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particular, UAV-based photogrammetry offers rapid and objective analyses 
based on the comparison of pre- and post-damage data (White et al., 2016).

3. AERIAL PHOTOGRAMMETRY AND DEEP LEARNING-
BASED ANALYSES

High-resolution data produced by aerial photogrammetry can be 
automatically analyzed using deep learning networks. In recent years, 
advances in deep learning–based approaches have enabled high–spatial-
resolution photogrammetric data to be utilized far more effectively and 
comprehensively in forestry applications. In particular, orthophotos, dense 
point clouds, and digital surface and terrain models generated by UAV’s 
and conventional aerial platforms provide rich and multidimensional input 
datasets for deep learning networks. As a result, these approaches offer a 
significantly higher level of accuracy and automation compared with classical 
image processing and statistical methods.

Photogrammetric products (orthophotos, SYM, SAM, dense point clouds, 
and 3D models) can be used in conjunction with different deep learning 
architectures to obtain detailed information on both horizontal and vertical 
forest structure. In this context, the main deep learning models commonly 
used in forestry in aerial photogrammetry are summarized below.

Convolutional Neural Networks (CNNs), which are widely used in deep 
learning, represent one of the most common architectures for analyzing aerial 
photogrammetry data (Oh et al., 2021). CNNs achieve high accuracy in tasks 
such as land cover classification, tree species differentiation, and stand type 
determination by automatically learning spatial and spectral features from 
orthophotos and multi-band aerial imagery. In this context, single-tree dete-
ction can be performed with high accuracy using deep learning–based obje-
ct detection and semantic segmentation approaches; in particular, individual 
tree crowns can be automatically delineated from RGB and multispectral ae-
rial images (Weinstein et al., 2020). When applied to high-resolution RGB and 
multispectral data, these approaches yield more accurate and reproducible 
results than traditional methods (Fujimoto, 2019; Kattenborn, 2019 Katten-
born,2020; Onishi,   2021). Dendrometric parameters such as crown diameter 
and crown area can also be automatically derived from orthophotos and 3D 
point clouds generated from photogrammetric data. These analyses provide 
important inputs for evaluating tree growth conditions and forest structure 
and are effectively supported by deep learning–based crown segmentation 
approaches(Silva et al., 2016;Jing et al., 2017).

Tree species classification is another important application that exploits 
the spectral and spatial characteristics of aerial photogrammetry data. In par-
ticular, the analysis of multispectral and hyperspectral aerial imagery using 
convolutional neural networks has demonstrated high success in discrimi-
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nating between tree species with similar morphological characteristics(Fas-
snacht et al., 2016; Kattenborn et al., 2021). Early detection of forest pests is 
critical for monitoring biotic and abiotic stress factors in forest ecosystems. 
The integrated use of aerial photogrammetry and imaging spectroscopy data 
with deep learning models enables the early identification of physiological 
changes caused by insect infestations and diseases(Näsi et al., 2015; Brodri-
ck et al., 2019). In forestry studies, thermal and multispectral aerial imagery 
plays a significant role in drought and plant stress monitoring. Analyses based 
on surface temperature and vegetation indices enable the temporal tracking of 
plant water stress and drought effects, while deep learning approaches facili-
tate the automation of these processes(Dash, et.al., 2004; Zhang et al., 2019).

The U-Net architecture excels in semantic segmentation problems that 
require pixel-level classification. Within the scope of aerial photogrammetry, 
U-Net and its derivatives are effectively used in applications such as determi-
ning tree canopy boundaries, distinguishing between vegetation and soil, and 
detecting roads and open areas. Its ability to produce successful results even 
with limited training data makes U-Net attractive for forestry studies(Schiefer, 
2020;Kattenborn,   et al., 2021).

Object detection-based models such as YOLO and Faster R-CNN are used 
to automatically identify trees, logs, damage areas, and infrastructure elements 
in aerial images. These models offer high speed and accuracy advantages in 
individual tree detection, post-fire damage analysis, and identification of forest 
structures (roads, storage areas, etc.). YOLO architectures, in particular, provi-
de suitable solutions for real-time or near real-time applications( Hossain et al. 
2020). Transformer-based models developed in recent years (Vision Transfor-
mer – ViT, Swin Transformer, etc.) have demonstrated significant potential in 
the analysis of large-scale and complex forest areas. These models are used in 
studies such as land cover classification, change analysis, and monitoring forest 
dynamics in large-scale aerial photogrammetry data, thanks to their ability to 
consider long-range spatial relationships (Tolan, 2024; Tony, 2025). They can 
demonstrate superior performance compared to classical CNN architectures, 
especially when trained on large datasets.

The integrated use of deep learning-based approaches with aerial pho-
togrammetry data has provided new opportunities for the automatic detection 
and mapping of forest roads. CNN  and U-Net-based segmentation models 
trained on high-resolution orthophotos enable the extraction of forest road 
networks across large areas with high accuracy(Zhang et al., 2018; Caliskan 
2022a;Caliskan 2022b). These methods produce faster, more objective, and 
more repeatable results than manual digitization processes. The integrated 
use of aerial photogrammetry and deep learning provides substantial contri-
butions not only to road detection but also to road condition monitoring and 
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risk analysis. Photogrammetric products derived from UAV imagery, together 
with machine learning–based analyses, enable the effective identification of 
road surface degradation, erosion features, and road segments susceptible to 
landslides(Jaafari et al., 2017; İbrahim et al., 2024). These types of analyses 
help prioritize maintenance and repair work and prevent potential environ-
mental damage.

Three-dimensional point cloud–based deep learning networks (e.g., Po-
intNet, PointNet++, RandLA-Net) are designed to analyze dense point clou-
ds derived from photogrammetric mapping or LiDAR data. These networks 
enable the automatic extraction of key forest parameters, including tree he-
ight, crown volume, vertical canopy closure, and stand structure, thereby 
providing detailed insights into the three-dimensional characteristics of fo-
rest ecosystems. Point cloud–based models offer substantial advantages, par-
ticularly for applications requiring detailed vertical structure analysis, such 
as biomass and carbon stock estimation. (Ma, 2023; Liu, 2024). Automatic 
mapping of burned areas after a fire is one of the most critical applications of 
aerial photogrammetry data. Deep learning-based classification and segmen-
tation methods enable the rapid and accurate identification of areas damaged 
by fire, thereby making significant contributions to rehabilitation and mana-
gement efforts(Key et al., 2006; Huang et al., 2018).  Aerial Photogrammetry 
and Deep Learning Processes in Forestry are shown in Table 1.

Table 1. Aerial Photogrammetry and Deep Learning Processes in Forestry
Stage Process Output

1 Acquisition of Aerial Images 
(UAV / Aircraft) Raw images

2 Pre-processing Camera calibration 
Image alignment

3 Generation of Photogrammetric 
Products (SfM)

Orthophoto 
Digital Surface    Model (DSM) 
Digital Terrain Model (DTM)

4 Dense Point Cloud Generation 3D point cloud

5 Deep Learning Analysis

Segmentation (U-Net, DeepLab) 
Object Detection (YOLO, Faster R-CNN) 
Classification (CNN, Transformer-based models) 
3D Analysis (PointNet, RandLA-Net)

6
Integration into Forest 
Information Systems (FIS / 
GIS)

Spatial database

7  Mapping and Decision Support 
Processes Management outputs

In conclusion, deep learning models used in aerial photogrammetry are complementary 
to each other depending on different data types and analysis objectives, offering a 

robust methodological framework for automation, accuracy, and scalability in forestry. 
The integration of these models plays a key role in the development of smart forestry 

applications.
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4. DISCUSSION AND CONCLUSION

This study provides a comprehensive review of the use of aerial pho-
togrammetry and deep learning methods in forestry applications and evalua-
tes the contributions of these technologies to forest inventory, planning, and 
decision-support processes. Orthophotos, digital surface and terrain models, 
and three-dimensional point clouds generated through the photogrammetric 
processing of high–spatial-resolution aerial imagery enable a detailed repre-
sentation of both the horizontal and vertical components of forest structure.

Aerial photogrammetry combined with deep learning–based approaches 
allows for the analysis of very large areas within a short time frame without 
the need for extensive field visits. High–spatial-resolution aerial imagery sup-
ports the generation of detailed, tree-level information, offering a significant 
advantage for inventory, monitoring, and planning studies. The application 
of deep learning algorithms reduces reliance on manual interpretation, facili-
tating automated, objective, and repeatable analyses. Moreover, these appro-
aches minimize labor demands and time-consuming fieldwork, resulting in 
substantial time and cost efficiencies in forest management processes.

However, there are some limitations to the integration of aerial photog-
rammetry and deep learning. High-resolution images and dense point clouds 
generate large volumes of data, increasing data storage, processing power, and 
infrastructure costs. Optical-based systems are sensitive to cloud cover, sha-
dow effects, and variable light conditions, which can negatively impact data 
quality. The need for large amounts of labeled data for deep learning models 
to operate with high accuracy poses a significant constraint, particularly in 
heterogeneous ecosystems such as forestry. Furthermore, the performance of 
photogrammetric methods may be limited in detecting understory and juveni-
le layers under dense canopy cover. This can lead to the underrepresentation 
or misrepresentation of certain ecosystem components. The difficulties en-
countered in determining the understory in forests with dense canopy cover, 
in particular, highlight the need for the integrated use of photogrammetric 
data with LiDAR and multispectral data. In this context, the use of multimo-
dal data fusion and advanced deep learning architectures offers significant 
potential for overcoming current limitations.

The integration of deep learning–based analyses with these photogram-
metric products substantially enhances accuracy and efficiency diverse app-
lications, including individual tree detection and tree species classification, 
crown geometry estimation, biomass and carbon stock assessment, and forest 
health monitoring. In particular, the application of CNN-, U-Net–, YOLO-, 
and Transformer-based models enables faster, more objective, and more repe-
atable results than traditional manual interpretation approaches. Consequent-
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ly, these methods provide significant time and cost advantages for large-scale 
forestry studies.

In the future, aerial photogrammetry and deep learning applications 
in forestry are expected to advance substantially through the integration of 
ultra-high-resolution UAV imagery with Transformer-based deep learning 
models. Multimodal data fusion approaches combining LiDAR, RGB, mul-
tispectral, and thermal data will enable more accurate and comprehensive 
modeling of both the horizontal and vertical components of forest structure. 
Advances in real-time data processing are anticipated to improve the effec-
tiveness of fire early-warning and risk monitoring systems. Furthermore, the 
development of three-dimensional digital twin forest models will create new 
opportunities for forest ecosystem simulation and scenario analysis. The use 
of autonomous UAV swarms for continuous and periodic data acquisition is 
expected to make monitoring and decision-support processes in forestry more 
dynamic, flexible, and sustainable.
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1.	 INTRODUCTION

The construction industry is one of the largest consumers of resources 
worldwide and has a significant impact on the environment. The rising de-
mand for construction materials resulting from rapid urbanization prompts 
the need for sustainable construction practices (Li vd. 2022; El Hamri vd., 
2025). The circular economy provides a strategic way to address these chal-
lenges by reducing waste, emissions, and dependence on virgin materials. 
The circular economy has recently gained widespread attention as a key ap-
proach to sustainable development (Tura vd. 2019; El Hamri vd., 2025).

Cement-bonded particleboards (CBPBs) are usually composed of ce-
ment as a binder, water as a hydration initiator, wood as a reinforcing/filling 
material, and small amounts of chemical additives (e.g., CaCl₂ and MgCl₂) 
as cement-setting accelerators to enhance the compatibility of wood with 
cement. CBPBs represent a versatile class of construction materials widely 
used in both new building projects and the rehabilitation or retrofitting of 
existing structures (Nunes et al., 2021). CBPBs exhibit outstanding advanta-
geous properties, such as low production cost, high mechanical performance, 
low density, exceptional long-term weathering resistance, and good acoustic 
and thermal insulation. They also have high-dimensional stability, enhanced 
toughness, and strong resistance to water, fire, fungal degradation, and insect 
attack (Nasser et al., 2016; Yel, 2022). 

The growing demand for forest resources in wood-based industries has 
prompted a sustained and systematic search for alternative lignocellulosic 
materials to replace forest wood. Therefore, extensive research efforts to iden-
tify and evaluate such alternative resources have been conducted by both in-
dustrial stakeholders and academic research institutions (Nasser et al., 2011).

According to a World Bank report, world waste production is estimated 
to reach 2.6 billion tons by 2030 (Kaza et al., 2018). Agricultural residues 
comprise a significant portion of total waste, and they represent 30-40% of 
the total crop volume (Lackner and Besharati, 2025). Agricultural residues 
are typically disposed of through methods such as burial, open burning, and 
abandonment. They cause significant environmental issues (air pollution, 
greenhouse gas emissions, soil pollution, water pollution) and economic loss-
es due to the underutilization of biomass resources (Rao et al., 2024; Lack-
ner and Besharati, 2025). In the search for environmentally sustainable and 
resource-efficient alternatives to conventional construction materials, agri-
cultural residues have attracted increasing interest as reinforcement/filling 
materials in cement-based composites (El Hamri et al., 2025). Much research 
was conducted on the utilization of agricultural residues as alternative ligno-
cellulosic materials in the production of cement-bonded particleboards. 
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2.	 SUITABILITY OF AGRICULTURAL RESIDUES FOR 
CEMENT-BONDED COMPOSITE PRODUCTION

2.1. Sunflower Stalks

A high amount of sunflower stalk residues is generated by sunflower cul-
tivation. The cultivated area of sunflowers in the world was 26.5 million hect-
ares in 2017. This led to  80–186 million tons of sunflower stalk residues (Jiang 
et al., 2024). Taş and Kul (2020) investigated the utilization of sunflower stalks 
in the production of cement-bonded particleboards. The cement-bonded par-
ticleboards with a target density of 1300 kg/m3 were produced by replacing 
wood particles with sunflower stalk particles at ratio levels of 0%, 25%, 50%, 
75%, and 100%. The water absorption, thickness swelling, screw withdrawal 
resistance, and the bending properties were evaluated in the cement-bonded 
particleboards. The test results demonstrated that the use of sunflower stalks 
considerably affected the physical and mechanical properties. A replacement 
ratio of up to 25%  was feasible without a loss in the mechanical performance. 
However, the replacement levels exceeding this ratio did not meet the require-
ments specified in the EN 634-2 standard.

In another study,  Yel (2022) made experimental cement-bonded parti-
cleboards with a target density of 1200 kg/m³ and a wood-cement ratio of 1/3 
using sunflower stalks and different types of accelerators (CaCl₂, AlCl₃, and 
MgCl₃) and tested the produced boards for physical, mechanical, thermal, and 
morphological properties. The researcher treated the sunflower stalks with 
1% NaOH extraction process before the production.  The obtained results 
demonstrated that the highest mechanical properties were recorded for the 
boards made from a mixture of pretreated sunflower stalks (40%) and pop-
lar particles (60%) with the addition of CaCl₂. The researcher stated that the 
boards with 100% sunflower stalks subjected to 1% NaOH extraction, and 
a CaCl₂ chemical additive met the requirements stipulated in the EN 634-2 
standard. The NaOH pretreatment and the chemical additives enhanced the 
mechanical properties, and reduced the water absorption and the thickness 
swelling. The researcher also concluded that the sunflower stalks significantly 
reduced the thermal conductivity.

2.2. Walnut Shells

Walnut shells are the endocarp of the walnut fruit. They are generat-
ed as agricultural residues during the process of separating kernels. World 
walnut production amounted to 3.66 million tons in 2018, and walnut shells 
comprised %50-%60 of the total walnut weight (Cebin et al., 2021). El Hamri 
et al. (2025)  investigated the potential of walnut shells as an alternative rein-
forcement material in the manufacture of cement-bonded particleboard and 
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produced experimental cement-bonded particleboards with a target density of 
1300 kg/m³ using super white cement and walnut shells in proportions rang-
ing from 10% to 50%. The test results showed that the highest modulus of 
rupture and modulus of elasticity were recorded for the boards produced us-
ing 30% walnut shells. The lowest thermal conductivity was obtained from 
the boards containing 50% walnut shells. However, the water absorption 
and thickness swelling values of the boards increased as the walnut shell 
content increased. They also noted that the test results demonstrated the 
potential of walnut shells to enhance the performance of building materials. 
Therefore, this composite can contribute to sustainable and environmentally 
responsible construction practices.

In another work, Tichi and Razavi (2023) determined the mechanical, 
physical, and morphological properties of cement-bonded composites pro-
duced using 10%, 20%, and 30% walnut shells and  0%, 1%, 2%, and 3% 
nanocellulose. The obtained results indicated that the addition of nanocel-
lulose enhanced the boards’ mechanical properties. The highest mechani-
cal values were recorded at the boards with nanocellulose, containing 10% 
walnut shells. As the walnut shell content increased, the boards’ bending 
strength, modulus of elasticity, and internal bond strength values increased. 
However, higher proportions of both nanocellulose and walnut shell led to a 
reduction in fire resistance. Increasing the walnut shell content also caused 
a significant rise in both board density and thickness swelling values.

2.3. Tea Residues

In the world, 6.6 million tons of tea are produced each year (FAO, 2023). 
Most of the generated tea waste is disposed via incineration or landfilling 
(Thiruvengadam et al., 2023). Therefore, the utilization of these wastes is 
very important for both economic and environmental sustainability (Vu et 
al., 2022). Demirbaş and Aslan (1998) produced cement-bonded composi-
tes containing 0%, 2%, 5%, 7.5%, and 10% tea wastes to investigate the 
utilization of tea waste as a reinforcement material in cement-bonded com-
posites and tested these boards for compressive and flexural strength. The 
obtained results demonstrated that tea waste had a negative influence on 
cement hydration, and increasing the tea waste content reduced both flexu-
ral and compressive strength. Furthermore, it was also reported that the 
cement-bonded composites with 10% tea waste could not be tested due to 
structural weakness.

In another study, Yel et al. (2011) experimentally produced the ce-
ment-bonded particleboards with target densities of 800 kg/m³ and 1200 
kg/m³ by partially replacing poplar particles with tea factory wastes and 
tested the produced boards for the physical and mechanical properties. The 
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obtained results revealed that the cement-bonded particleboards produced 
using only tea wastes (%100) were not feasible for both density levels men-
tioned above. The boards could only be manufactured with a density of 
1200 kg/m³ using a mixture of poplar particles (50%) and tea waste (50%). 
However, their mechanical properties did not fulfill the relevant standard 
requirements. The tea waste exhibited a high degree of incompatibility with 
cement. The authors concluded that pre-treatment such as cold/hot-water 
extraction or 1% NaOH extraction, was applied to the tea wastes to overco-
me this incompatibility, before the composite board production. 

2.4. Olive Mill Wastes

In the world, olive oil production generates 40 million tons of solid 
waste each year (Enaime et al., 2024). Converting these wastes into val-
ue-added products can contribute to environmental protection and economic 
benefits. Aras et al. (2022) explored the utilization of olive mill solid wastes 
(OSW) in cement-bonded particleboard production. They made some ce-
ment-bonded particleboards using olive mill solid waste (OSW) and poplar 
wood particles. The olive mill solid wastes were subjected to a 1% NaOH 
extraction method before the manufacture. After the production, some me-
chanical, physical, thermal, and morphological tests were performed on the 
boards. They found that the boards produced using Super White cement 
showed better mechanical and physical properties than those produced us-
ing Portland cement.  The water absorption and thickness swelling values 
increased, and the moisture content remained unchanged as the OSW con-
tent increased. The high replacement ratios led to a reduction in the modu-
lus of rupture, the modulus of elasticity, and the internal bond strength. In 
spite of these reductions, the boards made of olive mill solid wastes up to 
20% met the requirements specified in the EN 634-2 standard.  Therefore, it 
was concluded that cement-bonded particleboards can be produced using ol-
ive mill solid wastes up to 20% as a partial replacement for wood particles.   

In another study, Taş and Sarı (2022) aimed to investigate the suitabil-
ity of olive pruning residues for cement-bonded particleboard production. 
They produced the cement-bonded particleboards using three different ac-
celerators (CaCl₂, KCl₂, and DARASET 580), two wood-cement ratios (1/2 
and 1/3), and 0%, 25%, and 50% olive pruning residues. They reported that 
increasing the olive pruning residue content led to higher water absorption 
and thickness swelling than that of the control boards. Moreover, the mod-
ulus of rupture and the modulus of elasticity decreased with increasing the 
replacement levels, and CaCl₂ exhibited the highest performance.
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2.5. Wheat Straw

World wheat straw production is estimated to reach 687–740 million tons 
annually by 2050. But its widely use as a fuel source caused significant en-
vironmental concerns due to the air, water, and soil pollution (Durand et al., 
2024). Wheat straw has good geometric and mechanical characteristics that 
make it a promising alternative to wood particles in cement-bonded particle-
board production. However, its inhibitory effect on cement hydration reaction 
is a major obstacle for the successful development and widespread adoption 
of cement-bonded boards containing wheat straw (Soroushian et al. 2004).

Nazerian and Sadeghiipanah (2013) searched for the evaluation of wheat 
straw in the production of cement-bonded particleboard. In their study, exper-
imental cement-bonded particleboards were made using a mixture of wheat 
straw and poplar wood. After producing the boards, they determined the 
boards’ physical and mechanical properties such as density, water absorption, 
thickness swelling, and flexural strength of the boards. The study indicated 
that some mechanical properties significantly decreased with an increase in 
wheat straw ratio in the boards. On the other hand, it was observed that the 
acceptable board properties could be achieved when the wheat straw was used 
at suitable ratios. However, the surface characteristics and chemical compo-
nents of wheat straw affected the cement hydration and limited the bonding 
performance of the cement. Therefore, it was reported that the optimal mixing 
ratio is very important for both mechanical performance and raw material 
sustainability. It was concluded that wheat straw is a potential alternative raw 
material for wood particles in cement-bonded composite production when 
used in suitable processing and ratios.

In another study, Soroushian et al. (2004) determined the effects of ac-
celerated processing techniques on the production of cement-bonded boards 
produced using wheat straw. The researchers stated that the soluble sugars 
and organic components in the wheat straw retarded the cement hydration 
process. Therefore, they applied some accelerating methods, such as chem-
ical additives and heat treatment, in the cement-bonded particleboard pro-
duction. The accelerated processing methods improved the cement hydration 
reactions, increased the early-age strength, and considerably decreased the 
production times. In addition, it was observed that the pretreated straw fibers 
showed a good bonding performance with the cement matrix and increased 
the board stability. The author also noted that process optimization is very 
important for good performance in the cement-bonded composites produced 
using wheat straw. It was concluded that the low-cost fibers, such as wheat 
straw, can be converted into high-performance cement-bonded boards by us-
ing suitable processing techniques.
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2.6. Fruit Tree Pruning Residues

Valorization of agricultural residues from pruning has many advantages 
such as employment, social and economic benefits, rural development, 
natural forests, increased energy efficiency, and lower costs for raw material 
production in the panel industry (Gilanipoor et al., 2020). 2.85 thousand trees 
were grown in one hectare of orchard, and 3-3.5 tons of pruning waste per 
hectare was generated each year (Dursun, 2024). According to FAOSTAT, 
apple orchards were 4.8 million hectares in 2022 worldwide (FAO, 2024). 
Global average annual apple pruning residues are 1.9 tons per hectare 
(Bisaglia et al., 2018).  Tas and Acar (2022) researched the utilization of 
fruit tree pruning residues as an alternative lignocellulosic raw material for 
wood in the cement-bonded wood composite manufacturing and produced 
experimental cement-bonded particleboards using mixtures of apple tree 
pruning chips and red pine wood chips at five different ratios: 100/0, 75/25, 
50/50, 25/75, and 0/100. The obtained results demonstrated that the boards’ 
mechanical properties such as modulus of rupture, modulus of elasticity, 
and screw withdrawal strength, decreased, whereas the water absorption 
and thickness swelling values increased, as the use ratio of apple pruning 
residues in the boards increased. It was concluded that cement-bonded 
particleboards produced using apple pruning residues up to 25% met the 
requirements specified in the standard for general-purpose use. 

Taş (2016) researched the suitability of olive tree pruning wastes for 
cement-bonded particleboard manufacturing. In this study, CaCl2, KCl, 
and DARASET 580® were added to increase the compatibility of olive tree 
pruning wastes with cement. The results indicated that the addition of olive 
pruning waste exhibited poor properties in the cement-bonded particleboards. 
The boards produced with KCI hardener exhibited better results than those 
produced with other hardeners. it was concluded that the produced boards 
are not suitable for structural applications, but can be used for insulation 
applications.

2.7.	Banana Pseudostem

Banana pseudostems (BPS), which account for approximately 60% of the 
total biomass of the banana plant, represent a major waste fraction in banana 
production systems, as they are removed after each harvest (Castillo et al., 
2023). According to FAOSTAT, total global banana production was reported 
as 135 million tons in 2022 (FAO, 2023). It is reported that approximately 
3 tons of pseudostems are generated for each ton of banana fruit harvest-
ed (Castillo et al., 2023). In a work investigating the use potential of banana 
pseudostems in the production of cement-bonded particleboards, Nunes et al. 
(2021) examined the bulk density, the thermal conductivity, the dimensional 
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stability, and the mould susceptibility of cement-bonded particleboards made 
of the mixtures of maritime pine (Pinus pinaster) and banana pseudostems at 
different ratios: 100/0, 75/25, 50/50, and 25/75. The results revealed that the 
boards’ thermal conductivity values increased as the proportion of banana 
pseudostems increased. Banana pseudostems also caused a significant in-
crease in the bulk density values of the boards. However, banana pseudostems 
led to a reduction in the thickness swelling values of the boards. On the other 
hand, mould development in the boards increased with the increase in the pro-
portion of banana fibre. In another study, Owoyemi and Opeyemi (2021) pro-
duced the cement-bonded particleboards with wood-cement ratios of 1:2 and 
1:3 using the mixtures of banana pseudostems and wood sawdust at different 
proportions: 100/0, 90/10, 80/20, 70/30, and 0/100. The results demonstrat-
ed that banana pseudostem fibers led to a significant redcution in the water 
absorption and thickness swelling values of the boards. The boards’desnity 
increased with increasing the proportion of banana pseudostems. Moreover, 
addition of banana pseudostems led to a significant increase in the modulus of 
rupture and modulus of elasticity of the boards. 

2.8. Rice Husk/Ash

Rice production generates several agricultural by-products, including rice 
straw, husk, and bran (Figure 1). Rice husk constitutes approximately 20% of 
the total grain weight (Marques et al., 2021). Annual global rice production 
exceeds 750 million tons of grain, generating approximately 150 million tons 
of rice husk as a by-product (Kordi et al., 2024). Rice husk ash is obtained by 
burning rice husk to produce silica. Rice husk biochar is generated by burning 
rice husk in limited oxygen conditions (Kordi et al., 2024). 

Figure 1. Rice grain components (A) and grain process (B) (Kordi et al., 2024)

Marques et al. (2021) searched for the utilization of rice husk as a light-
weight aggregate in the cement-bonded board production to develop a suitable 
building material for acoustic barriers and thermal insulation elements. They 
made cement-bonded boards using different cement-rice husk ratios and test-
ed the produced boards for density, thermal conductivity, sound absorption 
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capacity, and mechanical properties. The obtained results showed that the 
rice husk improved the thermal insulation properties by reducing the board 
density. Moreover, the rice husk increased the sound absorption properties, 
whereas it caused a slight reduction in the boards’ mechanical properties.  The 
authors concluded that rice husk can be used as an effective biomass additive 
in the cement-bonded board manufacturing.

Bamisaye (2007) produced cement-bonded particleboards using different 
cement/rice husk ratios and aluminium chloride as a cement setting acceler-
ator to improve the compatibility between the rice husk and the cement. The 
results indicated that linear expansion increased, whereas impact strength, 
modulus of rupture,  and modulus of elasticity decreased with increasing pro-
portion of rice husk. Moreover, it was reported that the board density de-
creased, whereas the moisture content, thickness swelling, and water absorp-
tion values increased with the addition of rice husk.

2.9. Sugarcane Bagasse

Bagasse is the residue left after the crushing of sugarcane for juice ex-
traction (Aggarwal, 1995). Sugarcane bagasse is generated in large quantities 
globally, with annual production estimated at about 490 million tons, corre-
sponding to roughly 0.3 tons of wet bagasse per ton of processed sugarcane 
(Meghana and Shastri, 2020). Sugarcane bagasse is primarily composed of 
cellulose, hemicellulose, and lignin, whose fibrous structure and biochemical 
characteristics make it a promising reinforcing material in cement-bonded 
composites (Cabral et al., 2017). However, the sugarcane bagasse fiber can 
disrupt or delay Portland cement hydration reactions because it has extractives 
and impurities. This situation can delay the cement setting and reduce the 
composite quality (Cabral et al., 2018). Therefore, before production, sugar-
cane bagasse fibers should be treated by cold/hot water extraction or NaOH 
extraction to improve the compatibility between the sugarcane bagasse and 
the cement for high-quality cement-bonded composites. 

Cabral et al. (2018) experimentally fabricated cement-bonded compos-
ites using untreated and treated sugarcane bagasse subjected to hot-water ex-
traction at 100 0C for 30 minutes before the production. They determined the 
inhibition index values of untreated and treated sugarcane bagasse. The ob-
tained findings demonstrated that the boards’ water absorption and thickness 
swelling decreased with the sugarcane bagasse. The boards produced with 
treated bagasse showed better physical properties than those made with un-
treated bagasse. Moreover, the boards’ mechanical properties decreased with 
the sugarcane bagasse. However, the utilization of the treated bagasse caused 
better mechanical properties than those obtained with untreated bagasse.
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Aggarwal (1995) treated sugarcane bagasse fibers by soaking in water 
containing a chemical admixture for 2 hours and produced the cement-bond-
ed particleboards using these fibers.  The obtained results indicated that the 
physical and mechanical properties of cement-bonded particleboards pro-
duced using the treated sugarcane bagasse met most of the requirements of 
various standards on the cement-bonded particleboards. 

2.10. Coconut Shells

In the world, coconuts are harvested as 62.8 billion tons, and coconut 
shells are generated as 9 billion tons each year (Bellow et al., 2016). To utilize 
these coconut shells in the cement-bonded board manufacturing, Weeranukul 
and Suweero (2016) made cement-bonded boards using 12%, 13%, 14%, 15%, 
16% coconut shell ash. The obtained results indicated that the thermal con-
ductivity of the boards increased by using the coconut shell ash up to 13%, but 
decreased when higher proportions were used. The highest bending strength 
values were recorded for the boards containing 12% coconut shell ash. The 
highest modulus of elasticity values were obtained from the boards contain-
ing 14% coconut shell ash. Moreover, the tensile strength perpendicular val-
ues were found in the boards containing 16% coconut shell ash.

In another study, Almeida et al. (2002) fabricated cement-bonded parti-
cleboards with/without adding %4 CaCl2 at two densities of 1200 kg/m3 and 
1400 kg/m3 using coconut shells. Hydration, physical, and mechanical tests 
were performed.  The results revealed that the boards containing coconut shell 
exhibited a low inhibitory index on cement setting. CaCl2 improved only the 
mechanical performance of cement-bonded particleboards containing coco-
nut shells. An increase in density led to an improvement in the mechanical 
and physical properties of the boards. It was also reported that it was possible 
to produce cement-bonded particleboards using coconut shells.

2.11. Corn Stover

The global yield of corn stover reaches 1661 million tons per year and this 
accounts for approximately 27.2% of the total agricultural waste generated 
worldwide. Corn stover is composed of 34.5% stems, 32.3% leaves, 14.3% 
husks, 12.3% cobs, and 6.6% flowers (Li et al., 2020). Corn stover contains 
45% cellulose, 30% hemicellulose, and 20% lignin.  Corn stover posses sig-
nificant potential as a valuable lignocellulosic biomass resource for various 
industrial and bioenergy applications (Zabed et al., 2023).

To utilize the corn cobs as alternative lignocellulosic raw materials in the 
manufacture of cement-bonded composites,  Rindayatno et al. (2023) exper-
imentally produced the cement-bonded particleboards using corn cobs with 
different particle sizes (20 mesh, 40 mesh, and 50 mesh). It was observed that 
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the corn cob with smaller particle sizes resulted in higher density, modulus 
of rupture, and internal bond strength. However, moisture content, water ab-
sorption, thickness swelling, and modulus of elasticity exhibited a declining 
trend as the corn con particle size decreased. The physical properties of the 
cement-bonded particleboards produced from corn cobs complied with the 
requirements specified in ISO 8335 (1987) and MS 934 (1986). However, their 
mechanical properties did not meet the respective standard criteria.

In another study, Adelusi et al. (2021) experimentally produced ce-
ment-bonded boards using two fiber-cement ratios (1:2.5 and 1:3) and five 
mixing proportions of corn cob particles to gmelina arborea sawdust (100:0, 
75:25, 50:50, 25:75, 0:100). The test results showed that  as the contents of 
cement and corn cob particles in the boards increased, modulus of rupture 
and modulus of elasticity increased, whereas water absorption and thickness 
swelling values decreased. They also reported that corn cobs are suitable for 
the production of cement-bonded particleboards.

2.12. Coffee Husk

According to the USDA Foreign Agricultural Service, global coffee pro-
duction in the 2024/2025 season was reported to be between 10.1 and 10.5 
million tons. Coffee husk is a significant byproduct of the dry processing of 
coffee beans, constituting approximately 40–45% of the total coffee yield (Ali 
and  Bhowmik, 2025). 

To utilize coffee husk in cement-bonded board composites, Zhu 
(2020) fabricated cement-bonded composites using coffee husk treat-
ed with water or %1, %2, %3, %4, and %5 NaOH solution,  and tested 
the composites for compressive strength, bulk density, water absorption, 
and microstructure analysis (SEM, XRD). The test results showed that  
pretreatments removed the inhibitory organic compounds from the coffee 
husk and improved its compatibility with Portland cement. The treated cof-
fee husks exhibited more compressive strength values compared to untreated 
coffee husks. The composites containing coffee husks treated with 4% NaOH 
solution yielded the best properties. SEM and XRD analysis revealed that 
the treated coffee husks had good interfacial adhesion with the cement ma-
trix and caused compact-structure composites. It was concluded that coffee 
husk waste offered high potential as a sustainable reinforcing material for 
the production of cement-bonded composites when appropriate modification 
techniques are applied.

Bhandary et al. (2023) produced cement-bonded composites using 2%, 
4%, 6%, and 8% coffee husk ash as a partial replacement for fine aggregate. 
The test results showed that the composite with 4% coffee husk ash exhibited 
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remarkable increments of 28.4% in compressive strength, 19.35% in flexur-
al strength, and 1.66% in splitting tensile strength, compared to the control 
composite.

2.13. Arhar Stalks

High quantities of stems and branches (arhar stalks) remain as agricultur-
al residues after harvesting arhar for pulse production. These dry stalks are 
a promising reinforcing/filling material for the manufacture of cement-based 
building products because they have their low cost, favorable strength charac-
teristics, and inherent durability (Aggarwal et al., 2008). 

Aggarwal et al. (2008) explored the possibility of using arhar stalks as 
alternative raw materials in the manufacture of cement-bonded composite 
building products and fabricated the cement-bonded particleboards using ar-
har stalks at 0%-32% ratios. The test results indicated that the water-soluble 
extractives in arhar stalks delayed the cement hydration reaction and reduced 
the compressive strength up to 20%. However, these negative effects could 
be overcome by a chemical additive or cold water extraction. The researchers 
also reported that the bending strength and the internal bond strength val-
ues of cement-bonded composites produced using arhar stalks satisfied the 
minimum requirements specified in  International Standard (ISO:8335-1987). 
Cement-bonded particleboards could be produced using arhar stalks as a re-
inforcing material. 

2.14. Vine Stalks

According to The International Organisation of Vine and Wine (OIV), 
the world grape production reached 77 million tons in 2024 (OIV, 2024). 
Vine stalks, as a byproduct, are generated either from vineyard pruning 
operations or during wine production. Under conventional agricultural 
management, a significant proportion of vine stalks remains on-site or is 
eliminated through open-field burning. Therefore, they led to considerable 
environmental hazards (Wei et al., 2022). 

Wang et al. (2013) investigated the suitability of vine stalks as an al-
ternative raw material in the manufacture of cement-bonded particleboard. 
For this purpose, they fabricated the cement-bonded particleboards using 
vine stalks in different vine stalk-cement ratios, water-cement ratios, and 
particle sizes. The produced boards’ physical and mechanical properties 
were assessed. The obtained results demonstrated that increasing the vine 
stalk-cement ratio reduced the modulus of rupture, the modulus of elasticity, 
the internal bond strength, and the thermal conductivity, while increasing 
the thickness swelling values. Moreover, an increase in water-cement ratio 
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led to reductions in the modulus of rupture, the modulus of elasticity, the 
internal bond strength, the thickness swelling, and the thermal conductivity.

In another work, Nasser et al. (2011) produced experimentally ce-
ment-bonded particleboards using vine stalks by applying various pretreat-
ments and adding chemical additives. The obtained results demonstrated 
that untreated vine stalks were incompatible with the cement and unsuit-
able for the cement-bonded particleboard manufacturing. They noted the 
hot-water extraction of vine stalks or the addition of 3% CaCl2 significantly 
improved the compatibility of the vine stalks with the cement.  It was con-
cluded that the vine stalks, after hot-water extraction or % 3% CaCl2 addi-
tion, could be utilized for the manufacture of cement-bonded particleboard.

2.15. Oil Palm

Oil palm cultivation and processing generate significant volumes of 
by-products and residues each year in the world. These byproducts and res-
idues are largely unused and not valorized into value-added products. Re-
cently, the researchers reported that oil palm vascular bundles from empty 
fruit bunches and fronds can be effectively utilized as cellulosic raw mate-
rials for the manufacture of cement-bonded boards (Hermawan et al., 2001).

Hermawan et al. (2001) investigated the utilization of the palm oil 
fronds in the production of cement-bonded particleboards and experimen-
tally produced cement-bonded particleboards using oil palm fronds in dif-
ferent wood-cement ratios. They determined the compatibility of the oil 
palm fronds with the cement when magnesium chloride  by a hydration test. 
The test results demonstrated that the 5% magnesium chloride significantly 
improved the compatibility of oil palm fronds with the cement matrix and 
increased their compatibility levels up to 90%. Moreover, magnesium chlo-
ride enhanced the cement hydration and the boards’ strength performance. 
The cement-bonded particleboards containing oil palm fronds and magne-
sium chloride fulfilled the related standard requirements. 

In another study conducted by Pazai and Soh (2025), the cement boards 
were produced by using oil palm empty fruit bunch fiber. Oil palm fruit 
brunch fibers were subjected to a hot-water extraction to improve their com-
patibility with cement and increase the cement boards. The test results con-
cluded that extending the curing period of cement boards from 7 to 28 days 
caused a decline in modulus of rupture, modulus of elasticity, and internal 
bond strength, while resulting in an increase in thickness swelling, water 
absorption, and density values.  
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2.16. Hazelnut Shells

Hazelnuts are cultivated worldwide on approximately one million 
hectares across 38 countries, resulting in a global production exceeding 1.1 
million tonnes in the 2020/2021 season, and Turkey is the leading producer, 
accounting for 665,000 tonnes during the same period (Manterola-Barroso 
et al., 2024). Hazelnut shells constitute more than 50% of the total mass 
of the hazelnut fruit and are structurally composed of cellulose (26–32%), 
hemicelluloses (25–30%), lignin (40–43%), and other H2O-soluble extractives 
(3.3–4%) (Manterola-Barroso et al., 2024). 

 To investigate the possibility of hazelnut shells as lignocellulosic raw 
material in cement composite manufacturing, Demirbaş and Aslan (1998) 
experimentally produced cement composites incorporating 2%, 5%, 7.5%, 
and 10% hazelnut shells and evaluated the changes in board strength over 
curing periods ranging from 7 to 90 days. The test results indicated that an 
increase in the curing time led to an increase in the boards’ compressive 
strength and bending strength values. However, an increase in hazelnut shell 
content caused a decline in the boards’ bending strength and compressive 
strength. 

3.	 CONCLUSION

In this section, the potential that agricultural residues have as alternative 
raw materials in cement-bonded particleboard production has been examined. 
In many studies carried out in cement-bonded particleboard production, it 
has been seen that many agricultural wastes such as sunflower stalks, walnut 
shells, olive mill residues, wheat straw, rice husk, sugarcane bagasse, banana 
pseudostems, vine stalks, hazelnut shells, and various pruning residues, can 
be used effectively when appropriate processing methods are applied. The 
evaluation of these residues reduces the dependence on forest-based materials, 
contributes to the solution of problems related to the disposal of agricultural 
residues, and supports a more sustainable approach in the construction sector 
within the scope of the circular economy.

The performance of cement-bonded particleboards produced from agri-
cultural residues depends on many factors, such as the type of biomass used, 
chemical composition, particle geometry, substitution ratio, and interaction 
with cement hydration. Many of these residues contain water-soluble sugars, 
extractive substances, or other organic components that can negatively af-
fect cement hydration and strength development. However, studies show that 
these negative effects can be effectively eliminated by various methods, such 
as hot/cold water extraction, sodium hydroxide extraction, or the addition of 
chemical accelerators such as calcium chloride and magnesium chloride, in 
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production. Many agricultural residues can meet the required standard values 
for certain substitution ratios, especially in non-structural and semi-structural 
applications. 

The utilization of agricultural residues in cement-bonded particleboards 
generally caused a decrease in density and thermal conductivity, improving 
the insulation properties of cement-bonded particleboards. Because of the 
multifunctional feature of cement-bonded particleboards produced using 
agricultural waste, they can be used in various applications such as wall 
panels, insulation boards, acoustic barriers, and partition elements. However, 
excessive replacement ratios can increase the water absorption and the 
thickness swelling, and decrease the mechanical strength. This situation 
shows that the mixture ratios and production conditions should be carefully 
optimized.

As a result, agricultural residues are sustainable and promising alterna-
tive materials to traditional wood particles in the production of cement-bond-
ed particleboard when the limitations specific to each material are addressed. 
Additional works are needed to investigate long-term durability, conduct life 
cycle analyses, evaluate large-scale industrial applicability, and develop stan-
dardized production protocols for the commercial use of these agricultural 
waste-based cement-bonded particleboards.
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Introduction

Over the past twenty decades, artificial intelligence (AI) techniques—
ranging from early applications of artificial neural networks (ANNs) to more 
recent implementations of deep learning algorithms (DLAs)—have demonstrated 
substantial improvements in predictive performance across a wide range of 
forestry applications. The gradual integration of AI-based methods into forest 
science has provided researchers with powerful alternatives to conventional 
statistical modeling approaches, particularly in contexts where complex, 
nonlinear relationships and high-dimensional interactions are present. Unlike 
traditional regression-based methods, which often require strict assumptions 
regarding data distribution, linearity, and error structure, AI-based models offer 
greater flexibility in representing complex ecological processes.

The emergence of artificial neural networks (ANNs) has marked a 
significant shift in predictive modeling by enabling data-driven learning without 
the need for predefined functional forms. ANNs are capable of approximating 
complex nonlinear relationships directly from data, making them particularly 
well suited for modeling forest attributes such as growth, yield, biomass, and 
structural characteristics. Their ability to learn from examples rather than 
relying on explicit statistical assumptions has contributed to their widespread 
adoption in forestry since the early 2000s. This flexibility allows ANNs to 
maintain predictive stability even when relationships among variables are highly 
nonlinear or when interactions among predictors are difficult to specify a priori.

Another important advantage of ANNs lies in their robustness to noisy and 
imperfect data, which are common features of forest inventory and ecological 
datasets. Through adaptive weight optimization, neural networks can identify 
dominant patterns in the data while reducing sensitivity to outliers and 
measurement errors. As a result, ANN-based models often achieve improved 
generalization performance compared to traditional parametric approaches, 
particularly when modeling complex systems characterized by spatial and 
temporal variability.

Recent advances in deep learning have further expanded the modeling 
capacity of neural network–based approaches. Deep Learning Algorithms 
(DLAs) represent an extension of conventional ANNs, characterized by multi-
layer network architectures that include at least three hidden layers and, in 
many cases, substantially deeper structures. These architectures may consist 
of five to ten or even dozens of hidden layers, with hundreds or thousands 
of interconnected neurons. Such depth enables DLAs to learn hierarchical 
representations of data, where low-level features are progressively transformed 
into higher-level abstractions through successive network layers.
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The increased representational power of deep learning models allows them 
to capture highly complex patterns and interactions that are difficult to model 
using shallow networks or traditional statistical techniques. By leveraging 
multiple layers of nonlinear transformations, DLAs can approximate intricate 
functional relationships and decision boundaries, thereby enhancing predictive 
accuracy in challenging modeling tasks. This hierarchical learning capability 
has been widely interpreted as an attempt to emulate certain aspects of human 
learning and decision-making processes, albeit in a highly simplified and 
abstracted form.

In the context of forestry, the application of deep learning has enabled 
more accurate and flexible modeling of forest dynamics under diverse 
environmental and management conditions. However, while deep learning 
models offer remarkable predictive performance, their increasing complexity 
also introduces challenges related to interpretability, transparency, and 
uncertainty awareness. These challenges underscore the importance of 
developing modeling frameworks that not only achieve high predictive 
accuracy but also provide meaningful insights into model confidence and 
reliability, particularly in decision-support applications.

The increasing use of artificial intelligence (AI) and deep learning 
techniques in forestry has significantly advanced the modeling of complex 
forest attributes such as growth, yield, biomass, and structural dynamics. 
Deep neural networks are particularly effective in capturing nonlinear 
relationships and high-dimensional interactions that are difficult to represent 
using traditional statistical models. However, despite their strong predictive 
performance, most AI-based forestry applications remain deterministic in 
nature and provide limited information regarding the reliability and confidence 
of their predictions. In forestry-related decision-making processes, predictive 
models are increasingly expected to support not only estimation tasks but also 
risk-aware planning and management. Forest management decisions often 
involve long temporal horizons, irreversible interventions, and trade-offs 
among economic, ecological, and social objectives. Under such conditions, 
deterministic predictions without explicit uncertainty information may lead 
to overly confident interpretations and suboptimal decisions. Consequently, 
the integration of uncertainty quantification into AI-based forestry models has 
become a critical requirement rather than an optional enhancement.

Uncertainty quantification has therefore emerged as a critical component 
of machine learning applications in environmental and ecological systems, 
where data are inherently noisy, heterogeneous, and often sparse. Predictive 
uncertainty is commonly decomposed into two fundamental components: 
aleatoric uncertainty, which arises from irreducible noise and natural 
variability in the data, and epistemic uncertainty, which reflects limitations in 
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model structure, parameter estimation, or insufficient training data (Kendall and 
Gal, 2017). This distinction is particularly important, as aleatoric uncertainty 
cannot be reduced through additional data, whereas epistemic uncertainty 
can potentially be mitigated by improved modeling strategies or expanded 
data coverage. In the context of forest ecosystems, aleatoric uncertainty is 
closely linked to inherent ecological variability, including site heterogeneity, 
climatic fluctuations, and biological processes that cannot be fully controlled 
or observed. Epistemic uncertainty, on the other hand, arises from incomplete 
knowledge of forest dynamics, limited sample sizes, measurement errors, and 
simplifications inherent in modeling assumptions. Distinguishing between 
these two uncertainty components is particularly valuable in forestry, as it 
allows practitioners to identify whether uncertainty is driven by irreducible 
system variability or by limitations that could potentially be addressed through 
improved data collection or model refinement.

Early approaches to uncertainty estimation in deep learning relied heavily 
on Bayesian neural networks, Monte Carlo dropout, and deep ensemble 
techniques (Gal and Ghahramani, 2016; Lakshminarayanan et al., 2017). 
Although these methods provide principled uncertainty estimates, they 
typically depend on repeated sampling or multiple model realizations, leading 
to substantial computational cost and increased inference complexity. Such 
limitations can restrict their practical applicability in large-scale or operational 
forestry problems, where efficiency and interpretability are essential. From an 
operational forestry perspective, computational efficiency and methodological 
transparency are particularly important, as predictive models are often applied 
across extensive forest areas and repeated simulation scenarios. The reliance 
on multiple forward passes or ensemble members may significantly increase 
computational burden, thereby limiting the scalability of uncertainty-aware 
deep learning approaches in applied forest management contexts.

A major conceptual breakthrough in uncertainty-aware deep learning 
was introduced by Sensoy et al. (2018), who first proposed the Evidential 
Deep Learning (EDL) framework. In this pioneering work, learning was 
reformulated as an evidence accumulation process grounded in the theory 
of evidence and subjective logic. By enabling neural networks to predict the 
parameters of a Dirichlet distribution rather than point estimates, EDL allowed 
predictive uncertainty to be represented explicitly within a single deterministic 
model, without resorting to Bayesian weight sampling or ensemble-based 
approximations.  This evidential formulation marked a conceptual shift in how 
uncertainty is represented in deep learning models. Rather than interpreting 
uncertainty as a by-product of stochastic sampling, EDL treats uncertainty 
as an explicit model output that reflects the strength of evidence supporting a 
prediction. This perspective aligns well with the needs of environmental and 
forestry applications, where interpretability and consistency of uncertainty 
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estimates are essential for decision support. Building upon this foundational 
idea, Amini et al. (2020) extended evidential learning to continuous regression 
problems through the formulation of deep evidential regression. By placing 
conjugate priors over Gaussian likelihood functions, this approach enabled 
the simultaneous estimation of predictive targets and their associated 
aleatoric and epistemic uncertainties. These developments demonstrated 
that evidential learning could achieve calibrated uncertainty estimates with 
substantially lower computational overhead than sampling-based methods, 
while maintaining competitive predictive accuracy. Despite these advantages, 
recent studies have raised important critiques regarding the interpretation 
and reliability of uncertainty estimates produced by evidential deep learning. 
In particular, Shen et al. (2024) argued that evidential models may, in some 
cases, exhibit counterintuitive uncertainty behavior, such as assigning high 
epistemic uncertainty to in-distribution samples or insufficiently penalizing 
confident but incorrect predictions. Their findings suggest that EDL may be 
more robust as a detector of out-of-distribution samples than as a universally 
reliable uncertainty quantifier, especially in complex or highly noisy learning 
environments. Similarly, Meinert et al. (2023) highlighted potential limitations 
related to the overparameterization of evidential distributions and the 
sensitivity of uncertainty estimates to loss function design and regularization 
strategies. They emphasized that epistemic uncertainty inferred through 
evidential formulations may be influenced by optimization dynamics rather 
than purely reflecting model ignorance.

These critiques are particularly relevant for forestry applications, where 
complex ecological interactions, heterogeneous data sources, and scale-
dependent processes may challenge the faithful interpretation of uncertainty 
estimates. Accordingly, uncertainty-aware AI models must be evaluated not 
only in terms of predictive accuracy but also with respect to the ecological 
plausibility and stability of their uncertainty representations. These critiques 
underscore that evidential uncertainty should be interpreted with caution 
and that its decomposition into aleatoric and epistemic components does not 
automatically guarantee faithful uncertainty representation across all problem 
settings. These critical perspectives do not diminish the value of evidential 
deep learning but rather emphasize the need for careful interpretation, 
methodological transparency, and domain-specific evaluation when applying 
EDL. Particularly in forestry, where data heterogeneity, measurement error, 
and complex ecological processes are prevalent, understanding both the 
strengths and limitations of evidential uncertainty modeling is essential.

The primary aim of this study is to provide a concise and structured 
overview of Evidential Deep Learning as an innovative technique for 
uncertainty quantification. Specifically, this chapter aims to present essential 
theoretical and methodological insights into how epistemic and aleatoric 
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uncertainty can be numerically represented within the EDL framework, while 
also acknowledging current limitations and ongoing debates in the literature. 
In doing so, the study seeks to offer a balanced reference for researchers 
interested in applying uncertainty-aware artificial intelligence approaches to 
forestry and related environmental sciences.

Epistemic and Aleatoric Uncertainty

Uncertainty is an inherent component of predictive modeling and arises 
whenever a model is used to infer unknown outcomes from observed data. 
In the context of artificial intelligence and machine learning, uncertainty re-
flects the degree of confidence that can be attributed to a model’s predictions 
and determines how reliably model outputs can be interpreted. Quantifying 
uncertainty is particularly important in environmental and forestry applica-
tions, where observational data are often affected by measurement errors, 
sampling limitations, and natural variability across space and time. Moreover, 
forest-related datasets are frequently incomplete and heterogeneous, as they 
are collected under diverse ecological conditions and management regimes. 
Because model outputs in forestry are commonly used to support planning, 
policy formulation, and operational decision-making, the absence of explicit 
uncertainty information may lead to misleading conclusions or overly confi-
dent interpretations, even when predictive accuracy appears high.

In practical forestry applications, uncertainty-aware predictions allow de-
cision makers to assess the robustness of alternative management strategies 
and to evaluate potential risks associated with different intervention scenarios. 
Without explicit uncertainty quantification, model-based recommendations 
may obscure the limits of knowledge and create a false sense of precision. 
Consequently, incorporating uncertainty into predictive modeling is essential 
for promoting transparency, supporting risk-aware decision making, and im-
proving the credibility of artificial intelligence–based tools in forest science.

Predictive uncertainty is commonly decomposed into two fundamental 
components: aleatoric uncertainty and epistemic uncertainty. Aleatoric uncer-
tainty represents the inherent variability or noise present in the data-generating 
process and arises from stochastic natural processes, environmental fluctua-
tions, and measurement imprecision. This type of uncertainty is irreducible, 
even with an infinite amount of data, as it reflects randomness intrinsic to the 
system being modeled. In forestry, aleatoric uncertainty is often associated 
with site heterogeneity, microclimatic variation, and biological processes that 
cannot be fully observed or controlled.

In contrast, epistemic uncertainty arises from incomplete knowledge of 
the underlying system and is closely linked to limitations in model structure, 
parameter estimation, and data availability. This form of uncertainty reflects 
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what the model does not know and can potentially be reduced through im-
proved model formulations, additional observations, or more informative 
training data. In forest modeling, epistemic uncertainty may stem from sparse 
sample plots, unobserved explanatory variables, or simplified representations 
of complex ecological interactions. The decomposition of predictive uncer-
tainty into aleatoric and epistemic components is therefore crucial, as it en-
ables a more meaningful interpretation of model reliability by distinguishing 
between uncertainty that is intrinsic to the system and uncertainty that is at-
tributable to model limitations. This distinction provides valuable guidance 
for both model improvement and data acquisition strategies, particularly in 
uncertainty-aware forest management and planning. From a probabilistic per-
spective, the total predictive uncertainty of a model can be expressed using the 
law of total variance. For a target variable conditioned on input features , the 
total predictive variance is given by:

 	 	        	    (1)

where denotes the model parameters. The first term on the right-hand 
side corresponds to aleatoric uncertainty, representing the expected data noise 
conditioned on the model, while the second term corresponds to epistemic 
uncertainty, capturing the variability in predictions induced by uncertainty in 
the model parameters.

In evidential deep learning frameworks, this uncertainty decomposition 
is achieved without sampling or ensemble-based approximations. Instead, the 
model is trained to predict the parameters of a higher-order evidential distri-
bution over the likelihood function. In the regression setting, this is common-
ly formulated using a Normal–Inverse-Gamma (NIG) distribution, where the 
likelihood parameters are treated as random variables. Under this formulation, 
the predictive mean is given by:

		 							          (2)

while aleatoric and epistemic uncertainties can be expressed as:

  (3)

(4)

This explicit representation enables the numerical quantification and sep-
aration of epistemic and aleatoric uncertainty within a single deterministic 
neural network. As a result, evidential deep learning provides a principled and 
computationally efficient framework for uncertainty-aware modeling, allow-
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ing model predictions to be interpreted not only in terms of accuracy but also 
in terms of their associated confidence and reliability.

Python-Based Libraries for Training Evidential Deep Learning 
Models

The training and implementation of Evidential Deep Learning (EDL) 
models can predominantly be carried out using Python-based machine 
learning frameworks, owing to their flexibility, extensive ecosystem, and 
strong community support. Python has become the de facto programming 
language for deep learning research, offering a comprehensive environment for 
neural network development, numerical computation, and uncertainty-aware 
modeling. Its readability, modular structure, and compatibility with a wide 
range of scientific libraries make it particularly suitable for interdisciplinary 
fields such as forestry, where modeling workflows often integrate statistical 
analysis, data preprocessing, and visualization. Within this ecosystem, EDL 
frameworks are commonly implemented by extending standard deep learning 
architectures with customized output layers and loss functions that allow 
neural networks to estimate the parameters of evidential distributions rather 
than producing simple point predictions. Among the available deep learning 
frameworks, PyTorch is currently the most widely used library for developing 
EDL models. Its dynamic computation graph provides flexibility in model 
design and facilitates the implementation of complex loss functions required 
for evidential learning. This feature is particularly advantageous when 
modeling epistemic and aleatoric uncertainty, as it allows for fine-grained 
control over gradient flow and regularization mechanisms. PyTorch’s modular 
architecture enables researchers to construct custom neural network heads that 
output evidential parameters associated with Dirichlet or Normal–Inverse-
Gamma distributions, depending on whether the task involves classification 
or regression. Furthermore, PyTorch seamlessly integrates automatic 
differentiation, enabling efficient optimization of evidential loss functions that 
combine data likelihood terms with regularization components designed to 
penalize unsupported or misleading evidence during training.

In practical EDL workflows, PyTorch is typically complemented by a suite 
of auxiliary Python libraries. NumPy and SciPy are widely used for efficient 
numerical operations, statistical computations, and scientific processing, while 
scikit-learn supports data preprocessing, feature scaling, model evaluation, 
and comparison with conventional machine learning approaches. These 
libraries collectively facilitate the development of reproducible and well-
structured modeling pipelines, from raw data ingestion to uncertainty-aware 
performance assessment. For data management and exploratory analysis, 
pandas plays a central role in handling structured and tabular datasets commonly 
encountered in forestry applications. Visualization libraries such as Matplotlib 
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and Seaborn are frequently employed to inspect training dynamics, explore 
data distributions, and analyze predictive uncertainty components. In EDL 
studies, visualizing epistemic and aleatoric uncertainty across input variables 
or spatial and temporal gradients is particularly important for interpreting 
model behavior and identifying regions of high uncertainty. To support model 
monitoring and diagnostics, TensorBoard and PyTorch-compatible logging 
tools are often integrated into training workflows, enabling real-time tracking 
of loss convergence, predictive accuracy, and the evolution of uncertainty 
components throughout the training process.

Recent and future EDL studies increasingly rely on cloud-based 
computational environments, with Google Colab being one of the most widely 
adopted platforms. Google Colab provides free and on-demand access to 
GPU and TPU resources, substantially reducing the computational barriers 
associated with training deep neural networks. Its browser-based interface 
allows researchers to develop, execute, and share Python notebooks without 
requiring local hardware installation or complex software configuration. 
This accessibility is particularly beneficial for researchers in forestry and 
environmental sciences, where access to high-performance computing 
resources may be limited.

Within Google Colab, typical EDL workflows involve importing standard 
Python libraries, loading datasets from cloud storage or external repositories, 
defining neural network architectures using PyTorch, and training models with 
stochastic gradient-based optimization algorithms such as Adam or its variants. 
The integration of Colab with cloud storage services, especially Google 
Drive, facilitates efficient dataset management, model checkpointing, version 
control, and result archiving. This integration also enhances reproducibility 
and collaboration, allowing researchers to share complete modeling 
pipelines, including code, data, and trained models. Consequently, Google 
Colab has emerged as a practical, transparent, and accessible environment 
for implementing Evidential Deep Learning models, particularly in research 
contexts where computational efficiency, methodological transparency, and 
reproducibility are of primary importance.

Discussion

In this study, Evidential Deep Learning (EDL)-originally introduced by 
Sensoy et al. (2018) for classification problems and subsequently extended to 
regression tasks by Amini et al. (2020)-has been discussed as an innovative 
framework for quantifying predictive uncertainty in artificial intelligence–
based modeling of forest attributes. Rather than proposing new predictive 
models or presenting empirical performance comparisons, the primary con-
tribution of this study lies in providing a structured, theoretical, and method-
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ological overview of EDL, with particular emphasis on the numerical repre-
sentation and decomposition of epistemic and aleatoric uncertainty.

The discussion underscores a key limitation of many existing AI-based 
applications in forestry: the predominance of deterministic predictions that 
offer limited insight into prediction reliability. By explicitly distinguishing 
between aleatoric uncertainty, which arises from irreducible data noise and 
natural variability, and epistemic uncertainty, which reflects model lim-
itations and insufficient knowledge, EDL provides a richer interpretative 
framework than conventional deep learning approaches. This distinction is 
particularly relevant in forestry, where measurement errors, site heteroge-
neity, and complex ecological processes often constrain model performance 
and interpretation.

From a methodological perspective, this study highlights that eviden-
tial deep learning represents a conceptual alternative to traditional sam-
pling-based uncertainty estimation techniques. Unlike Bayesian neural net-
works, Monte Carlo dropout, or deep ensemble methods, EDL estimates 
uncertainty within a single deterministic neural network by learning the 
parameters of a higher-order evidential distribution. This characteristic of-
fers important practical advantages in terms of computational efficiency and 
scalability, making EDL especially attractive for large-scale or operational 
forestry applications. The discussion of Python-based libraries and the wide-
spread use of Google Colab further illustrates how EDL can be implemented 
in accessible and reproducible computational environments.

At the same time, the study acknowledges that evidential uncertainty 
estimates should be interpreted with caution. Recent critiques by Shen et al. 
(2024) and Meinert et al. (2023) have shown that EDL models may exhibit 
sensitivity to loss function design, regularization strategies, and optimization 
dynamics, potentially leading to counterintuitive uncertainty behavior. These 
findings suggest that epistemic uncertainty inferred through evidential formu-
lations does not always exclusively reflect genuine model ignorance and may, 
under certain conditions, be influenced by training dynamics. By explicitly 
recognizing these limitations, this study adopts a balanced perspective that 
neither overstates nor dismisses the capabilities of EDL.

Within the scope of this work, the principal value of evidential deep 
learning lies in its ability to provide a transparent and computationally ef-
ficient mechanism for decomposing predictive uncertainty. By synthesizing 
theoretical foundations, mathematical formulations, and practical implemen-
tation considerations, this study contributes to a clearer understanding of how 
epistemic and aleatoric uncertainty can be quantified and interpreted. Such 
clarity is particularly important for forestry-related applications, where uncer-
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tainty information can support risk-aware decision making, guide data acqui-
sition strategies, and inform model refinement.

In conclusion, this study positions Evidential Deep Learning as a prom-
ising and evolving framework for uncertainty-aware artificial intelligence in 
forestry. By presenting EDL as an informational and methodological refer-
ence rather than a model development or validation study, the discussion high-
lights both its potential advantages and its current limitations. Future research 
should focus on empirical evaluations of evidential uncertainty in real-world 
forestry applications and on systematic comparisons with alternative uncer-
tainty quantification approaches to further clarify the role of EDL in forest 
science and management.
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INTRODUCTION

Quercus robur (L.) or Quercus pedunculata (Ehrh.), commonly known 
as pedunculate oak, is a broad-leaved tree species belonging to the Fagaceae 
family. Pedunculate oak is a long-lived forest tree that can reach 30–40 m in 
height and 2 m in diameter, and generally live for 400–500 years (rarely 1000 
years). It has thick and deeply cracked bark, and it has a broad and spreading 
crown structure (Anşin and Özkan, 1997). Oak trees are mainly divided into 
three types based on the anatomical structure of their wood, the ripening 
time of their fruits, and the characteristics of their leaves and bark: white 
oaks, red oaks, and evergreen oaks. Pedunculate oak belongs to the white 
oak group (Yaltırık, 1984). Among the thirteen European white oak species, 
pedunculate oak is one of the ecologically and economically most important 
deciduous forest tree species in Europe (Ducousso and Bordacs, 2004). Oak 
species are generally considered light-demanding and exhibit sensitivity to 
frost conditions. (Evans 1984). However, the pedunculate oak is especially 
resilient to the detrimental effects of flooding, storm damage, and drought, 
and it is extremely long-lived (Spiecker, 2021). 

Pedunculate oak is distributed throughout Europe, North Africa, the 
Caucasus, and Türkiye (Figure 1). It is found from Scandinavia to the Iberian 
Peninsula. It may be found in northern Scotland and the Norwegian coast, 
as well as in Portugal, Greece, and southern Türkiye in the Mediterranean 
region. It can also be found eastward into continental central Russia, all 
the way up to the Urals (Eaton et al. 2016).  In Türkiye, it is particularly 
widespread in the Black Sea, Marmara, Thrace, and Northwestern Anatolia 
regions (Anşin and Özkan, 1997). It is found in forests, on plains with high 
groundwater levels, and in stream beds, either in small groups or individually 
(Yaltırık, 1984). In plains, plateaus, and hills, pedunculate oak is a pioneer 
species. In valleys and floodplains, pedunculate oak grows alongside species 
such as sycamore, maple, ash, beech, and elm (Ducousso and Bordacs, 2004). 
These oaks can only compete in the early stages of stand development in 
oak-beech mixed woods; later on, beech frequently suppresses the oak. Only 
careful thinning, which benefits oak trees, can preserve the vitality of oak in 
these mixed woods (Spiecker, 2021). 

The pedunculate oak has been an essential component of European human 
culture from ancient times. It provides wood for fuel, acorns for animals like 
jays, mice, squirrels, and pigs, bark for tanning, and timber for building (Eaton 
et al. 2016). In many European countries, oak is the typical wood used for 
high-quality construction projects. Traditionally, oak wood has been utilized 
for furniture, ships, and buildings. High-quality cabinetry, veneers, barrel 
staves, fences, and roof beams are also made using it (Ducousso and Bordacs, 
2004). On the other hand, oak wood is a good firewood due to its high calorific 
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value (18.6 MJ/kg) (Lunguleasa et al. 2022). Oak wood is especially valued 
for its high tannin content, which protects it from fungi and insects (Hart and 
Hillis, 1972). Pedunculate oak heartwood is thought to be resilient to biotic 
and abiotic degradation causes. In moist soil or water, this species’ heartwood 
can endure for many years in relatively good condition (Krajewski et al. 2024).

Throughout Europe, oak trees have cultural value, and national or regional 
symbols often feature the trees or their leaves (Eaton et al. 2016). On the 
other hand, oak species play an important ecological role because acorns are 
a valuable food source for many birds and mammals; therefore, the tradition 
of grazing animals under the trees in autumns with abundant acorn yields 
(acorn years) is still practiced in some limited regions of Europe (Ducousso 
and Bordacs, 2004). 

Figure 1. The distribution area of pedunculate oak (EUFORGEN, 2008).  

CHEMICAL COMPOSITION OF PEDUNCULATE OAK WOOD

The chemical composition of pedunculate oak wood exhibits typical 
hardwood tree characteristics (Table 1). The wood consists mainly of 
holocellulose, cellulose, lignin, soluble fractions of hemicellulose origin, 
extractive substances, and a small amount of ash. Data from different 
geographical regions show that the chemical structure of the wood varies 
depending on growing conditions, tree age, wood texture (heartwood–
sapwood), and sampling height.

It has been reported that the holocellulose content in pedunculate oak 
wood generally ranges from 58-80%, while the cellulose content mostly ranges 
from 36-49%. These values ​​indicate that pedunculate oak has significant 
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potential for fiber-based products and biopolymer applications. Differences in 
cellulose content appear to be related to the juvenile-mature wood difference, 
trunk height, and environmental factors.

The lignin content is approximately 17-29%, which is consistent with 
levels typically considered for hardwoods. The relatively high lignin content 
is one of the key factors explaining the mechanical strength, resistance to 
biological degradation, and long service life of oak wood. The chemical 
composition of European black pine is summarized in Table 1.

Table 1. Chemical composition of pedunculate oak from various regions.

Geographical 
Region

H 
(%)

C 
(%) L (%) HWS 

(%)
CWS 
(%)

1%
NaOH 

(%)

E 
(%) 

A 
(%) Reference

- - 41.10 29.60 12.20 - - 0.401 0.30 Fengel and 
Wegener (1989)

East of Slovak 
Republic - 46.4 23.2 - - - - - Košíková et al. 

(1992)
Bartın/Türkiye 
(NW) 68.00 42.40 24.50 9.90 6.50 22.30 6.601 0.63 Gülsoy (2003)

Bartın/Türkiye 
(TW) 68.50 40.50 23.50 14.20 9.70 25.50 9.101 0.60 Gülsoy (2003)

Bartın/Türkiye 73.60 43.00 21.00 10.70 8.50 23.50 - - Alkan (2004)
Voronezhskaya/ 
Russia - - 26.58 2.89 - - 2.862 - Konovalova et al. 

(2006)

Iaşi/Romania - 42.79 24.82 7.56 - 18.27 - 1.30 Bodîrlǎu et al. 
(2007)

Iaşi/Romania (1.30 
m, 0-40 rings) 72.82 40.03 21.69 7.91 - 15.62 4.211 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (1.30 
m, 40-70 rings) 71.57 42.81 23.75 7.85 - 18.95 2.291 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (1.30 
m, 70-80 rings) 72.25 44.40 22.12 4.57 - 13.30 2.891 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (8 m, 
0-40 rings) 67.03 42.04 25.77 9.87 - 18.35 3.121 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (8 m, 
40-70 rings) 58.44 40.76 23.82 10.42 - 17.33 3.151 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (8 m, 
70-80 rings) 70.48 46.97 20.73 4.61 - 14.12 2.331 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (15 
m, 0-40 rings) 73.18 37.73 23.47 12.38 - 21.94 4.261 - Bodîrlǎu et al. 

(2007)
Iaşi-Romania (15 
m, 40-70 rings) 67.92 36.81 24.71 10.72 - 19.59 3.171 - Bodîrlǎu et al. 

(2007)
Iaşi/Romania (15 
m, 70-80 rings) 72.56 40.96 24.36 5.94 - 12.70 2.731 - Bodîrlǎu et al. 

(2007)

- - - 26.70 - - - 19.005 - Lindfors et al. 
(2008)

Zegrze/Poland (SW, 
butt-end) - 49.20 21.80 - - - 3.101 - Krutul et al. 

(2010)
Zegrze/Poland (SW 
adjacent HW, butt-
end)

- 48.80 22.60 - - - 3.801 - Krutul et al. 
(2010)
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Zegrze/Poland 
(HW, butt-end) - 48.10 22.90 - - - 3.701 - Krutul et al. 

(2010)
Zegrze-Poland (pith 
adjacent HW, butt-
end)

- 46.30 23.10 - - - 4.201 - Krutul et al. 
(2010)

Zegrze/Poland (SW, 
middle) - 49.10 22.10 - - - 3.501 - Krutul et al. 

(2010)
Zegrze/Poland 
(SW adjacent HW, 
middle)

- 49.00 22.70 - - - 3.901 - Krutul et al. 
(2010)

Zegrze/Poland 
(HW, middle) - 48.80 23.10 - - - 3.601 - Krutul et al. 

(2010)
Zegrze/Poland 
(pith adjacent HW, 
middle)

- 47.40 23.40 - - - 4.201 - Krutul et al. 
(2010)

Zegrze/Poland (SW, 
top) - 48.90 22.00 - - - 3.401 - Krutul et al. 

(2010)
Zegrze/Poland (SW 
adjacent HW, top) - 48.40 23.00 - - - 3.601 - Krutul et al. 

(2010)
Zegrze/Poland 
(HW, top) - 48.20 23.10 - - - 3.801 - Krutul et al. 

(2010)
Zegrze/Poland (pith 
adjacent HW, top) - 47.50 23.50 - - - 4.001 - Krutul et al. 

(2010)

Golabki/Poland 66.40 38.50 26.00 - - - 3.496 - Sandak et al. 
(2010)

- 64.10 - 22.20 - - - 13.706 - Telmo and 
Lousada (2011)

Żółte/Poland 66.00 - 25.00 - - - - - Łucejko et al. 
(2012)

- 70.64 44.98* 23.27 - - - 0.486 0.36 Fišerová et al. 
(2013)

Limousin/
France - - - 5.12 - - 9.102 - Anjos et al. 

(2013)
Zegrze/Poland (SW, 
butt-end) - - - - - - 3.801 - Krutul et al. 

(2014)
Zegrze/Poland (SW, 
middle) - - - - - - 4.101 - Krutul et al. 

(2014)
Zegrze/Poland (SW, 
top) - - - - - - 4.501 - Krutul et al. 

(2014)
Zegrze/Poland 
(HW, butt-end) - - - - - - 4.201 - Krutul et al. 

(2014)
Zegrze/Poland 
(HW, middle) - - - - - - 4.901 - Krutul et al. 

(2014)
Zegrze/Poland 
(HW, top) - - - - - - 5.301 - Krutul et al. 

(2014)
Orozko/ 
Spain - 46.37* 29.12 - - - 5.533 0.52 Herrera et al. 

(2014)

Greater Poland 69.48 37.72 27.92 7.74 5.03 9.41 2.976 1.05 Broda et al. 
(2015)

Continental Croatia - 49.04 25.10 - - - 2.221 0.17 Španić et al. 
(2018)

Central Poland 75.30 41.30 28.20 - - 24.30 1.704 - Laskowska et al. 
(2018)
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- - 39.82 24.52 10.35 5.59 22.57 4.762 0.17 Komorowicz et al. 
(2018)

Slovak Republic 76.96 - 21.78 - - - 5.576 - Čabalová et al. 
(2018)

Spain 78.15 49.31* 16.98 - - - 2.193 0.47 Sillero et al. 
(2020)

Turek/Poland 73.00 36.00 23.80 - - - - - Gąsecka et al. 
(2021)

Bratislava/ Slovak 
Republic (BW) - - 21.00 3.88 - - 0.338 0.50 Ihnát et al. (2021)

Zvolen-/Slovak 
Republic 73.16 33.79 22.86 - - - 3.973 - Zachar et al. 

(2021)

- - - 22.31 - - - - - Barlović et al. 
(2022)

Central Bohemian/ 
Czech Republic 74.90 47.90 22.40 - - - 4.303 - Gaff et al. (2022)

Elbląg/Poland - 38.43 27.35 7.70 1.88 18.84 1.562 - Lachowicz et al. 
(2024)

Vukovar-Srijem /
Crotia 71.24 49.81 25.97 1.707 0.25 Matin et al. 

(2024)

Pniewy/Poland - 43.32 23.57 - - 22.47 8.132 - Tomczak et al. 
(2024)

Mielno/Poland 80.00 42.90 25.36 - - - - - Jurecki et al. 
(2025)

Morović/Serbia 
(Stump wood) - 42.99 28.51** 9.27 - - 3.633 0.33 Popović et al. 

(2025)
H: Holocellulose, C: Cellulose, L: Lignin, HWS: Hot water solubility, CWS: Cold water solubility, 1% 
NaOH: 1% NaOH solubility, E: Extractives, A: Ash, SW: Sapwood, HW: Heartwood, NW: Normal wood, 
TW: Tumorous wood, BW: Branch wood *α-cellulose, **Total lignin, 1Alcohol/benzene, 2Ethanol, 3Ethanol/
toluene, 4Ethanol/chloroform, 5Acetone/Water/dichloromethane, 6Total extractives, 7Methanol/benzene, 
8Dichloromethane

FIBER PROPERTIES OF PEDUNCULATE OAK WOOD

The fiber properties of pedunculate oak wood show typical and significant 
variability for broadleaf trees (Table 2). Basic parameters such as fiber length, 
fiber width, lumen diameter, and cell wall thickness vary depending on 
growing environment, trunk height, wood type (juvenile–mature, sapwood–
heartwood), and ecological conditions. This directly affects the suitability of 
pedunculate oak wood for different industrial applications.

Fiber length in pedunculate oak wood generally ranges from 0.9–1.4 
mm, indicating a moderate fiber length for broadleaf species. Fiber width and 
lumen width provide important information about the cell wall structure of 
the wood. The data in Table 2 show that fiber width is mostly between 16-23 
µm. The cell wall thickness (generally ranges from 3-7 µm) is generally high, 
supporting the hard, dense, and durable character of oak wood. Although 
thick cell walls can limit fiber-to-fiber bonding in paper making by making it 
difficult to crush the fibers, they positively contribute to the tear strength of 
the final product.
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Derived fiber parameters such as slenderness ratio, flexibility ratio, and 
Runkel ratio, shown in Table 2, reveal that pedunculate oak fibers have a 
moderately flexible and relatively rigid structure. In particular, the fact that 
the Runkel ratio is often above 1 in many studies indicates that the fibers have 
thick cell walls and narrow lumens, making them more suitable for packaging 
papers, cardboard, and sheet products rather than thin writing papers. 
However, regional and ecologically driven variability in fiber structure clearly 
highlights the importance of raw material characterization before industrial 
use. The fiber properties of European black pine are summarized in Table 2.

Table 2. Fiber properties of pedunculate oak from various regions.
Geographical 
Region

FL 
(mm)

VEL 
(mm)

FW 
(µm)

LW 
(µm)

CWT 
(µm) SR FR RR Reference

Potsdam/
Germany 1.21 - - - - - - - Süß (1967)

Potsdam/
Germany (LW) - 0.56 - - - - - - Süß (1967)

Potsdam/
Germany (EW) - 0.44 - - - - - - Süß (1967)

Kew/England 
(trunk) 1.14 0.68 - - - - - - Gasson (1984)

Kew/England 
(BW) 0.59 0.42 - - - - - - Gasson (1984)

- 1.10 - 23.00 - - - - - Ilvessalo-Pfäffli 
(1995)

Türkiye 1.35 - 18.60 - 6.10 - - - Merev (2003)
Bartın/Türkiye 1.09 0.52 20.10 10.50 4.80 54.10 52.20 0.90 Alkan (2004)
Bartın/Türkiye 
(NW) 1.17 0.49 20.50 - 5.50 - - - Gülsoy et al. 

(2005)
Bartın/Türkiye 
(TW) 1.02 0.41 21.20 - 6.95 - - - Gülsoy et al. 

(2005)

Codlea/Romania 0.99 - 15.90 - - 62.30 - -
Lica and 

Coşereanu 
(2009)

Bratislava/
Slovak Republic 
(BW)

0.52 - - - - - - - Ihnát et al. 
(2021)

Kastamonu/
Türkiye 
(Growing 
season-March)

1.22 - 21.9 5.35 2.37 - - -
Özden Keleş 
and Savacı 

(2021)

Kastamonu/
Türkiye 
(Growing 
season-
September)

1.08 - 20.1 4.30 2.58 - - -
Özden Keleş 
and Savacı 

(2021)
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Blata Malovanci 
/Bosnia and 
Herzegovina

1.34 - - 18.89 5.92 - - - Jokanović et al. 
(2022a)

Gornji Srem/
Serbia 1.35 - - 20.14 6.58 - - - Jokanović et al. 

(2022b)
Donji Srem/
Serbia 1.33 - - 19.76 6.33 - - - Jokanović et al. 

(2022b)

Türkiye 1.02 - 22.4 9.7 6.3 - - - Elmas and 
Öztürk (2022)

Vinična-
Žeravinac-Puk/
Croatia

1.38 - - 20.21 6.06 - - 0.60 Lozjanin et al. 
(2024)

Elbląg/Poland 1.33 - 19.30 5.50 6.90 70.30 28.14 - Lachowicz et al. 
(2024)

Pniewy/Poland 1.07 0.38 - - - - - - Tomczak et al. 
(2024)

FL: Fiber length, VEL: Vessel element length FW: Fiber width, LW: Lumen Width, CWT: 
Cell wall thickness, SR: Slenderness ratio (FL/FW), FR: Flexibility ratio [(LW/FW)*100], 
RR: Runkel ratio [(2xCWT)/LW], EW: Earlywood, LW: Latewood, NW: Normal wood, TW: 
Tumorous wood, BW: Branch wood.

CONCLUSIONS

Pedunculate oak (Quercus robur L.) wood clearly offers strong potential 
for high value-added industrial applications in terms of both its chemical 
composition and fiber morphology. The high holocellulose and cellulose 
content of the wood provides a significant advantage for lignocellulosic 
biomaterials and fiber-based products, while the medium-to-high lignin 
content is one of the key elements supporting the mechanical strength and 
natural durability of oak wood.

The reported fiber length, cell wall thickness, and lumen dimensions 
in pedunculate oak wood indicate that the fibers have a relatively rigid and 
durable character. While this structure may present some limitations for paper 
types requiring fineness and high surface smoothness, it offers a significant 
advantage for products requiring high strength, such as packaging papers, 
cardboard, fiberboards, and biocomposites. Derived parameters of fiber 
morphology (fineness ratio, elasticity ratio, and Runkel ratio) also confirm 
that pedunculate oak fibers are more suitable for structural and strength-
oriented applications.

Geographic region, growing environment, tree age, trunk height, and 
wood type (heartwood–sapwood) have a significant impact on the chemical 
and anatomical properties of pedunculate oak wood. This indicates that 
pedunculate oak wood should not be considered a single type of raw material 
in industrial applications; rather, selective raw material management and pre-
characterization according to intended use are of great importance.
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In conclusion, pedunculate oak wood is an extremely suitable raw 
material for building materials, packaging products, biocomposites, and long-
lasting wood applications due to its high strength, rich extractive content, 
and characteristic fiber structure. Future research focusing on the targeted 
separation of chemical fractions of this species, the conversion of lignin and 
extractives into value-added products, and the optimization of fiber properties 
through process conditions will further advance the sustainable and efficient 
use of pedunculate oak wood.
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INTRODUCTION

Global agricultural systems currently confront multifaceted and 
interconnected crises, including climate change, soil degradation, biodiversity 
loss, and the escalating food demands of a growing population (Foley et al., 
2011). The intensive, input-oriented monoculture practices of the post-Green 
Revolution era, while achieving short-term yield increases, have compromised 
the functionality of soil ecosystems and jeopardized environmental 
sustainability in the long term (Tilman et al., 2002). Aiming to reverse this 
trajectory, ‘Regenerative Agriculture’ presents a new paradigm that perceives 
soil not merely as a passive medium for production, but as a living biological 
entity requiring continuous restoration (Montgomery, 2017; Newton et al., 
2020).

A cornerstone of the regenerative philosophy is legume-based systems, 
which aim to establish self-sustaining cycles by decoupling the ecosystem from 
dependence on external inputs. Within these cycles, the pea (Pisum sativum 
L.) emerges as one of the most potent instruments for ecological restoration, 
owing to both its historical lineage and physiological attributes (Jensen, 
1996). Beyond atmospheric nitrogen fixation via symbiotic associations, 
peas provide essential “ecosystem services” such as enhancing soil aggregate 
stability, stimulating beneficial microbial populations, and increasing water-
holding capacity. However, fully harnessing this potential necessitates a 
departure from traditional cultivation mindsets.

In modern agronomic approaches, the role of the pea is evolving from a mere 
“cash crop” to a “functional component” that enriches crop rotation systems 
(Lal, 2004). Specifically, its utilization as a cover crop and its application 
in cereal-based intercropping systems are fundamental determinants of the 
operational success of regenerative frameworks. These practices increase 
biodiversity per unit area while ensuring continuous soil coverage, thereby 
contributing directly to carbon sequestration. In this context, the success of 
peas within regenerative systems is intrinsically linked to the adaptability of 
the plant to these novel roles (Kazam et al.,2007).

The most critical threshold in achieving regenerative goals lies in the 
re-evaluation and development of existing genetic material according to the 
specific requirements of these systems. The priority of “maximum grain yield” 
in classical breeding programs is being superseded by “maximum system 
efficiency” in ecological restoration-oriented frameworks (Açıkgöz, 2001). 
This shift requires a comprehensive redefinition of pea breeding objectives, 
ranging from plant architecture and root phenotyping to nitrogen fixation 
efficiency and abiotic stress tolerance.
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Polyculture systems, appearing as “mixed cropping” in the ancient 
agricultural traditions of Anatolia, are being reformulated today under the 
discipline of regenerative farming. Especially in Central Anatolia and transition 
zones, peas serve as a strategic rotation and production partner in narrowing 
fallow areas and mitigating the soil fatigue induced by monoculture wheat 
farming. With both winter and spring forms, peas demonstrate remarkable 
adaptability to Anatolia’s variable climatic conditions, functioning as “green 
manure” that improves the physicochemical properties of the soil (Hauggaard 
et al., 2001).

The integration of peas into polyculture systems represents not only an 
ecological improvement but also a risk management tool for agricultural 
enterprises. Farmers, who are dependent on a single crop and its market 
fluctuations in monocultures, diversify their income streams by incorporating 
peas into the system. Post-harvest, peas can be integrated with livestock as 
forage or marketed directly as a high-protein food commodity. This versatility 
is one of the most significant factors reinforcing the economic resilience of 
polyculture. Peas act as a bridge from monoculture to polyculture restoring 
the soil, conserving water resources, and radically reducing input costs. For 
the sustainability of Anatolian lands, the intensive inclusion of legumes like 
peas in production patterns will be the ultimate guarantee of our food security.

1. The Role of Peas in the Transition from Monoculture to 
Polyculture

Industrial agriculture, primarily characterized by monoculture systems, 
focuses on achieving high yields within a narrow genetic pool. However, this 
model has precipitated severe ecological crises, including soil exhaustion, 
loss of biodiversity, and an escalating reliance on chemical pesticides. In the 
search for an escape from this unsustainable cycle, transitioning to polyculture 
(multi-cropping) systems has emerged as a strategic imperative. During this 
transformative process, the garden pea (Pisum sativum L.) stands out as a 
“facilitator” species due to its unique biological attributes and the ecosystem 
services it provides (Kazam et al., 2022). Integrating peas into polyculture 
systems does more than merely increase crop diversity; it imparts a restorative 
dynamism to the entire agricultural framework.

The most critical contribution of peas to polyculture is undoubtedly their 
capacity to restore soil fertility through the biological fixation of atmospheric 
nitrogen. While monoculture cereal farming leaves the soil dependent on 
external synthetic fertilizers, peas bind nitrogen to the soil via Rhizobium 
bacteria residing in their root nodules (Echarte et al., 2011). The simultaneous 
or sequential planting of peas alongside nitrogen-demanding crops, such as 
maize or wheat, minimizes the need for synthetic inputs. This preservation of 
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the soil’s chemical integrity supports the “self-sufficient ecosystem” model, 
which is the foundational philosophy of polyculture.

From an ecological perspective, peas promote biodiversity by creating 
micro-habitats within polycultural fields. The flowering period of the pea 
plant offers a nutrient-rich resource for pollinators and beneficial insects. This 
characteristic breaks the “biological desert” effect created by monocultures, 
allowing natural predators to regulate pest populations. The presence of peas 
within a polyculture pattern provides a natural contribution to Integrated Pest 
Management (IPM), thereby reducing the necessity for chemical interventions 
and enhancing the overall resilience of the system (Düzgüneş,1990).

Regarding soil structure and hydraulic management, peas function as 
a protective layer within polyculture systems. The rapid ground-covering 
architecture of the pea plant reduces evaporation, helping to conserve soil 
moisture and mitigate erosion risks. Furthermore, the crop residues remaining 
after harvest increase the organic matter content, strengthening the humic 
structure of the soil (Dhima et al., 2007). This organic enrichment results in 
a more friable and aerated soil profile that supports the root development of 
companion crops; thus, the soil compaction issues induced by monoculture 
are remediated through natural processes.

The transition from monoculture to polyculture depends on the precise 
orchestration of synergies between plant species. The pea plant occupies 
a central position in this synergy due to its nitrogen fixation, biological 
stabilization, and soil-improving properties. Recognized in academic literature 
as a core component of “regenerative agriculture,” peas ensure not only the 
ecological health of polyculture systems but also their economic viability 
through reduced input costs (Peoples et al., 2009). To repair the degradation 
caused by traditional monocultures and to construct resilient agricultural 
models for the future, the expansion of pea-based polyculture applications is 
essential.

2. Breeding Peas as a Cover Crop

In contemporary agronomic practices, cover crops serve as strategic 
instruments employed to safeguard the soil and maintain ecosystem services 
following the harvest of the primary crop. Within this framework, the 
garden pea (Pisum sativum L.) is highly regarded for its robust adaptability 
and capacity for rapid biomass accumulation (Poggio, 2005). Nevertheless, 
as conventional pea varieties are predominantly developed for grain yield, 
specialized breeding programs are required to maximize the plant’s soil 
protection and biological remediation potential.
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The primary objective in breeding peas for cover crop use is achieving 
high biomass production and rapid ground coverage. Selection processes focus 
on vegetative growth rates and branching capacity to ensure the varieties can 
quickly establish a living carpet over the soil surface. This rapid colonization is 
essential for preventing erosion and suppressing weed competition (Rubiales 
and Mikic, 2015). Genetic manipulation in this direction provides physical 
protection to the soil while simultaneously creating a microclimate that fosters 
subterranean microbial activity.

Frost tolerance and winter hardiness constitute another vital pillar of 
cover crop breeding. Particularly in regions with harsh winters, it is desirable 
for peas to maintain viability throughout the winter and transition into active 
growth early in the spring (Pauli et al.,2016). Breeding programs target genes 
that regulate osmotic potential within plant cells to develop lines resistant to 
freezing stress. Consequently, the pea evolves from a mere summer catch crop 
into a perennial biological shield that keeps the soil active year-round.

Enhancing Biological Nitrogen Fixation (BNF) capacity is a fundamental 
element determining the economic and ecological value of pea cover crop 
breeding. Breeding efforts are directed toward identifying genotypes with high 
nodulation efficiency that can establish more effective symbiotic relationships 
with indigenous Rhizobium strains (Parihar et al., 2019). By increasing the 
biological nitrogen contribution to the soil, these cover crops play a pivotal 
role in reducing the nitrogenous fertilizer requirements of subsequent primary 
crops, thereby lowering the carbon footprint of agricultural production.

 The ease of “termination” is considered a vital selection criterion. prior to 
planting the main crop, the cover crop must be easily decomposable through 
mechanical methods such as roller crimpers and capable of rapid mineralization 
in the soil. The fiber structure and lignin content of bred varieties must be 
balanced to create a persistent mulch layer without hindering the development 
of the following crop. This holistic breeding approach transforms the pea into 
an indispensable component of low-input, high-yield agricultural systems that 
remediate the damage caused by monoculture.

3. Morphological Breeding for Intercropping Systems

Intercropping systems are complex agro-ecosystems where two or more 
species are cultivated simultaneously on the same land to maximize resource-
use efficiency. The success of the pea (Pisum sativum L.) in these systems 
depends not only on its genetic potential but also on its morphological 
compatibility with companion crops. While traditional monoculture breeding 
targets traits such as extreme height and large leaf areas, these characteristics 
can cause negative effects like light competition and excessive shading 
in intercropping setups. Therefore, morphological breeding specific to 
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intercropping aims to select architectural structures that minimize competition 
and maximize synergy between plants (Vandermeer 1989).

One of the most critical components of breeding for intercropping is 
“leaf morphology” and light transmittance. Especially when peas are grown 
alongside cereals such as wheat, barley, or oats the breeding of “semi-leafless” 
traits is of great importance. In these genotypes, leaflets are transformed into 
tendrils. This morphological adaptation allows more light to penetrate the 
canopy, preserving the photosynthetic capacity of lower-tier plants (Sayre, 
2003). Additionally, the abundance of tendrils enables the plant to remain 
upright, preventing excessive loading on the cereal crops and avoiding lodging 
issues within the system.

Another significant morphological objective is centered on “root 
architecture and distribution.” To manage the competition for underground 
resources namely water and nutrients the root depth and proliferation rate of 
pea lines must be optimized. Breeding studies select genotypes that exhibit 
spatial niche differentiation relative to the primary crop (Varshney et al.,2021). 
For instance, developing pea varieties with deeper taproot systems alongside 
shallow-rooted cereals enhances total water-use efficiency and ensures a more 
homogenous uptake of nutrients from different soil strata.

“Plant height and growth habit” serve as strategic breeding parameters 
for system manageability. While indeterminate varieties risk smothering 
companion plants, determinate or semi-dwarf pea varieties integrate more 
easily into polyculture patterns. Breeding programs focus on a canopy 
architecture that correlates with the height of the main crop, does not disrupt 
mechanization at harvest, and does not overtop the companion species 
(Nemecek et al., 2008). This morphological harmony protects biodiversity 
while minimizing harvest losses.

“Synchronization of flowering and maturation” constitutes the temporal 
dimension of morphological breeding in intercropping systems. The goal is 
to develop pea lines with maturation periods similar to their companion crops 
or, conversely, to select for temporal niche differentiation where peak growth 
occurs at different times to reduce competition (Titi, 2002). Morphological 
traits such as the position of flowers on the plant and their capacity to attract 
pollinators are also included as breeding criteria, as they influence total fruit 
set and genetic sustainability.

Morphological breeding for intercropping systems involves redesigning 
the plant not as an isolated unit, but as a harmonious part of a complex 
community. Every morphological trait—from tendril structure to root depth, 
and from canopy architecture to phenological stages—must be calibrated to 
enhance ecosystem productivity. This “systems-oriented breeding” approach 
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departs from the standardized plant models imposed by monoculture, opening 
the doors to a new agronomic era that supports the biological richness and 
resilience offered by polyculture.

4. Cultivation Strategies: No-Till and Minimum Input

At the core of sustainable agricultural paradigms, the “no-till” (zero 
tillage) system represents a holistic approach aimed at maximizing biological 
processes without disturbing the physical integrity of the soil ecosystem. 
Within this strategy, the pea (Pisum sativum L.) functions as a pivotal element 
determining the system’s success. By preventing aggregate degradation and 
carbon loss associated with traditional tillage, the root architecture and post-
harvest residues of the pea facilitate the soil’s biological “self-tilling” process 
(Vandermeer, 1989).

Pea cultivation in no-till systems, when integrated with minimum-
input principles, drastically reduces operational expenditures. Eliminating 
tillage machinery not only conserves fuel and labor but also prevents soil 
compaction, allowing roots to penetrate deeper soil strata more effectively. In 
this context, the pea acts as a “biological plow,” creating macro-pores within 
the soil profile and establishing a prepared seedbed for the subsequent primary 
crop (Vazpotta, 2015).

The most prominent result of the minimum-input strategy is the 
minimization of synthetic fertilizer dependency, thanks to the pea’s symbiotic 
nitrogen fixation capability. In no-till environments, the organic mulch layer 
remaining on the surface conserves moisture while providing an optimal micro-
habitat for Rhizobium activity (Zander et al., 2016). This natural cycle reduces 
the demand for external nitrogenous fertilizers by 40% to 60%, offering an 
economic model that balances environmental burdens with production costs.

No-till pea farming also provides strategic advantages in weed 
suppression and water management. The rapid development of the pea canopy 
shades the soil surface, cutting off direct sunlight to decrease evaporation and 
inhibit the germination of weed seeds (Hauggaard-Nielsen et al., 2001). This 
morphological benefit aligns with minimum-input goals by reducing herbicide 
requirements to a baseline level. Furthermore, the enhancement of water-use 
efficiency makes no-till pea cultivation indispensable, particularly in regions 
facing high drought risks due to climate change.

Analysis of the cumulative effects on biodiversity and soil health reveals 
that integrating peas into no-till systems enriches the subterranean soil food 
web. By avoiding soil inversion, mycorrhizal fungal networks and earthworm 
populations are preserved (Lithourgidis et al., 2011). The protein-rich residues 
of the pea serve as a high-quality nutrient source for these microorganisms, 



264  . Duygu USKUTOĞLU 

accelerating the humification process. Consequently, this enhances the soil’s 
long-term carbon sequestration capacity, transforming agricultural lands into 
active carbon sinks

Pea cultivation under no-till and minimum-input strategies sits at the 
intersection of energy conservation, soil restoration, and economic efficiency. 
Within this model, referred to in academic literature as “conservation 
agriculture,” the pea disrupts the high-cost and destructive cycles of 
monoculture, enabling a production mode harmonious with ecological cycles. 
The adoption of these approaches in modern agronomy will not only restore 
soil health but also place global food security on a more resilient foundation.

5. Economic and Ecological Outcomes: Carbon Footprint Analysis

In sustainable agricultural economics, the carbon footprint is defined as the 
measurement of greenhouse gas emissions per unit of production, expressed 
in carbon dioxide equivalents (Stagnari et al., 2017) While traditional 
monoculture systems exhibit a high carbon intensity due to heavy fossil fuel 
consumption and synthetic fertilizer manufacturing, the integration of peas 
(Pisum sativum L.) provides a radical reduction in emissions (Gan et al., 2011). 
The primary impact of peas on the carbon footprint is a multidimensional 
ecological output manifested both in direct field operations and indirectly 
across the input supply chain (Nemecek et al., 2008).

The foremost factor lowering the carbon footprint of pea-based systems 
is the substitution of synthetic nitrogenous fertilizers. The production of these 
fertilizers via the energy-intensive Haber-Bosch process results in significant 
CO2 emissions, while their field application triggers the release of nitrous 
oxide, a potent greenhouse gas. By biologically fixing atmospheric nitrogen, 
peas create a ready-to-use nitrogen pool in the soil (Gan et al.,2011). This 
fixation benefits not only the pea crop itself but also subsequent crops in the 
rotation, turning the system’s total carbon budget positive.

From an economic perspective, the reduction in carbon footprint 
translates directly into cost advantages and market value. Regulations such 
as the European Green Deal and the Carbon Border Adjustment Mechanism 
incentivize low-carbon agricultural products through tax benefits and 
subsidies. Enterprises that minimize carbon emissions via pea production may 
also gain access to “carbon credit” systems, generating additional revenue. 
Therefore, a low carbon footprint is not merely an environmental parameter 
but a financial indicator that boosts the global competitiveness of agricultural 
businesses (Preissel et al., 2015).

The optimization of tillage requirements by peas directly influences fuel 
consumption and, consequently, carbon emissions related to mechanization 
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(West and Marland, 2002). In no-till or minimum-tillage systems, pea residues 
serve as a carbon sink on the soil surface (Gan et al., 2011). Avoiding soil 
inversion prevents stable organic matter from coming into contact with oxygen 
and being released into the atmosphere as CO2 (Reicosky, 1997). This increases 
the soil’s carbon sequestration potential, enabling agricultural lands to serve as 
active solution centers in the fight against climate change (Lal, 2004).

Logistical and supply chain analyses indicate that incorporating peas into 
local polyculture systems reduces “food miles,” further lowering the carbon 
footprint. As a high-protein crop, the pea provides a local alternative to high-
carbon-cost imported feed sources like soy. Considering the logistical emissions 
and deforestation impacts associated with transoceanic soy transport, local 
pea production is a strategy that alleviates the ecological footprint on a global 
scale. This strengthens local economies while preventing the accumulation of 
“ecological debt.”

In conclusion, the role of the pea in polyculture systems is the most 
concrete example of a “green economy” model where economic profitability 
and ecological sustainability are optimized. Carbon footprint analysis proves 
that the pea is more than just a food commodity; it is a strategic ecosystem 
engineer that lightens the industrial burden of agriculture. Future agricultural 
policies should be constructed upon the mandatory integration of low-
emission, high-restoration capacity crops like the pea into production patterns.

6. New Horizons in Pea Breeding: Precision Agriculture Technologies 
and Genomic Approaches

The efficacy of regenerative agricultural systems depends on the real-time 
and high-precision monitoring of plant responses to environmental dynamics. 
In this context, traditional selection methods in pea breeding are being 
superseded by “High-Throughput Phenotyping” (HTP) Technologies (Cayne 
et al., 2020). Through the use of drones and multispectral sensors, parameters 
such as canopy development, leaf area index, and responses to water stress 
can be measured instantaneously in the field. This technological integration 
provides a data-driven foundation for understanding the competitive dynamics 
of peas with other crops in polyculture systems and the ecosystem services 
they provide (Fulgosi and Spoliaric, 2021).

Genomic selection and gene-editing Technologies are accelerating the 
achievement of “functional restoration” goals in pea breeding. Specifically, 
the manipulation of genes controlling root architecture enables peas to extract 
nutrients from deeper soil layers and increases their resistance to drought 
stress. The “smart root” structure required in regenerative systems is no longer 
a matter of chance but emerges as a targeted breeding parameter thanks to 
advanced genetic mapping studies (Bhandari and Gupta, 2021).
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Simulating the nitrogen fixation capacity of peas using Digital Twin 
models is revolutionizing cultivation strategies. By analyzing the interaction 
between soil microbial activity and pea genotypes through artificial 
intelligence algorithms, it is now possible to predict which pea variety will 
offer maximum ecosystem services in a specific location (Araus and Cains, 
2014). This approach allows breeders to select specific lines that offer not 
only high yields but also the highest “restorative contribution” to a particular 
ecology.

Precision Agriculture applications are key to optimizing input costs 
in pea-based multi-cropping systems. Variable Rate Technology (VRT) 
maximizes pea performance by determining the optimal amount of seed 
and microbial inoculant required for every specific point in the field (Pauli 
et al., 2016). This technological layer transforms the “low-input” principle 
of regenerative agriculture from a theoretical concept into a measurable and 
scalable agricultural engineering discipline.

In the development of climate-resilient pea varieties, phenological 
modeling ensures that flowering time is optimized according to climate 
projections. Identifying genetic lines that minimize the impact of temperature 
fluctuations on pollen fertility ensures that the pea remains not just a cover 
crop, but also a reliable element of food security (Katam et al., 2022). This 
dynamic breeding approach synchronizes the plant’s biological clock with 
changing climatic conditions, thereby guaranteeing the total productivity of 
polyculture systems.

In biodiversity-oriented breeding strategies, the pea should be viewed as 
a central data source for “smart polycultures.” The genetic control of volatile 
organic compounds (VOCs), which facilitate inter-plant communication, can 
enhance the pea’s capacity to repel natural pests. Such “ecological engineering” 
studies will allow future pea varieties to be designed not merely as a product, 
but as biological sensors and protectors that preserve the health of the field 
(Varshney et al., 2021).

The synthesis of technology and regenerative principles in pea breeding 
will transform agricultural production from an extractive activity into 
restorative ecosystem management (Foley et al., 2011; Newton et al., 2020) 
This next-generation breeding vision, which brings together the ancient 
heritage of Anatolian multi-cropping systems with modern science, is the most 
fundamental element for increasing the resilience of our food systems (Snapp 
et al., 2010).In the agricultural ecosystems of the future, the pea will continue 
to be the most tangible representative of sustainability at the intersection of 
data, genetics, and ecology (Foyer et al., 2016; Vaz Patto et al., 2015).
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CONCLUSION

In the process of constructing future agricultural ecosystems, the garden 
pea (Pisum sativum L.) serves as an indispensable biological instrument for 
overcoming the ecological and economic constraints of monoculture. The 
morphological breeding strategies, no-till farming practices, and carbon 
footprint analyses examined throughout this study demonstrate that the pea is 
far more than a simple rotation crop; it is an “ecosystem engineer” that infuses 
regenerative dynamics into the entire agricultural system. Functional pea 
breeding integrated into polyculture frameworks optimizes both environmental 
sustainability and the resilience of agricultural production against the global 
climate crisis.

From an ecological perspective, the biological nitrogen fixation and soil 
structure enhancement provided by peas radically decrease agricultural carbon 
emissions by minimizing dependency on synthetic inputs. Economically, 
low input costs and income diversification establish a more secure financial 
foundation for producers. Combined with conservation agriculture techniques 
such as “no-till,” pea production possesses the potential to restore soil health 
and ensure long-term food security, particularly in regions with fragile 
ecosystems like the Anatolian plateau.

Furthermore, the success of peas in regenerative systems generates a 
synergistic effect when integrated with agricultural digitalization and precision 
farming technologies. Monitoring next-generation varieties—optimized 
through morphological breeding—via Variable Rate Seeding (VRS) and 
smart sensor technologies enhances the measurability of ecosystem services. 
Specifically, the real-time tracking of parameters such as carbon sequestration 
and water-use efficiency proves that pea-based production models are not 
merely a biological preference but a data-driven, high-tech engineering 
solution. This technological alignment will also bolster the demographic 
sustainability of the agricultural transformation in Anatolia by increasing the 
interest of younger generation farmers in regenerative practices.

Ultimately, this transformation strategy centered on the pea is the key to 
complying with evolving global “regenerative food” standards. In a market 
where consumer consciousness is shifting toward “carbon-neutral” and “eco-
friendly” products, the ecological value added by peas will enable local 
products to gain a premium identity in the international arena. This systems-
oriented approach, manifested in every stage from scientific breeding to 
field-level planting norms, can position Turkey as a center of application in 
sustainable agriculture literature. The pea remains the most durable stone in the 
bridge built between the ancient wisdom of the past and the biotechnological 
possibilities of the future.
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In conclusion, the efficacy of peas within polyculture and regenerative 
agriculture systems necessitates a transdisciplinary approach. It is essential to 
calibrate genetic breeding for morphological harmony, agronomic strategies 
for ecosystem services, and economic models for ecological outcomes. 
Supporting pea-based multi-cropping models at the policy level and expanding 
their adoption among farmers will be the cornerstone of a sustainable, low-
carbon, and restorative agricultural revolution for Turkey’s future.
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1.	 INTRODUCTION 
Global climate change, whose impact is becoming increasingly evident 

each year, continues to create enormous pressure on agriculture, forestry, and 
food systems. This change, which affects the regions where millions of people 
reside, poses a threat to food security and the lives of people in these countries 
(Demiroğlu Topçu et al., 2019; Demiroğlu Topçu et al., 2020). Due to rising 
temperatures, the rate of increase in agricultural productivity has steadily 
declined over the past 50 years. Meanwhile, irregular rainfall patterns and 
increasingly severe droughts have reduced harvest stability and yield quality 
each year. According to IPCC reports, climate change has created imbalances 
in the spatial and temporal distribution of water resources, making them 
unpredictable. As a result, a large majority of the world experiences severe 
water shortages for at least one month of the year (Parmesan et al., 2022).

Forage production systems, a key component of the global agriculture 
sector, are directly and indirectly exposed to the adverse effects of climate 
change. While providing the basic input for animal production, which is crucial 
for feeding the growing world population, forage crop systems also provide 
many benefits to the ecosystem, such as creating soil cover, reducing erosion, 
increasing water filtration, and supporting the functionality of agricultural 
systems. However, the increasing effects of climate change have brought 
higher temperatures, irregular rainfall patterns, and drought, threatening 
the sustainability of forage crop cultivation. The high biomass and nutritional 
value of forage crops have become directly dependent on access to water 
and the performance of the agronomic methods applied. Identifying these 
methods and testing them on many forage crops has become strategically 
important for adapting to climate change. Forage crop production while using 
limited water has been evaluated in this context, and increasing research in 
this area has become essential for food security (Sandeep Kumar et al., 2017). 

Ensuring the sustainability of forage crop production today will be 
possible by making the best possible use of water under conditions of water 
scarcity. The water-limited agriculture approach aims not only to rely on 
rainfall and soil moisture but also to increase the output obtained in relation 
to the amount of water supplied using very limited amounts. These systems 
are based on improving water efficiency, i.e., increasing the output per unit 
of irrigation rather than achieving maximum yield. In limited irrigation, 
irrigation is reduced, especially during periods when plants are less sensitive 
to water stress, thus making more efficient use of limited water resources. This 
approach generally accepts a certain amount of yield loss. It is an important 
strategy for sustainable agriculture in arid and semi-arid regions. In this 
context, forage crops are well-positioned to adapt to limited water conditions 
due to their ability to produce with low inputs.   Therefore, the integration 
of water efficiency-based approaches into forage crop production systems 
is critical for sustainable production systems. (Nasseri,2021; Peterson et al., 
2022)       
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In short, the sustainability of forage crops under restricted water 
conditions in agriculture largely depends on the most efficient use of water, 
the selection of appropriate irrigation and cultural practices, and the selection 
of varieties and genotypes that use less water. In this context, understanding 
the adaptation mechanisms of some important legume and cereal forage 
crops under limited water conditions and knowing the cultural practices 
to be implemented play a critical role in reducing yield and quality losses in 
forage crop production. In addition, optimizing modern irrigation methods 
and cultural practices such as fertilization and harvest management for forage 
crops strengthens forage crop production systems while using less water. This 
section will examine the importance of water in forage crop production and 
different cultural practices on a legume and a cereal forage crop.  

2.	 LIMITED IRRIGATION 
Irrigation is one of the key factors determining agricultural productivity 

in many regions of the world. However, freshwater resources are gradually 
decreasing today, demand for water is increasing in different sectors due to the 
effects of climate change, and the increasing severity of drought is worsening 
the situation day by day. This situation directly causes a decline in crop yields in 
agricultural production and threatens sustainability. Irrigation management 
is crucial for increasing forage crop production in arid and semi-arid regions. 
It is essential to irrigate forage crops grown in these regions during their 
critical growth periods. Different irrigation systems in these regions, such as 
drip, sprinkler, and surface irrigation, have different effects on crop yield and 
forage quality (Ghalkhani et al., 2023).

Irrigation is generally carried out under normal conditions during 
periods when water shortages occur during agricultural production. 
Evapotranspiration is the fundamental component of plant water use and 
is closely related to carbon fixation and biomass production. However, the 
gradual depletion of water resources and climate change are making it 
increasingly difficult to maintain traditional irrigation approaches that meet 
evapotranspiration requirements throughout the entire crop cycle. In this 
situation, producers are forced to either reduce their production areas or apply 
less water than the crop’s evapotranspiration requirement. This situation 
highlights the importance of a management strategy based on limited 
irrigation, which is defined as consciously applying less water than the crop’s 
requirement. In limited irrigation, producers cultivate crops while accepting 
yield reductions. Particularly for forage crops,  biomass production and water 
use is highly related, irrigation timing specific to the plant growth period, the 
use of water-resistant species and varieties, and adaptive management practices 
for these varieties are seen as key factors determining the sustainability of 
forage crop production under water-limited conditions. In summary, limited 
irrigation practices prioritize yield stability and production per unit of water 
over maximum yield (Nasseri, 2021).
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3.	 WATER USE EFFICIENCY OF FORAGE CROPS 
Forage crops show significant differences in terms of the amount of 

dry matter produced per unit of water, and this is described as water use 
efficiency. Water use efficiency can vary between species, and factors such 
as the growing season, total water availability in the soil, and harvest time 
can also affect water use efficiency. In general, warm-climate forage crops 
show superior water use efficiency compared to cool-climate species, while 
annual forage crops use water more efficiently than perennial ones. Although 
legumes are quite important for supplementing the protein requirements of 
animals, most cereal forage crops use water more efficiently than legumes. 
This situation reveals that species selection directly affects production success 
under water-limited conditions. However, in water-limited environments, the 
success of forage crop production is not solely dependent on species selection 
but is also influenced by many environmental factors such as soil type, the 
amount of available water in the plant’s root zone, plant density, the adequacy 
of nutrients, weeds, and pests. In this case, achieving success in water-limited 
production will be possible not only through plant species selection but 
also by optimizing the production system according to the limiting factors 
encountered (Anonymous, 2010). 

In water-limited conditions, it is crucial to select forage crop species with 
high water use efficiency. Recent studies in the literature have demonstrated 
that there are forage crops capable of producing acceptable levels of dry matter 
even under limited water conditions. In this context, increasing water use 
efficiency is possible not only by reducing irrigation amounts but also through 
appropriate species and variety selection, optimizing irrigation methods, 
and improving cultivation practices. Alfalfa (Medicago sativa), with its deep 
root system, perennial structure, and symbiotic nitrogen fixation ability, and 
sorghum (Sorghum bicolor L. Moench), with its C₄ photosynthesis mechanism 
and high drought tolerance, are among the forage crops that stand out in terms 
of water use efficiency. This section will discuss the performance of these two 
species under water limited conditions and management strategies aimed at 
improving water use efficiency. 

3.1.	 Alfalfa (Medicago sativa L.)
Legume forage crops are highly important in forage production due to 

their high crude protein content (Demiroğlu et al., 2008). Furthermore, their 
nitrogen fixation capabilities and the resulting contribution to soil fertility 
make their use essential in water-limited systems. Perennial legume species 
can utilize water and nutrients in the lower soil layers due to their deep taproot 
systems. Because of these characteristics, they exhibit higher resistance to 
environmental conditions than annual legume species. Alfalfa, a perennial 
legume and one of the most important forage plants, is a leading candidate 
for adaptation to arid ecosystems due to its deep root system (Demiroğlu and 
Avcıoğlu, 2010). Alfalfa slows down its growth in conditions with limited 
water availability and then remains stable until rainfall begins or irrigation 
is provided, at which point it rapidly exhibits vegetative growth. Both highly 
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productive and supporting sustainable forage production under changing 
climate conditions, alfalfa is considered a strategic species that can be used in 
water-limited conditions. (Del Pozo et al., 2017).

Irrigation is crucial for the sustainability of alfalfa in regions with arid 
and semi-arid climates. It has been observed that water limitation applied 
throughout the entire period reduces dry matter yield but can improve forage 
quality. However, applying water limitation only during specific growth 
periods, except during the branching stage of alfalfa, generally resulted in 
higher yields. Furthermore, it has been noted that different irrigation systems 
affect alfalfa development, and that subsurface drip irrigation systems are 
more suitable for Medicago sativa than traditional methods. In this context, 
applying water restriction to alfalfa during periods other than the branching 
development stage and using sustainable irrigation methods are considered 
effective approaches (Liu et al., 2021). 

Figure 1. Installation of irrigation system in the alfalfa (Medicago sativa L.) field. 
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Figure 2. Installation of irrigation system in the alfalfa (Medicago sativa L.) field.

The water use efficiency and drought tolerance of alfalfa are not only 
limited to morphological and physiological parameters; there are also 
differences in adaptation to dry conditions among alfalfa genotypes. This 
situation shows that selecting the appropriate genotype is as important as 
the species itself in production systems where water use is limited. Therefore, 
studies conducted in areas experiencing summer drought have shown that 
the water relations and physiological responses of different alfalfa genotypes 
vary to different degrees. For example, in a study investigating the response 
of different alfalfa genotypes to summer drought, the alfalfa plants were 
subjected to a certain degree of water restriction, and plant biomass losses 
under severe water restriction varied depending on the genotype. The genotype 
considered to be more resistant to water-limited conditions was found to 
increase water use efficiency, proline and soluble sugar accumulation, and 
potassium accumulation. In light of these results, the necessity of genotype-
based approaches for production systems under water stress has come to the 
forefront in the mechanisms of drought tolerance in alfalfa (Mouradi et al., 
2018). 

Alfalfa with its deep and extensive root system, has the ability to effectively 
utilize existing water in the soil, but the conversion of this potential into more 
sustainable yields in the field depends largely on both the genotype and soil 
management. Water retention in the root zone and its availability to the plant 
can be increased through some innovative practices. For example, it is known 
that biochar increases the water retention capacity of the soil and stabilizes 
yield by providing this under both limited and irrigation conditions. Although 
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traditional fertilization practices provide short-term yield increases, it has been 
observed that this effect varies over time depending on the irrigation regime, 
and that innovative approaches such as biochar provide more sustainable and 
balanced production opportunities. This situation has revealed the need to 
support the plant with soil management strategies that help it retain water in 
the root zone under limited water conditions (El Moussaoui et al., 2024). 

In addition to practices that support water conservation in the root 
zone, nutrient management and irrigation frequency management affect 
alfalfa’s performance under water stress. A study conducted showed that high 
irrigation frequency and excessive water use did not actually increase yield; 
on the contrary, an irrigation strategy with less water and longer irrigation 
intervals resulted in higher dry matter yield and forage quality. Phosphorus 
fertilization is of great importance for alfalfa yield and forage quality under 
water stress. This is because this practice supports root development and 
energy metabolism in the plant, and is a practice that can increase both feed 
quality and feed yield. This actually shows that nutrient management is very 
important when water is limited. Successful production can be achieved under 
water-limited conditions with localised irrigation, appropriate irrigation 
intervals, and balanced phosphorus fertilisation (Erkovan et al., 2022). 

Alfalfa is a perennial legume and its performance under water stress 
has been shown in various studies to be related not only to its physiological 
processes but also to the functioning of the root rhizobium symbiosis. In a 
study investigating how different rhizobial strains affect alfalfa growth under 
water-limited conditions, it was found that, in addition to genotype selection, 
establishing symbiosis with suitable rhizobial strains can also increase 
tolerance to water stress. Therefore, when controlled irrigation, genotype 
selection, appropriate fertilization, soil management, and legume-rhizobium 
interaction, which were considered in previous studies, are taken holistically, 
more sustainable alfalfa production systems that are resistant to limited 
conditions can be achieved (Mouradi et al., 2016).

Studies conducted under water limited conditions in alfalfa fields have 
shown that quality and yield are not determined by a single factor, but are 
influenced by factors such as the timing and method of irrigation. Research 
findings show that excessive water application does not always increase yield; 
on the contrary, applying the right amount of water in limited quantities 
during the appropriate growth period of the plant can preserve both dry matter 
production and feed quality.  Irrigation methods are also very important. It 
is possible to obtain yields using less water by using subsurface irrigation 
systems instead of traditional irrigation methods.
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Figure 3. The difference between full irrigation and deficit irrigation in a alfalfa field 
(Anonymous, 2021)

3.2. Sorghum (Sorghum bicolor L. Moench)
Sorghum, which is one of the most important forage crops in terms of 

water use efficiency, stands out as an alternative forage crop to maize grown 
for silage, especially in regions with limited water resources. Due to the 
effects of climate change, the gradual reduction of under ground and surface 
water resources in arid and semi-arid regions has led to various restrictions 
on the production of irrigation-dependent forage crops. For this reason, the 
importance of species requiring less irrigation has increased. It has been 
demonstrated that sorghum provides a dry matter and feed yield at a level 
acceptable as a good alternative to silage corn. Sorghum’s deep and well-
developed root system enables it to absorb water from the lower layers of the 
soil. As a C4 plant, it can produce higher dry matter per unit of water due to 
its stomatal regulation capacity and efficient water use. Under conditions of 
prolonged water stress, it can limit water loss and continue photosynthesis 
(Contreras et al., 2010; Fardin et al., 2023).

In semi-arid and arid climates experiencing water stress, certain 
physiological responses and yield components of sorghum are crucial for 
determining water use efficiency. As the amount of water available to the 
plant decreases, there are significant declines in some growth parameters 
such as leaf area, plant height, and chlorophyll content, resulting in a decrease 
in biomass and grain yield. However, despite this decline, grain quality 
characteristics are reported to be less affected by water stress. This shows that 
sorghum is a crop that can maintain its quality and nutritional value under 
stressful conditions. (Allamine et al., 2023). 

The severity of the negative effects of water limitation on sorghum 
plants can vary significantly depending on the timing of water limitation 
and the genotype used. In particular, water restriction applied during the 
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plant’s reproductive stage has been shown to cause significant reductions 
in green forage yield and plant height in sorghum. This indicates that the 
plant’s reproductive period is highly sensitive to water stress. In addition, 
different genotypes have been observed to respond differently to applied 
water restriction, enabling the selection of genotypes more suitable for 
limited irrigation. This situation shows that not only limited irrigation but 
also appropriate variety selection can be effective in reducing yield losses in 
sorghum (Ebrahimi, 2022). 

Under water stress, not only irrigation levels but also the plant’s nutrient 
management plays a decisive role in maintaining sorghum yield and feed 
quality. In this context, nitrogen, in particular, stands out as a key nutrient 
directly related to plant growth, biomass formation, and stress tolerance 
(Henrique et al., 2024). A study evaluating different irrigation levels and 
nitrogen applications together showed that increased irrigation levels are not 
always beneficial; although they increase green forage production and yield, 
they can lead to decreases in quality parameters important for forage crops, 
such as crude protein content and digestibility. In contrast, fertilization with 
appropriate nitrogen doses improves leaf area and crude protein content and 
can partially compensate for some quality records in plants under water stress. 
The study shows that the results obtained with moderate water restriction and 
optimal nitrogen application are close to those obtained with full irrigation 
and high nitrogen inputs. Therefore, in regions experiencing water constraints, 
approaches based on water limitation and balanced nitrogen fertilization for 
sorghum offer a more sustainable production model in terms of resource 
conservation, environmental impact, and economics (Kaplan et al., 2019). 

Although the management of nutrients such as irrigation and nitrogen is 
quite important, the strategies developed against water stress in sorghum are 
not limited to these; the use of plant growth regulators and biostimulants has 
also been found to increase plant growth in sorghum under limited irrigation. 
In this context, salicylic acid stands out as a plant growth hormone, and when 
used in combination with different irrigation levels, it has been found to help 
preserve certain photosynthetic activities in sorghum plants. This makes 
salicylic acid a sustainable method that can mitigate the effects of limited 
irrigation  (Marcelino et al., 2024). 

In conclusion, the common findings of the studies indicate that sorghum 
is a forage crop that can maintain its production with limited irrigation. Since 
there are differences in drought tolerance among genotypes, it is essential to 
select suitable genotypes when limited irrigation is to be used. When deficit 
irrigation practices are applied during specific growth stages, yield losses 
can be reduced to acceptable levels and water use efficiency can be increased. 
In addition to deficit irrigation practices, nutrient management in sorghum 
emerges as one of the factors affecting yield. The use of appropriate nitrogen 
doses strengthens plant stress tolerance in water-limited conditions and 
directly increases yield compared to deficit irrigation. Furthermore, plant 
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growth regulators such as salicylic acid, used in sorghum with appropriate 
irrigation strategies, provide very good results in terms of yield.

3.	 CONCLUSION

Water restrictions has become one of the most significant challenges 
facing today’s agricultural systems due to increasing pressure from climate 
change and declining water resources. Studies show that not only the amount 
of water, but also its timing, method, and management style are decisive 
factors in yield and quality. Controlled and well-planned deficit irrigation 
practices, especially when applied during appropriate growth periods, can 
significantly increase water use efficiency with acceptable levels of yield loss.

Modern irrigation systems increase plant tolerance to water stress by 
allowing water to be retained more effectively in the root zone compared to 
traditional methods. In addition, balanced fertilization, appropriate variety 
selection, and cultural practices stand out as key elements supporting plant 
performance under water-constrained conditions. In general, the goal in 
water-deficit agriculture doesn’t aim maximum yield, but to optimize yield 
and quality per unit of water. This approach enables both the sustainability 
of agricultural production and the long-term conservation of limited water 
resources.
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INTRODUCTION

This comprehensive review article delves into the far-reaching 
consequences of invasive plant species on Turkey’s aquatic ecosystems, 
examining the profound impacts on both ecological and socio-economic 
fronts. The proliferation of these non-native species can be attributed to a 
combination of anthropogenic factors, including global climate change, 
a burgeoning population, land use changes, and pollution, which have 
collectively exerted immense pressure on aquatic ecosystems, creating an 
environment conducive to the spread of invasive species (Çolak et al., 2022; 
Durmaz & Karakaya, 2016; Gunacti et al., 2023; Güneralp et al., 2013; Kırım 
et al., 2014; Şenol & Taş, 2023). 

The study zooms in on the presence and effects of six prominent invasive 
species: Eichhornia crassipes, Ludwigia peploides, Azolla filiculoides, 
Stuckenia pectinata, Elodea canadensis, and Elodea nuttallii, which have 
taken hold in Turkey’s aquatic ecosystems. In addition to traditional methods 
such as determining water quality through macrophyte indices (Kızılırmaklı 
et al., 2022), the review highlights the vast potential of modern technologies 
like remote sensing and Geographic Information Systems in detecting and 
monitoring these invasive species. 

The findings paint a stark picture, revealing the intense competitive 
pressures exerted by these species on local biodiversity, leading to a 
deterioration in water quality and a decline in ecosystem services. The 
consequences are twofold: not only do invasive species displace native flora, 
but they also alter ecosystem functions, underscoring the urgent need to 
develop science-based and holistic approaches to safeguard Turkey’s aquatic 
biodiversity and mitigate the negative impacts of invasive species. 

Comprehensive, long-term monitoring studies focusing on invasive 
aquatic plants across all of Turkey’s freshwater systems remain limited, 
making it essential to fill this knowledge gap. The article underscores the 
critical need for integrated research and effective management strategies 
to protect Turkey’s aquatic biodiversity from ongoing biological invasions. 
Turkey, with its diverse aquatic ecosystems, including vast wetlands, lakes, 
and rivers, is a hub of biological diversity. However, these vital habitats face 
escalating environmental pressures from habitat degradation, pollution, 
climate change, and the growing spread of invasive alien species (Çolak et al., 
2022; Tarkan & Marr, 2015). 

The loss of nearly half of Turkey’s original 2.5 million hectares of 
wetlands, primarily due to unsustainable water management and pollution, 
has created a landscape highly susceptible to biological invasions (Kırım et al., 
2014). This ecological degradation provides a fertile ground for invasive plant 
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species to establish, spread, and alter native flora composition and ecosystem 
functions. Water ecosystems, rich in biodiversity and sensitive structures, 
face considerable threats globally due to factors such as human activities and 
climate change (Kırıcı et al., 2025). 

These threats, coupled with the uninformed use of water resources, 
industrial activities, and recreational use, increase the risk of water scarcity 
and raise the possibility of water wars (Dokuyçu & Özdemir, 2025; İlhan 
& Ateşşahin, 2024). The protection of water quality is vital in meeting the 
basic needs of humans and ecosystems (Mazur et al., 2024; Rose et al., 2025). 
Climate projections for the future predict temperature increases and rainfall 
decreases, indicating that water and food security problems will worsen with 
the growing population. Temperature increases caused by global warming 
and climate change intensify the pressure on water resources by increasing 
the risk of drought, making efficient use of water essential, particularly in the 
agricultural sector (Pamuk et al., 2011; Sedat et al., 2013).

Industrialisation and urbanisation speed up the accumulation 
of greenhouse gases in the atmosphere, which intensifies the natural 
greenhouse effect. This, in turn, increases water temperature and disrupts 
the delicate chemical balances in aquatic ecosystems, as seen in studies by 
Atak et al. (2025). The consequences are far-reaching: dissolved oxygen levels 
plummet, directly harming the physiology, reproduction, and distribution 
of aquatic organisms. This can even trigger serious ecological disturbances 
like eutrophication, a phenomenon observed by Anabtawi et al. (2025), Fusi 
et al. (2025), and Liu et al. (2025). The Mediterranean basin is particularly 
vulnerable, with climate change and overuse of water resources expected to 
cause significant water loss, threatening the water balance and biodiversity 
of lakes in Turkey’s semi-arid regions, as warned by Çolak et al. (2022). 
Moreover, pollutants like heavy metals can enter aquatic ecosystems, where 
they are absorbed by plants that mistake them for essential nutrients. These 
toxins then move up the food chain, eventually reaching humans and other 
living organisms, leading to serious health problems, as documented by Fusi 
et al. (2025) and Kanwal et al. (2024). The impacts of this toxic chain reaction 
can be devastating, underscoring the need for urgent action to mitigate the 
effects of industrialisation, urbanisation, and climate change on our planet’s 
precious aquatic ecosystems.

In Turkey’s water areas, invasive plant species are wreaking havoc on 
aquatic ecosystems, threatening the health and sustainability of these delicate 
environments. To combat this, it is crucial that we thoroughly examine the 
changes these invasive plants bring about in flora, as well as their far-reaching 
effects on water quality and biodiversity. By doing so, we can gain a deeper 
understanding of how invasive species place pressure on ecosystem functions, 
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compete with native species for resources, and alter the very structure of 
aquatic habitats. Research conducted in Turkey has revealed a considerable 
increase in the introduction and spread of non-native species, which poses a 
significant threat to existing ecosystems (Çinar et al., 2021). Human activities, 
such as urbanization, agricultural pursuits, and the resulting changes in 
land use and land cover, are largely to blame for the decline in lake water 
quality and quantity (Durmaz & Karakaya, 2016; Gunacti et al., 2023; Şenol 
& Taş, 2023). For instance, as cities expand, they often encroach upon natural 
habitats, leading to the destruction of native flora and fauna. Similarly, the 
intense use of fertilizers and pesticides in agriculture can pollute waterways, 
creating an environment conducive to the growth of invasive species.

It is crucial to uncover the far-reaching ecological, hydrological, and 
socio-economic repercussions of floristic changes triggered by invasive plant 
species in Turkey’s aquatic areas through an exhaustive literature review. The 
pressing need for understanding these changes is exacerbated by the dual 
threats of global climate change and burgeoning population pressure on water 
resources, which subject sensitive ecosystems like lagoons to relentless shocks 
and directional alterations. For instance, the lagoons along Turkey’s Aegean 
coast, such as the Izmir Bay and the Gediz Delta, are highly susceptible to 
these disturbances. In this context, the rapid proliferation of algae and 
eutrophication processes sparked by rising temperatures block sunlight from 
penetrating the water’s surface, thereby degrading aquatic vegetation and 
transforming wetlands into swamps (Aktaş, 2014; Katip et al., 2025; Şahin 
& Topkaya, 2018; Yilmaz & Yazicigil, 2010). This degradation has disastrous 
consequences, including the shrinkage of habitats for local flora and fauna, 
while simultaneously creating an environment conducive to the spread of 
invasive species (Katip et al., 2025; Khotsa et al., 2025; Milotic et al., 2025). 
The invasion of protected wetlands by species such as Elodea canadensis, for 
instance, can have devastating effects on native aquatic plants, ultimately 
culminating in biodiversity loss (Ikinci, 2023). This is exemplified in the 
wetlands of the Manyas Lake, a crucial stopover for migratory birds, where 
the proliferation of Elodea canadensis has been shown to displace native plant 
species, thereby disrupting the delicate balance of the ecosystem.

Dynamic changes in water resources necessitate a basin-based, integrated 
approach to ensure sustainable management and mitigate the negative impacts 
of invasive species. Biotechnological methods, successfully used in medicinal 
and aromatic plant propagation, could offer innovative solutions for invasive 
species control, as demonstrated by Sezgin and Kapdan (2019). In Turkey, 
developing integrated water management strategies and biocontrol methods 
is crucial for protecting aquatic ecosystems and minimizing the harm caused 
by invasive species, as emphasized by Burak (2008) and Yuksel (2015). 
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Understanding the intricate relationships between water quality, quantity, 
and ecosystem health is vital for sustainable water resource management, as 
highlighted by Kirtorun et al. (2018). The structural and functional changes 
in sensitive coastal ecosystems, such as lagoons, are a pressing concern. These 
ecosystems are fragile and vulnerable to human activities, including land 
demands, pollution, and inadequate management, which negatively impact 
traditional aquaculture and fishing (Dokuyucu & Özdemir, 2025). 

The fragile nature of coastal lagoons necessitates continuous monitoring 
of environmental factors and pollution levels to protect these ecosystems 
and ensure sustainable fishing and tourism activities (Dokuyucu & Nedim 
Özdemir, 2019; Dokuyucu & Özdemir, 2025). Changes in water sources, 
like the Büyükçekmece Reservoir, have created new habitats for invasive 
species, leading to profound changes in fish fauna (Aydın & Şahin, 2023). 
This situation demands a detailed examination of invasive species spread 
patterns and effects, as well as the role of changes in salinity, trophic level, and 
hydrological regimes in their colonization (Aydın & Şahin, 2023; Dokuyucu 
& Özdemir, 2025). 

Regular monitoring of lagoon hydrodynamics and sediment structure, 
control of pollution sources, and protection of biodiversity are key strategies 
for sustaining these sensitive ecosystems (Dokuyucu & Nedim Özdemir, 2019; 
Dokuyucu & Özdemir, 2025). These strategies will enable the development 
of science-based approaches for controlling invasive plant species in aquatic 
ecosystems and restoring local biodiversity (Burak, 2008; Dokuyçu & Nedim 
Özdemir, 2019; Dokuyçu & Özdemir, 2025). A comprehensive assessment will 
serve as a critical guide for developing future conservation and management 
plans, making significant contributions to the protection of Turkey’s aquatic 
biodiversity.

MATERİALS AND METHODS 

This review article provides a comprehensive overview of the current 
scientific understanding of invasive plant species in aquatic environments 
in Turkey, with a focus on the changes in flora that have occurred in recent 
years. The methodologies presented here are based on a thorough compilation 
of approaches used by researchers in various studies on this topic in Turkey. 
To identify relevant studies published in recent years, an extensive literature 
search was conducted across multiple academic databases and archives, 
including the user’s compiled library collection and external academic sources. 
The search terms used included “invasive aquatic plants in Turkey”, “alien 
aquatic flora in Turkey”, “aquatic macrophytes in Turkey”, “flora changes in 
wetlands in Turkey”, and “invasive species in lakes in Turkey”. This search 
targeted peer-reviewed articles, reports, and theses that provided empirical 
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data, methodological details, and ecological assessments on the distribution, 
impact, and monitoring of invasive aquatic flora in Turkey. Additionally, 
review articles and general summaries were considered to establish broader 
ecological contexts and trends. By comparing past and current flora records, 
this study will determine changes in species composition, with a particular 
focus on the spread rates of invasive species, their effects on local vegetation, 
and the environmental factors triggering these changes. For instance, the rapid 
spread of invasive species like water hyacinth and alligator weed in Turkey’s 
lakes and wetlands has resulted in significant changes to local vegetation, 
with native species being outcompeted for resources. This, in turn, has had a 
ripple effect on the entire ecosystem, leading to declines in biodiversity and 
ecosystem function. The analyses presented here will form a critical basis for 
determining the pollution levels of aquatic ecosystems and identifying rational 
usage objectives. Furthermore, by evaluating the potential contributions of 
climate change and anthropogenic effects to these changes, this methodology 
will guide the determination of future invasive species management strategies. 
For example, understanding the role of climate change in altering water 
temperatures and levels can inform the development of strategies to mitigate 
the spread of invasive species. Similarly, recognizing the impact of human 
activities like agriculture and urbanization on aquatic ecosystems can lead 
to the development of more targeted and effective management approaches. 
This provides an effective framework for developing sustainable management 
strategies and achieving biodiversity conservation goals in Turkey’s aquatic 
environments.

RESULTS

The findings will provide a detailed overview of the current status, spread 
dynamics, and environmental impacts of invasive plant species in Turkey’s 
aquatic areas. These results will underscore the pressure invasive species 
exert on ecosystem structure and functions, backed by quantitative data, 
particularly concerning the changes in flora observed in recent years. This 
information will be vital for developing future conservation and management 
strategies, offering insights into species concentrated in specific regions and 
their spread patterns. It will help prioritize urgent conservation measures and 
restoration efforts by identifying the vulnerabilities of aquatic ecosystems 
and threatened habitats. Moreover, data collected through geographic 
information systems will allow for the visualization of spatial distribution 
patterns and potential spread pathways of invasive species, aiding in the 
design of targeted control and eradication programs (Döndü, 2020; Döndü et 
al., 2024). While Turkey boasts rich biodiversity within its aquatic ecosystems, 
it faces significant threats from invasive plant species. Recent studies have 
highlighted the spread of certain species, particularly those that cover water 
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surfaces or grow underwater. Species with rapid growth and reproduction 
rates compete with local flora, disrupting ecosystem balance and adversely 
affecting water resource utilization (Mayfield et al., 2021; Nimma et al., 2025; 
Omweno et al., 2024). This situation results in considerable deterioration of 
aquatic habitats’ structure and functionality, alongside biodiversity loss (Doi 
et al., 2013; Salvatierra et al., 2025). Additionally, infrastructure projects, such 
as hydroelectric power plants, can fragment natural habitats and contribute to 
biodiversity loss (Bulut, 2022; Şatır & Yeler, 2018; Yaman, 2017).

Turkey possesses a rich biodiversity in terms of aquatic ecosystems, but 
it is under threat from invasive plant species. Recent studies have highlighted 
the spread of certain species, particularly those that cover the water surface 
or grow underwater.

Table 1. Aquatic Invasive plants identified in Turkey in recent years. 

Aquatic 
Invasive 
Plant

Common 
Name

Way of 
Life

Defined 
Research Year  Information

Eichhornia 
crassipes

Common 
water 
hyacinth

Free 
Floating

(Uremis 
et al., 
2014)

2015

It is a tropical species listed on 
the European and Mediterranean 
Plant Protection Organisation’s 
A2 List, which spreads rapidly 
and damages ecosystems by 
covering the water surface.

Ludwigia 
peploides

Creeping 
Water 
Primrose

Floating 
or 
Rooted

(Aslan & 
Aksoy, 
2015)

2015

It is an aquatic plant listed in the 
EPPO List as present in Turkey, 
capable of both floating on water 
and rooting in it, possessing a 
spreading structure.

Azolla 
filiculoides 
Lam.

Water fern Free 
Floating

(Ünal & 
Üzen, 
1996)

2015

It is a small, free-floating aquatic 
fern listed on the EPPO Watch 
List and reported in the flora of 
Turkey.

Stuckenia 
pectinata

Sago 
pondweed Sunken

(Demir 
et al., 
2021)

2021

It has been noted that the 
Kızılırmak River exhibits 
excessive growth, which has 
significant effects on aquatic 
ecosystems. It lives completely 
submerged in water.
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The species listed in the table above are examples of aquatic invasive 
plants that are prominent in Turkey. In particular, a study published in 2015 
(Uremis et al., 2014). Revealed the status of some species on the EPPO lists in 
Turkey. Another study conducted in 2021 (Demir et al., 2021) drew attention 
to the excessive growth of Stuckenia pectinata in the Kızılırmak River.

The Status of Invasive Aquatic Plants Worldwide

The surge in global trade has drastically altered the natural landscape, with 
thousands of species being transported worldwide and aquatic ecosystems 
facing unprecedented threats. Invasive aquatic plants, in particular, have 
emerged as a major concern, causing widespread ecological and economic 
damage. For instance, the introduction of non-native species has disrupted 
the intricate balance of native macrophyte communities, leading to a decline 
in invertebrate species richness and abundance, reduced oxygen levels, and a 
restructured food web (Hassan & Nawchoo, 2020; Havel et al., 2015; Mayfield 
et al., 2021b).

Notorious invaders like Elodea nuttallii and Elodea canadensis have 
spread rapidly across freshwater habitats, sparking international attention. 
These species thrive in diverse environmental conditions, exhibits rapid 
growth rates, and possess high dispersal potential, making them challenging 
to control (Barrat-Segretain, 2005; Qi et al., 2025; Zehnsdorf et al., 2015). Their 
impact is likened to a “tipping point,” where the ecosystem’s natural balance is 
irreversibly altered, leading to catastrophic consequences.

The struggle to manage and control invasive aquatic plants is further 
complicated by the high connectivity of marine environments. This 
connectivity enables species to spread rapidly across vast distances, making 
containment a significant challenge. Moreover, the effectiveness of control 
methods, including chemical, physical, and biological approaches, is highly 
dependent on the specific species and application conditions, underscoring 
the need for a more nuanced and adaptive management strategy (Gallardo et 
al., 2016).

DISCUSSION

In recent years, Turkey has faced an increasing threat from aquatic 
invasive plants, including species like Eichhornia crassipes, Ludwigia 
peploides, Azolla filiculoides, Stuckenia pectinata, Elodea canadensis, and 
Elodea nuttallii. These species, which have been identified in various parts 
of the country, are not unique to Turkey and cause significant problems 
worldwide. The global issue of invasive species has fostered international 
cooperation to combat this threat, and Turkey is an integral part of these 
efforts. However, the country also faces specific local challenges. For instance, 
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the rapid growth of Stuckenia pectinata in the Kızılırmak River, as reported 
by Demir et al. in 2021, highlights the vulnerability of local ecosystems to 
these invasive species. Moreover, the widespread spread of Elodea canadensis 
to many protected wetlands in Turkey, as acknowledged by Ikinci in 2023, 
underscores the potential of invasive species to threaten even areas with 
protected status. This is particularly concerning, as protected areas are meant 
to provide a safe haven for native species and ecosystems.

While international research sheds light on the devastating impacts of 
invasive species on ecosystems and the challenges of controlling them, local 
studies in Turkey reveal the unique ways this global issue unfolds within the 
country’s borders. The Turkish landscape, with its diverse geography and 
climate, offers a distinct backdrop for studying the spread of invasive aquatic 
plants. However, there is still a pressing need for more in-depth and up-to-date 
research on the spread dynamics of these plants, their long-term ecological 
consequences, and the effectiveness of specific management strategies tailored 
to Turkey’s context. 

International examples offer valuable lessons, particularly in the 
development of large-scale monitoring programmes and regulatory 
frameworks. For instance, the United States has implemented the National 
Invasive Species Council, which coordinates efforts across federal agencies 
to combat the spread of invasive species. Similarly, in Turkey, government 
agencies, scientists, and local communities must work together to develop 
comprehensive management plans. The integration of cutting-edge 
technologies, such as remote sensing and GIS, holds great promise for 
improving invasive species monitoring and detection, especially in countries 
with vast territories like Turkey. As Damijanić (2021) notes, these innovative 
approaches can help develop more effective management strategies, ultimately 
safeguarding Turkey’s delicate ecosystems and the biodiversity they support.

Aquatic invasive plant problems in Turkey mirror the global crisis, where 
non-native species threaten native ecosystems. International cooperation 
and knowledge sharing are crucial in combating these threats, as seen in 
the successful collaborative efforts of European Union member states to 
control the spread of aquatic invaders. In Turkey, continuous monitoring 
of waterways and early warning systems can help detect invasive species 
before they cause harm, buying time for authorities to respond. Developing 
integrated management plans tailored to local conditions, such as the unique 
characteristics of Turkey’s freshwater lakes and rivers, is vital in protecting 
the country’s aquatic biodiversity. For instance, the management plan for 
Lake Sapanca, a popular tourist destination, could involve local residents, 
fishermen, and scientists in the monitoring and control of invasive species. 
In this context, a thorough analysis of the ecological and economic costs of 
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biological invasions, such as the impact of invasive water hyacinth on fisheries 
and water treatment facilities, highlights the importance of evidence-based 
decision-making for policymakers. By understanding the full scope of these 
costs, policymakers can make informed decisions about allocating resources 
to combat invasive species and mitigate their effects, ultimately protecting 
Turkey’s unique aquatic ecosystems.

CONCLUSION

Turkey’s aquatic ecosystems are under siege from invasive plant species, 
and this review article sounds the alarm. By analyzing the dynamics of these 
aggressive invaders, the article reveals the full extent of their impact on native 
flora and ecosystems. The research zeroes in on recent changes, providing a 
precise measurement of the pressure invasive species exert on these delicate 
ecosystems. This knowledge is crucial for informing future studies and policy 
decisions. The article emphasizes that social impact assessments are vital in 
urban transformation processes, ensuring that human-nature interactions 
are sustainable. It also highlights the need for cooperation between local and 
central governments to protect urban green spaces and prevent the spread 
of invasive species. Public awareness and participation are key to preventing 
environmental disasters like water pollution and biodiversity loss. To combat 
the invasive species threat, future research must adopt a multifaceted 
approach, examining the ecological, economic, and social factors at play. This 
will enable the development of effective preventative measures. The impact 
of climate change and human activities on invasive species spread rates must 
be investigated, and innovative biocontrol methods developed to slow their 
advance. The article stresses that sustainable management strategies and early 
detection systems are essential for preventing invasive species from gaining 
a foothold and controlling their spread. Advanced technologies like satellite-
based remote sensing and AI-supported analysis offer powerful tools for 
early detection and mapping the spread of invasive species. These cutting-
edge monitoring capabilities will provide a more accurate understanding 
of invasive species dynamics, enabling targeted control strategies to protect 
ecosystem health.



 . 295INTERNATIONAL COMPILATION OF RESEARCH AND STUDIES IN THE FIELD OF 
AGRICULTURE, FORESTRY AND AQUACULTURE SCIENCES

REFERENCES 
Adapting to the future: Sustainable water resource management in a changing climate. 

(2026). 175–188. https://doi.org/10.1016/B978-0-443-26777-2.00010-7

Aktaş, Ö. (2014). Impacts of climate change on water resources in Turkey. Environ-
mental Engineering and Management Journal, 13(4), 881–889. https://doi.
org/10.30638/EEMJ.2014.092

Anabtawi, H. M., Ikhlaq, A., Kumar, S., Rafique, S., Hassan, A. A., Anabtawi, H. M., 
Ikhlaq, A., Kumar, S., Rafique, S., & Hassan, A. A. (2025). Addressing Challen-
ges for Eco-Friendly and Sustainable Wastewater Treatment Solutions Using 
Extremophile Microorganisms. Sustainability 2025, Vol. 17, 17(6). https://doi.
org/10.3390/SU17062339

Aslan, Z. F., & Aksoy, E. (2015). An İnvasive Aqatic Plant Threatened to Turkey: Lu-
dwigia peploides (Kunth) P.H. Raven (Creeping Water Primrose). Turkish 
Journal of Weed Science, 18(3), 38–39. https://dergipark.org.tr/en/pub/tjws/
article/508233

Atak, B. K., Tonyaloğlu, E. E., Atak, B. K., & Tonyaloğlu, E. E. (2025). Assessing the 
Spatiotemporal Dynamics of Regional Ecosystem Health in Aydın Province, 
Türkiye. Sustainability 2025, Vol. 17, 17(23), 10522. https://doi.org/10.3390/
SU172310522

Bozorg-Haddad, O. (Ed.). (2022). Climate Change in Sustainable Water Resources 
Management. https://doi.org/10.1007/978-981-19-1898-8

Burak, S. (2008). Overview of Water Management in Turkey: Issues, Constraints, Ac-
hievements, Prospect. Sustainable Use and Development of Watersheds, 151–
171. https://doi.org/10.1007/978-1-4020-8558-1_10

Ciampittiello, M., Marchetto, A., & Boggero, A. (2024). Water Resources Management 
under Climate Change: A Review. Sustainability (Switzerland) , 16(9). https://
doi.org/10.3390/SU16093590/S1

Çinar, M. E., Bilecenoğlu, M., Yokeş, M. B., Öztürk, B., Taşkin, E., Bakir, K., Doğan, 
A., & Açik, Ş. (2021). Current status (as of end of 2020) of marine alien species 
in Turkey. PLoS ONE, 16(5), e0251086. https://doi.org/10.1371/JOURNAL.
PONE.0251086

Çolak, M. A., Öztaş, B., Özgencil, İ. K., Soyluer, M., Korkmaz, M., Ramírez‐garcía, A., 
Metin, M., Yılmaz, G., Ertuğrul, S., Tavşanoğlu, Ü. N., Amorim, C. A., Özen, 
C., Yağcı, M. A., Yağcı, A., Pacheco, J. P., Özkan, K., Beklioğlu, M., Jeppesen, E., 
& Akyürek, Z. (2022). Increased Water Abstraction and Climate Change Have 
Substantial Effect on Morphometry, Salinity, and Biotic Communities in Lakes: 
Examples from the Semi‐Arid Burdur Basin (Turkey). Water (Switzerland), 
14(8). https://doi.org/10.3390/W14081241/S1

Demir, N., Balci, E. O., Fakioglu, O., Keskin, E., & Coskun, T. (2021). Excessive growth 
of fennel pondweed (Stuckenia pectinata) in the Kizilirmak river, Cappadocia, 
Turkey. Applied Ecology and Environmental Research, 19(5), 4055–4067. htt-
ps://doi.org/10.15666/AEER/1905_40554067



296  . Koray KAÇAN  & Nedim ÖZDEMİR 

Dokuyucu, A., & Özdemir, N. (2025, January). Boğaziçi Tuzla Lagünü’nde ağır metal 
kirliliğinin araştırılması. https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSo-
nucYeni.jsp

Durmaz, F., & Karakaya, N. (2016). Spatiotemporal Change Detection Analysis of Tur-
kish Lake Water Surface Area in Response to Anthropogenic Ecosystem Dis-
turbances Using Long-Term Landsat TM/ETM+ Data. Journal of Ecosystem & 
Ecography, 6(2). https://doi.org/10.4172/2157-7625.1000188

Fusi, M., Stephenson, F., Navarrete, S. A., Tapia, F. J., Largier, J. L., Marasco, R., Rue-
ger, T., MacDonald, C., Daffonchio, D., Fernandez, M., Wieters, E. A., Booth, 
J., Daghio, M., Sugden, H., Scaife, K., Evans, D. M., Moore, P., & Baldanzi, S. 
(2025). The ecology of the oxyscape in coastal ecosystems. Trends in Ecology & 
Evolution, 40(8), 791–804. https://doi.org/10.1016/J.TREE.2025.06.008

Gunacti, M. C., Gul, G. O., Cetinkaya, C. P., Gul, A., & Barbaros, F. (2023). Evaluating 
Impact of Land Use and Land Cover Change Under Climate Change on the 
Lake Marmara System. Water Resources Management, 37(6–7), 2643–2656. 
https://doi.org/10.1007/S11269-022-03317-8

Güneralp, B., Tezer, A., & Albayrak, İ. (2013). Local assessment of İstanbul: Biodiver-
sity and ecosystem services. Urbanization, Biodiversity and Ecosystem Servi-
ces: Challenges and Opportunities: A Global Assessment, 291–311. https://doi.
org/10.1007/978-94-007-7088-1_16

Ikinci, N. (2023). Invasion history and distribution of the aquatic alien Elodea cana-
densis (Hydrocharitaceae) in Turkey. Biologia, 78(5), 1363–1373. https://doi.
org/10.1007/S11756-022-01297-Z

İlhan, M., & Ateşşahin, T. (2024). Tatlısulardaki Bazı İstilacı Türler Ve Mücadele Yön-
temleri. NWSA Academic Journals, 19(1), 16–30. https://doi.org/10.12739/
NWSA.2024.19.1.5A0207

Institute of Medicine (US) Roundtable on Environmental   Health Sciences, R. and 
M. (2009). The Environmental Pillar of Sustainable Water: Ecological Services. 
https://www.ncbi.nlm.nih.gov/books/NBK50775/

Kanwal, H., Raza, A., Zaheer, M. S., Nadeem, M., Ali, H. H., Manoharadas, S., Rizwan, 
M., Kashif, M. S., Ahmad, U., Ikram, K., Riaz, M. W., & Rasool, F. (2024). 
Transformation of heavy metals from contaminated water to soil, fodder and 
animals. Scientific Reports 2024 14:1, 14(1), 11705-. https://doi.org/10.1038/
s41598-024-62038-7

Katip, A., Anwar, A., Katip, A., & Anwar, A. (2025). Modeling the Influence of Climate 
Change on the Water Quality of Doğancı Dam in Bursa, Turkey, Using Ar-
tificial Neural Networks. Water 2025, Vol. 17, 17(5). https://doi.org/10.3390/
W17050728

Khotsa, M. D., Mkolo, N. M., Motshudi, M. C., Mphephu, M. M., Makhafola, M. A., 
& Naidoo, C. M. (2025). A Comprehensive Review of the Biology, Ecological 
Impacts, and Control Strategies of Eichhornia crassipes. Diversity 2025, Vol. 
17, 17(8). https://doi.org/10.3390/D17080564



 . 297INTERNATIONAL COMPILATION OF RESEARCH AND STUDIES IN THE FIELD OF 
AGRICULTURE, FORESTRY AND AQUACULTURE SCIENCES

Kırıcı, M., Özdemir, N., & Haspolat, Yusuf. K. (2025, September). SUCUL EKOSİS-
TEMDE BİYOLOJİK ETKİLEŞİMLER. https://www.researchgate.net/publica-
tion/395685383_SUCUL_EKOSISTEMDE_BIYOLOJIK_ETKILESIMLER

Kırım, B., Çoban, D., & Güler, M. (2014). Floatıng Aquatıc Plants And Theır Impact 
On Wetlands In Turkey.

Kızılırmaklı, A., Cabi, E., Demir, O., & Turan, N. (2022). Determination of water qua-
lity in the Western Mediterranean River basin in Türkiye by using macrophyte 
indexes. https://doi.org/10.21203/RS.3.RS-2269348/V1

Liu, J. M., Zhao, H. Y., Emmanuel, C., Fan, T. H., Deng, W., & Zhang, Y. F. (2025). In-
terdisciplinary strategies for the management of harmful algal blooms: prospe-
cts & comprehensive review. Discover Environment 2025 3:1, 3(1), 93-. https://
doi.org/10.1007/S44274-025-00304-9

Mazur, R., Kowalewski, Z., Głowienka, E., Santos, L., Jakubiak, M., Mazur, R., Kowa-
lewski, Z., Głowienka, E., Santos, L., & Jakubiak, M. (2024). Sustainability in 
Aquatic Ecosystem Restoration: Combining Classical and Remote Sensing 
Methods for Effective Water Quality Management. Sustainability 2024, Vol. 16, 
16(9). https://doi.org/10.3390/SU16093716

Milotic, M., Milotic, D., & Koprivnikar, J. (2025). Dense aquatic vegetation can redu-
ce parasite transmission to amphibians. International Journal for Parasitology, 
55(2), 95–102. https://doi.org/10.1016/J.IJPARA.2024.11.003

Pamuk, G., Anaç, S. M., & Ozcakal, E. (2011, January). Kuraklık Yönetim Stratejile-
ri. https://www.researchgate.net/publication/330083922_Kuraklik_Yonetim_
Stratejileri

Rose, J. B., Örmeci, B., & Aw, T. G. (2025). Water Quality and Health: An Ecological 
Perspective. Water & Ecology, 1(2), 100007. https://doi.org/10.1016/J.WATE-
CO.2025.100007

Şahin, H., & Topkaya, B. (2018). İklim değişikliğinin su kaynakları üzerindeki etkileri 
Su kaynaklarının sürdürülebilir yönetimi Su ayak izi. https://www.researchga-
te.net/publication/393230778_Iklim_degisikliginin_su_kaynaklari_uzerinde-
ki_etkileri_Su_kaynaklarinin_surdurulebilir_yonetimi_Su_ayak_izi

Sedat, A. E. :, Kuraklık Ve Tarımsal, K., Yönetimi, S., Çakmak, B., & Gökalp, Z. (2013). 
Kuraklık ve Tarımsal Su Yönetimi. Gaziosmanpaşa Bilimsel Araştırma Dergisi, 
4, 1–11. https://dergipark.org.tr/tr/pub/gbad/article/319546

Şenol, C., & Taş, M. A. (2023). Trends of changing land use dynamics in the Terkos 
Lake basin between 1980 and 2023 and their impact on natural ecosystems. 
Frontiers in Life Sciences and Related Technologies, 4(1), 20–31. https://doi.
org/10.51753/FLSRT.1250948

Sezgin, M., & Kapdan, E. (2019). Türkiye’de Bazı Tıbbi ve Aromatik Bitkilerin Biyotek-
nolojik Yöntemlerle Çoğaltılma Çalışmaları. Kommagene Biyoloji Dergisi, 3(2), 
124–131. https://doi.org/10.31594/COMMAGENE.630518



298  . Koray KAÇAN  & Nedim ÖZDEMİR 

Tarkan, A. S., & Marr, S. M. (2015). Non-native and translocated freshwater fish 
species in Turkey. Fishes in Mediterranean Environments, 2015. https://doi.
org/10.29094/FISHMED.2015.003

Ünal, M., & Üzen, E. (1996). A new aquatic fern record for the flora of Turkey: Azol-
la filiculoides Lam. Turkish Journal of Botany, 20(4), 379–381. https://doi.or-
g/10.55730/1300-008X.2626

Uremis, I., Uludag, A., Arslan, Z. F., & Abaci, O. (2014). A new record for the flora of 
Turkey: Eichhornia crassipes (Mart.) Solms (Pontederiaceae). EPPO Bulletin, 
44(1), 83–86. https://doi.org/10.1111/EPP.12096

Yilmaz, K. K., & Yazicigil, H. (2010). Potential Impacts of Climate Change on Turkish 
Water Resources: A Review. NATO Advanced Research Workshop on Effect of 
Climate Change on Water Resources - Issues of National and Global Security, 
3, 105–114. https://doi.org/10.1007/978-94-007-1143-3_12

Yuksel, I. (2015). Water management for sustainable and clean energy in Turkey. Ener-
gy Reports, 1, 129–133. https://doi.org/10.1016/J.EGYR.2015.05.001

 



Chapter

Ömer Faruk YILMAZ1

Mehmet Akif ÇAM2

1  PhD Student / Department of Animal Science, Faculty of Agricultural, University of 
Ondokuz Mayıs, 55139, Atakum, Samsun, Türkiye. omer.yilmaz@omu.edu.tr, ORC ID: 
0000-0002-1411-7897
2  Prof. Dr. / Department of Animal Science, Faculty of Agricultural, University of Ondokuz 
Mayıs, 55139, Atakum, Samsun, Türkiye. makifcam@omu.edu.tr, ORC ID: 0000-0003-
3407-3913

THE ECOLOGICAL ROLE OF GOAT GRAZING IN 
FOREST FIRE PREVENTION

18



300  . Ömer Faruk YILMAZ & Mehmet Akif ÇAM

INTRODUCTION

Forests constitute approximately one-third of the Earth’s total land area 
and provide a plethora of ecosystem services, including carbon storage, climate 
regulation, contribution to the water cycle, and erosion control. Moreover, 
they serve as the most significant habitats for biodiversity (Torres-Fajardo et 
al., 2024). However, these ecosystems are becoming increasingly fragile due to 
the impact of climate change and human activities. Forest fires, in particular, 
lead to the disruption of ecological functions and irreversible damage (Tüzel 
et al., 2020; Ünlü, 2025). Climate conditions, fuel load, and human impact 
are among the determining factors in the occurrence of fires; increasing 
temperatures and decreasing humidity further increase the ignition potential 
of this load, consisting of dry grass, shrubs, and undergrowth (Wasserman 
and Mueller, 2023). Therefore, not only firefighting activities but also fire 
prevention strategies are of great importance (Gjedrem and Metallinou, 2023; 
Ünlü, 2025).

The majority of forest fires worldwide are caused by human activity. 
Power lines, forestry operations, recreational activities and train services are 
among the most common causes of ignition (Syphard and Keeley, 2015). The 
frequency of fires in rural border areas increases in line with human activity. 
However, this frequency decreases in areas with dense urbanisation (Cochrane 
and Bowman, 2021). Fire severity is related to factors such as biomass density 
and type, climatic conditions, and proximity to residential areas. Conversely, 
response capacity is influenced by geographic features, the time of day and 
climatic factors. Due to the limited experience and number of teams in rural 
areas, they are often insufficient in fighting fires.

The Turkish Language Association defines fire as “a large fire that causes 
damage” (Turkish Language Association, 2025). The classical fire triangle 
consisting of “fuel, oxygen, and heat” has been utilised as the basis for many 
years in explaining fires (Drysdale, 1985). However, a more comprehensive 
triangular approach that includes fuel, topography, and weather conditions 
has also been developed for the assessment of forest and rural fires (Tolhurst, 
2009). The alteration of land use practices, coupled with the cessation of 
controlled burning techniques, has resulted in an escalation in biomass 
accumulation, thereby augmenting the risk of fire (Donovan and Brown, 
2007; Log et al., 2017; Log et al., 2020). Furthermore, migration to rural areas 
and the increase in new settlements around metropolitan areas have led to the 
expansion of the wildland-urban interface (WUI) (Radeloff et al., 2018; Bento-
Gonçalves and Vieira, 2020). The increase in the population living in these 
areas, coupled with the number of residences potentially affected by fires, has 
served to underscore the importance of the concept of WUI. According to 
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Anton and Lawrence (2016), this concept is used for areas where settlements 
are intertwined with natural vegetation.

While traditional methods such as controlled burning have been 
prominent in forest fire prevention, particularly in forest margins, interest in 
sustainable and nature-friendly strategies is increasing today. The grazing of 
goats, which have a high tendency to consume thorny and shrubby vegetation, 
especially in forested areas, is considered a natural solution that reduces 
fuel loads, supports biodiversity, and contributes to ecosystem balance in 
fire-prone areas (Boyazoglu et al., 2005; Bilgili et al., 2017; Can and Yılmaz, 
2022). In a similar manner, silvopastoral systems – defined as sustainable 
agricultural approaches integrating forest and pasture management – 
offer a holistic approach that both reduces fire risk and provides economic 
benefits (Rigueiro-Rodríguez et al., 2005). Extensive research conducted in 
Mediterranean ecosystems has demonstrated that the presence of goats within 
these environments has a positive impact on fire risk mitigation, a consequence 
of the reduction in understory vegetation observed (Mancilla‐Leytón et al., 
2013). The utilisation of ovine species for the purpose of vegetation clearance 
beneath solar panels, a practice that has witnessed considerable proliferation 
in recent years, serves as a pertinent illustration of this methodology (Stewart 
et al., 2025).

In WUI areas, the implementation of mechanical thinning and controlled 
burning to mitigate fire risk has been observed to be occasionally ineffective 
and may not be endorsed by local residents. Therefore, there is an increasing 
demand for biologically based alternative strategies. Reducing flammable 
vegetation through grazing by goats stands out as a low-cost and sustainable 
method (Clark, 2009). In order to enhance the efficacy of animals in this 
method, virtual fencing technology constitutes an innovative approach that 
facilitates digital demarcation of grazing areas by utilising GPS-enabled 
devices and sensors as an alternative to physical barriers in forest grazing. 
These devices, when attached to the animals, guide the animal by first issuing 
an audible warning when the boundary line is approached, followed by a 
mild electrical warning if necessary. This system has been demonstrated to 
engender flexibility and cost-effectiveness in pasture management by reducing 
the necessity for physical fencing (Versluijs et al., 2024; Wilms et al., 2024; 
Gadzama et al., 2025).

Indeed, the accelerated propagation of highly flammable species such 
as Juniperus communis (juniper) in Norwegian coastal shrublands, in 
conjunction with the cessation of traditional burning practices, has led to an 
escalation in the risk of fire. In this context, the utilisation of goat grazing, 
guided by virtual fences, is proposed as a viable method for the control of fire-
prone vegetation. In addition, locally adapted fire risk prediction tools and 
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landscape management practices are regarded as complementary strategies 
for enhancing safety (Log et al., 2022; Gjedrem and Metallinou, 2023).

This study constitutes a compilation that examines the role and ecological 
impacts of goat grazing in forest fire prevention.

CAUSES OF FOREST FIRES IN THE WORLD AND PREVENTIVE APPROACHES

Forests are the lungs of the earth; their destruction would destroy life on 
earth. According to data from the Food and Agriculture Organization (FAO), 
the total area of forest land worldwide is approximately 4.06 billion hectares. 
This is equivalent to approximately 31% of the total land area (FAO, 2020). 
However, these areas are decreasing over time due to climate change, drought, 
and human activities (Ünlü, 2025). 

Forest fires, especially in the summer months in countries like 
Türkiye located in the Mediterranean climate zone, pose a serious threat to 
ecosystems, biodiversity, and settlements (Bilgili et al., 2017; Ünlü, 2025). 
Fires affect approximately 350 million hectares worldwide each year, causing 
loss of life, major ecological and economic losses in forests and agriculture, 
and also contributing to global warming and biodiversity loss (García et al., 
2012; Zhang et al., 2024). The average annual burned areas in certain regions 
between 2012 and 2022 are presented in Table 1.

Table 1. Forest area, surface area, and average annual burned areas worldwide and in 
some regions (2012–2022)1

Total forest 
area (km2) 

Surface area 
(km2)

Forest area 
share (% of 
land area)

Average Annual 
Burned Area 
(2012–2022) (ha)Area Ref.

Global 40 398 387 140 419 457 31.1 ≈350 000 000*
(World Bank, 2025; Global 
Wildfire Information 
System, 2025)

United 
States

3 097 950 9 831 510 33.9 3 056 900
(World Bank, 2025; 
National Interagency Fire 
Center, 2025)

EU-27 1 595 846 4 254 541 39.9 ≈ 478 500 *
(World Bank, 2025; EFFIS, 
2025.)

Türkiye 225 323 785 350 29.3 22 919
(World Bank, 2025; Forest 
General Directorate, 2025)

*:Cells containing “≈” indicate approximate values. EU: European Union. ¹ Data derived 
from references 
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According to the data presented in the table, the ratio of annual burned 
area to total forest area is approximately 0.9% in the US, 0.3% in the EU-27 
countries, 0.1% in Türkiye, and 8.7% globally. Consequently, the annual rate 
of forest fires in Türkiye is comparatively low in relation to that of the US 
and the EU-27 countries. This phenomenon can be attributed to variations 
in climatic conditions, forest structure, land use, and firefighting strategies.

It is evident that fire suppression efforts alone are not sufficient to prevent 
fires; rather, a combination of preventive strategies is required. Such strategies 
may include the reduction of fuel loads, the utilisation of fire-resistant species 
in the forestry sector, the removal of flammable material from the forest 
floor, and the implementation of biotic intervention methods. Among biotic 
methods, controlled grazing practices are distinguished by their status as a 
low-cost and environmentally friendly solution. It has been demonstrated 
that goats, particularly those that are able to consume cellulose-rich thorny 
and shrubby plants, have the capacity to reduce the density of flammable 
cover that has the potential to ignite fires. This reduction in forest understory 
vegetation is a key factor in the contribution to fire risk reduction (Kaymakçı, 
2010; Bilgili et al., 2017). Furthermore, the faeces left during grazing serve to 
enrich the soil organically.

THE USE OF GOAT AND SHEEP GRAZING TO PREVENT FOREST FIRES

The use of goats and sheep to clear vegetation that poses a fire risk in forest 
riparian areas, understory areas, and solar energy panel areas is based on their 
mouthparts, size, mobility, and grazing behavior. Goats, in particular, serve 
a natural “cleansing function” by consuming dry grass, brush, and thorny 
plants that contribute to the rapid spread of fires. This reduces the amount of 
flammable material in the forest understory, thus reducing fire risk (Lovreglio et 
al., 2014; Oikonomou et al., 2023). Furthermore, areas where goats graze create 
natural fire lanes, slowing the progress of fires and saving time for response 
teams (Grupenhoff and Molinari, 2021). The presence of shepherds and flocks in 
forested areas also contributes to the early detection of potential fires.

While goat grazing was banned in Türkiye in the past due to concerns 
that it harmed forests, this approach has changed today, and planned and 
controlled grazing has begun to be reevaluated within forestry policies. The 
benefits of this practice can be increased by planning grazing times and 
areas, particularly to prevent damage to new saplings (Official Gazette of the 
Republic of Türkiye, 2012; Bozoğlu and Alkan, 2022).

Consequently, when managed correctly, goat grazing is no longer a 
harmful activity but is considered a natural, economical, and sustainable 
strategy for combating forest fires. Similar practices have been reported to 
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have yielded successful results in the international literature (USA, Spain, and 
European countries) (Halls et al., 1960; Mancilla‐Leytón et al., 2013; Bilgili et 
al., 2017; Log et al., 2022; Pillar and Overbeck, 2025).

Ecological Impacts and Management Principles of Goat Grazing

Goat grazing is an effective biotic method that contributes to the 
reduction of flammable vegetation, particularly in areas with high fire risk. 
However, this practice not only provides benefits; it also carries ecological 
risks in the event of uncontrolled or overgrazing. Therefore, it is important 
that goat grazing be implemented in a planned, controlled, and scientifically 
based manner (Holechek, 1980; Lovreglio et al., 2014).

Goats are used as a biological fuel management tool to reduce forest 
fire risk in different ecological zones. By feeding on shrubs and low-lying 
branches, they reduce the risk of fire spreading from the understory to the 
upper layers. They also provide natural clearing by grazing in areas difficult to 
access by human effort.

Studies conducted by Halls et al. (1960) in the southern forests of the 
United States have shown that opening fire strips to year-round grazing 
reduces fire risks. Furthermore, this approach has advantages over burning 
or mechanical interventions, preventing erosion and reducing economic 
losses. Similarly, Allen and Bartolome (1989), Hadar et al. (1999) and Smith 
et al. (2000) also emphasized that controlled grazing is a low-cost and 
environmentally friendly method.

Research conducted in the Doñana Natural Park in Spain demonstrates 
the effectiveness of goat grazing in preventing forest fires with concrete 
data. The reduction in phytovoma volume and the increase in bare soil in 
grazed areas significantly reduced the flammability of the area. This study 
demonstrates that controlled grazing is a viable and effective method for 
environmental protection and fire management in fire-prone regions similar 
to the Mediterranean (Mancilla‐Leytón et al., 2013).

In the United States, in applications at rural-urban interfaces, goat herds 
have effectively reduced fire-prone vegetation and have been evaluated as a 
new and effective tool in fire management. This example demonstrates the 
international applicability of goat grazing in fire prevention strategies (Clark, 
2009).

Studies conducted in Norway show that goat grazing managed with 
virtual fences is effective in reducing fire risk in rural-urban interface (RUI) 
areas. Twelve goats grazed a 1.2-hectare area for eight weeks. Nearly half of 
the junipers experienced a significant decrease in foliage, and the presence 



 . 305INTERNATIONAL COMPILATION OF RESEARCH AND STUDIES IN THE FIELD OF 
AGRICULTURE, FORESTRY AND AQUACULTURE SCIENCES

of dead herbaceous plants and young spruces was also affected. The positive 
attitude of local people and educational institutions demonstrates the social 
and administrative feasibility of the method and provides a model for 
Mediterranean and similar climate regions (Log et al., 2022).

In a European Union-supported project in Mataro, Catalonia, Spain, 
approximately 300 goats were directed at forest boundaries, creating natural 
firebreaks by consuming dry brush and flammable vegetation. This practice 
reduced fire risk and contributed to sustainable land management (Gea, 2025).

Field studies in the USA reported that a 400-head goat herd can consume 
an average of 1000 kg of plant material per day and that this method is less 
costly than human labor. Grazing goats, particularly in hard-to-reach areas 
such as rocky slopes and foothills, has been found to be successful in clearing 
fire lines. In programs conducted in California and San Francisco, goats 
have been used in high-fire-risk areas and have raised public awareness of 
sustainability (Couch, 2021).

Generally speaking, controlled goat grazing: With its carbon-neutral, 
non-toxic, low-cost, and ecologically sustainable features, it offers an effective 
fuel management method, especially in fire-sensitive ecosystems. Therefore, it 
is gaining increasing importance in today’s fire management policies.

The Ecological Role of Grazing in Fire Risk Reduction

From an ecological perspective, goats limit the accumulation of 
flammable material under the forest by consuming woody shrub species and 
dried herbaceous plants. This reduces the rate and severity of fire spread, 
thus contributing to the preservation of forest ecosystems (Kaymakçı, 2010). 
Furthermore, controlling dominant and invasive species allows for the 
development of a more heterogeneous vegetation, which creates more suitable 
habitats for wildlife and increases forage production (Pillar and Overbeck, 
2025).

Log et al. (2022) found that controlled goat grazing in Norway reduces 
fire risk by limiting the spread of flammable species such as juniper. García et 
al. (2012) reported that goat grazing in Spain reduces fire risk by clearing the 
forest understory while preserving biodiversity. Similar practices have been 
adopted in the USA and Spain as an effective method for protecting fire lines 
and reducing flammable biomass (Couch, 2021; Gea, 2025).

Bilgili et al. (2017) stated that controlled grazing reduces fire risk and is 
less costly than mechanical methods in Turkish conditions. Lovreglio et al. 
(2014) evaluated goat grazing as a biotic fire prevention method, particularly 
in Mediterranean ecosystems. Similarly, Pillar and Overbeck (2025) reported 
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that grazing both reduces fire risk and supports biodiversity in regions where 
the effects of climate change are increasing. Torres-Fajardo et al. (2024) 
demonstrated that goats contribute to the reduction of flammable understory 
material by suppressing woody and thorny species.

In a 42-month study conducted in Doñana Nature Park, phytovum 
volume decreased by 34% in grazed areas, bare soil increased by 51%, and 
flammability of the area decreased by 22%. In contrast, phytovum volume 
increased by 32% and flammability increased by 25% in ungrazed areas. 
While the number of species remained constant, significant changes in species 
diversity were observed with grazing. Findings indicate that goat grazing is an 
effective biological method that reduces fire risk by both maintaining species 
diversity and reducing flammable vegetation (Mancilla‐Leytón, 2013).

Silvopastoral systems, established for the mutual benefit of trees, forage 
plants, and livestock grazing, allow for multi-purpose land use and are also 
considered an effective method for reducing forest fire risk. Research conducted 
in Spain has emphasized that techniques such as clear-cutting, controlled 
burning, and grazing can be used to control understory vegetation in these 
systems, and that appropriate grazing of animals such as goats, sheep, and 
horses contributes significantly to fire prevention. Furthermore, these systems 
offer additional benefits such as meat production, landscape improvement, 
and the production of secondary products (Rigueiro-Rodríguez et al., 2005).

Similarly, Rigueiro-Rodríguez et al. (2005) also stated that silvopastoral 
systems not only reduce fire risk but also provide multifaceted economic and 
ecological benefits. Studies show that goats can prevent the spread of fires by 
rapidly consuming fire-sensitive plants (e.g., oak shrubs) and leaving some 
areas bare. This suggests that controlled grazing not only provides ecological 
benefits but can also be a cost-effective method (Clark, 2009).

Goat movements also contribute positively to soil processes: burying 
seeds in the lower soil layers with their feet promotes germination; they break 
up thick mulch, contributing to soil aeration; and their manure increases the 
soil’s organic matter content, accelerating the development of young saplings. 
This supports natural regeneration and nutrient cycling (Kaymakçı, 2010).

Ecological Risks of Grazing Practices

Some studies highlight the ecological risks of goat and sheep grazing. It 
is emphasized that uncontrolled and intensive grazing can lead to increased 
bare areas on the soil surface, erosion, habitat loss, and inhibition of sapling 
development, particularly in Mediterranean maquis ecosystems (Babalık and 
Dursun, 2024). In Mediterranean maquis ecosystems in particular, goats’ 
intensive consumption of young saplings and shrubs can threaten biodiversity 
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by inhibiting forest regeneration. Therefore, historically, goat grazing has been 
associated with deforestation in some periods (Kaymakçı, 2010). Therefore, 
controlled grazing strategies with a defined intensity and duration appropriate 
to ecosystem characteristics are necessary for successful implementation.

The root cause of ecosystem damage is not the species itself, but grazing 
practices with inappropriate intensity, duration, and timing.

To ensure sustainable benefits from fire prevention through goat grazing, 
certain principles must be observed:

• Grazing should not be carried out in forests containing endangered tree 
species.

• New afforestation areas should be closed to grazing until the saplings 
reach sufficient maturity.

• Grazing season, intensity, and duration should be determined according 
to the carrying capacity of the area.

• Rotational grazing should be used in different areas, alternating 
applications.

• Fire-prone shrubs and herbaceous plants should be particularly stressed, 
and target species should be considered.

• All applications should be carried out under the supervision of forest 
management institutions, taking into account the topography and climate 
characteristics of the area.

CONCLUSION AND RECOMMENDATIONS

This study demonstrates that goat grazing is an effective biological 
method that can be used to combat forest fires. Considering the high costs and 
environmental disadvantages of chemical and mechanical methods, especially 
in areas with limited access, goat grazing offers an economical, natural, and 
sustainable alternative. However, it is also clear that unplanned and intensive 
grazing practices can pose ecological risks such as habitat loss, erosion, and 
damage to young saplings. Therefore, goat grazing should be considered not 
only as a fire prevention tool but also within a framework compatible with 
sustainable land management and fire policies.

The prominent contributions of goat grazing to fire management include 
reducing flammable biomass, preserving biodiversity, supporting natural 
regeneration, and providing a cost-effective solution. However, the success 
of this application depends on scientifically based planning regarding the 
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ecological characteristics of the area, grazing intensity, timing, and duration. 
In this respect, goat grazing is not only a method that reduces fire risk but 
also an important component of sustainable land management that maintains 
ecological balance. 

This review demonstrates that goat grazing is an important biotic method 
for forest fire prevention and one of the strategies that should be considered 
in ecosystem-based fire management. Literature findings indicate that goats, 
particularly through their preference for woody and thorny plants, reduce the 
flammable biomass of the forest understory and reduce the rate and intensity 
of fire spread (Lovreglio et al., 2014; Bilgili et al., 2017; Torres-Fajardo et al., 
2024). However, it is also clear that if the practice is uncontrolled or excessively 
intensive, it can have negative ecological consequences such as soil erosion, 
habitat loss, and damage to young saplings (Kaymakçı, 2010; Babalık and 
Dursun, 2024).

Overall, it is understood that goat grazing is not only a biological method 
that reduces fire risk but also a strategic component of sustainable land 
management. However, this requires planning specific to each ecosystem, 
particularly in areas with new afforestation areas and young saplings, and 
restrictions on grazing. Furthermore, to utilize goats’ capacity to utilize 
vegetation in non-destructive ways, understanding the animals’ feeding habits 
is believed to help establish a balance between environmental protection and 
the development of extensive agricultural systems, which have clear economic 
and social impacts. 

In conclusion, goat grazing stands out as an economical, ecological, and 
sustainable tool for forest fire prevention. However, the effectiveness of this 
method depends on scientific planning that takes into account ecosystem 
characteristics. With controlled and balanced practices, goat grazing not only 
reduces fire risk but can also contribute to the conservation of biodiversity 
and strengthen sustainable land management.

Recommendations: Selecting and training suitable goat breeds for targeted 
fire-prevention grazing in specific regions, combined with compensation 
for grazing services, could incentivise an increase in goat populations and 
strengthen local engagement in fire management programmes. Grazing 
practices must be planned, controlled, and based on scientific principles. 
Newly afforested areas should be closed to grazing until the saplings reach a 
maturity level without being damaged. Rotational grazing should be used to 
rotate grazing in different areas, avoiding excessive pressure. Grazing intensity 
and duration should be determined according to the carrying capacity of 
the area and should take into account the regional climate and topography. 
The knowledge and experience of forest villagers and shepherds should be 
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utilized to ensure that this practice is implemented with a participatory 
management approach. Controlled grazing programs should be developed 
and supported in collaboration with state institutions, local governments, and 
non-governmental organizations.

Overall, goat grazing is an effective tool that not only reduces fire risk but 
also strengthens ecosystem services and contributes to the socio-economic 
development of rural communities. Therefore, its wider implementation, 
based on scientific data, is recommended in future fire management strategies. 
Furthermore, the use of virtual fencing systems, which digitally delimit grazing 
areas using GPS-enabled devices and sensors, is recommended as a cost-effective 
and sustainable method for goats to control flammable vegetation. This 
approach can reduce the need for physical fencing, providing flexibility and 
cost-effectiveness in pasture management.
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1.	 Introduction

Agriculture is a production system that humans have used to sustain their 
lives since the Neolithic era. Throughout human history, food was initially 
obtained through hunter-gatherer methods, and later through agricultural 
production. Throughout this process, and with each new civilization, 
agriculture has further developed through the use and cultivation of seeds. 
Seeds form the foundation of agriculture. Because seeds are the starting point 
of production, they are the main source of biological and genetic diversity 
in agricultural production. A seed is defined as the part of a plant that 
results from fertilization and, depending on its genetic structure, enables the 
formation of a new plant (Arın and İlbi, 2019).

Humans harvested seeds when they reached maturity and stored them to 
sustain their lives. Each society stored seeds for different purposes. Some did 
so to preserve their connection with the past, some to ensure the sustainability 
of local seeds with desired characteristics, some to reduce genetic erosion, 
and others to prepare material for planting the following year. As civilizations 
progressed, so did research on seeds. Bewley and Black (1994), as a result of 
their studies on seeds, classified them into groups according to their storage 
potential and storage requirements.

a.	 Orthodox (Dry) Seeds: These seeds can be dried to very low moisture 
levels, such as 2-5%, and stored for a long time at these low moisture levels. 
They have good tolerance to drying and low temperatures. Drying begins while 
the seed is still on the parent plant, and some seeds even exhibit dormancy 
and hard shell formation. In orthodox seeds, the viability period increases 
as the seed’s moisture content and storage temperature decrease. Most seeds 
in this group include agriculturally produced species. Orthodox seeds have 
three different storage methods in terms of storage duration and conditions.

Long-term storage: This refers to storing seeds for 15-20 years at low 
temperatures such as -18ºC to -20ºC, generally with a moisture content of 
4-6% or sometimes even lower. This type of storage is primarily used in gene 
banks for the preservation of gene stocks and breeder seeds. Furthermore, 
valuable seeds and genetic material can be stored for much longer periods in 
liquid nitrogen at significantly lower moisture and content. Energy costs or 
economic concerns are not considered in this type of storage.

Medium-term storage: In this storage method, seeds are stored for more 
than one year and are generally intended for storing surplus seeds. In this 
storage method, seeds are stored at the lowest possible temperatures (5-10°C) 
and moisture levels (averaging 6-8% moisture content, varying depending on 
the species).
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Short-term storage: This refers to storing seeds for less than a year, from 
harvest until the next planting season.

b.	 Recalcitrant Seeds: These seeds are very difficult to store and cannot 
survive even at very low moisture levels. These seeds have a very high seed 
moisture content (30-70%) at physiological maturity. Recalcitrant seeds can 
generally survive to 1-2% below their original moisture level at harvest. 
Depending on the species, they are damaged and lose their viability when 
stored below 30-40% moisture content. Although their embryos are generally 
small, they are larger than most orthodontic seeds. Furthermore, these 
seeds do not exhibit dormancy. Even when stored in humid conditions, they 
can maintain their viability for several months. The best example of these 
seeds is that of tropical fruit trees. These seeds lose their viability within a 
few weeks or months because they can only be stored at high humidity and 
temperature. Tropical recalcitrant seeds are damaged and lose their viability 
at low temperatures, while temperate recalcitrant seeds can be stored at 
temperatures slightly above freezing.

c.	 Intermediate Seeds: Seeds in this group are situated between orthodox 
and recalcitrant seeds in terms of storage behavior. These seeds can survive 
down to moisture levels of 10-20%, but they are susceptible to damage at 
low moisture levels, similar to orthodox seeds. Coffee and papaya seeds are 
examples of intermediate seeds (Arın and İlbi, 2019).

Today, seeds are stored in gene banks for the long term. This provides 
a reference for the future by freezing the genetic information contained in 
the seeds. Seeds are one of the fundamental building blocks of agricultural 
production, and quality seeds are critical for high yields and healthy products. 
To preserve the quality of seeds, the correct storage and preservation 
techniques must be applied.

2. Seed Storage

Among the archaeological remains dating back to 6700-7100 BC, found 
in the Çatalhöyük excavations in Turkey in 2004, stone-lined pits and clay 
vessels were used for seed storage, containing a wide variety of legume seeds 
including wheat varieties (emmer, einkorn, “new type” hulled wheat), barley 
(hulled, peas), lentils, and bitter vetch (Bogaard et al. 2017). Since the Neolithic 
period, people have stored seeds under specific conditions. Storage is the 
process of keeping various products, manufactured goods, etc., in designated 
warehouses in various ways according to a plan, until they are used for different 
purposes according to Turkish Standards Institute (Anonymous, 2003). The 
primary purpose of seed storage is to preserve the seed, which will serve as 
starting material for the next growing season, without losing its viability and 
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quality (nutritional value). In addition, the purposes of seed storage include:

1) The impossibility of multiplying each seed stock every year,

2) Irregularities in seed yield due to seasonal variations, pre-harvest 
maturity, and the influence of many factors,

3) Reducing risk in the face of possible natural disasters (drought, 
floods, etc.),

4) Meeting changes in producer and consumer trends,

5) The fact that seeds are a fundamental food source for human and 
animal nutrition (George 1985).

Seed storage also ensures the preservation of germplasm for further 
breeding programs. During seed storage, both biotic and abiotic factors can 
affect seed quality. Insect, fungal, or bacterial infestations not only reduce 
germination but also decrease the nutritional value of seeds by depleting 
their carbohydrate, oil or protein reserves (Klein, 2003). Germination rates 
decrease in seeds without optimum storage conditions and after their storage 
period has expired. Therefore, knowledge of seed storage facilities and storage 
techniques is of great importance. 

2.1. Factors Affecting Seed Storage Life

The main factors to consider when storing seeds are seed structure, 
temperature, and humidity levels. Controlling and correctly applying these 
factors is absolutely essential to preserve seed quality and germination 
capacity, maintain the viability of plants grown from seed, minimize the 
possibility of mold formation or insect infestation during storage, slow down 
seed aging, and prevent germination in storage (Arın and İlbi, 2019).

2.1.1. Intrinsic Factors of the Seed: The physiological state and physical 
conditions of the seed greatly affect seed life. Damaged (crushed, cracked, 
broken, etc.) seeds age and lose their viability more quickly. Seeds exposed 
to different environmental stress conditions during seed development and 
before physiological maturity have a reduced lifespan. Seeds that have not 
completed their maturation or are small do not perform as well as mature or 
large seeds in terms of storage performance. In addition, seeds with a hard 
seed coat have a longer storage life than others.

2.1.2. Relative humidity: The two most important environmental factors 
affecting seed storage life are temperature and relative humidity. Relative 
humidity also affects seed moisture content. The effects of relative humidity 
and temperature interact with each other. Relative humidity is obtained by 
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dividing the amount of water vapor that the air is absorbing at that moment 
by the maximum amount of water vapor it can absorb under the same 
conditions. Generally, on a rainy day, relative humidity is high in the early 
morning hours and the lowest at midday when the temperature is the highest. 
Seeds lose their viability when the relative humidity approaches 80% and the 
temperature reaches 25°C. However, when the relative humidity is 50% or 
below and the temperature is 5°C or below, the seeds can remain viable for ten 
years or more (Arın and İlbi, 2019).

According to Harrington’s (1973) rule, the sum of relative humidity and 
temperature (ºF) should not exceed 100% for safe storage. Every 1% decrease 
in seed stage doubles the storage life (Harrington, 1973, Arın and İlbi, 2019). 
This rule applies only to seeds with a moisture content between 5% and 13%. 
When the seed moisture content exceeds 13%, increased heating from storage 
fungi and respiration causes the seed’s lifespan to decrease more rapidly. When 
the seed moisture reaches 18% to 20%, increased respiration and microbial 
activity cause the seed to deteriorate rapidly. At 30% moisture content, most 
non-dormant seeds begin to germinate (McCormack, 2004).

The amount of moisture in the seed is the most important factor affecting 
seed viability during storage. If seeds are stored with high moisture content, 
the rate of losses due to mold growth (12-14% moisture) and heating (18-20% 
moisture) also increases. Since seed survival is largely related to moisture 
content, seed survival depends on the species and variety, the desired storage 
duration, the structure of the storage facility, and the packaging material. 
Within normal moisture levels, the biological activity of the seed and mold 
growth increase with increasing temperature. Very low moisture content 
(below 4%) causes excessive drying and hardening, resulting in damage to 
some seeds (Desai 2004; Arın and İlbi, 2019).

Generally, when seed moisture content exceeds 14%, increased 
respiration, heating, and fungal attacks occur. When seed moisture falls 
below 5%, damage occurs due to accelerated membrane deterioration. The 
hygroscopic nature of the seed allows it to reach equilibrium with any relative 
humidity in the environment. Seeds reach equilibrium moisture when they 
no longer absorb or lose additional moisture. The hygroscopic equilibrium 
curve, called the absorption isotherm, is a graphical representation of the 
relationship between the available relative humidity and seed moisture at a 
given temperature (Figure 1).
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Figure 1. Absorption isotherm showing the relationship between air relative humidity 
and seed moisture content at a specific temperature (McCormack, 2004) 

Stage I: refers to long and medium-term storage. Stage II: refers to short-
term storage. Stage III: refers to insecure storage area.

The equilibrium curve is created by measuring water uptake or loss at 
successive relative humiditys and can be used to estimate the possible seed 
moisture content at any given relative humidity value. The curve has a 
sigmoidal character, including 3 different phases of water uptake or loss.

In Stage I, water is tightly bound as part of the seed’s chemical structure. 
This water cannot be removed without breaking down the seed tissue. In Stage 
II, the retained water is more loosely bound. In most seeds, this portion of the 
equilibrium moisture shows a straight, linear relationship between relative 
moisture and seed moisture. The water in the upper part of Stage II can be 
easily removed by drying compared to the water in the lower part. This water 
is one of the causes of spoilage during storage. The water in Stage III is loosely 
bound or free water between cells and tissues. If rapid spoilage is not a concern, 
it is easily removed by drying. Temperature has little effect on equilibrium 
moisture. At a constant relative humidity, an increase in temperature causes 
very little decrease in seed moisture (Copeland and McDonald 2001; Arın and 
İlbi, 2019).

Equilibrium moisture content (safe moisture range) also varies depending 
on the chemical composition of the stored product. For example, seeds with a 
high oil content have a lower equilibrium moisture content than cereals that 
are largely composed of starch (Gewinner et al. 1996). Storage pests become 
active when storage humidity exceeds 40%. When it exceeds 65-70%, an 
increase in storage molds (fungal agents) is observed, which leads to a decrease 
in the germination ability of seeds.

2.1.3. Temperature: High temperature is one of the main factors affecting 
seed life. Storage temperature significantly impacts product moisture content, 
relative humidity, respiration rate, and harmful organisms. At 0°C, the 
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formation of intracellular ice crystals damages membrane integrity, leading to 
deterioration. Ice crystals do not form in seeds with a moisture content below 
14%. However, seeds initially with 14% moisture absorb moisture from the 
storage environment at temperatures below 0°C (Arın and İlbi, 2019). Storage 
rooms where cooling is applied have high relative humidity, and after a short 
storage period, the seed reaches equilibrium with the storage relative humidity. 
Therefore, seeds stored at low temperatures should be kept under controlled 
relative humidity conditions or stored in moisture-proof containers to avoid 
an increase in seed moisture (Copeland and McDonald 2001).

During storage, relative humidity and temperature significantly affect 
the germination ability and viability of seeds. Therefore, seed life depends 
on three important factors: the seed variety, its pre-storage history including 
harvesting and drying, and the current storage conditions (ISTA, 1973). 
Except for extreme conditions, the effect of temperature and seed moisture 
can be summarized by Harrington’s (1973) rule: Seed storage life is halved for 
every 1% increase in moisture and every 5°C increase in temperature. This 
rule is valid when seed moisture is between 5-14% and temperature is between 
0-50°C.

High temperatures have less damaging effects on low-moisture seeds. 
While low-moisture seeds are stored quite well at temperatures up to 25°C, 
high-moisture seeds can only be stored at temperatures of 10°C and below 
(Copeland and McDonald 2001). Therefore, although temperature and relative 
humidity have a combined effect on determining seed viability, the control of 
relative humidity on seed moisture and its subsequent effect on seed moisture 
is more critical than storage temperature. Furthermore, seeds can be stored 
for long-term sealed storage provided their moisture content is less than 8%; 
this means that the relative humidity should be kept below 35%. Larger seeds 
such as peas, beans, and corn are dried to a moisture content of approximately 
6% to 8%, while smaller seeds are dried to a moisture content of approximately 
3% to 5%, depending on the size of the seed and the starch or oil content of its 
primary nutrient reserve. Seeds with a starchy nutrient reserve retain a higher 
seed moisture content than oilseeds (McCormack, 2004). Furthermore, mold 
can develop in seeds at seed moisture levels above 14%, and heating can occur 
at moisture levels above 18%. Insect activity is highest between 21 and 27°C, 
and therefore seeds should be stored at temperatures below 20°C whenever 
possible (Kelly 1988).

The storage behavior and shelf life of lemon (Citrus limon) and orange 
(C. sinensis) seeds were tested by drying them to achieve moisture content 
between 4% and 14% (fresh weight) and storing them at temperatures between 
-15 and -20°C for up to 914 days, and in hermetically sealed air and liquid 
nitrogen (-192°C) for up to 6 days (Hong et al. 2001). In their study, Karaman 



322  . Ruziye KARAMAN 

and Türkay (2023) aimed to determine the changes in germination and quality 
characteristics of mung bean seeds stored under the same storage conditions 
(same temperature and same humidity) for different storage periods (36, 48, 
60, 72, and 96 months). They stated that as the storage period increased, the 
germination rate, germination index, moisture content, water uptake capacity, 
and water uptake index of mung bean seeds decreased, while the average 
germination time, electrical conductivity, cooking time, and dry matter loss 
during cooking increased. They also suggested that mung bean seeds can be 
stored for 60 months in terms of germination characteristics and 36 months 
in terms of quality characteristics without causing any negative effects, and 
that storage should be terminated after these months. 

2.1.4. Storage materials: Containers are crucial for long-term seed storage. 
Seeds should be stored in airtight glass or polyethylene containers after their 
moisture content has been reduced to the appropriate level. Seeds stored 
in cloth or paper-cardboard are easily affected by changing environmental 
conditions. Undesirable conditions such as mold growth and decreased 
germination rate can occur in seeds that have not been properly moistened 
or are stored in moisture-permeable containers. Grabe and Isely (1969) stored 
red meadow grass seeds in different materials, and the effects on germination 
rate are shown in Figure 2. The researchers determined that the best seed 
storage material was tin cans > polyethylene, and the worst was cloth bags < 
paper bags.

Figure 2. Effect of different types of seed storage containers on germination percentage of 
creeping red meadow grass seeds

2.1.5. Genetic Characteristics of Seeds: Seed type and variety have a 
significant impact on the storability of seeds. For example, some types of 
seeds, such as onions, soybeans, and peanuts, have a short shelf life. Some 
types of seeds, due to their genetic and chemical characteristics, have a longer 
storage capacity than others under similar conditions. Most long-lived seeds 
are those with a hard, impermeable seed coat. Canna, Lotus, and Lupinus 
seeds are reported to remain viable for over 500 years.
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Vegetables such as lettuce, onions, and parsnips, and grains such as rice, 
are stored for a short period. Alfalfa has very good storability, while wheat has 
moderate storability. In general, varieties with high oil content do not have as 
good storability as those with low content. While seeds of different varieties 
may be chemically identical, their storability is not the same due to differences 
in genetic potential (Copeland and McDonald 2001; Arın and İlbi, 2019).

Different varieties of a particular product can have different shelf lives 
when stored under the same conditions. This is explained by differences in 
enzyme activity or variations in the chemical composition of unique varieties. 
For example, sweet corn is rich in simple sugars, while dent corn is rich in 
complex carbohydrates. This explains why dent corn seed lasts longer than 
sweet corn seed (McCormack, 2004).

Genetic differences in storage potential are not limited to species and can 
also be observed between varieties. 

2.1.6. Microflora and Insects: Seed harvesting and cleaning removes most 
debris and insects, but some fungi, bacteria, and insects infest stored seeds. 
In warehouses where controlled storage is practiced, the growth of fungi 
and bacteria is inhibited, and insects are killed. Most fungi are inhibited 
when the relative humidity is kept below 65%. At this relative humidity, 
seeds high in starch content have a moisture content of approximately 13%, 
while seeds high in oil content have a moisture content of approximately 7%. 
Fungal infestation results in reduced seed viability, the production of toxins 
affecting seed viability and germination, increased heat production, and 
causes discoloration, mold growth, and clumping (McCormack, 2004). The 
optimum growth temperature for storage fungi is approximately 30-33°C (0-
55°C). Most disease-causing fungi are species of Aspergillus and Penicillium. 
Species within these genera are saprophytic and can survive in dead tissue. 
Most storage fungi eventually infect the embryo. They not only infect but also 
create dead tissue on which to live by producing toxic metabolites that cause 
cellular degradation (Copeland and McDonald 2001).

Fungicides and insecticides used to protect seeds against pathogens 
during storage contain phytotoxic substances known to reduce seed 
germination capacity. This phytotoxic effect is exacerbated by seed cracking, 
breakage, overdose, insufficient drying, and prolonged storage. Therefore, 
long-term storage of treated seeds is not recommended. Field-borne fungi 
infect seeds on the parent plant and require high relative humidity (90-95%) 
or high seed moisture content (30-35%). Since these conditions only occur 
during seed maturity or water uptake, their effect on seed spoilage in storage 
is minimal. However, storage fungi are capable of developing without free 
water (Desai 2004). 
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Moisture on the seed surface and seed moisture content affect insect 
development. Insects generally cannot develop at seed moisture levels 
corresponding to 40% relative humidity. The most effective protection method 
is drying the seeds to a moisture content of 50%, and in some cases even 35%. 
In hot and humid climates, mites, weevils, mealybugs, and borer beetles are 
a serious problem in stored seeds. However, if the seed is dried to a moisture 
content of 8% (10-11% for starchy seeds and 5-7% for oilseeds) and the 
temperature is lowered to 18-20°C (64-68°F), insects do not pose a problem. 
At a moisture content of 15% and a temperature of 30-35°C (86-95°F), insects 
cause significant damage to the seeds. Mites cannot survive when the relative 
humidity is below 60% (Bewley and Black, 1985; McCormack, 2004). Some 
insects, such as the wheat weevil (Sitophilus granarius), burrow into the seed 
and lay their eggs inside. The larvae then feed on the endosperm and embryo. 
In some species, the eggs are laid on the seed surface, and the larvae burrow 
into the seed. Fumigants and contact insecticides are used against these pests 
(Gewinner et al. 1996, Desai 2004).

2.1.7. Mechanical Damage: Errors in processes such as harvesting, 
processing, drying, sorting, and transportation lead to mechanical damage 
in seeds. While the initial impact of such damage on seed quality may not 
seem significant, its subsequent effects are quite serious and have economic 
importance. Due to the reduced viability of seeds after harvest, small areas 
of mechanical damage, which initially have little effect on seed performance, 
later expand and cause deterioration in viable embryo tissues, leading to a 
deterioration in seed quality. Damage occurring directly in embryo tissues 
is more destructive. At the same time, mechanical damage increases the 
development of storage fungi that can enter through cracks in the seed coat. 
In many species with hard seed coats, scarification applications carried out 
by mechanical or chemical methods to facilitate germination can cause some 
permanent mechanical damage. The storability of such seeds is low.

2.1.8. Seed Maturity:Factors such as temperature, humidity, variety, 
and nutrient content affect seed maturity and storage capacity. The greatest 
storage potential is achieved when the seed reaches physiological maturity on 
the parent plant or when it reaches maximum dry weight. Most plants exhibit 
indeterminate flowering, meaning that, due to their flowering characteristics, 
there are often underdeveloped flowers on lateral shoots alongside most 
mature flowers. Therefore, seeds at different stages of maturity can be found 
on the same plant. Seeds harvested from such plants have different storage 
potentials. Although many studies have shown that immature or small seeds 
are of lower quality in terms of viability and strength compared to other 
mature seeds, other factors such as nutrient content can also affect seed 
viability. Plants grown deficient in certain nutrients (especially N, K, and Ca) 
during plant development stages have reduced storage life.
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2.2. Quality Losses in Seeds

Quality losses in seeds result in several symptoms. These are changes 
in color, odor and taste, losses in nutritional value (e.g., deterioration of 
proteins and vitamins), losses in cooking, milling, and leavening quality, 
contamination of stored product with mycotoxins and pathogenic agents, loss 
of germination power and weight loss in seed.

2.2.1. Causes, Effects, and Prevention for Quality Losses

2.2.1.1. Mechanical Damage

The main causes of mechanical damage to seeds include incorrect 
harvesting methods, improper loading, threshing, cleaning, sorting or drying, 
and poor handling and loading (using hooks). These practices result in weight 
loss, quality loss (germination power, nutritional value), and increased insect, 
fungal, and rodent infestation. To prevent mechanical damage, attention 
should be paid to the maximum drying temperature, safe techniques should 
be used during harvesting, transport, processing, and storage, care should 
be taken when loading sacks and containers, and damaged sacks should be 
repaired or replaced.

2.2.1.2. Temperature

Unsuitable storage structures (incorrect location, inadequate shading and 
ventilation, lack of insulation), mass increases in storage diseases and pests, 
insufficient ventilation, and high moisture content in seeds cause significant 
quality losses. These losses result in weight loss, quality loss (nutritional 
value and germination power), favorable conditions for pest development, 
and a significant increase in fungal growth. To prevent overheating, storage 
structures should be adapted to a suitable form, shade should be provided for 
warehouses and silos, storage temperatures should be kept as low as possible, 
pest control should be effectively implemented, sacks should be stored on 
pallets to ensure good air circulation, and a minimum distance of 1 meter 
should be maintained between stacks of sacks.

2.2.1.3. Humidity

ncreased moisture content in seed storage is caused by factors such as 
insufficient drying of seeds before storage, high relative humidity, structural 
defects and deficiencies in the storage facility, uneven temperatures (day/
night), products in contact with walls or floors, and pest proliferation. This 
results in weight loss, quality loss, fungal growth and mycotoxin formation, 
optimal conditions for pest growth, and swelling and germination of seeds in 
the storage facility. To prevent these issues, seeds should be adequately dried 
before storage, storage facilities should be repaired and maintained promptly, 
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relative humidity should be kept as low as possible, sacks should be stored on 
pallets, a minimum distance of 1 meter should be maintained between stacks, 
disease and pest control should be effectively implemented, and temperature 
variations (day/night) in the storage facility should be reduced through 
shading and ventilation.

2.2.1.4. Insects

Storage insects are brought into storage in various ways. They are 
transmitted through contaminated seeds, from nearby storage facilities 
and batches, through waste and garbage, through cracks and crevices in the 
storage area, and through the use of contaminated sacks. In storage, these 
insects cause weight loss and quality loss in seeds (reduced nutritional value 
and germination power due to contamination from feces, insect fragments, 
etc.), fungal growth and mycotoxin formation, and increased humidity and 
temperature. To prevent insect damage in storage, it should be harvesting 
at the correct time, ensuring clean transportation of seeds, selecting insect-
resistant varieties, removing infected cobs, stalks, and pods before storage, 
proper drying before storage, infection control before storage, daily storage 
cleaning, keeping temperature and humidity as low as possible, preventing 
pest entry into storage, keeping new seed batches separate from others, 
immediately repairing any damage in the storage, cleaning empty sacks and 
applying chemicals if necessary, implementing pest control practices (Arın 
and İlbi, 2019).

2.2.1.5. Microorganisms

In storage, microorganisms increase infection due to the high moisture 
content of the stored product, high relative humidity of the storage, 
condensation, and moisture caused by insects. Due to increased infection, 
quality loss (color, taste, odor, nutritional value, and germination power), 
small amounts of weight loss, and increases in temperature, moisture 
content, and condensation are observed. To prevent the damage caused by 
microorganisms, the product should be dried sufficiently before storage, the 
relative humidity in the storage should be kept as low as possible, sacks should 
be stored on pallets, a distance of 1 m should be left between stacks of sacks, 
and pest control should be applied.

2.3. Changes occurring in stored seeds

Storage means preserving a product for a longer period by minimizing 
changes in its properties and quality (Çolak et al., 2019). The aim of storage is 
to maintain the initial quality of the product as much as possible and to control 
storage conditions to minimize changes that negatively affect the product’s 
quality. For stored products to be preserved without or with minimal loss in 
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terms of quality and quantity during their storage period, it is necessary to 
have a good understanding and control of the product’s storage conditions 
(Çolak et al., 2019).

Proper seed preservation is achieved by understanding their post-harvest 
physiology and the physical and chemical changes that occur in the seed 
during storage (Altan, 1986; Çolak et al., 2019). Vital functions continue in 
the seed, albeit at a minimal level, during storage. During this period, the 
grain respires, and certain physical, chemical, and biochemical changes 
occur as a result of metabolic processes within the grain (Elgün and Ertugay, 
2002; Çolak et al., 2019). Grains of cereals and legumes with low moisture 
content generally show very little change. However, as moisture content and 
temperature increase, changes begin, and the first sign is spoilage (Altan, 
1986; Çolak et al., 2019). When seeds are stored under unsuitable conditions 
according to their moisture content, sensorially perceptible changes can be 
observed in grains as a result of physical, chemical and biochemical reactions 
as well as microbial activity. The main changes are as follows (Özkaya and 
Kahveci, 1989):

a.	 Grain Heating: This is the increase in moisture content and 
temperature of the grain, due to the grain’s own respiration, along 
with the role of molds, insects, bacteria, and chemical reactions. If 
ventilation and cooling are insufficient in grain storage facilities, 
the stored product will spontaneously heat up over time, causing 
significant damage. Molds play a crucial role in this process.

b.	 Mold Growth: This is the development and multiplication of mold 
fungi.

c.	 Germination: This is the process by which the embryo forms 
radicules and plumules under the influence of water and heat.

d.	 Decreased Germination Ability of Grains: Molds first reproduce 
in the embryonic part of the grain, causing damage in this area, 
resulting in a decrease or complete loss of germination rate.

e.	 Decay: This is an advanced stage of heating, and the grain takes on 
a dirty brown appearance. 

f.	 Aggregation (Stone Formation): This occurs when grains stick 
together and form masses due to high humidity and compaction.

g.	 Burning: This occurs when the product temperature reaches 
excessive levels (70°C), causing the product to become almost 
charred and take on a blackish-brown appearance.
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h.	 Sourness and Alcoholic Odor: This condition results from the activity 
of anaerobic bacteria and the lipoxidase enzyme.

i.	 Mycotoxin Growth: One of the most significant damages caused by 
molds on stored grains is the production of mycotoxins, which can 
be toxic to humans and animals and are claimed to be carcinogenic. 
The most important molds in this regard are Aspergillus flavus, 
Aspergillus ochroceus, and Aspergillus parasitieus. Some Penicillium 
and Fusarium species can also produce toxic substances. 

j.	 Color Change: Both field and storage molds can change the color of 
the entire grain or the embryo portion. When mold development 
begins, the seed embryo turns brown and darkens to black. These 
types of seeds cannot germinate.

When stored under normal conditions, grains and legume seeds do 
not show very significant changes. However, with prolonged storage, grains 
experience decreased germination, loss of dry matter content, changes in 
chemical composition, and negative changes in odor, nutritional value, 
digestibility, and processing value. Respiration, measured by the very low 
amount of CO2 released in dry grains and legumes, has been shown to 
increase slowly with increasing moisture content, and then rapidly after a 
certain level. For example, in wheat grains, moisture increases slowly up to a 
critical point of 13-14%, and then rapidly after this critical point. Altan (1986) 
stated that the increase in CO2 content in the grain, in addition to increased 
grain respiration, is further exacerbated by microbial (especially mold) 
activity. Enzymatic changes occurring in the grain during storage manifest 
in different ways.

If the moisture content in the grain does not increase, the changes in 
proteins, carbohydrates, and fats remain at a low level. It was determined 
that although protease activity continued in the stored seed, the decrease in 
protein content as a result of protein breakdown by protease activity was not 
significant (Cornell, 2003).

It is stated that the increase in the proportion of nitrogenous substances 
observed in stored grain is a relative increase resulting from the decrease in 
the amount of carbohydrates in the grain. On the other hand, the prolamin 
group proteins (gliadin, zein, hordein, etc.) of the grain increase during 
storage, while the proportion of water-soluble proteins decreases. This 
situation actually begins at the end of the grain’s ripening stage and continues 
in the dormant grain after harvest. Thus, a decrease in the digestibility levels 
of proteins is observed (Elgün and Ertugay, 2002).
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In order for cereal grains to maintain their viability through respiration, 
the breakdown of carbohydrates by enzymes causes continuous changes 
in the grain. Amylases, in particular, use bound water within the cell to 
hydrolyze carbohydrates (starch), breaking them down into dextrins and 
reducing sugars. When the moisture content in the grain exceeds 15%, and 
respiration increases, the released water also stimulates enzymatic activity 
(Cornell et al., 2003). In addition, although phytic acid levels are low during 
storage, it is broken down into inositol and orthophosphoric acid by the 
activity of phytase enzymes. Phytic acid forms complexes with minerals 
found in cereals and legumes, which are essential for human nutrition, and 
inhibits their absorption. Therefore, the breakdown of phytic acid by phytase 
enzymes increases the availability of important elements such as P, Ca, Fe, 
Mg, and Zn (Cornell et al., 2003). Storage does not cause a significant change 
in the mineral content of cereal and legume seeds; only a large portion 
(approximately 73%) of the volatile organic compounds (aldehydes, ketones, 
etc.) present in the grain composition evaporate and are lost during storage 
(Elgün and Ertugay, 2002).

Temperature and relative humidity parameters affect metabolism in 
seeds. High relative humidity increases seed moisture content as a result of 
biochemical events such as increased hydrolytic enzyme activity, increased 
respiration, and increased free fatty acids. High temperature, on the other hand, 
leads to an increase in the rate of many enzymatic and metabolic reactions, 
thus causing faster deterioration. However, seed moisture is considered the 
most important factor in maintaining seed viability. Although seed moisture 
and temperature are related, high temperature accelerates deterioration in 
seeds with high moisture content due to the increased metabolic activity of 
hydrolyzed substrates and enzymes (Arın and İlbi, 2019).

2.4. Changes that occur in seeds that are not stored under appropriate conditions

Poorly stored seeds are susceptible to various damages such as insect 
infestation, mold growth, heating, embryo damage, loss of germination 
capacity, and decay. As grain moisture content increases with storage, the 
relative humidity of the surrounding atmosphere can rise up to 85%. Under 
these conditions, mold activity further increases, respiration accelerates, and 
the temperature of the seed pile rises rapidly. As a result, moldy odor and 
dark brown, burnt grains develop in the seeds (Gül and Özçelik, 2000; Dizlek, 
2012).

The chemical and biochemical changes that occur when seeds in the cereal 
family are stored under unsuitable conditions are listed below (Anonymous, 
2002; Dizlek, 2012).
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a.	 Maillard Reaction: Physiological activities produce many known 
main compounds and ultimately cause non-enzymatic browning. 

b.	 Degradation of Starch Grain Structure: This includes fundamental 
changes such as the formation of dextrins and damage to the 
grains during drying.

c.	 Protein Degradation: This occurs during and after enzymatic 
activity and the mixing of flour with water (fermentation), 
resulting in the deterioration of the rheological properties of the 
dough and the loss of important characteristics such as solubility.

d.	 Decrease in Available Lysine Amount: It has been reported that 
aldehydes and ketones, which are formed as end products of fat 
oxidation, also cause a decrease in the amino acid lysine, which is 
sensitive to aldehydes (Altan, 1986).

e.	 Degradation of Vitamins (B, E and Carotenoids): Examples of this 
include the oxidation of tocopherols and the loss of a property of 
thiamine (vitamin B) due to its role in non-enzymatic reactions in 
the presence of reducing sugars.

f.	 Some Reactions: Non-enzymatic reactions, particularly of lipids, 
occur within normal storage temperature limits (Anonymous, 
2002). Lipids are the component group where the highest level of 
ongoing hydrolytic deterioration is observed in cereal grains. As 
a result of lipolytic activity, a significant increase in the amount 
of free acids is observed in the grain, depending on moisture, 
temperature, and storage time. In addition to the polyunsaturated 
fatty acids that become free in the grain as a result of lipase activity, 
tocopherols, antioxidant substances that inhibit their oxidation 
by lipoxidase, are also present. The amount of tocopherol present 
in an intact grain is sufficient to prevent rancidity under limited 
oxygen conditions within the grain. However, this amount is 
insufficient in damaged grains (Elgün and Ertugay, 2002).

1.5.	Factors and Mechanisms Causing Storage Failures

1.5.1.	Respiratory System

Seeds obtain the energy necessary for their survival through respiration. 
Respiration is defined as the mechanism by which a seed obtains energy by 
breaking down the glucose it contains with the help of its enzymes and oxygen 
(Çolak et al., 2019). As a result of respiration, water vapor, CO2, and heat energy 
(690 kcal) are obtained. Approximately 60% of this energy is used in vital 
activities, and the remainder (276 kcal) is released into the environment as 
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heat. This released heat increases the storage temperature (Posner and Hibbs, 
2005). The increase in storage temperature, in turn, increases respiration, 
microbial activity, and pest activity. These increased activities cyclically cause 
further increases in storage temperature and relative humidity. Due to the 
changes in the storage atmosphere caused by seed respiration, oxygen levels 
tend to decrease, while carbon dioxide, water vapor, and temperature levels 
tend to increase (Özkaya and Özkaya, 2005).

In addition to grain respiration, microbial activity and pest activity also 
significantly contribute to changes in the atmospheric gas composition of the 
warehouse. Water vapor produced during respiration increases the relative 
humidity inside the warehouse; this increased relative humidity, in turn, 
affects the moisture balance between the hygroscopic grain and the grain, 
leading to an increase in the grain’s water content. Increased grain water 
content accelerates the grain’s respiration activity (Posner and Hibbs, 2005). 
Furthermore, the condensation of droplets on cold surfaces due to increased 
warehouse relative humidity creates a highly favorable environment for 
microbial activity, particularly for mold spores to transition to their vegetative 
form. Since the heat energy released during respiration, which causes an 
increase in temperature, is obtained from carbohydrates, the grain also 
experiences losses in terms of dry matter content (Pomeranz, 2015). While 
these dry matter losses are at acceptable levels under good storage conditions, 
they can reach very high levels under poor storage conditions (Cauvain and 
Young, 2009; Çolak et al., 2019).

1.5.2.	Microbial Activity

Seeds are highly susceptible to microbial and pest contamination due 
to production, harvesting, and transportation conditions. Because of this 
contamination, seeds contain significant amounts of bacteria, yeasts, and 
molds. While these microorganisms remain inactive on dry seeds due to low 
water activity and the protective shell, they become active during storage 
under suitable humidity and temperature conditions, leading to seed spoilage. 
However, molds, due to their physiology, can operate even under lower water 
activity and temperature conditions than bacteria and yeasts, making them 
significantly more important in seed spoilage than other microorganisms 
(Magan and Aldred, 2007).

Mold growth depends on storage conditions such as temperature, relative 
humidity, and oxygen content, as well as grain moisture content. After the 
grain moisture content exceeds the critical storage moisture content of 14%, 
mold activity in the storage environment increases with rising temperatures. 
Mold activity, which initially begins in areas containing water droplets, 
continues in grains that have lost their mechanical integrity and in the 
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embryonic parts of the grains (Özkaya and Özkaya, 2005; Posner and Hibbs, 
2005). Storage molds are mostly species belonging to the genera Aspergillus, 
Penicillium, and Fusarium. These species usually begin to develop after the 
storage relative humidity exceeds 70%. Molds belonging to these genera 
are also quite dangerous because they produce toxic metabolites called 
‘mycotoxins’ such as aflatoxin, ochratoxin, zearalenone, and patulin. These 
mycotoxins cause various damages and cancers in the vital systems of humans 
and animals. While molds can grow optimally at 25-30°C, some molds can 
grow at temperatures ranging from 0°C to 55°C. For mold growth, the relative 
humidity of the environment must be higher than 62% and the moisture 
content of the grains must be higher than 10% (Magan and Aldred, 2007).

After the grain moisture content and storage relative humidity exceed 
critical levels, grain deterioration begins due to increased grain and mold 
respiration. The resulting moisture and temperature stimulate grain and mold 
respiration. In this environment, even if the carbon dioxide level in the storage 
atmosphere exceeds 12% and respiration is suppressed, grain deterioration 
continues due to hydrolytic enzyme activity (Magan and Aldred, 2007).

1.5.3.	Pest activity

Insects, mites, mice, and birds that damage crops are called pests. Due to 
their numbers and reproduction rates, insects and mites constitute the most 
important group of pests that damage grains. These insects and mites damage 
the grains to feed and lay their eggs. As a result of the activity of these pests, 
there is grain loss in the warehouse, as well as significant technological and 
sensory quality losses in the product, and the product becomes risky for health 
(Posner and Hibbs, 1997). Storage pests such as Ephestia kuehniella Zeller 
(mill moth), Acarus siro (L.) (flour mite), and Bruchus spp. are important 
insect and mite species that damage cereals and legumes (Magan and Aldred, 
2007).

During long storage periods, significant grain losses occur as storage 
conditions reach temperature and humidity levels suitable for insect and mite 
activity. Furthermore, the localized increase in temperature and humidity 
due to pest activity also increases respiration and mold activity. While insect 
activity is negligible at 5°C and approximately 10% grain moisture, it can 
reach levels high enough to damage the entire product at 21°C and 13% grain 
moisture. As the temperature rises, insects migrate to cooler areas of the 
storage facility and continue to cause damage (Çolak et al., 2019). Insect and 
mite activity is minimized when oxygen levels in the landfill atmosphere fall 
below 2% and/or carbon dioxide levels rise above 12% (Posner and Hibbs, 
1997). 



 . 333INTERNATIONAL COMPILATION OF RESEARCH AND STUDIES IN THE FIELD OF 
AGRICULTURE, FORESTRY AND AQUACULTURE SCIENCES

Furthermore, the transport and milling of these insects and mites—
including their body debris (empty larval skins and pupal casings, as well 
as the remains of dead individuals), feces, and especially the webs formed 
by the larvae of lepidopteran insect pests—from storage to mills also cause 
a significant decrease in product quality (Kent and Evers, 1994). Besides 
consuming grains, these pests damage them by disrupting grain integrity 
and contaminating the grains with their feces, which contain pathogenic 
microorganisms for humans. This pest activity can lead to serious illnesses in 
humans, such as typhoid and salmonellosis (Çolak et al., 2019).

1.5.4.	Mechanical Effects and Foreign Matter Damage

Grains lose their integrity due to mechanical breakage during harvesting, 
transportation, and handling. Enzymes and substrates, located in separate 
sections within an intact grain, combine when the grain integrity is lost due 
to breakage, accelerating spoilage. Lipids, in particular, are susceptible to the 
effects of lipolytic enzymes, even below safe storage temperatures, causing 
rapid rancidity and spoilage. Furthermore, broken grains, due to the loss of 
husk protection, create a favorable environment for mold and insect damage 
(Loewer et al., 1994). Organic impurities provide a breeding ground for 
mold and insect contamination, inorganic impurities lead to grain integrity 
deterioration, and insufficiently mature grains have negative effects on storage 
due to their high grain moisture content (Cauvain and Young, 2009).

1.5.5.	 Enzymatic Activity

In mature dry grains, enzymatic activities continue, albeit at a low level. 
However, when the grain water content exceeds 15% or when the grains 
begin to spoil due to mold activity, the grain’s own amylolytic, protolytic, 
and lipolytic enzymes also accelerate the spoilage of the grain. Especially in 
grains with compromised integrity, rancidity, oxidative products, and free 
radicals are formed as a result of lipolytic activity (Loewer et al., 1994). When 
the relationship between seed senescence and enzyme activity is examined, 
it is seen that even if viability is lost in the seed, enzymes other than the 
dehydrogenase enzyme group may remain active; these dehydrogenase 
enzyme groups are directly related to the loss of viability (MacLeod, 1952). 
Amylases, which break down carbohydrates, use bound water within the cell 
to cause hydrolytic breakdown of carbohydrates (starch) into dextrins and 
reducing sugars. When grain moisture exceeds 15%, and therefore respiration 
increases, the released water also stimulates enzymatic activity (Cornell, 2003; 
Dizlek, 2012).
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1.	 Introduction 

Global climate change essentially alters the epidemiology of plant 
diseases by altering the host-pathogen interactions in agricultural systems 
and natural ecosystems. Higher average temperatures, reduced precipitation 
cycles, and occurrence of extreme weather conditions accelerate the process of 
pathogen life, widening their geographic and seasonal ranges. These changes 
amplify crop losses, increase the variability of yield, decrease biodiversity, 
and destabilize ecosystems (Singh et al., 2023; Yang et al., 2023). Early springs 
and mild winters increase the pathogen loads in the soil, and high night 
temperatures increase the chances of infection and survival of spores between 
seasons (Hunjan and Lore, 2020). The fluctuation in precipitation puts two 
stressors, drought leads to immunosuppression, but heavy rainfall establishes 
conducive environments to pathogens. High atmospheric CO2 levels can 
change the physiological properties of plants such as stomatal behavior and 
leaf surface chemistry, which change host-pathogen interactions and impact 
the severity of a disease (Singh et al., 2025). These synergies create rapidly 
changing selection environments which encourage hereditary genetic variety 
among pathogen populations. This includes single-nucleotide polymorphism 
in virulence locus, horizontal gene transfer of adaptive genes and regulatory 
ones that lead to survival in new climate regimes (Guo et al., 2025). The alleles 
of thermotolerance can be selected by high temperatures while longer growth 
times may select alleles that give faster reproductive traits. Changed moisture 
cycles may influence phenotypes adapted better to survival. Fusarium and 
Phytophthora spp. do not only have a wide host range but are also very 
sensitive to the increased cross-species transmission probability brought 
about by climate-related expansions (Guaschino et al., 2023).Various groups 
of pathogens are following different evolutionary patterns, depending on their 
biology and dispersal modes, and may lead to genetic bottlenecks, selective 
sweeps or slow alterations in allele structures, which may eventually result 
not only in increased virulence, extended host ranges, or altered infection 
patterns (Macdonald, 2022). These evolutionary paths can only be detected 
and understood at the molecular level. The use of whole-genome sequencing 
helps determine adaptive changes and chromosomal change. Comparative 
transcriptomics helps to identify the variations in gene expression that can 
be attributed to stress, which has been linked to pathogenicity, whereas 
proteomic studies prioritize climate-responsive effectors and enzymes (Iqbal 
and Naqvi, 2025). These can be used to identify emergent and high virulence 
strains at an early stage and allow genomic surveillance to assist in predictive 
disease control and breeding of resistant crops. The combination of molecular, 
ecological, and climatic data gives the mechanistic understanding of the process 
of micro-scale genetic adaptation that translates to macro-scale consequences 
and thereby reorganizes plant communities, changes nutrient cycling, and 
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affects ecosystem functioning (Yang et al., 2023; Hunjan and Lore, 2020). 
Furthermore, ecological resilience is facilitated by individual plant genotypes 
that aid in plant-soil interactions, using which drought-tolerant genotypes 
can establish unique microbial communities that affect plant development, 
recovery, and ecosystem functionality over time (Rua et al., 2016; Gehring et 
al., 2017; Rudgers et al., 2020). Altogether, these results put a strong emphasis 
on the need to understand modern evolutionary processes within plant and 
microbial populations to better predict and control disease-induced processes 
under the influence of climate changes.

2.	 Climate Stressors and Their Influence on Pathogen Evolution

Carbon dioxide in high concentrations in the atmosphere affects the 
physiology of the host and thus changes the nutritional profile of tissues and 
defensive chemistry (Roy et al., 2024). The efficiency of pathogen infection 
to be altered by variation in carbon to nitrogen ratios, the production of 
secondary metabolites and stomatal conductance. Some of the pathogens 
show an enhanced growth rate when CO2 is present in higher concentrations, 
and some of them exhibit reduced virulence which is due to increased host 
defense (Singh et al., 2023). The developmental adjustment to the increase 
of CO2 is predetermined by the specificity of the interaction between hosts 
and pathogens and the trophic policy of the latter. Increased host biomass is 
advantageous to the biotrophs, and necrotrophy are faced with a greater degree 
of resistance in the form of induced plant defense mechanisms. These changes 
are specific environmentally which can be better adapted to the changing host 
physiology (Kumar et al., 2024). Pathogen adaptation is further influenced by 
soil salinity, pH changes, and nutrient changes. High salinity also promotes 
halotolerant pathogens and changes the root exudates composition, thus 
changing the rhizosphere microbial interactions (Kumawat et al., 2022). Soil 
pH determines the stability of enzymes and levels of spore germination, which 
changes competitive orders among soilborne pathogens. One of the most 
important processes through which nutrient enrichment, especially nitrogen, 
raises the population of foliar pathogens is making tissues more succulent 
(Abobatta, 2023). On the other hand, nutrient depletion benefits pathogens 
that have an effective nutrient uptake mechanism. These traits of adaptation 
have the capability of modifying the pathogen fitness in both agricultural and 
natural soils in a state of change of climatic and edaphic factors (Hossain et 
al., 2024). Extreme climate change although unpredictable and great selective 
effects. The storms cause wind and rainfall that support the transfer of spores 
over long distances, making it possible to transfer genes and colonize new 
habitats (Meyer et al., 2021). Extreme events like heat waves, floods, and 
cyclones under climate change are triggering the mass death of plants, hence 
providing ecological spaces that can be quickly utilized by opportunistic 
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pathogens (Kumar and Mukhopadhyay, 2025). The multiple exposures to these 
events increase the process of selecting traits that result in quick colonization 
and reproduction. Subsequently, population and genetic dynamic promote 
greater phenotypic plasticity in reacting to environmental heterogeneity and 
thus play a role in the reconstruction of pathogen biogeography (Kumar et al., 
2024).  These selective pressures have created molecular signatures all over 
pathogen genomes and regulatory networks and have conditioned adaptive 
responses to environmental change (Dolatabadian and Fernando, 2022).

Increased temperatures, altered rainfall patterns, elevated CO₂ levels, 
drought, and changes in humidity are among the key climate change factors 
that influence the dynamics of plant pathogens in various host plants. These 
changes can affect the survival, reproduction, virulence, sporulation, and 
vector activity of pathogens, thereby increasing disease risks in plants.

3.	 Molecular Mechanisms of Pathogen Adaptation

3.1.	 Genetic and Horizontal Gene Transfer Mechanisms

Experimental molecular research can be used to provide essential 
evidence in explaining the plasticity of pathogens to heterogeneous and 
dynamic environmental factors in plant pathology (De La Fuente et al., 2022). 
These studies explain the genetic and regulatory pathways which have allowed 
the pathogens to evade host immune responses, adjust to new ecological 
conditions and survive withstand stresses caused by climatic change (Tao et 
al., 2023). Multi-omics studies reveal adaptive responses to include speedy 
plasticity that is essential in the survival of pathogen (Varadharajan et al., 
2025). Adaptive evolution and phenotypic variation are founded on genetic 
variation. The effector proteins and virulence determinants as well as the stress-
response pathways can be altered by mutations including deletions, insertions, 
and single-nucleotide polymorphism (Chen et al., 2025). Transposons, copy 
-number variation, and chromosomal rearrangements activate genome 
plasticity that generates new alleles and supports rapid phenotypic change 
(Dolatabadian and Fernando, 2022). Such genetic processes allow pathogens 
to rapidly adapt to changing conditions, expand their host range and avoid 
host defenses. The adaptive potential is also enhanced through horizontal 
gene transfer (HGT) that captures genes that encode toxins, effectors, and 
fungicide resistance (Cotta et al., 2025). The genomes of the species of the genus 
Phytophthora show that the horizontally obtained genes can be effectively 
incorporated into the virulence pathways that can increase the host range and 
virulence (Kronmiller et al., 2023). Within a short period of time, pathogens 
undergo evolution by acquiring and retaining plasmids and viral components 
as well as external DNA under high rates of selection (Sharma et al., 2024).
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3.2.	 Epigenomic Modulation and Transcriptomic Plasticity

Along with consistent genomic rearrangements, epigenetic control 
provides a plastic and reversible regulation of gene expression without 
altering the DNA sequence (Seem et al., 2024). The major epigenetic processes 
that regulate the expression of pathogenicity and stress tolerance genes are 
DNA methylation, histone modification, and silencing through small RNA 
(Pereira, 2023). Epigenetic plasticity enables the pathogen to rapidly shift 
between dormant and active infection states, which gives them survival 
benefits in changing climatic conditions. Epigenetic variation has been 
directly associated with the process of virulence modulation and host defense 
response adaptation in fungal pathogens like Fusarium and Botrytis (Sauters 
and Rokas, 2025). Adaptive responses are further optimized on the molecular 
level by transcriptomic and proteomic reprogramming. Environmental 
stressors, such as temperature, moisture, nutrient changes, and others, can 
trigger large-scale transcriptomic changes, thus activating effector secretion 
systems, detoxification enzymes, and regulators of stress response (Guo et al., 
2025). Proteomic profiling also identifies climate-regulated proteins that serve 
in the cell-wall degradation process, osmolyte synthesis, and reduction of 
oxidative stress (Dordetetz and Vandecasteele, 2022). As a set, such molecular 
dynamics allow pathogens to redistribute the resources of cells in a strategic 
way, and in this way, improve the efficiency of infections and physiological 
resilience (Malinowski et al., 2024). The main molecular mechanisms that 
have been suggested to be involved in pathogen adaptation include mutations, 
horizontal gene transfer, epigenetic regulation, and transcriptomic-proteomic 
reprogramming (Bashir and Setyawati, 2025). All these varied yet also 
overlapping strategies are needed to ensure a check of the pathogen viability 
in evolving conditions, increase the virulence, diversify the host associations 
and modify the dynamics of the disease. This way, an integrative genomic, 
epigenomic, transcriptomic, proteomic study will give a full insight into 
adaptive evolution and its molecular consequences (Kronmiller et al., 2023; 
Passeri et al., 2024; Sacristan and Goss, 2021). The understanding of these 
molecular processes will aid in a deeper understanding of the behavior of 
the pathogen in the conditions of climate change and will contribute to the 
creation of new methods of a sustainable way of protecting the plants.

4.	 Evolution of Virulence and Host Range

4.1.	 Climate-induced Regulation of Virulence Factors

Climate change exerts high levels of selection pressure on pathogens of 
plants, thus controlling the expression of virulence factors and host range 
(Sarethy and Saharan,  2021). The virulence-related genes, such as toxin 
biosynthesis, cell-wall degrading enzyme activity, and immunosuppressive 
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effector genes are directly influenced by temperature and moisture. As an 
example, in Phytophthora infestans, tempering of host penetration and 
host immune defense-enhancing genes is increased in the presence of warm 
and moist climatic conditions (Winters,  2022). In addition, environmental 
stress induces biofilm development in Xylella fastidiosa and enhances 
bioluminescence, an indicator of an expanded host colonization and virulence 
potential (Sacristan and Goss,  2021). Climate change will also increase the 
geographical range of the pathogens and hence increase its adaptation to 
new hosts. The changes in the precipitation patterns and warmer winters 
have facilitated the migration of the pathogens to the areas where the new 
or vulnerable hosts are located (Semenza et al., 2022). A case in point is the 
fast adaptation of an avirulence (Avr) gene-based mutation in an avirulence-
sensitive wheat cultivar to an avirulence-insensitive wheat cultivar in the form 
of a species named, e.g. Puccinia graminis f.sp. tritici, resulting in vicious 
races (Morris et al., 2019). Equally, the invasive isolates of the X. fastidiosa in 
Europe have expanded their host list to olive and almond trees, and warmer 
Mediterranean climates have been the most desirable environment to establish 
and flourish (Vagelas et al., 2025).

4.2.	 Effector Diversification and Evolutionary Dynamics

The main feature of this evolutionary scheme and evolutionary process is 
the diversification of repertoires involving effectors, which helps to avoid the 
immune surveillance of plants. The effector diversification via the action of 
climate-driven selection may facilitate point mutagenesis, recombination, and 
horizontal gene transfer (Abdallah, 2025). An example of allelic diversification 
of RXLR effectors in the phytophthoramine species, Phytophthora infestans, 
demonstrates the relationship between these minor genetic differences 
and virulence against potato cultivars resistant in the past, proving that 
small-scale genetic differences can cause a change in host compatibility 
(Sacristan and Goss, 2021). Similarly, bacterial pathogen alterations in TAL 
effectors also alter host specificity and control the level of virulence (Dutta 
and Singh, 2025). These molecular novelties are indicative of the active co-
evolution of the host immunity and pathogen effectors especially in a climate-
stressed environment.

The intensity and pace of such evolutionary shifts can be further 
highlighted by the recent epidemic events. There is a coincidence between the 
outbreak of new virulence lineages of the wheat stem rust in East Africa and 
Central Asia and the start of three new lineages of the Puccinia graminis, 
confirming an ability to quickly revert to agroclimatic change (Hossain et 
al., 2024). The same can be seen among oomycete pathogens, an example is 
the revival of potato late blight with genotypes of the pathogen, which have 
become adapted to warmer and more humid summers in the North (Priya et 
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al., 2024). The increase in winter temperatures and the extension northwards 
of insect vectors have eased the spread of the epidemics of the pathogen in 
Europe, allowing the pathogen to infect new areas of agriculture (Vagelas et 
al., 2025). All these illustrate the fact that the pathogen virulence and host 
range are co-evolved to conform to climatic stresses, prompting plants to 
refine immune defense responses to conform to this, in turn redefining the 
world-wide distribution of plant diseases (Jagra et al., 2024).

5.	 Ecosystem-Level Consequences of Pathogen Evolution

5.1.	 Agricultural and Ecological Impacts

The ecological impacts of the development of pathogens under climate 
change are not limited to the system of agricultural management but 
affect natural ecosystems and their stability. One of the most noticeable 
consequences of such dynamic is a decrease in crop productivity (Shukla et 
al., 2025). The increasing prevalence of epidemic outbreaks is complicated by 
the rapid spread of resistant variants by pathogens that develop new virulence 
factors or enlarged host range. They directly affect sustainable food security 
and agriculture negatively (Oraon et al., 2024). The changes in the pathogen 
phenology in response to climate elevate losses in yields by coinciding with 
crops during the most vulnerable stages of development, which is the case 
with cereal rusts and potato late blight (Singh et al., 2023). The implementation 
of fungicides, to reduce these risks, creates additional problems of its own, by 
spreading more resistance evolution faster, and creating a self-perpetuating 
chemical addiction that weakens the resiliency of production systems 
(Jeger and Entesson, 2022). Pathogen evolution could change the structure 
of plant communities and ecological homeostasis. Dominating species of 
plants may be selectively removed, leaving empty ecological niches that are 
occupied by subdominant or invasive species (Corradini et al., 2022). As an 
example, in forests and grasslands, competitive hierarchies are rearranged 
in the process of alterations in disease pressure and in such a way alters 
long-term successional paths (Burdon and Zhan, 2020). Such restructuring 
of communities compromises microbial activities of soils, nutrient cycles 
and mutualism, which ultimately diminishes the ecosystems response to 
environmental stresses (Thakur et al., 2021).

5.2.	 Biodiversity Dynamics, Climate Feedback and Adaptive Monitoring

The loss of biodiversity is a fundamental part of the evolution of 
pathogens in the framework of changing climatic conditions. The specialist 
species can destroy the keystone species, but the generalist species show the 
broader host range and hence increase their effect on the community level 
(Cui et al., 2025). These disruptions spread in trophic networks, changing 
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the herbivore-plant and pollinator-plant relationships, and eventually 
reducing multifunctionality of eco-systems (Pugnaire et al., 2019). Thus, 
biodiversity loss of plant life undermines ecosystem stability and increases 
the vulnerability to subsequent invasion of pathogens and climate 
disequilibrium (Van Der Plas, 2019). The changes could also be an added 
source of climatic instability through environmental feedback mechanisms. 
Carbon depleting events caused by pathogens reduce the ability of the soil to 
bind carbon, alter the surface albedo, and hasten the release of greenhouse 
gases by decomposing biomass (Babaniyi et al., 2024). Grassland ecosystems 
are also affected by pathogen outbreaks that lead to the loss of the canopy, 
disruption of the hydrological regime, and increased warming at the local 
level (Jeger, 2022; Singh et al., 2023). These feedback mechanisms emphasize 
that not only climate change triggers pathogen development but also vice 
versa, which strengthens the instability of climate through positive feedback 
mechanisms that sustain ecological disturbance (Mora et al., 2020).

All these implications of ecosystem levels emphasize the extreme need 
to combine molecular surveillance with ecological tracking to track the 
evolutionary history of pathogens (Combe et al., 2023). The connection 
of genetic acclimation of pathogens and processes on a community and 
ecosystem scale is a key to predicting the future effects and creating effective 
means of sustainable agriculture and biodiversity protection (Bernatchez et 
al., 2024).

6.	 Molecular Tools for Monitoring Evolutionary Change

6.1.	 Genomic and Metagenomic Approaches for Pathogen Surveillance

The reduction of biodiversity is a significant implication of the 
evolution of pathogens in the framework of a shifting climate. Narrow-
host-range pathogens can cause the disappearance of the keystone species, 
and generalist pathogens, which infect a wide range of hosts, spread their 
effects throughout the whole community (Cui et al., 2025). This disturbance 
spreads via the trophic networks, altering the interaction between the 
herbivores and plants, and pollinators and plants, eventually reducing 
multifunctionality in the ecosystem (Pugnaire et al., 2019). Therefore, a 
decrease in plant diversity undermines the resilience of the ecosystem and 
increases vulnerability in case of subsequent pathogen attacks and stresses 
caused by the climate (Van Der Plas, 2019). Those changes can also cause 
the intensification of climatic instability through environmental feedback 
mechanisms. The carbon stocks caused by pathogens negatively influence 
the carbon sequestration of soils, change the albedo of the surface, and 
increase the rate at which the biomass decomposes and leads to greenhouse-
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gas emissions (Babaniyi et al., 2024). Repeating tree mortality with pathogen 
causes soil carbon depletion and makes soil more vulnerable to drought 
stress. The same happens to ecosystems in the grasslands, where pathogen 
outbreaks lead to the loss of canopies, the destabilization of hydrological 
processes, and the intensification of local warming (Jeger, 2022; Singh et al., 
2023). In this way, pathogen evolution is not only a reaction to climate change 
but an active contributor to climatic change, which strengthens climatic 
instability with positive reviews of increase in ecologically disturbing 
conditions (Mora et al., 2020). All these implications on an ecosystem level 
highlight the need to implement molecular surveillance alongside ecological 
monitoring to outline the evolutionary pathways of pathogens (Combe et al., 
2023). The association between the genetic adaptation and the community 
level ecological processes of the pathogen is essential in predicting the 
future and creating sound policies towards sustainable food production and 
conservation of biodiversity (Mandal and Das, 2025).

6.2.	 Integrative Multi-Omics and Evolutionary Modelling

Multi-omics technologies have become instrumental in describing 
the molecular complexities of pathogen adaptation. This is achieved by the 
combination of genomics, transcriptomics, proteomics and metabolomics 
so that the molecular networks that drive the evolutionary change can be 
reconstructed (Liu, 2024). Stress and immunogenic transcripts are identified 
by transcriptomic analyses, whereas the functional biochemical pathways 
are outlined by proteomic and metabolomic profiles that are triggered by 
climatic stress (Zheng et al., 2022). It is a systems-level model that can explain 
convergent adaptive responses and allows identifying candidate biomarkers 
that can be used to monitor the evolution of pathogens in real-time (Satya et 
al., 2024; Machuca-Sepulveda et al., 2023). A combination of molecular data 
with ecological and climate models could help strengthen the predictions on 
the appearance and spread of pathogens. The detection of genomic signatures 
that are indicators of evolutionary changes to environmental factors, such as 
temperature, precipitation, and host distribution, can be used to predict the 
range expansions and aggressiveness changes in each pathogen (Miñana-
Posada et al., 2025). Genomic models that consider climate effects increase 
the precision of the epidemic time and space prediction, which then helps in 
adopting proactive management actions prior to the epidemics (Bernatchez 
et al., 2024). These molecular insights, in addition to their role in a better 
comprehension of the evolution processes, form the foundation of mitigation 
and adaptation measures anticipating the range changes in response to climate 
change of the pathogens (Halder et al., 2022).
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7.	 Mitigation and Adaptation Strategies

The concept of resistance breeding has been used in the past to form 
the backbone of combating pathogens, but recent molecular discoveries that 
can predict evolutionary events of pathogens have completely changed the 
paradigm (Vashisht et al., 2023). The risk of resistance erosion by impacting on 
selection pressure at multiple loci is avoided by the introduction of resistance 
genes that act through a wide range of mechanisms. Genetic prediction 
and molecular-markers technologies are actively used in modern breeding 
programs to develop cultivars that can deploy resistance in a strategically 
coordinated approach to agroecosystems (Luo et al., 2023). Changing priorities 
in breeding currently emphasizes the synthesis of quantitative resistance 
and evolutionary genomics of the pathogen, which would provide long-term 
sustainability (Khokhar et al., 2023). Genome-editing technology, especially 
CRISPR/Cas systems, RNA interference (RNAi) technology, has also been 
incorporated into the scientific community with accuracy in inactivation 
of virulence genes that have emerged over time and become highly specific. 
CRISPR/Cas and RNAi mediated silencing cause site-specific alterations 
in resistance loci or direct targeting of pathogen genes respectively. These 
molecular instruments expand the opportunities to make crops disease-
resistant, and their effectiveness has been observed in large crops scale like 
wheat, rice, and citrus (Halder et al., 2022; Touzdjian Pinheiro et al., 2022). 
In addition, CRISPR-based systems are also considered as a population-
replacement option to a future-proof resistance to ever-changing pathogenic 
environment (Zhao et al., 2024).

Integrated pest and disease management (IPM) has continued to be an 
important part of the mitigation strategy and increasing focus has been given 
to molecular monitoring. Genomic surveillance and eDNA-based diagnostics 
can replace the old system of IPM as a second line of defense and provide 
a quick characterization of new strains (Namdeo-Aiwale et al., 2025). Such 
molecular tools will help to make more targeted and earlier interventions 
and thus less pesticide, will be used and the rate of fungicide resistance 
will be decreased. The concept of IPM is increasingly becoming adaptable 
and efficient in various other types of crop-arrays by integrating ecological 
information on host-pathogen-environment interactions (Basha, 2024). These 
emerging technologies require enabling policy contexts to realize a massive 
impact. Pathogen genomics would improve the ability of regions and countries 
to handle epidemics by integrating it into agriculture and forestry policies 
(Calcino et al., 2024). The development of protective measures that encourage 
genomic surveillance, shared data, and the proper use of genome-edited food 
items is bound to instrumentalize the achievement of sustainable adjustment 
(Rato et al., 2021; Ali et al., 2022). The connection between molecular 
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surveillance and climate-adaptation planning will promote proactive 
planning instead of reactive planning, which can be aligned with long-term 
sustainable goals of scientific practice. Although there is substantial progress, 
there are still crucial gaps in knowledge in research. Specifically, the long-term 
studies of the evolution of pathogens, their integration into the ecosystem, 
and the use of microbiome-mediated resilience are underdeveloped areas of 
research (Marsh et al., 2024). It will be necessary to fill these gaps to have a 
comprehensive mitigation and adaptation model that will be able to forecast 
the evolution of pathogen in the face of a climate change that is changing 
rapidly (Vashisht et al., 2023).

Climate-induced environmental changes influence the dynamics of 
plant microbiota and pathogens across a wide range of species. Molecular 
and genomic studies indicate changes in pathogen virulence, host-microbe 
metabolic relations and changes in stress response pathways. Multi-omics, 
metagenomics, proteomics, and genome editing are approaches that enable 
monitoring of adaptation, enhanced host resistance, and disease outbreak 
predictive modeling.

8.	 Future Directions and Research Gaps

The development of long-term genomic surveillance systems should be the 
primary focus of future research. The ongoing sequencing of the populations 
of pathogens in diverged geographic locations will be able to provide real-
time information on dynamic adaptive evolutionary processes (Clark et al., 
2025). To achieve this goal, it is important to adopt standardized procedures, 
internationally harmonized data-sharing systems, and easy integration with 
epidemiological databases. These infrastructures would help to detect new 
threats early before it develops into a large-scale outbreak (Gardy and Loman, 
2018; Vashisht et al., 2023).

The second crucial gap is the lack of connection between studies of 
molecular evolution and the ecosystem modelling space. Common models 
often assume that the pathogens are static, and thus they ignore the ability to 
change their genetic makeup rapidly (Xavier et al., 2022). The incorporation of 
genomic data in ecological and climatic models would significantly improve 
predictions of the disease dynamics in future climatic conditions. Spatially 
explicit models that integrate multi-omics data are set to better include the 
interaction between pathogen accommodation, host transition and ecological 
change (Crandall et al., 2020; Jeger et al., 2024).

Another potential line of research is microbiome-mediated resilience. 
Microbiomes that are associated with plants provide protection against 
pathogens by boosting host immunity, competition with pathogens, or 
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secretion of antimicrobial products (Du et al., 2025). However, anthropogenic 
climate change regulates these defensive actions, changing the composition of 
microbiomes. The application of engineering or selective breeding methods to 
promote desirable microbiomes would help to reduce the effects of pathogens 
and enhance the resiliency of ecosystems (Simon et al., 2025; Singh and 
Rastogi, 2024).

Lastly, the ethical and environmental risks of molecular interventions 
should be considered and addressed. New technologies like CRISPR-based gene 
editing, RNA interference, and microbiome engineering are quite promising, 
but they involve a significant amount of uncertainty in terms of long-term 
sustainability (Amen et al., 2025). Prior to large-scale implementation, there 
is a need to assess possible adverse effects, off-target effects, and control 
complications. The sustainable management of the processes of pathogen 
control will be determined by the development of innovative technological 
solutions and improved environmental control of pathogens (Gupta, 2024; 
Barupal, 2025).

To fill these gaps, an interdisciplinary approach based on the 
combination of molecular biology, ecology, computational modelling, and 
policy frameworks is required (Anapana et al., 2025). This kind of integration 
would transform the paradigm of pathogen control into a proactive mode, 
which would enable long-term, ecologically sustainable disease control with 
changing climatic conditions (Hossain et al., 2025).

9.	  Conclusion 

The increasing rate of climate change has had a significant impact on 
ecological and evolutionary relationships between plants and pathogens. The 
modified environmental conditions trigger the development of the molecular 
plasticity of the pathogen, which is determined by genetic flexibility, the 
impact of epigenetics, and interspecies transmission. These accelerating 
shifts in evolution enhance the prevalence of the disease and alter the host 
boundary, which broadens the ecological networks. Therefore, evolution of 
pathogens cannot be considered a local biological process but an extensive 
phenomenon that influences the biodiversity, food production, and stability 
of the climate system on the whole Earth.

The recent breakthroughs in genomics, transcriptomics, and 
metagenomics have radically placed plant-pathogen studies at the proactive 
and information-based level. However, there are still some major gaps in 
knowledge. The relatively limited integration of molecular evolutionary 
information into the ecosystem and climate models negatively affects 
the precision of the disease dynamics forecast and the uncovering of 
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ecological tipping points. In addition, the mediating role of plant-associated 
microbiomes in the promotion of resilience is not yet fully explored, but it is a 
vital perspective of sustainable disease management.

To solve these challenges, a paradigmatic change to interdisciplinary 
partnership, which involves molecular biology, ecology, data science, and 
climate policy, is required. The intersection of these fields makes it possible 
to move towards preventive, rather than reactive, disease control and predict 
the change in pathogens before outbreak. Based on this, food security and 
ecosystem health protection under the growing climate change conditions will 
be determined by the extent to which the molecular knowledge is integrated 
into environmental systems.
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1.	 INTRODUCTION

Turfgrass is a system with a history dating back thousands of years that plays 
a crucial role in environmental balance within human life. Throughout history, 
different civilizations have aimed to sustain their lives by utilizing pastures and 
grasslands, but they did not employ a distinct system for this purpose. The 
foundations for the first use of turfgrass in the modern sense began to be laid 
in the late 19th century, with industrialization and subsequent urbanization. 
During this period, the growth of cities along with the increasing population 
increased the demand for green spaces, and landscaping applications such as 
parks, gardens, and sports fields began to become widespread. From those days 
to the present, turfgrass systems continue to be used to beautify and protect 
living spaces, both aesthetically and functionally (Chawla et. al., 2018). 

Figure 1: Applications of turfgrass in golf cources, public parks and sports fields. 

Turfgrass systems, whose foundations were laid in the late 19th century, 
expanded their areas of use over time and began to be evaluated in different 
ways (Chawla et. al., 2018). For example, turfgrass, which was widely used in 
monastery gardens during the Middle Ages to provide a natural appearance 
and order, became indispensable for sports and recreation areas in the 20th 
century (Viola et al., 2025). With the development of large sports facilities such 
as golf courses, football fields, and baseball fields, turfgrass field management 
has become increasingly important. It should also be noted that turfgrass 
has begun to be used quite intensively in parks, streets, school gardens, and 
landscaping to take advantage of the increasing urban complexity. The use of 
turfgrass in these areas is not solely for aesthetic purposes; it has also gained 
significant importance for its environmental benefits, such as improving air 
quality, facilitating water infiltration, carbon sequestration, oxygen production, 
and reducing the natural heat island effect (Demiroğlu et al.,2010; Braun et al., 
2024).
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     Figure 2. Drought stress effect on turfgrass near sidewalks (Anonymous, 2019). 

      

Although turfgrass systems have potential for mitigation of environmental 
stress factors, these stress factors can significantly affect turfgrass management 
as well as the functioning of living systems. Salinity, excessive heat, drought, 
flood,  extreme cold, heavy metal toxicity, pests, and diseases negatively affect 
the growth and development of turfgrass. These stress factors reduce plant 
photosynthetic efficiency and disrupt energy production, even causing cell 
death (Özkan et al., 2021). This situation causes an increase in stress indicators 
such as paleness, thinning, weakening, and other signs in the appearance of 
turfgrass, where visual quality is very important. In addition, environmental 
stress factors slow down the root development of the plant, causing a loss of 
plant density at subsequent levels and leading to a loss of aesthetic value (Fan 
et al., 2020). 

The impact of stress factors on turfgrass systems has reached a point 
where it cannot be underestimated. This section discusses drought, heat, and 
their combined effects on turfgrass systems, as well as possible management 
solutions. Irrigation, fertilization, and maintenance practices aimed at 
increasing water and nutrient use efficiency are all addressed. Additionally, 
low-input turfgrass systems, integrated maintenance, and stress-reducing 
approaches are discussed in relation to current approaches to turfgrass 
management in the context of climate change.
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2.	 CLIMATE CHANGE AND TURFGRASS SYSTEMS

Climate change is a term used to describe widespread and significant 
changes in fundamental climate parameters (average temperature, precipitation, 
wind) observed in the long-term dynamics of climate systems that threaten the 
entire world, and which are permanent in nature on a global or regional scale 
(Demiroğlu Topçu et al., 2019). This process can arise due to the influence 
of natural environmental factors as well as human activities. In particular, 
the increased use of fossil fuels associated with industrialization has led to 
increased emissions of methane, carbon dioxide, and other greenhouse gases 
into the atmosphere, which is increasing the power of the greenhouse effect 
day by day and thus increasing the visible effects of global climate change. This 
situation leads to serious consequences, such as the melting of glaciers and the 
subsequent rise in sea levels, an increase in the frequency of extreme weather 
events, and permanent damage to ecosystems. In addition, climate change 
has negative effects on agriculture, forests, biodiversity, and water resources, 
threatening both the present and future of societies. Therefore, climate change 
is considered a highly significant environmental and social priority issue on a 
global scale.  

Plants possess the ability to mitigate the negative effects of climate change 
as natural ecosystem engineers. Thanks to this ability, plants can create 
microenvironments that contribute to the sustainability of microorganisms, 
animals, and vegetation. For example, afforestation or increasing vegetation 
cover has countless benefits, such as protecting water levels, reducing flood 
risk, reducing soil loss, and increasing biodiversity. However, the benefits 
provided by plants can vary from plant to plant, and some plants can cause 
more negative effects than benefits. Therefore, the selection and distribution of 
plant species is of great importance in planning for the ecosystem. The selection 
of plants with high adaptability that can adapt to drought, high temperatures, 
and changing soil moisture levels is of great importance. For example, plants 
with root structures that can spread over large areas and have high water 
retention capacity can reduce the risk of soil erosion, reduce temperature 
increases by providing shade, and facilitate the lives of living things by creating 
microclimates, especially in areas with increasing warming problems due to 
urbanization. In this way, plants stabilize and improve natural systems like an 
engineer (Espeland and Kettenring, 2018).

Turfgrass systems can play an important role in mitigating the negative 
effects of climate change. The vegetation cover provided by this system improves 
microclimates and supports ecological balance by protecting and managing 
green spaces. In areas with a high urban heat island effect, these systems reduce 
surrounding temperatures by providing shade and reflecting incoming light. 
Furthermore, these systems, known for significantly preventing soil erosion, 
keep the soil stable and maintain its productivity. In addition, the green spaces 
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provided by these systems increase carbon sequestration, reducing the high 
levels of carbon dioxide found in urban areas through photosynthesis and 
mitigating the greenhouse gas effect. These natural systems, which improve air 
quality, contribute to biodiversity by providing a habitat for microorganisms 
and other living organisms. Turfgrass systems, when properly managed, should 
be seen as a solution that supports fundamental ecosystem functions with the 
potential to develop natural resistance to climate change (Hatfield, 2017). 

Turfgrasses are classified into two main categories based on the climatic 
conditions in which they grown: cool-season and warm-season grasses. The 
care of these varieties requires different management practices. The ecology 
in which turfgrasses live is very important for the health and sustainability 
of these plants (Kır et al., 2010). Climate change greatly complicates turfgrass 
management and reduces the efficiency of the methods used. In particular, 
rising temperatures, drought, and other extreme events are negatively affecting 
turfgrass performance, which has both aesthetic value and many other 
functions. Abnormally high temperatures cause morphological disorders 
such as leaf burn, yellowing, and wilting. This makes turfgrass management, 
which already has high maintenance costs, even more costly. Climate change 
factors that also adversely affect the root structure of plants complicate 
water management during dry periods. Moreover, unexpectedly high air 
temperatures in spring and autumn and the lack of rainfall observed in most 
regions negatively affect turfgrass germination (Sun et al., 2024).

In short, turfgrass systems have the potential to mitigate the negative 
effects of climate change. They are crucial for improving air quality and 
reducing the heat island effect in urbanized areas. However, climate change, 
which poses a challenge in terms of sustainability and environmental balance 
today, is adversely affecting the development of turfgrass systems. High 
temperatures and increasing drought, along with the depletion of water 
resources, are damaging the growth and development of turfgrass, causing 
a decline in the effectiveness of this sector and the work carried out, where 
aesthetic appearance is very important. The need for holistic and integrated 
systems to reduce the impact of climate change on turfgrass is increasing day 
by day.

3.	 MAJOR ENVIRONMENTAL STRESS FACTORS ON TURFGRASS 
SYSTEMS 

Turfgrass is used to describe grasses that are functionally important in 
urban landscaping and in areas where certain sports activities take place. 
However, in today’s world of climate change, these areas are constantly exposed 
to environmental stress factors. The most common of these stress factors are 
physiological stress conditions such as drought, high and low temperatures, 
salinity, and metal pollution. In addition, urban stress factors, like other 
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stress factors, reduce the photosynthetic efficiency of turfgrass varieties 
and inhibit plant growth. When stress factors affect these areas individually 
or in combination, the resilience of turfgrass systems decreases and they 
become more susceptible to biological stress factors. This section examines 
useful strategies to lessen the effects of heat, drought, and combination stress 
conditions, which are the most impactful stress factors on turfgrass systems.

3.1.  Drought Stress 

Drought stress is one of the most important environmental stress factors 
affecting the growth and development of plants, including turfgrass. The 
effects of drought are particularly noticeable in arid and semi-arid climates, 
and managing turfgrass landscapes in these regions is becoming progressively 
more challenging due to climate change. Turfgrass’ response to drought is 
highly variable. Water deficiency negatively affects the visual quality, growth, 
and development of turf to varying degrees. Studies have shown that different 
turfgrass species exhibit varying degrees of tolerance to drought. Research 
in the literature generally focuses on identifying drought-tolerant turfgrass 
species and developing water-saving practices (Yu et al., 2023). 

There are significant differences in drought tolerance among grass types 
and varieties. In general, warm-season grasses have higher drought tolerance 
than cool-season types. Hybrid bermudagrass and Cynadon dactylon varieties 
are particularly preferred in conditions affected by limited water and high 
temperatures. Differences in water usage rates between species are related 
to characteristics associated with root and stem morphology. Therefore, 
transpiration occurring through shoots, evaporation through the soil, and how 
much water is taken up by the roots and maintained in balance are all factors 
that shape this process. Grass species that grow prostrate generally require less 
water than species that grow upright. While vertically growing species have 
higher transpiration rates and consume more water, slow-growing dwarf and 
prostrate types cover the soil surface with a dense canopy, minimizing water 
evaporation from the soil. The root system is as critical as the growth habit of 
the stem in increasing water use efficiency. Deep, dense, and well-branched 
root systems allow plants to access water from deep soil layers during periods 
of water scarcity. Drought-tolerant grass varieties have the ability to increase 
water uptake during dry periods by increasing root hair and root length. They 
can minimize their need for water by becoming dormant, i.e., entering a state of 
dormancy and minimizing their metabolic activity, and they can survive until 
the next rainy season (Huang, 2008; Arikilla et al., 2025). For example, cool-
season grasses stop growing in the summer heat and protect themselves by 
going into dormancy. Warm-season plants, on the other hand, can withstand 
high temperatures as long as they have enough water.
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Although drought is generally thought to occur in summer due to high 
temperatures, drought stress problems can also affect grasses in winter. On 
days without frost, rainfall, and with excessive wind, plants lose large amounts 
of water through their leaves and can turn yellow and dry out. Another 
situation observed when the soil freezes is that grasses, which cannot absorb 
water, may experience winter dormancy. When faced with such a situation, it 
is possible to protect plants from the effects of the drought by watering them, 
using mulch or plastic covers, and constructing windbreaks.

Turfgrass management under drought stress conditions aims to make 
the best use of limited water resources. One of the most important methods 
for reducing the effects of drought stress is mowing. When mowing turfgrass, 
the height of the leaves should be kept above the recommended limits for the 
species. This increases the shade provided by the plants, deepens the roots, 
and increases the plant’s resistance to drought. Nitrogen applications should 
be made according to the type of turfgrass used, and slow-release fertilizers 
should be preferred. In addition to all this, it is very important to determine 
the irrigation strategy. Watering should be done in such a way that it reaches 
the root zone without accumulating on the surface. Additionally it is necessary 
to prevent excessive density of plants and ensure aeration of the roots. 

In summary, the following steps may be taken to reduce the effects of 
drought stress on turfgrass systems: 

•	 Selecting the most suitable genotypes and species that are resistant to 
drought stress

•	 Implementing shading arrangements, 

•	 Adopting approaches that increase root growth and preserve vitality,

•	 Optimizing nitrogen nutrition,  

•	 Using the correct irrigation strategy

•	 Selecting the mowing height specific to the species

•	 Aerating the soil and encouraging the development of the plant root 
system.  
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Figure 3. Representative illustration of the effects of summer and winter drought on 
grass. 

3.2.  Heat Stress 

Grasses are divided into cool-season and warm-season types, and high 
temperatures are one of the most important environmental stress factors that 
hinder the growth and maintenance of cool-season grass species. Cool-season 
grass species show the best development in temperate conditions, depending on 
the climate conditions from which they originate. These species are commonly 
planted in rainy and cool transitional zones and show good tolerance to low 
temperatures. However, high temperatures can cause wilting, leaf yellowing, 
and seedling mortality in these species. Temperatures exceeding optimal levels 
generally negatively affect the visual quality of these plant species, accelerating 
leaf aging and reducing their aesthetic value. With global climate change, 
rising temperatures each year can lead to increased maintenance costs for these 
varieties during the summer months and limit the use of cool-season grass 
types to a more limited geographical area. In this regard, developing varieties 
that are more resistant to high temperatures, understanding the temperature-
related responses of cool-season types, and understanding the mechanisms of 
more resistant varieties are priorities for the management of turf areas (Sun et 
al., 2024). 

Rising temperatures and the extension of the growing seasons, particularly 
the high temperatures observed in summer months, indicate that traditional 
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management approaches are unsustainable. When heat stress increases, the 
resistance of grass species, as well as physiological tolerance limits, mowing 
height, fertilization programs, irrigation regimes, and soil management 
practices, affect the performance of turf areas. Therefore, it is essential to 
develop integrated management strategies that increase plant resistance during 
periods of high heat stress (Hatfield,2017).

Figure 4. A representative illustration of leaf senescence, chlorophyll loss, and reduced 
visual quality in grass due to high temperature stress.

High temperatures cause their first significant damage during the 
emergence phase after sowing, where they greatly reduce the emergence rate 
and time by decreasing soil moisture and increasing its drying effect. In the post-
emergence stages, the tolerance of plants to high temperatures varies depending 
on the plant’s age, other ecological conditions in which they grow, and their 
growth form. It is known that shade conditions, high elevation, and balanced 
fertilization reduce the damage caused by excessive heat. Grass seeds generally 
remain viable as long as the temperature does not exceed 40-45 degrees, but 
they lose their germination ability to a large extent as the temperature rises. In 
addition, high temperature damage is often accompanied by drought damage, 
slowing the growth of cool-season grasses, causing leaf blades to shrink and 
curl, and the color to turn dark and bluish-green. Subsequently, cellular death 
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begins, the leaves turn brown, and root development stops, which can cause 
regional death. 

Minimizing the damage caused by high temperature stress on turf areas 
requires appropriate variety and species management. In addition to these 
selections, agronomic management practices can also significantly alter plants’ 
responses to temperature stress. Identifying resistant species and genotypes, 
particularly cool-season types, is considered one of the most fundamental 
methods for increasing tolerance in temperature stress management. In 
addition to species and genotype selection, practices that increase plant 
photosynthetic capacity and support the plant’s antioxidant defense system at 
high temperatures can minimize the damage caused by heat stress. Another 
fundamental tool for mitigating the effects of heat stress on turfgrass is nutrient 
management. In particular, careful selection of nitrogen doses and timing 
affects the amount of photosynthesis and root health, resulting in turf with 
higher visual quality and supporting the plants’ heat resistance mechanism. 
In addition, it has been noted that increasing carbon dioxide levels and 
implementing certain practices that support carbon metabolism increase the 
rate of plant photosynthesis and reduce stress-related effects by increasing 
carbon fixation efficiency. Recent years have shown that hormonal regulators 
in turfgrass also help reduce heat stress by delaying chlorophyll loss and leaf 
senescence, thereby protecting the plant’s photosynthetic mechanisms. While 
maintaining leaf health and photosynthetic systems is important, implementing 
practices that develop the root system in turfgrass is just as critical for stress 
resistance. Plant pre-conditioning applications also stand out as an innovative 
approach that can increase the stress tolerance of turfgrass by triggering stress 
memory, enabling faster and greater expression of heat shock proteins at high 
temperatures (Fat et al., 2020).  

The following steps may be taken to reduce the effects of heat stress on 
turf areas: 

·	 Selecting the most suitable genotypes and species for the region, 

·	 Increasing mowing height, 

·	 Implementing shading arrangements, 

·	 Adopting approaches that increase root growth and preserve vitality,

·	 Implementing pre-applications that support plant stress memory, 
which can increase heat shock protein expression more quickly and significantly,  

·	 Optimizing nitrogen nutrition, 

·	 Applying high carbon dioxide to increase the photosynthesis rate and 
carbon efficiency.
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In conclusion, we can state that drought stress, one of the challenging 
environmental stress factors, significantly complicates turfgrass management. 
Integrated management approaches are necessary to increase the physiological 
resilience of plants and reduce plant losses caused by stress. Increased research 
in this area in the future will help mitigate the effects of heat stress and enable 
the development of more sustainable turfgrass systems.

3.3.  Drought and Heat Stress Combination

  Drought and heat stress significantly reduce the production of agricultural 
products, particularly in rain-dependent regions, and seriously reduce their 
quality. Drought and heat stress, either alone or in combination, negatively 
affect physiological parameters of plants such as photosynthesis, stomatal 
conductance, and respiration, leading to disturbances in carbon balance. 
Research indicates that plant varieties resistant to drought or heat alone do not 
show the same degree of tolerance when both stresses occur simultaneously. 
In other words, the combined effect of these stress factors cannot be predicted 
as the sum of the individual stresses, and their consequences are unpredictable 
and more complex. Therefore, predicting and preventing the effects of drought 
and heat stress requires specific management and adaptation strategies (Cohen 
et al., 2021). 

Global climate change is increasing the frequency of drought and heat 
stress occurence simultaneously, limiting turfgrass root water uptake and 
causing stress in the plant. The combined occurrence of these stresses on 
turfgrass can have more severe effects on quality and root development. 
Mitigating the combined effects of drought and heat can be achieved 
through well-adjusted management strategies. Irrigation planning requires a 
multifaceted approach, including the selection of species resistant to both heat 
and drought, fertilization strategies that counteract these two stress factors. 
The management of turfgrass systems should focus on evaluating these two 
stress factors together rather than separately, in order to better understand the 
stress responses of genotypes and species.  

4.	 CONCLUSION 

In conclusion, it is clear that drought, heat and drought-heat combination 
stress have significant effects on the growth and development of turfgrass. 
The management of turfgrass systems, where visual quality is important, is 
becoming increasingly difficult with climate change. This section highlights 
that appropriate species and variety selection, irrigation management, feeding 
strategies, growth regulators, and certain cultural practices play a role in 
mitigating the negative effects of these stress factors. Integrated methods that 
increase water use efficiency and support physiological resilience are at the 
fore of the protection of these systems. Future research at the physiological and 
molecular levels will contribute to the development of more resilient turfgrass 
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systems. The development of climate-adaptive management strategies will 
ensure the sustainability of turfgrass areas against drought and heat stress or 
their combinations. 
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1. INTRODUCTION

Wood-plastic composites (WPCs) are composite materials which are 
produced by bringing together polar wood fibers and apolar thermoplastic 
polymers with processes like melting, mixing, extrusion, hot pressing and 
injection molding. Because of their low costs, environmentally friendly 
structures and good mechanical properties, and also because of their resistance 
against corrosion, moisture and water, they are widely used in architectural 
decoration, interior space applications and outdoor landscape (Wu et al., 2014; 
Teuber et al., 2016; Xu et al., 2024). However, moisture absorption originating 
from hydrophilic wood components is the main disadvantage of WPCs and in 
long term it can cause deterioration and loss of properties. On the contrary, 
their high sustainability, resistance against biological degradation and long 
time dimensional stability have increased academic and industrial interest 
towards WPCs in recent years (Rowell 2005; Durmaz 2022).

According to the Food and Agriculture Organization of the United 
Nations (FAO), round wood production reached 3966 million m³ in the 
year 2020 and showed a 24% increase compared to the year 2000. However, 
evaluations show that in case the world population becomes 10 billion, 
wood demand will exceed the supply. Together with this, it is estimated 
that price increases and the risk of illegal cutting in protected forests will 
increase. For the protection of forest resources and providing sustainability, 
increasing the production of wood-based materials alternative to raw wood 
has become a necessity (FAO 2020; Pędzik et al., 2022). In industrial scale 
WPC production, in order to eliminate the raw material continuity problem, 
using agricultural waste in production has become important. Annual global 
production of lignocellulosic biomass is approximately 182 billion tons. 
Only about 8 billion tons of this renewable raw material is evaluated and 
most of it is not used. Plant based sources like agricultural residues consist 
of cellulose, lignin and hemicellulose and present an important potential for 
bio plastic and composite production (Inyang et al., 2022; Blasi et al., 2023). 
 
            Agricultural lignocellulosic fibers take an important role in the development 
of sustainable composites thanks to being obtained from natural renewable 
sources, being biologically decomposable and having environmentally friendly 
structures. These raw materials obtained from common plants such as jute, 
flax, bamboo and hemp increase the mechanical performance of composite 
materials with their high tensile strength, flexibility and low densities. In this 
way, they provide the possibility to be widely used in sectors requiring high 
performance like automotive, construction and aviation in order to provide 
energy efficiency, durability and thermal efficiency (Kalia 2017; Shaker and 
Nawab 2022).
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Negative properties such as moisture uptake, dimensional instability 
and weak bonding with polymers limit the strength and usage areas of 
composites produced from these fibers. For this reason, innovative solutions 
are needed to increase performance. In WPC production, applying chemical 
modifications to lignocellulosic materials and using suitable compatibilizers 
are widely preferred in order to strengthen fiber–matrix interface bonding, 
reduce moisture uptake and swelling and improve mechanical performance 
(Ramachandran et al. 2022; Geris et al. 2024).

Uncontrolled releasing of agricultural wastes to the environment, burning 
or storing them creates serious environmental problems and by increasing 
greenhouse gas emissions accelerates climate change. Additionally, releasing 
harmful gases to the atmosphere, damaging soil, air and water resources and 
threatening human health create problems. Agricultural sector is responsible 
for an important part of global greenhouse gas emissions. Increasing waste 
amount makes sustainable management approaches compulsory. For this 
reason, evaluating agricultural waste in sustainable applications such as energy 
production and development of value-added products carries great importance 
(Koul et al. 2022; Bala et al. 2023).

In this study, information will be given about the effects of the most 
commonly used agricultural waste types in WPC production on physical, 
mechanical and thermal performances and their usage potentials.

2. AGRICULTURAL RESIDUES IN WOOD-PLASTIC COMPOSITES 
PRODUCTION

2.1. Wheat stalks and straw

Agricultural residues such as wheat straw are cellulose based fiber sources 
although they have lower cellulose content compared to wood fibers. Due to 
their abundant availability and low costs, they present important potential for 
fiber composite production. Large amounts of wheat straw waste are generated 
every year worldwide but only a small part of it is evaluated. Effective utilization 
of these resources can also create new market opportunities.

In the study where the possibilities of using mechanically and chemically 
prepared wheat straw fibers as substitution in polypropylene (PP) matrix 
injection molded composites were investigated, polypropylene composites 
containing 30% fiber were produced and their mechanical performances were 
evaluated. Chemically treated fibers showed better physical, mechanical and 
thermal properties. Wheat straw fibers generally improved the properties of 
polypropylene significantly. However, the strength of composites containing 
chemically treated fibers was found to be relatively lower. This was determined 
to originate from the non-homogeneous distribution of the fibers. As a result, 
it was determined that wheat straw fibers are a potential substitute material for 
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thermoplastic composites (Panthapulakkal et al. 2006). 

In their study, Mengeloglu and Karakuş (2008) investigated the effects of 
wheat straw flour substitution on thermal degradation behavior, mechanical 
and morphological properties in recycled PP and high-density polyethylene 
(HDPE) matrices and they determined that degradation temperature 
decreased in thermoplastic composites containing wheat straw flour. 
However, the addition of coupling agent significantly improved fiber–matrix 
compatibility. SEM investigations showed that the bonding was strengthened 
but not completely perfect; in mechanical tests it was determined that HDPE 
and PP based composites exhibited similar tensile and flexural properties. It 
was determined that MAPE was more effective in HDPE composites while 
MAPP was more effective in PP composites. It was reported that all produced 
composites met ASTM flexural requirements for decking boards. In another 
study of the researchers, the effects of filler content and coupling agent 
content on density and mechanical properties in injection molded foamed 
biocomposites were investigated. In composites produced using wheat straw 
flour, HDPE, MAPE and paraffin, it was observed that both filler substitution 
and coupling agent amount significantly affected density and mechanical 
performance. Composites containing less than 20% wheat straw flour and 
less than 1% coupling agent gave the best results. Increasing filler content 
increased flexural and tensile modulus. However, flexural and tensile strength, 
elongation and impact resistance decreased. It was reported that compatibilizer 
positively affected tensile strength while other properties were affected to a 
limited extent. As a result, it was determined that foamed biocomposites with 
moderate mechanical properties can be produced (Mengeloğlu and Karakuş 
2012).

Zou and Li (2013) investigated the manufacturability of wheat straw 
flour reinforced HDPE composites by injection molding method. Melt flow 
index, thermal analyses (DSC, TGA) and mechanical properties of samples 
with different fiber contents were evaluated. It was determined that melting 
temperature was approximately 135 °C at wheat straw contents below 30%. It 
was determined that increasing filler content reduced flowability, tensile and 
impact strength. On the other hand, it was determined that the increase in 
wheat straw flour amount slightly increased flexural strength.

Babaei et al., (2014) investigated the effects of azodicarbonamide (AZD) 
and nanoclay (NC) content on physico-mechanical and foaming properties of 
HDPE/wheat straw flour composites. The results showed that with increasing 
AZD amount, cell size and cell density increased while foam density decreased. 
NC addition showed that cell size decreased and cell density increased. 
Increase in AZD level caused water absorption and thickness increase, while 
mechanical properties generally weakened. Addition of 2 phr NC partially 
compensated this loss. On the other hand, AZD and NC addition negatively 
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affected impact strength. SEM images also confirmed the results obtained.

Zhang et al., (2016) investigated the effects of wheat straw fibers modified 
with caprolactam (CPL) on physical and mechanical properties of composites. 
FT-IR results showed that fiber polarity decreased with the reduction of 
O–H and C–O peaks at 5% CPL level. Physical analyses showed that after 
modification fiber properties became closer to HDPE and better compatibility 
and distribution in the matrix were achieved. SEM and mechanical test results 
revealed that modified fibers formed stronger interfacial interaction with 
HDPE and increased the mechanical performance of composites.

2.2. Rice Husk

Rice husk, as an alternative filler to commercial silica, is one of the important 
agricultural wastes which contains 35% cellulose, 25% hemicellulose, 20% 
lignin and 17% ash (94% of ash is silica) by weight (George and Ghose 1983).

Premalal et al., (2002) examined the mechanical properties of composites 
which were obtained by mixing untreated and ground talc and rice husk powder 
(RHP) with polypropylene (PP) at different filler ratios. With increasing filler 
ratio, young modulus and flexural modulus was increased, but yield strength 
and elongation at break decreased. When compared with talc, lower yield 
strength, young modulus and flexural modulus were obtained from RHP filled 
PP composites. On the contrary, higher elongation at break was shown. SEM 
analyses supported these mechanical results.

Zhao et al., (2009) examined the effects of rice husk (RH) with additional 
high silica content on thermal stability and flammability of HDPE composites. 
RH addition delayed the thermo oxidative degradation of HDPE matrix about 
40 °C. In this way, a clear flame-retardant effect was obtained. Residue analyses 
after burning showed that this effect was caused by heat shielding and diffusion 
barrier effect of silica based protective layer.

Shah et al., (2023) evaluated the effects of rice husk and wood flour addition 
on mechanical, thermal and flammability properties of recycled HDPE (rec-
HDPE) composites. In composites containing substitution between 0–20% 
and using 3% MAPE compatibilizer; tensile, flexural and impact tests and 
also LOI, UL-94, cone calorimeter and TGA analyses were performed. Results 
showed that especially in composites containing 20% rice husk, tensile strength 
increased by 8%, elastic modulus by 20% and flexural modulus by 50%. 
However, impact strength was decreased. SEM and FTIR analyses related these 
results with filler distribution and fiber matrix interaction. Thanks to silica 
based protective layer formation, composite containing 20% rice husk showed 
the best thermal stability and flame-retardant performance. In general, it was 
found that rice husk and wood flour addition clearly improved structural and 
functional properties of rec-HDPE.
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Fayzullin et al., (2025) investigated the effects of rice husk content between 
0–60% on thermal, mechanical and rheological properties of PP composites 
produced by extrusion and injection molding. With temperature independent 
viscoelastic analysis approach, it was allowed to combine data obtained 
at different temperatures. Thus, correct evaluation of flow properties was 
provided. Results showed that elastic modulus and stiffness increased linearly 
with increasing filler ratio. Impact strength and elongation at break was clearly 
decreased. Composites containing 40–50% filler showed balanced performance 
between strength and stiffness, in accordance with literature. It was stated that 
obtained findings are important for development of environmentally friendly 
polymer materials filled with natural fibers.

In another study, development of rice husk reinforced recycled 
polypropylene (RH-PP) composites produced by injection molding methods 
were investigated. Mechanical, thermal and morphological properties of nine 
formulations prepared with 10–30% RH content and particle sizes between 
125–500 µm were evaluated; composite containing 80% PP + 20% RH (125 
µm) showed the best performance with high tensile, flexural and compressive 
strength. TGA and DSC analyses confirmed good thermal stability and suitable 
crystallinity, and SEM showed good interfacial adhesion and homogeneous 
filler distribution (Jan et al. 2025).

Zhiltsova et al. (2024) examined the properties of PP composites containing 
rice husk (RH) and olive pit (OP) fibers at different ratios after long time water 
exposure. As fiber content increased, water absorption increased because of 
–OH groups in cellulose and hemicellulose; RH composites showed higher 
water uptake than OP composites. Water exposure caused limited increase in 
elastic and flexural modulus in some composites, but especially in composites 
containing 30% fiber, brittleness became clear and fracture under bending was 
observed. Lignin presence provided partial protection against water-related 
thermo oxidative degradation.

2.3. Corn Stalk

After harvest, different components such as corn cob, cob husk, stalk, leaf 
and ear are processed separately by industrial processes. These different parts 
show specific properties due to differences in their composition and structures 
(Li et al. 2016). In this respect, studies have been carried out on the use of these 
parts in WPC production, and their hybrid use with other materials.

Flandez et al., (2012) aimed to evaluate corn stalk waste as a reinforcement 
material as substitution in PP injection molded composites. In the first stage, 
corn stalk was converted into four types as powder thermomechanical, semi 
chemical and chemical fibers. Their physicochemical properties and fiber 
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characteristics were determined. In the second stage, these were used in the 
production of PP composites. Addition of coupling agent significantly improved 
tensile properties, and it was determined that composites prepared especially 
with semi chemical fibers showed the best performance. Morphological 
analyses were also associated this improvement with interfacial bonding.

Chen et al., (2018) in their study used corn stalk flour (CSF) instead of 
wood flour in PVC based wood–plastic composites and also reinforced with 
sisal fiber (SF) in order to improve mechanical properties. FTIR results showed 
that chemical structure of CSF is similar to wood flour. It was determined 
that hybrid CSF/SF reinforcement increased mechanical performance and 
especially addition of SF with 5 mm length provided clear improvement. It 
was determined that it had limited effect on water absorption. SEM analyses 
revealed fiber distribution and fracture surface behaviors. Hybrid strengthening 
mechanism of SF in PVC matrix was examined.

Lubis et al., (2025) investigated the effect of maleic anhydride grafted 
polypropylene (MAPP) on improving interfacial compatibility in PP composites 
containing modified corn stalk powder (CSP). Here it was aimed to increase 
mechanical strength and water resistance by strengthening the interaction 
of CSP with hydrophobic PP. FTIR analyses showed that polarity of CSP 
decreased after caustic soda treatment and its compatibility with PP increased. 
SEM examinations confirmed filler distribution and fracture behavior. Test 
results showed that especially in 75/15/10 (PP/CSP/MAPP) composite high 
tensile and impact performance was obtained. Additionally, it showed that 
MAPP addition significantly reduced water absorption properties.

In the study where composites were produced by adding poplar wood 
flour, corn cob wastes and nanoclay at different ratios into PP, samples were 
prepared with PP ratio of 60% and lignocellulosic filler ratio of 40%. Nanoclay 
levels of 0%, 2% and 4% and constant 2% coupling agent were used. Results 
showed that 25% corn cob + 75% poplar combination increased tensile and 
flexural strength. It was shown that 2% nanoclay addition improved tensile and 
flexural modulus while 4% nanoclay decreased performance. Impact strength 
generally increased with nanoclay addition. Composites containing 25% corn 
cob + 75% poplar and 2% nanoclay showed the best performance in terms of 
mechanical and physical properties (Nourbakhsh et al. 2024).

In a study where the effects of using sengon wood and corn cob chips 
at different ratios on physical and mechanical properties of WPCs produced 
using PP were investigated, as a result of ANOVA and LSD analyses it was 
determined that filler ratio significantly affected composite properties. While 
the best performance was obtained in composites containing 100% sengon, 
the composition of 75% sengon–25% corn cob gave balanced results in terms 
of performance and sustainability. As corn cob ratio increased, overall quality 
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decreased. It was determined that some formulations met the standards 
(Rindayatno et al., 2025).

2.4. Sunflower stalks and husks

With harvest and sunflower production processes, important amount of 
residues occurs. This amount which was reported as 2.26 million tons in 2005 
is predicted to increase parallel with developments in production technologies. 
Sunflower stalks which are generally left in the field are used as fuel, are burned 
and are chopped and mixed into the soil. This situation causes economic value 
loss. Whereas it is possible to evaluate sunflower residues in areas such as 
animal feed, paper, plastic, paint, soap and cosmetics. With more efficient use 
of these materials, it carries potential to increase economic contribution (Uğur 
et al., 2021).

In the study where dimensional stability and mechanical performance of 
polypropylene composites containing sunflower stalk (SS) at ratios of 30–60% 
were examined, increasing SS flour amount increased water absorption and 
thickness increase. Tensile and flexural strength were decreased, but tensile 
and flexural modulus were improved. Use of 3% MAPP improved interface 
compatibility and positively affected mechanical properties and dimensional 
stability properties. Increase of SS reduced melting temperature of PP. 
Although crystallinity increased in filler range of 0–30%, it decreased at higher 
filler ratios. Results showed that SS flour has suitable filler potential for PP 
composites (Kaymakcı et al., 2013).

In the study where mechanical and physical properties of composites 
produced by adding sunflower seed shell and vitex tree fibers into HDPE 
matrix at ratios of 15% and 30% were evaluated, samples were prepared by 
extrusion and injection molding. Tensile, flexural and impact tests were carried 
out according to standards. It was seen that fiber type and ratio is determinant 
on performance. It was determined that vitex tree fiber gives more superior 
mechanical and physical properties when compared to sunflower shell 
(Mengeloglu and Shukur 2018).

Kun et al., (2021) examined the use of sunflower shell in different polymer 
matrices in a detailed way. Two types of ground sunflower shell having different 
geometric structure were mixed with PP, LDPE, HDPE, PS, PETG and PLA at 
filler ratios between 0–60%. Samples were prepared by compression molding. 
Interface interactions were evaluated by reverse adhesion calculations based on 
tensile strength change and surface energies. It was determined that adhesion 
stayed limited in polyolefins because of weak van der Waals interactions. On 
the other hand, in PS due to π–π interactions, in PLA due to hydrogen bonds 
and in PETG due to both mechanisms interface adhesion and reinforcement 
effect clearly increased.
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Irez (2024) examined mechanical and thermal properties of composites 
produced by adding sunflower shells into PP matrix. Results showed that 
filler addition decreased load carrying capacity by 20%, while impact strength 
increased more than 200%. Ductility decreased clearly. Addition of flame-
retardant Mg(OH)₂ increased stiffness, impact strength and glass transition 
temperature of composites. In UL-94 HB test flame holding time was delayed 
about 60%. Results showed that composites can be suitable for engineering 
applications such as automotive interior parts.

Cherkashina et al., (2025) developed composite films by using low pressure 
polyethylene (LPPE) and sunflower shell which was pre-treated with NaOH. 
Mechanical properties, water absorption behavior and surface morphology 
of films containing 40–60% sunflower shell and having 200 µm thickness 
were examined. Additionally, TG and DSC analyses were carried out. Results 
showed that optimum composition is 50–55% LPPE and 45–50% sunflower 
shell. Films containing 50% filler showed suitable performance values with 3.9 
MPa tensile strength, 6% elongation and 2.4% water absorption.

2.5. Hemp and Jute Stalks

Hemp stalks, which are a lignocellulosic waste source occurring in 
significant amounts, are most of the time burned or left as waste. Hemp 
fibers separated into long and short fibers by mechanical decortication and 
sieving processes show superior mechanical properties such as high tensile 
strength and stiffness. Especially they carry potential to be used as a valuable 
reinforcement element in textile and composite materials. Even short fibers 
having lower quality can be evaluated as filler and reinforcement material in 
thermoplastic composites (Talcott et al., 2023).

Jute is the second most common natural fiber in the world after cotton, 
obtained from Corchorus capsularis (white jute) and Corchorus olitorius 
(Tossa jute) plants. Especially it is grown in Bangladesh, China, India, 
Indonesia and Brazil. Plants reaching harvest in approximately 2–3 months 
are cut and bundled and separation of fibers from the bark is provided by 
fermenting under water. After that fibers are washed and dried. Jute fiber has a 
multilayered cell wall consisting of cellulose, hemicellulose and lignin. Fibers 
are bonded to each other by lignin rich middle lamella. This structure gives 
characteristic mechanical and structural properties to jute fiber (Mahajan et 
al., 2014).

In the conducted study, WPCs produced by using 70% wood fibers and 
mechanically processed hemp fibers were prepared with a two-stage process. 
Eleven different formulations containing PP fibers, MAPP and lubricant were 
extruded. With thermokinetic mixing fiber damage was kept limited. During 
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extrusion intense shear forces caused shortening of fibers and failure to provide 
homogeneous distribution. Despite this, hemp fiber reinforced WPCs showed 
the highest strength values. It was concluded that screw and die designs should 
be improved for more effective fiber reinforcement (Schirp and Stender 2010).

In the study where the potential of hemp wastes as an environmentally 
friendly and economical reinforcement material in the composite industry 
was evaluated, hemp fibers were subjected to alkaline treatment at different 
NaOH concentrations. Fibers were then mechanically fibrillated and mixed 
with PP and composite samples were produced by injection molding. Results 
showed that especially in composites containing 50% fiber flexural modulus 
increased significantly. It was found that approximately 239%, 250% and 257% 
improvement was achieved in fibers treated with 5%, 7.5% and 10% NaOH, 
respectively (Serra-Parareda et al., 2020).

Talcott et al., (2023) evaluated the potential of untreated ground hemp 
and hop fibers to substitute commercial pine chips in WPC production. 
Mechanical, thermal, rheological and water resistance properties were 
examined in composites containing 50% fiber, HDPE and 2% coupling agent. 
Due to smaller size of pine chips higher surface area, higher melt viscosity, 
better tensile–flexural strength was shown. Also, lower water absorption values 
were provided. However, it was determined that performances of WPCs using 
hemp and hop were close to commercial WPCs. It was stated that by grinding 
fibers to smaller sizes interface interaction and mechanical properties can be 
further improved.

In the study of Kılıç et al., (2024) effects of hemp stalk (HS) and maleic 
anhydride grafted polypropylene (MAPP) on mechanical, physical and thermal 
properties of composites were examined. Composites containing 10–35% HS 
and 0–3% MAPP were produced by extrusion and molding. It was seen that 
addition of HS and MAPP significantly increased mechanical performance. In 
composites containing 35% HS + 3% MAPP separation resistance increased 
by 11.7%, flexural strength by 44.2%; while in composites containing 30% 
HS impact strength increased by 60.2%. SEM results showed that MAPP 
strengthened fiber–matrix interface bond. It was revealed that HS filler is a 
suitable reinforcement material for PP composites.

In the study aiming to develop sustainable composite materials by 
combined use of biobased wastes and recycled plastics, hybrid laminates 
were produced by adding 10% jute woven fiber and different ratios (10–30%) 
of pine needle into recycled PP matrix. Water absorption mechanisms of 
composites were examined. While approximately 40% reduction in plastic 
use was achieved, increases were obtained in mechanical values together with 
modulus values. TGA results showed that thermal stability could be preserved. 
SEM analyses revealed that weak fiber–matrix adhesion and low strength of 
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pine needles determined fracture behavior (Gairola et al., 2023).

Khandaker et al., (2024) produced thermoplastic composites by hot press 
method with 40% fiber–60% PP matrix using preform shaped jute fibers. Effects 
of chemical treatments such as alkali and benzoyl chloride were evaluated by 
FTIR, TGA and SEM. Especially in chemically modified composites flexural 
properties improved by approximately 43%. It was determined that strong 
hydrogen bonds formed with PVA contributed to this improvement and the 
developed material was suitable for semi-structural applications. In the study it 
was concluded that jute industry wastes are a sustainable option for composite 
production.

In the study where mechanical, thermal and liquid resistance properties 
of composites produced by injection molding with jute reinforcement into 
recycled PP were evaluated, MAPP compatibilizer was used to improve 
interface bonding. Test results showed that jute addition increased stiffness 
and thermal stability. but due to brittle structure impact strength decreased. 
MAPP addition significantly improved tensile and flexural strength. In rPP/
J30/MAPP composite tensile strength increased approximately by 23%. 
Composites also showed high resistance against various automotive and 
household liquids (Khalili 2025).

2.6. Walnut and Hazelnut Shells

Walnut and hazelnut shells are important sources for recycling. Using 
these waste shells in bio composite material production, providing recycling 
of them will provide an important contribution for economy.

In the study where polypropylene composites containing 40%, 50% and 
60% walnut shell flour were produced by injection molding with MAPP added 
and without added, with increasing filler ratio tensile and flexural moduls of 
composites increased. While tensile and flexural strengths decreased water 
absorption and thickness increase values increased. Use of MAPP significantly 
improved fiber–matrix interface adhesion. Especially 40/57/3 (walnut shell 
flour/PP/MAPP) formulation was determined suitable for outdoor applications 
requiring high dimensional stability (Ayrılmış et al., 2013).

Bal (2023) HDPE matrix with 20%, 30% and 40% ratios pine wood 
flour and walnut shell flour added WPC panels were produced. According to 
ASTM standards tensile and flexural properties were examined comparatively. 
Results showed that as filler ratio increases flexural strength, deformation at 
break, tensile strength and elongation at break decreased. On the other hand, 
showed that flexural modulus increased in all groups. However, in composites 
containing walnut shell flour tensile modulus was found lower compared to 
unfilled groups.
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Karagöz et al., (2024) walnut shell and nano clay reinforced HDPE 
composites mechanical, thermal and morphological properties were 
investigated. Results showed that nanoclay addition strengthened interface 
interaction and tensile strength (from 26 MPa to 47.9 MPa) and elastic 
modulus (from 601.8 MPa to 919.6 MPa) significantly increased. Additionally, 
showed that impact strength and hardness also improved. Nanoclay affected 
crystallization behavior and increased thermal stability. FTIR, TGA, DSC, SEM 
and TEM analyses showed that composite structure integrated and nanoclay 
contributed fracture toughness. Results showed that these composites carry 
strong potential for industrial applications.

Hazelnut shell (HS) powder, PP and styrene-b-(ethylene-co-butylene)-
b-styrene (SEBS) using aimed sustainable polymer composites development 
study, composites containing 2.5–10% HS prepared by extrusion and converted 
to film by compression molding. Films morphological, mechanical, thermal 
and water absorption behaviors were investigated. Results showed that matrix 
type and filler ratio determined performance. At low HS levels good dispersion 
provided, at 10% loading agglomeration and mechanical losses seen. From PP 
based composites highest tensile strength and modulus obtained, SEBS based 
systems highest elongation at break obtained. PP/SEBS blends showed middle 
level properties. HS filled composites natural colors and properties provided 
potential for indoor–outdoor applications (Çetin et al., 2023).

Virgin and recycled PP matrix into hazelnut shell (HS) powder added 
composites produced by melt mixing method rheological–mechanical 
properties investigated study, showed that injection molding parameters used 
for virgin matrices could also be applied to composites. 10% HS addition 
increased elastic modulus approximately 30% while ductility decreased. 
From composites produced irrigation connection parts withstood 3.5 bar 
internal pressure without damage, showing this waste originated filler reliable 
alternative for applications (La Mantia et al. 2025).

Biodegradable Mater-Bi (MB) matrix into hazelnut shell powder added 
produced bio composites morphological, mechanical, thermal and rheological 
properties investigated study, shell addition increased viscosity. SEM analyses 
pointed weak interface adhesion. Thermal analyses showed HS acted as 
nucleating agent supporting crystallization and increased thermomechanical 
stability. At 10% HS content elastic modulus and impact strength significantly 
improved. At high contents especially in injection molding processability 
negatively affected (Ceraulo et al., 2022).
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3. CONCLUSION

In Turkey, wastes belonging to various agricultural products are left to rot 
in the fields after harvest or are burned. Burning of wastes causes destruction 
of beneficial microorganisms and animals in the soil and also causes some 
chemical and physical changes by burning the upper layer of the soil. Interest 
in management and disposal of agricultural waste is gradually increasing. 
In this century, problems such as depletion of natural water resources due 
to climate change and population growth cause major economic problems. 
Addressing these problems offers great opportunities to develop a circular 
economy that uses innovative technologies and profitable business practices to 
address agricultural waste recycling.

If problems such as storage and transportation of agricultural wastes 
can be eliminated, it can be considered that using them in wood-based panel 
production will contribute to the economy. It has been proven that composite 
materials obtained from annual plant waste can be used for general purposes 
according to standards.
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1.	 Introduction

Global climate change, through rising atmospheric CO2 concentrations, 
increasing temperatures, and shifting precipitation patterns, exerts both direct 
and indirect impacts on agricultural production (IPCC, 2018). These climatic 
shifts particularly lead to significant fluctuations in the growth, development, 
quality, and yield of forage crops, thereby posing substantial challenges to the 
sustainability of the livestock sector (Hatfield & Prueger, 2015; Thornton et al., 
2017). Rising temperatures negatively affect plant development by inducing 
stress in physiological and phenological processes, while elevated CO2 levels 
enhance photosynthesis and carbon accumulation. However, this may also 
lead to a reduction in plant protein content (Taub et al., 2008; Ainsworth & 
Long, 2021). Water stress conditions such as cyclic drought, on the other hand, 
trigger various adaptive mechanisms in plants, resulting in marked changes 
in both forage quality and biomass (Liu et al., 2018).

Alfalfa (Medicago sativa L.), a key forage crop in Turkish livestock 
production, is recognized for its high protein content and strong adaptability to 
environmental conditions (Tan et al., 2020). Ensuring the production of high-
quality and sufficient quantities of alfalfa is essential for the sustainability of 
both small and large ruminant feeding systems (Gökalp et al., 2017). However, 
under prevailing climate change scenarios, it is crucial to conduct in-depth 
research on how widely cultivated local alfalfa cultivars in Türkiye respond to 
these environmental stressors.

In the context of sustainable livestock production, forage quality plays 
a critical role not only in ensuring animal health and productivity but also 
in reducing greenhouse gas emissions (Gerber et al., 2013). Changes in 
the nutritional composition of feed directly influence ruminant digestive 
processes, potentially leading to increases or decreases in methane emissions 
(Hristov et al., 2013). Since methane is one of the major contributors to 
global greenhouse gas accumulation, understanding the impact of climate-
induced changes in forage quality on animal production is essential for the 
development of effective sustainability policies (IPCC, 2018).

This study aims to evaluate the potential impacts of climate variables 
such as elevated CO2 levels, increased temperatures, and cyclic drought on 
forage quality and methane emissions of locally cultivated alfalfa varieties 
in Türkiye through a systematic literature review. The findings are intended 
to contribute to climate-smart agricultural practices and the development of 
sustainable livestock strategies.

Global climate change poses significant threats to forage crop production 
in terms of both quality and yield. In this context, the primary aim of this 
study is to comprehensively assess, based on current literature, the potential 
effects of climatic stress factors such as elevated atmospheric CO2 levels, 
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increased temperatures, and cyclic drought on locally cultivated alfalfa 
(Medicago sativa L.) varieties in Türkiye. It has been reported that elevated 
CO2 stimulates biomass production by enhancing photosynthesis; however, 
it may simultaneously reduce protein content and increase fiber levels, 
which negatively affects forage quality (Kizildeniz, 2024; Singer et al., 2020). 
Increased temperatures have been shown to adversely influence the growth 
and development of alfalfa, resulting in reduced biomass and shortened 
phenological stages (Wassie et al., 2019; Xie et al., 2023). Cyclic drought 
conditions are known to activate adaptive mechanisms in plants, leading to 
changes in both forage quality and biomass (Medina et al., 2025).

This study also aims to elucidate the potential impacts of these stress 
factors on forage quality and methane emissions originating from animal 
production. It is well established that changes in the nutritional composition 
of forage plants directly influence the digestive processes of animals, 
thereby affecting methane gas emissions (Singer et al., 2020). Finally, the 
study seeks to identify existing research gaps regarding the physiological 
and biochemical responses of local alfalfa cultivars, which hold significant 
importance in Türkiye’s agricultural production systems, to various climatic 
stress conditions, thereby providing a scientific foundation to guide future 
investigations.

2.	 Effects of Increased CO2

Elevated atmospheric carbon dioxide (CO2) levels today exert both direct 
and indirect effects on plant physiology and forage quality. Photosynthetic 
capacity, particularly in C3 plants such as alfalfa, significantly increases with 
rising CO2 concentrations, accelerating carbon metabolism (Ainsworth & 
Long, 2021). However, this process leads to nitrogen dilution within plant 
tissues, resulting in a decrease in crude protein content and an increase in 
the carbon to nitrogen (C/N) ratio. This phenomenon, known as the “carbon-
nitrogen dilution hypothesis,” highlights notable reductions in the nutritional 
value of forage (Loladze, 2014).

Under elevated CO2 conditions, increases in fiber components especially 
neutral detergent fiber (NDF) and acid detergent fiber (ADF) and structural 
carbon accumulation have been observed, generating complex effects on 
digestibility (organic matter digestibility, OMD) that vary depending on 
species and environmental factors (Sanz-Sáez et al., 2012; Walker et al., 2022). 
Although some studies report a slight increase in metabolizable energy (ME) 
levels associated with CO2 enrichment, this energy gain does not compensate 
for protein loss and may contribute to an overall decline in forage quality 
(Wassie et al., 2019; Singer et al., 2020).

Moreover, increased CO2 indirectly influences rumen microbial 
composition, thereby affecting methane (CH₄) production in various ways. 
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Experimental studies have reported reduced methane emissions during 
ruminal fermentation of forages characterized by low protein but high carbon 
content (Knapp et al., 2014; Lee et al., 2020). However, these outcomes are 
highly dependent on plant species, climatic parameters, and the animal’s 
digestive system. Therefore, a deeper understanding of the impacts of rising 
CO2 on forage quality and methane emissions is critical, particularly in the 
context of climate-smart feeding strategies.

3.	 Effects of Increased Temperature

Rising temperatures can lead to a shortened plant development period, 
causing phenological stages to complete earlier and consequently reducing 
total biomass production (Chavan et al., 202). This effect may negatively impact 
both yield and quality in forage crops such as alfalfa. Furthermore, increased 
heat stress exerts complex effects on protein synthesis and plant enzymatic 
activities; while decreases in protein content have been observed in some 
cases, adaptive changes in metabolic processes may occur in others (Hatfield 
and Prueger, 2015). Such alterations in forage quality directly influence animal 
nutrition by affecting digestibility and energy values. The impacts on methane 
emissions vary depending on forage species, cultivars, and compositional 
characteristics; some studies report that increased methane production with 
rising temperatures, whereas others observe reductions (Gerber et al., 2013). 
Detailed investigation of the physiological responses of locally prevalent 
alfalfa cultivars in Türkiye to heat stress is therefore critical for sustainable 
livestock production and climate-smart agricultural practices (Kalkanlı and 
Başbağ, 2022; Erbeyi et al., 2022).

4.	 Cyclic Drought and Vegetative Responses

Cyclic drought refers to recurring periods of water deficit occurring at 
intervals throughout the plant development cycle and constitutes a significant 
stress factor shaping plant physiological responses (Tombesi et al., 2015). 
The repetition of such stress can induce adaptive responses in plants, often 
described as “stress memory.” These adaptations include enhanced root 
development, activation of osmotic adjustment mechanisms, and increased 
water use efficiency (WUE) (Bruce et al., 2007).

The adaptations triggered under cyclic drought conditions can have 
considerable effects on the quality parameters of forage crops. Notably, 
reductions in protein content, increases in fiber fractions (NDF, ADF), and 
decreases in water content have been reported (Shao et al., 2021). These 
changes may indirectly influence forage digestibility and animal performance. 
Furthermore, the impact of forage crops grown under drought stress on 
methane emissions may vary depending on compositional changes induced 
by such conditions (Jentsch et al., 2011).
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5.	 Relationship Between Feed Quality and Methane Emissions

Eren and Güçlü (2023) investigated the effects of Giant Reed (GR) and GR 
silages prepared with various additives on in vitro methane production and 
gas formation. After 24 hours of incubation, the highest total gas production 
(TGP) was observed in Giant Reed at 39.11 ml/0.2g dry matter (DM), while 
the lowest TGP of 25.66 ml/0.2 g DM was recorded in the additive-free Giant 
Reed silage (AFGRS).

The increased gas production in silages containing additives compared 
to the additive-free samples was attributed to the favorable fermentation 
conditions created by these additives and the positive changes they induced in 
the nutrient composition of the forage. Notably, the barley flour–supplemented 
silage (BFS) yielded the highest gas production along with the lowest neutral 
detergent fiber (NDF) content (61.50%). This finding supports the view that 
high acid detergent fiber (ADF) and NDF levels in forages negatively correlate 
with gas production due to reduced microbial activity (Kılıç and Sarıçiçek, 
2006).

In vitro fermentation results showed that the highest methane 
concentration (21.93%) was detected in fresh Giant Reed. Methane levels 
significantly decreased in silages supplemented with fumaric acid (18.97%) 
and inoculant-enzyme mixtures (19.63%). Consistent with previous studies, 
organic acids such as fumaric and malic acid have been reported to enhance 
microbial protein synthesis and propionic acid proportions, while reducing 
methane production and the acetic/propionic acid ratio in total volatile fatty 
acids in the rumen (Khampa et al., 2007). The study confirmed that the use of 
fumaric acid in GR silage reduced methane production as expected. This effect 
is hypothesized to arise from competition for H⁺ ions between methanogenic 
bacteria and fumarate-utilizing bacteria.

Çiftçi et al. (2021) reported that increasing the proportion of soybean 
in the silage mixture led to increases in dry matter content, crude protein, 
and crude fat levels, while acid detergent fiber (ADF) and neutral detergent 
fiber (NDF) contents decreased. They also observed that higher vetiver 
proportions resulted in decreased pH levels and increased crude ash and 
lactic acid contents. The ADF values of pure vetiver silage in their study were 
higher than those reported by Falola et al. (2013) but showed similarity with 
findings by Aderinola et al. (2014), while NDF values were comparable to both 
studies. The ADF and NDF contents of pure soybean silage were higher than 
those reported by Kökten et al. (2014) but similar to the values presented by 
Kızılşimşek et al. (2017).

The degree of gas production depends on the amount of fermentable 
carbohydrates, and the gas produced during fermentation is a good indicator 
of microbial carbohydrate utilization (Blümmel and Ørskov, 1993). It has 
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also been reported that secondary metabolites such as tannins and saponins 
influence the amount of gas generated during fermentation (Kondo et al., 
2014). The legume and cereal plants used in the study exhibited differences 
in gas and methane production due to their distinct biochemical properties. 
Çiftçi et al. (2021) employed the method described by Menke and Steingass 
(1988) to estimate metabolizable energy and organic matter digestibility, 
which incorporates gas production, crude fat, and crude protein values. 
Differences in crude fat, crude protein, crude ash, ADF, and NDF contents 
of vetiver and soybean silages used in this study were observed, leading to 
variations in gas production.

Recent years have seen increased research and production of legume and 
cereal species in forage cultivation. These studies are crucial for sustaining 
livestock production and maintaining feed quality while reducing costs. 
Among legume forages, alfalfa stands out due to its high nutritional value 
and protein content, with expanding cultivation areas. Increased productivity 
and nutritional value have resulted in its greater incorporation into ruminant 
diets.

The use of high-quality roughage is essential for the healthy nutrition of 
ruminants and achieving high productivity. Variations in roughage quality 
directly affect dry matter intake, energy density of the ration, the type and 
amount of supplemental concentrate and protein sources, feeding costs, milk 
yield, and overall animal health (Zengin, 2021).

Zengin (2021) reported that Italian ryegrass produced lower gas volumes 
(52.7 ml) compared to other roughage plants documented in the literature, 
attributing this to higher NDF and ADF levels relative to those reported in other 
studies. Indeed, increasing NDF content in feeds leads to decreased microbial 
activity (Abdulrazak et al., 2000), resulting in reduced gas production (Doane 
et al., 1997; Calabrò et al., 2002).

The longer ruminal digestion time of roughages compared to concentrating 
prolongs rumen retention time as roughage proportion in the diet increases, 
thereby elevating methane production (McAllister et al., 1996). In a study by 
Moate et al. (2014) involving dairy cows, the control group was fed alfalfa hay 
as roughage, while experimental groups received dried grape pomace pellets 
and grape pomace silage, respectively, with methane emissions measured 
at 470, 375, and 389 g/day. Arslan (2017) linked this reduction in methane 
emissions to decreased populations of bacteria and archaea in the rumen.

Dung et al. (2019) found that increasing concentrate feed proportion 
in the diet reduced methane emissions per unit of product, consistent with 
prior research. Grainger and Beauchemin (2011) reported that concentrates 
increase ruminal propionate production, facilitating hydrogen utilization 
via non-methanogenic pathways and indirectly inhibiting methanogens 
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and protozoa by lowering ruminal pH. Capper et al. (2009) and Muñoz et 
al. (2018) indicated that concentrates enhance digestibility, improving animal 
performance and reducing CH₄ emissions. Furthermore, Purwin et al. (2016) 
and Ruiz-Albarrán et al. (2016) emphasized concentrate supplementation 
as a widely used and effective methane mitigation strategy in ruminant 
production, a conclusion also supported by Hristov et al. (2013).

Dung et al. (2019) additionally observed that increasing crude protein 
levels or concentrate amounts in the diet enhanced dry matter intake and 
meat production efficiency while decreasing methane emission intensity 
(emissions per unit of product). They suggested that appropriate protein 
levels and concentrating inclusion in diets could be an effective approach to 
increasing per-head productivity while reducing methane emissions.

Pepeta et al. (2024) demonstrated that the efficacy, mechanisms, and 
production performance outcomes of various rumen modulating feeding 
strategies aimed at reducing enteric methane emissions in ruminants vary 
significantly. According to their findings, saponins are among the most effective 
strategies, reducing CH4 production by over 30%. Fat supplementation notably 
decreased methane emission intensity (CH4 per unit of milk) in dairy cows, 
while nitrate and 3-nitrooxypropanol (3-NOP) achieved moderate reductions 
of 10–30% in this parameter. In reducing methane yield (CH4 per kg of feed), 
nitrate and 3-NOP exhibited moderate effects, whereas fat showed a low effect 
(<10%). Although concentrate uses improved production parameters such as 
dry matter intake (DMI), milk yield (MY), and milk protein production (MPp), 
it did not significantly alter CH4 emissions. Fat and 3-NOP supplementation 
provided additional benefits in production parameters including milk fat 
yield (MFy), milk protein yield (MPy), and milk protein concentration (MFp).

6.	 Measurement Methods of Methane Emissions

Various methods such as in vivo, in vitro, and in situ (or in sacco) techniques 
are employed to evaluate the feed value of forages used in ruminant nutrition. 
Although in vivo studies generally provide the most reliable results, their 
application is often limited by practical disadvantages, including complexity, 
high costs, lengthy duration, and the requirement for large amounts of feed 
samples (Ørskov, 1994; Getachew et al., 1998). Consequently, in vitro methods 
are increasingly preferred. These techniques typically involve the analysis of 
fermentation products or residues.

The in vitro Gas Production Technique is based on measuring the release 
of CO2 gas generated by microbial fermentation of feeds. Under in vitro 
conditions, CO2 production arises either directly from the fermentation of 
carbohydrates present in the feed or from reactions involving volatile fatty 
acids (VFAs) produced during fermentation (Wolin, 1960).
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The relationship between rumen fermentation and gas production has been 
extensively studied and is well-established. The application of fermentative 
gas measurement in the rumen dates back to the 1930s and is recognized as 
a measure of microbial activity (Getachew et al., 1998). Following the work 
of Menke et al. (1979), who identified a strong correlation between in vitro 
gas production and in vivo digestibility, the Gas Production Technique has 
become a routine method for feed evaluation. Various gas measurement 
methods exist for determining gas volumes produced by feeds. Currently, 
the most widely used approach is the Hohenheim (Menke) Gas Production 
Technique. Other techniques include manometric methods, manual and 
computer-assisted pressure transducer systems combined with gas release 
setups, and liquid displacement methods.

Gas volumes obtained via the Gas Production Technique enable the 
calculation of several important parameters, including animal performance 
(Ørskov, 1989), feed intake (Blümmel and Ørskov, 1993), microbial protein 
digestibility (Krishnamoorthy et al., 1991), feed digestibility levels (Menke et 
al., 1979), metabolizable energy (ME) and net energy (NE) content (Menke 
and Steingass, 1988), rumen protein solubility (Raab et al., 1983), and dry 
matter degradability (Blümmel and Ørskov, 1993). Moreover, this technique 
is utilized to assess the effects of antinutritive phenolic compounds in feeds 
(Getachew et al., 2004a), feed additives, lipids (Getachew et al., 2001), and 
rumen-modifying substances on fermentation and digestion (Blümmel, 1994). 
Additionally, it is applied in analyses concerning in vitro degradation rates 
and extents, microbial nitrogen and carbohydrate requirements, synergistic 
interactions among ration components (Sampath et al., 1995), feed-originating 
factors affecting rumen microbiota, and environmental impacts of animal 
wastes. However, methodological variations in applying the in vitro Gas 
Production Technique can influence the reliability of results, highlighting the 
need for standardization and further development of the method.

7.	 Potential of Local Alfalfa Varieties

Local alfalfa (Medicago sativa L.) cultivars registered in Türkiye exhibit 
significant variation in both quality parameters and stress tolerance. These 
differences provide valuable insights into which alfalfa varieties perform 
most efficiently in specific regions (Erbeyi et al., 2022; Engin and Mut, 2017; 
Turan et al., 2017). The most commonly cultivated native alfalfa cultivars in 
Türkiye include Kayseri, Bilensoy-80, Nimet, Elçi, Albatur, Başbağ, Sünter, 
Özpınar, and Plato. A study conducted under the ecological conditions of 
Iğdır highlighted Plato as superior in crude protein content, while Bilensoy-80 
excelled in digestible energy (Keskin et al., 2021). Climate change, rising 
temperatures, salinity, and water scarcity pose significant threats to forage 
crops, including alfalfa, which holds an important place in feed production 
(Sarıhan et al., 2024; Öten and Tuzlacı, 2017).
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In this context, the adaptation strategies developed through studies on 
native alfalfa cultivars and the application of various management practices 
are critical to prevent declines in quality and yield due to climate change. 
Among these, drought tolerance and salinity stress resistance are of paramount 
importance. Selecting genotypes best suited to local field conditions and 
environmental factors remains one of the most effective approaches to 
addressing these challenges (Tiryaki, 2016; 2018).

8.	 Results and Discussion

As a result of a systematic literature review, various findings have been 
obtained regarding the effects of climatic stress factors such as elevated CO2, 
increased temperature, and cyclic drought on the forage quality and methane 
emissions of locally cultivated alfalfa (Medicago sativa L.) varieties in Türkiye.

Findings in the literature indicate that elevated CO2 levels increase 
photosynthesis rates and biomass production in C3 plants such as alfalfa. 
However, this increase is accompanied by a dilution effect of nitrogen, 
resulting in a decrease in protein content and an increase in fiber fractions 
(NDF and ADF) due to the accumulation of structural carbon (Loladze, 2014; 
Ainsworth & Long, 2021). This phenomenon reduces forage digestibility and 
may lead to issues such as protein deficiency in animal nutrition. Furthermore, 
although some studies suggest that low-protein yet high-carbon feeds can 
reduce methane production during rumen fermentation (Knapp et al., 2014), 
this effect appears to vary depending on the plant cultivar and the physiology 
of the animal.

Increasing temperature conditions lead to a shortening of phenological 
stages and a reduction in biomass production (Chavan et al., 2020). Limited 
studies conducted on native alfalfa varieties in Türkiye have reported that 
some cultivars exhibit higher water use efficiency and thermal tolerance 
under heat stress (Kalkanlı & Başbağ, 2022). However, in general, temperature 
stress is associated with decreased protein synthesis and a decline in forage 
quality. Although the relationship between rising temperatures and methane 
emissions remains unclear, it is anticipated that changes in feed composition 
may cause variations in emission levels (Gerber et al., 2013).

Under cyclic drought conditions, certain adaptive mechanisms are 
activated in plants. Responses such as enhanced root development, improved 
water use efficiency, and accumulation of osmoprotectants enable some 
local alfalfa cultivars to exhibit greater drought tolerance (Bruce et al., 2007; 
Tombesi et al., 2015). However, these adaptations do not always ensure the 
maintenance of forage quality; in some cases, they may lead to undesirable 
effects such as increased fiber content and reduced protein levels. This scenario 
can result in decreased productivity in animal production and potentially 
increased methane emissions.
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9.	 Conclusion

In general, the responses of widely cultivated native alfalfa varieties in 
Türkiye to climatic stress factors vary significantly depending on the cultivar 
and environmental conditions. Although increased productivity has been 
observed under elevated CO2, notable risks to forage quality arise. Elevated 
temperature and drought negatively affect both quality and biomass production. 
Since methane emissions are directly influenced by feed composition, further 
controlled studies are necessary in this regard. The findings obtained provide 
an important scientific basis for developing climate-smart forage production 
strategies and supporting sustainable livestock farming.
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