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PREFACE

Agriculture today faces an array of challenges that stem from environmental
shifts, population growth, and the demand for sustainable food production.
Addressing these challenges requires a proactive approach rooted in research,
innovation, and collaboration. Each chapter in this volume offers insights that
contribute to a broader understanding of the dynamics shaping agricultural
practices. Rather than focusing solely on regional specifics, this book
encourages readers to consider the global context, recognizing that agriculture
plays a pivotal role in both ecological balance and economic stability. The
authors have meticulously explored ways to bridge the gap between traditional
methods and modern demands, suggesting paths to enhance productivity while
safeguarding resources. By examining the agricultural landscape through a
scientific lens, this book underscores the importance of adaptive strategies to
secure a sustainable future. It is our hope that these collected efforts will serve
as a valuable resource for all who seek to advance agriculture toward a more
resilient and responsible framework. As such, the work presented here aims to
inspire ongoing efforts to bring agricultural practices closer to their ideal
state—one that harmonizes human needs with the health of our planet.

Assoc. Prof. Dr. Mehmet Necat iZGI!

! Mardin Artuklu University, Kiziltepe Vocational School, Crop and Animal
Production Department, 47100, Artuklu-Mardin, Turkey; necatizgi@artuklu.edu.tr;
https://orcid.org/:0000-0003-1657-1169
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Introduction

Honey bees (4Apis mellifera L.) are the most important species for the
sustainability of flowering plants. They are also one of the most important bee
species with worldwide ecological and economic value (Giinesdogdu et al.,
2023). Nutrition is the intake of nutrients required by the body from the outside
via the mouth. Honey bees also need food to survive (Haydak, 1970). The
nutrition of honey bees can be analyzed on three levels (nutrition of the bee
colony, nutrition of the adult bees, nutrition of the larvae) (Ulutas and Ozkirim,
2018). The nutrition of bees depends to a large extent on the environment, in
particular on the composition of the flora in the landscape (Donkersley et al.,
2014). The composition of the flora varies both in the landscape and over time
(Rivera et al., 2015).

This study focuses on the question "What role does nutrition play in the
development, health and physiology of honey bees?". That is, the nutritional
requirements of bees and their relationship to vitellogenin (Vg), adipose tissue,
gut flora, hypopharyngeal and mandibular glands and disease will be
investigated.

1. Food Collection by Honey Bees

A honey bee colony consists of a queen, drones, and worker bees. The
queen and the drones do not visit flowers to find food during their entire life.
Only the worker bees (sterile female bees) are responsible for foraging. The
worker bees have various roles in the colony, from emergence to death.
Genotype and environment have a major influence on these behaviors
(Robinson, 2002) Worker bees collect nectar (including honeydew honey),
pollen, water and propolis from nature. Depending on the needs of the colony,
different amounts of these nutrients are collected at different times of the year.
The collection and storage of pollen and nectar is influenced by the genetic
make-up of the worker bees (Robinson and Page, 1989). Worker bees collect
pollen from flowering plants in pollen baskets (corbiculae) on their hind legs
and carry it to the colony (Free, 1963). The bees are usually specialized in
collecting pollen from a particular type of flower. Therefore, the pollen they
carry to the colony each time belongs to a single flower species (Gruter and
Ratnieks, 2011). A bee carries about 15 mg of pollen to the colony each time
(Seeley, 1986). Bees can recognize differences in nectar concentration and
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prefer highly concentrated nectar (Afik et al., 2006). The bees carry the nectar
in their honey stomach to the bee colony. A worker bee carries about 30 mg of
nectar to the colony each time (Seeley, 1995). The meteorological conditions
and the distance from the food source have a direct influence on the collection
of food by forager bees (Sponsler et al., 2017; Malagnini et al., 2022).

2. Honey Bee Foods

Like other living creatures, honeybees need vital components to survive
and reproduce. The information on bee nutrition comes from studies carried out
since the 1950s. In recent years, the number of nutritional studies has decreased
significantly. Honey bees need carbohydrates (nectar and honey), amino acids
(pollen), lipids (fatty acids and sterols), vitamins, minerals (salt) and water. In
order for bees to survive and reproduce, these nutrients must be present in the
colony in direct proportion to each other (Huang, 2010). The physiological
differences between worker bees, queen bees and drones also lead to differences
in their nutrient requirements (Hrassnigg and Crailsheim, 2005).

2.1. Carbohydrates

Honey bees, like other living organisms, need carbohydrates as a source
of energy. All carbohydrates are converted into ATP (adenosine triphosphate)
in the Krebs cycle and thus into fuel for the cells. This produces carbon dioxide
and glucose as by-products. Glucose is used as an energy source, the surplus is
stored in the body as fat. In contrast to the larvae, adult bees only have small
glycogen stores (0.05-0.47 mg/bee) (Hrassnigg and Crailsheim, 2005). A
worker bee needs 11 mg of sugar per day (Huang et al., 1989). A colony of
about 50,000 adult bees needs 1.1 liters of sugar syrup (1:0.5) per day (Huang,
2010). Nectar, honey, and honeydew honey are the main sources of
carbohydrates in the bees' natural diet (Nicolson and Human, 2008). The sugar
concentration in nectar is between 5 % and 75 %. The most concentrated sugars
in nectar are sucrose, glucose and fructose. The ratio between these three sugars
depends on the nectar source (Nicolson and Thornburg, 2007). Adult bees can
utilize glucose, fructose, sucrose, trehalose, maltose and melezitose. However,
they cannot digest raminose, xylose, arabinose, galactose, mannose, lactose,
raffinose and melibiose (Huang, 2010). These sugars are contained in around
40% of soybean meal and are toxic for use as a pollen substitute (Barker, 1977).
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The phytochemicals in nectar are largely considered useful to bees. Phenolic
acids, flavonoids, alkaloids and terpenoids are the most abundant
phytochemicals in nectar (Liao et al., 2017; Palmer-Young et al., 2017). Their
composition and concentrations vary depending on the flower taxon (Palmer-
Young et al., 2019). Among the phenolic acids and flavonoids, p-coumaric acid
and quercetin are important for bee health. Increased consumption of
phytochemicals increases longevity, reduces Nosema spp. Infestation, and
minimizes exposure to pesticides (Liao et al., 2017; Bernkalu et al., 2019).
Storage of nectar in the bee colony, the nectar carried by the forager bees to the
bee colony is transported by the bees by trophallaxis (mouth-to-mouth
relationship) for storage in the comb cells (Camazine et al., 1991). The water
contained in the nectar is evaporated by the bees (Park, 1925). The evaporation
of'the water and the displacement between the comb cells accelerate the process
of ripening the nectar into honey (Eyer et al., 2016). Honey with sufficient
evaporated water (<20%) has a high concentration of sugars (>80%). The most
abundant sugars in honey are glucose and fructose. Various enzymes (invertase,
diastase, glucose oxidase) are added to the honey during the conversion of
nectar into honey (Doner, 1977). In times of scarcity, when nectar is not
flowing, bee colonies are generally fed with carbohydrates. Sucrose syrup,
invert sugar, high fructose corn syrup and various fruit juices are used as
carbohydrate sources (Neupane and Thaba, 2005). Grape syrup is not
recommended as it causes dysentery in bees (Barker and Lehner, 1978). When
feeding bees, the ratio of fructose:sucrose is 18% in the first three days of larval
development, and 45% in the last two days. During the larval stage, about 59.4
mg of carbohydrates are consumed (Rostais et al., 2005).

2.2 Proteins

The units formed in the male reproductive organs of flowering plants are
called "pollen" (Krell, 1996). Pollen is found as 2.5-250 pm grains in the
anthers of seed plants (Couto and Couto, 2006). Pollen is the source of proteins,
minerals, lipids and vitamins for the bees (Herbert and Shimanuki, 1982). The
type and nutritional composition of pollen varies depending on the season,
climate, plant species and age of the plant. All animals require essential amino
acids such as arginine, histidine, isoleucine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan and valine, which must be
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supplied externally and cannot be synthesized by the body (De Groot, 1953).
The source of these amino acids for bees is pollen. The protein content of bee
pollen is given as over 40 %, but is generally between 7.5 % and 35 %. The
carbohydrate content is between 15 and 50 %, and in some wind-pollinated
plants the starch content is up to 18% (Krell, 1996). Its color characteristics are
highly variable and can appear in many different colors such as yellow, red,
black and purple. Pollen contains 1-20 % fatty acids and sterols, vitamins
(except A, K, B12) and various minerals (Bogdanov, 2011). Among the lipids,
the essential fatty acids (EFA) are the most important, which are contained in
the pollen to around 5.1%. Acids such as linoleic acid, y-linolenic acid and
archaic acids are represented with 0.4 %. Phospholipids reach 1.5 %, while
phytosterols, especially P-sitosterol, make up 1.1% (Szczesna, 2006).
Macronutrients (calcium, phosphorus, magnesium, sodium and potassium) and
micronutrients (iron, copper, zinc, manganese, silicon and selenium) account
for around 1.6% (Campos et al., 2010). The average biological value of pollen
is 72 (van Tets and Hulbert, 1999), and it also has antifungal, antimicrobial and
antiviral effects and promotes the healing of burns (Kroyer and Hegedus, 2001;
Almaraz-Abarcaet al., 2004; Basim et al., 2006). A standard colony (10 frames)
collects about 10-26 kg (Wille et al.,1885) of pollen per year and consumes
13.4-17.8 kg of pollen (Crailsheim et al., 1992). The protein content of pollen
varies between 2.5% and 61% (Roulston et al., 2000). The forager bees prefer
pollens with a high protein content (Ghosh et al., 2020). About 15 to 30 % of
the adult worker bees in the colony are pollen collectors (Ellis et al., 2020). The
pollen carried to the colony is stored by the worker bees in the comb cells as
"bee bread". A newborn adult worker bee consumes around 65 mg of pollen in
ten days (Crailsheim et al., 1992). A larva consumes 25.0-37.5 mg of protein.
This corresponds to 125 - 187.5 mg of pollen (Hrassnigg and Crailsheim, 2005).
An adult bee consumes an average of 3.4 - 4.3 mg/day of pollen (Crailsheim et
al., 1992). Bee colonies that are fed a low nutritional value or too little pollen
produce less brood. Vitollegenin is the main source of protein storage in the
hemolymph. This protein can reach up to 80 pg/ul. in winter bees. This
lipoprotein has a direct effect on the onset of foraging behavior and life
expectancy (Amdam et al., 2003). It also shortens the lifespan of adult worker
bees (Knox et al., 1971). In colonies fed with pollen or substitute products in
spring, the negative effects on honey yield (Mattila and Otis, 2006a), Varroa
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mite (Janmaat and Winston, 2000), and Nosema infection (Mattila and Otis,
2006b) are lower. Pollen-collecting worker bees store the pollen in the comb
cells when they return to the colony. The worker bees in the bee colony press
the pollen and add honey (Anderson et al., 2014). This stored pollen is called
bee bread (perga). The protein content of bee bread is in a narrower range (10-
30%) than that of pollen. The fat content (3-8%) is lower than that of pollen
(Bonvehi and Jorda, 1997; Herbert and Shimanuki, 1978¢). Brood production
and the nutrition of bee brood are dependent on proteins. If the stored pollen
(bee bread) is not sufficient, the behavior of brood eating (cannibalism) is
observed by the workers (Schmickl and Crailsheim, 2002). A higher protein
content in the bee diet has a negative effect on life expectancy and population
growth (Zheng et al., 2014).

The nurse bees in the bee colony feed all members of the colony. Honey
and bee bread or royal jelly and young bee milk secreted by the nurse bees are
used directly for feeding (Hrassnigg and Crailsheim, 1998). The size of the
mandibular and hypopharyngeal glands of the young nurse bees reaches a
maximum at the age of 6 to 10 days with the intake of pollen (Pernal and Currie,
2000). The nurse bees are the most important pollen consumers in a bee colony.
They ingest much more pollen than the forager bees and have a digestive
enzyme (protease) in their midgut. The size of the hypopharyngeal glands
correlates with protease activity (Moritz and Crailsheim, 1987). The exine
layer, known as the pollen wall, is the physical barrier to digestion. It serves to
protect the pollen and consists of a very rare structure called sporopollenin
(O’Rourke and Buchmann, 1991). The transit time of pollen through the gut
varies between 2 and 24 hours (Crailsheim, 1990), and about 75% is digested
(Schmidt and Buchmann, 1985). The rate of pollen digestion is determined by
the proportion of empty pollen grains that are ingested with the feces and
remain undigested (Crailsheim et al., 1992; Human et al., 2007). Another
method is to determine the protein content in feed and feces (DeGrandi-
Hoffman et al., 2016; Schmidt and Buchmann, 1985). If the bees are fed with
pollen substitutes (e.g. soy meal), they can digest about 25 % of the protein
(DeGrandi-Hoffman et al., 2016). In the early larval stage, however, the pollen
cannot be digested. The main reason for this is the lack of bacterial flora in the
digestive tract. In the later larval stages, the bacterial flora develops with the
consumption of the pollen (Powell et al., 2014).
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2.3 Lipids

Lipids are an important source of energy and are mainly metabolized
during the honey bee's breeding season. Pollen contains between 1 % and 20 %
lipids (Roulston et al., 2000). Essential fatty acids are an important component
of this. Fatty acids such as linoleic and g-linolenic acid make up 0.4 % of the
total lipid concentration, phospholipids 1.5% (Szczesna, 2006). An oleic acid
concentration of more than 2 % shortens the lifespan of adult bees (Manning et
al., 2007). Sterols are a form of lipids that play an important physiological role
in insects. Depending on the sterol preference of the bees, the choice of host
plant varies when foraging (Vanderplanck et al., 2020). They prefer different
plants that have the required sterol composition (Chakrabarti et al., 2019a). The
sterols in pollen are vital for honey bees, as are the phytosterols that are digested
by worker bees: 24-methylenecholesterol (the most important sterol), sitosterol
and isofucosterol (Svoboda et al., 1982). The most abundant sterol in pollen is
24-methylenecholesterol. This sterol makes up 41.2 % of the total sterols (Xu
and Gao, 2013). Bees cannot convert phytosterols into cholesterol. Since almost
all insects cannot synthesize sterols, they must ingest them with their diet.
Sterols prolong the lifespan of bees, increase the protein content in their head
and the fat content in their abdomen (Chakrabarti et al., 2020; Chakrabarti et
al., 2019b). It is also the most important sterol in the pupa. Bees cannot convert
C28 and C29 phytosterols into each other, and nurse bees absorb them from
their tissues and pass them on to their offspring (Svoboda et al., 1986).
Monofloral pollen contains very little of these sterols (Vanderplanck et al.,
2014). Foods with a low fat content are not attractive to bees. Pollen substitutes
should contain 3 to 8 % fat (Huang, 2010). The ratio of proteins and fats in diet
is important for bees. The ratio of proteins:fats in pollen collected at different
times is 10:1 (Avni et al., 2009). A low ratio of omega-6 to omega-3 fatty acids

improves the learning performance of honey bees (Arien et al., 2015).

2.4. Vitamins

Bees cover their vitamin requirements from pollen. They need vitamins
especially during brood rearing. In contrast to the fat-soluble vitamins, the
water-soluble vitamins are particularly abundant in pollen (Roulston and Cane,
2000). Bees need thiamine, riboflavin, nicotinamide, pyridoxine, pantothenic
acid, folic acid, ascorbic acid and biotin (Huang, 2010). Adding the fat-soluble
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vitamins A, D, E, and K to bee feed increases brood production (Herbert and
Shimanuki, 1978a).

2.5. Minerals

The mineral requirements of honey bees are not yet fully understood.
However, it is estimated that they require large amounts of potassium,
phosphate and magnesium. Excess sodium, sodium chloride and calcium are
toxic to honey bees. An ash content in the pollen of more than 2 % prevents
brood formation (Huang, 2010). Bee feed containing 1000 ppm potassium, 500
ppm calcium, 300 ppm magnesium and 50 ppm sodium, zinc, manganese, iron

and copper has a positive effect on brood rearing (Herbert and Shimanuki,
1978Db).

2.6. Water

Water is vital for bees (Nicolson, 2009). If honey bees are dehydrated,
they can die within a few days. Honey bees need water for two purposes
(Yeninar et al., 2015). Firstly, to dilute the honey and facilitate the addition of
honey to the brood food. Secondly, they use it to cool the hive when the ambient
temperature rises above 35 °C (Geng and Dodologlu, 2002). The bees' water
requirements depend on the temperature inside and outside the hive and on the
activities inside the hive (e.g. brood rearing, water requirements of the
individuals). The bees need a source of clean water near the hive. Adding a
small amount of salt to the water makes it more attractive (Huang, 2010).
Physiologically, bees need water for the digestion of ingested nutrients,
excretion of waste and transportation to target organs (Yeninar et al., 2015).
When water is scarce, nutrition, physiology, brood production and behavior are
impaired (Yeninar et al., 2015). The optimum relative humidity for normal
brood activity in the bee colony should be 90-95%. If the relative humidity
drops, the eggs and larvae dry out and die (Doull, 1980). As brood activity
increase, so does the need for water. Approximately 66 % of the brood food
consists of water. Bees prefer water with a temperature of 18-32°C (Geng and
Dodologlu, 2002).
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2.7. Supplementary Feeding in Hobeybees

The health of honey bees and the development of the bee colony depend
on the nutrients in the hive. Honey bees obtain their carbohydrate requirements
from nectar and all other nutrients, especially proteins, from pollen
(Brodschneider and Crailsheim, 2010). Understanding the nutritional
requirements of honey bees (Apis mellifera) and developing strategies for
managing bee colonies according to the correct feeding models, creating more
disease-resistant populations in bee colonies, high yields and avoiding bee
losses make an important contribution (Sabir et al., 2000). In recent years, the
decline in plant biodiversity due to climate change and the prolonged dry season
have led to a decline in bee colonies, insufficient fat tissue in winter bees due
to protein deficiency and a shortened lifespan. Bees need large and suitable
pasture areas. Shrinking pasture areas due to drought lead to a decline in bee
foraging, population growth and natural food resources (Varol and Yiicel,
2019). In beekeeping practice, sucrose is used instead of honey when there is
insufficient flora, while a complete substitute feed for pollen has not yet been
developed. Therefore, pollen becomes a limiting factor in maintaining the
health of the colony (Shumkova et al., 2017). Autumn care and feeding is
particularly important in beekeeping. The rearing of young brood with
additional feeding in the fall reduces possible winter losses (Akyol et al., 2006).
However, due to climate change, drought in spring and summer and persistent
rainfall increase the bees' pollen requirements. The most natural protein feed
for bees is a mixture of honey and pollen (Dodologlu and Emsen, 2007).
However, the inadequate production, cost and contamination of pollen with
various diseases limit its use in beekeeping. Studies show that various flours,
meals and yeasts can be used as a substitute for pollen. There are studies that
show that the use of these products at any time of the year is important for the
bees. Pollen substitutes are becoming increasingly important to create strong
and healthy bee colonies. For bees, the substitute feed must have a high
nutritional value and be tasty. A well-prepared pollen substitute feed can reduce
the stress caused to bee colonies by a lack of food (Kdseoglu et al., 2019). In
Turkey, there is still no pollen substitute feed with sufficient effectiveness.
Colonies should have sufficient honey stores to raise brood, carry out daily
tasks and survive dry periods. In the event of a honey shortage, sugar syrup
should be added (Hays, 1984). Within the hive, the nurse bees are responsible
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for feeding the queen, the drones and the young and old young bees of the
colony. The nurse bees play a fundamental role in the population dynamics of
the colony by providing the nutrients necessary for the development of the
young and adult individuals of different physiological ages, classes and sexes
that develop in the colony, either directly or through metabolism (royal jelly)
(Crailsheim et al., 2013). The protein required for the production of royal jelly
is obtained from fresh pollen introduced into the bee colony or from bee bread,
a fermented product. The pollen is a source of protein, carbohydrates, vitamins,
minerals and fats for bees (Roulston and Buchmann, 2000; Stanley and
Linskens, 1974). Pollen substitutes, which are added to bee cakes, cover the
pollen requirement relatively well. Diets prepared with substances such as
skimmed milk powder, soy flour, and meal and brewer's yeast have a great
effect on bee colonies (Stace, 2000). Adult honey bees are generally fed a
carbohydrate:protein (C:P) diet. The protein ratio determines the food intake.
Carbohydrate-rich feeds are consumed more (Stabler et al., 2015).

2.8. Substitute Feeds

Beekeepers have two ways of promoting brood rearing in their honey bee
colonies. The first is to move the colonies to areas with a variety of flowers,
and the second is to feed them. Both options have a major impact on beekeepers'
economic decisions. The term pollen supplement feeding means that there is
some pollen and/or nectar in the field where the colonies are located and the
colonies are fed with supplements to which a small amount of pollen is added.
The term pollen substitute means that the nectar and pollen source in the area
where the colonies are located is completely absent and the beekeeper feeds
liquid substitutes with a high sugar content and solid substitutes with added
protein as a pollen substitute (Somerville, 2000).

2.9. Biological Value of Foods

Biological value - the ratio between the amount of dietary protein
remaining in the body for the synthesis of new tissue and the amount absorbed
in the intestine. In other words, it is the amount of nitrogen (N) that is digested
and absorbed from the digestive system and remains in the body for bodily
functions. This value is calculated with the equation ((consumed N - (fecal N +
urinary N) / (consumed N - fecal N)) x 100 (Kutlu, 2008). The pollen grains are
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filtered in the honey stomach of the bees and passed on to the stomach proper.
Nitrogenous liquid waste produced during digestion is absorbed from the blood
via the Malpigi tubes and passed into the small intestine (Winston, 1987). The
biological value of the egg is assumed to be 100, and the biological value of the
other nutrients is used as the basis for calculation. The average biological value
of pollen is 72 (van Tets and Hulbert, 1999). The biological value of milk, red
meat, soy and casein is 88, 80, 75 and 80 respectively (Celebi and Karaca,
2006).

2.10. The Digestive System of Honeybees

The morphology, behavior, biology and physiology of honey bees vary
depending on the environment to which they are adapted. This leads to a great
diversity among bee species (Ruttner, 1992; Giiler and Toy, 2008). This
diversity leads to differences in the structure of the digestive system of
individual species and ecotypes (Lebrun, 1985; Santos and Serrao, 2006). The
digestive system of insects consists of three main parts: the foregut, the midgut
and the hindgut. These three parts of the gut harbor a community of beneficial
or commensal (neither harmful nor beneficial) bacteria (Mattila et al., 2012). In
honey bees, the foregut consists of the oral cavity, the esophagus and the honey
stomach, the midgut consists of the stomach proper and the hindgut consists of
the ileum and the rectum. There is a proventricular valve between the honey
stomach and the stomach proper, which prevents the passage of transported
nutrients. The stomach proper is primarily responsible for the digestion and
absorption of pollen, while the ileum and rectum are responsible for osmotic
control and the absorption of water and ions (Gajger vd., 2011). The honey
stomach is responsible for the transportation of nutrients (Silici and Ozkék,
2009). The honey stomach is found in the queen, the drone and the worker bee.
However, it is most developed in the worker bee. The malpigi tubes are located
at the junction of the midgut and hindgut. These tubes fulfill similar functions
to the kidneys in mammals (Ozbakir and Alisiroglu, 2019). The rectum expands
in winter and in bad weather so that digestive waste can be retained for longer
(Winston, 1987). Digestive enzymes throughout the digestive tract include
diastase, invertase, glucose oxidase, catalase, lipase and proteases. Diastase is
an amylase from the hypopharyngeal gland (HPG) that acts as an enzyme that
breaks down starch into dextrins and sugars. Invertase converts sucrose into
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glucose and fructose. Glucose oxidase converts glucose into D-glucono-1,5-
lactone and hydrogen peroxide. The glycosidase formed in the HPG catalyzes
the hydrolysis of glycosides to produce glucose (Pontoh and Low, 2002).
Trypsin, chymotrypsin and elastase are the most important proteases secreted
by the epithelial cells of the midgut and serve to break down proteins in the
midgut (Giebel et al., 1971; Sagili et al., 2005). The digestive tract contains a
community of many microorganisms called microflora. There are nine different
bacterial communities in the digestive tract of bees, the proportions of which
change with age (Hroncova et al., 2015). These are Lactobacillus,
Bifidobacterium, Gilliamella, Bortonella, Klebsiella, Snodgrasselia, Bombella,
Hafnia-obesumbacterium, and Commensalibacter. The highest amounts are
Lactobacillus Firm-4 and Lactobacillus Firm-5 (Cuesta-Mate et al., 2021).
These bacteria are involved in growth, development, disease control, and
strengthening the immune system (Raymann and Moran, 2018). The bacterial
flora of the hindgut is richer than that of the foregut and midgut (Corby-Harris
et al., 2014). The digestive fluid of bees contains the enzymes sucrose and a-
glucosidase, which cause the conversion of sucrose. Proteinases are involved
in the production of amino acids. Lipase is abundant in the midgut (Standifer,
1967). The epithelial tissues of the digestive tract, which in bees extends from
the mouth to the anus, are like a wall that protects the bees from internal and
external factors ((Terra, 1990; Vilmos and Kurucz, 1998; Yiicel et al., 2022b).
The flora in this system regulates immune functions by detoxifying harmful and
toxic substances ingested with food (Gaifullina et al., 2017). These bacteria
lower the pH and O, levels in the gut (Jeyaprakash et al., 2003; Mohr and Tebbe,
2006; Zheng et al., 2017). The disruption of the balance of this microflora
through the unconscious use of antibiotics is considered to be the main cause
of bee losses (Yiicel et al., 2022b).

3. Physiologic Effects of Foods

3.1. Nutrition-Vitellogenin Relationship

Honey bees (A4pis mellifera) are the most widespread social insect
community. In order to save a bee colony from complete extinction, it is
necessary to know the needs of the individual bees (Weinstock et al., 2006).
Several proteins are synthesized in the honey bee's body that are important for
the structure and hierarchical order of the colony (Wolschin and Amdam, 2007).
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One of these proteins is vitellogenin (Vg), which has a glycolipoprotein
structure (Yticel et al., 2022a). The ratio of proteins, lipids and carbohydrates
in its structure is 91 %, 7 % and 2 % respectively. Phospholipid and
diacylglycerol are the main lipid components. It is rich in mannose as a
carbohydrate (Wheeler and Kawooya, 1990). Vitellogenin (Vg), which is found
in vertebrates and invertebrates (Byrne et al., 1989), was first identified by Pan
et al. (1969). Vg is a female-specific protein that is mainly synthesized from fat
body (Belle’s, 2003; Wyatt and Davey, 1996). It is synthesized during
vitellogenesis (egg maturation) as part of the synthesis of vitellin, the so-called
egg yolk protein (Pan vd., 1969). The juvenile hormone secreted by the gland
of the corpus allatum in the posterior part of the bee brain triggers the secretion
of this protein (Salmela et al., 2015). Vitellogenin was detected in the middle
of the pupal stage in queen bees, at the end of the pupal stage in worker bees
and after emerged in drone bees (Piulachs et al., 2003). In a more recent study,
worker bees were reported to synthesize vitellogenin 2-3 days after emerged as
adults (Amdam et al, 2010). Within three days of queen emerged,
approximately 70% of the hemolymph protein is consist of Vg. This percentage
(40%) is lower in adult worker bees (Barchuk et al., 2002). The Vg gene of the
honey bee consists of a polypeptide with a length of 5,440 bp and 1,770 amino
acids (Piulachs et al., 2003). In the first 7 days of the adult stage of worker bees,
this protein increases, while in the following days the juvenile hormone
increases (Robinson, 2002). This organic compound increases the lifespan of
bees and the egg production of queens (Tanaka and Hartfelder, 2004; Corona et
al., 2007) and is involved in body fat metabolism (Alaux et al., 2010). Once
released in the body fat cells, it enters the hemolymph and is directed to the
hypopharyngeal glands (HPG) to produce royal jelly (Amdam and Ambholt,
2002; Holldobler and Wilson, 2009). By comparing HPG size and Vg in the fat
body, the division of labor of worker bees within the colony can be determined.
For example, the Vg content in the fat body of nurse bees is high (Amdam and
Ombholt, 2003; Tsuruda and Page, 2009), while it is low in forager bees
(Crailsheim, 1992). The content of this protein in the hemolymph and adipose
tissue is highest in winter bees (60-90 pg/ul) and lowest in forager bees (0-5
ug/ul; Seehuus et al., 2006). In adult developing worker bees, foraging activity
is triggered by a decrease in Vg synthesis from two weeks of age (Amdam et
al., 2010). The rate of Vg synthesis varies depending on the density of pollen
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sources in nature and pollen quality (Amdam et al., 2010). There is also an
increasing tendency to forage for pollen rather than nectar (Nelson et al., 2007).
In the digestive system of bees, the Vg content changes with the change in flora
(Miller et al., 2019). Vg has antibacterial, antiviral and antifungal effects on
various pests (Wang et al., 2011; Zhang et al., 2011). It has a positive effect on
the oxidative stress tolerance of bees (Seehuus et al., 2006). It supports the
viability of immune cells (Amdam et al., 2004) and suppresses foraging
behavior under unfavorable conditions for bees (Amdam et al., 2005).
Functions such as the transport of carbohydrates, lipids, phosphates, vitamins,
metals and hormones (Chen et al., 1997; Sappington and Raikhel, 1998).
Excessive accumulation of Vg in the hemolymph of worker bees can extend the
lifespan from 4-8 weeks to 8 months. This has been observed in long-lived
winter bees (Diutinus) (Smedal et al., 2009). In addition, worker bees in
breeding colonies can have more Vg in summer than winter bees (Amdam and
Ombolt, 2002). In honey bees, Vg is a monomeric protein of 180 kDa
(Havukainen et al., 2011; Havukainen et al., 2012). Plant protection products
(neonicotinoids, pyrethroids, organophosphates) influence Vg synthesis
(Christen et al., 2019). Infection with Nosema ceranea in young nurse bees
reduces vitellogenin synthesis (Antinez et al., 2009), while infection with bee
larvae increases Vg synthesis in young adult bees (BenVau and Nieh, 2017).
Immune cells are transferred to the hypopharyngeal glands via Vg,
demonstrating that immunity can be transferred intergenerationally (Harwood
et al., 2018). Bacteria and pathogens carried into the colony by forager bees are
passed on to the queen via food. These pests are broken down in the queen's
body, bind to vitellogenin and are transferred to the eggs produced. The eggs
are naturally immunised against pathogens in the queen's body (Salmela et al.,
2015). There is little research on Vg in honey bees. This research is mainly in
the fields of biochemistry, agriculture, environment, health and pharmacology
(Yicel et al., 2022a).

3.2. Nutrition - Fat Body Relationship

The fat body is a dynamic tissue involved in lipid-carbohydrate
metabolism, protein synthesis, amino acid and nitrogen metabolism, the
endoxin system and the detoxification of nitrogen metabolism. Adipose tissue
plays an important role in energy storage and utilization in bees (Arrese and
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Soulages, 2010). Fat bodies are single-layered fat cells under the cuticle of
honey bees. They are located in the dorsal and ventral parts of the abdomen.
The fat bodies are functionally comparable to the liver and adipose tissue of
vertebrates and play a central role in vertebrate fat, protein and carbohydrate
metabolism (Alaux et al., 2010). The brain and adipose tissue actively
communicate via the nervous system, hormones, small neurotransmitters and
peptides (Leopold and Perrimon, 2007). Guard bees have more abdominal fat
than forager bees. This tissue increases with the protein diet after growing up
(Winston, 1987). A worker bee that transitions from keeping to foraging loses
about 50% of its abdominal fat (Toth and Robinson, 2005). Young bees begin
to lose abdominal fat before they become foragers (Toth and Robinson, 2005)
and have a greater ability to fly (Harrison, 1986). The reduction of the insulin
receptor substrate gene in the fat body results in forager bees collecting more
pollen and less nectar (Wang et al., 2010). A shortening of the day length during
the period of weight gain causes an increase in this tissue (Fluri and Bogdanov,
1987). Triglycerols make up about 80 % of the fat, the second most common
compound being phospholipids at 20% (Tzompa-Sosa et al., 2014; Ekpo et al.,
2009). C18 fatty acids, in particular oleic acid, linoleic acid and linolenic acid,
are contained in large quantities in the oil (Tzompa-Sosa et al., 2014). Palmitic
acid is also relatively high. The fatty acid profile is influenced by the bees' diet
(Bukkens, 2005). Although the fat content of the abdomen can be calculated
using different methods, a simple method is to calculate the dry weight of the
abdomen (EI Ghabawy et al., 2022). In this method, the abdomens of adult bees
are collected on the 5th, 7th and 10th day of life and their weight (mg) after
three days of drying at 45 °C (IKAA) is used as the first abdominal dry weight.
In this method, ethyl ether is added to the abdomens in a tube and shaken in a
shaker for 24 hours. They are then dried again at 45 °C for three days and the
second abdominal dry weight (IKSAA) is calculated (El Ghabawy et al., 2022;
Mashal et al., 2023). The fat body was calculated using the formula described
below by El Ghabawy et al.:
FDAW

Where;

ALA: Abdominal Lipid Amount.
FDAW: First Drying Abdomen Weight.
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AWASD: Abdomen Weight After Second Drying.

3.3. Nutrition — Hypopharyngeal Glands (HPG) Relationship

The pollen is the source of proteins, lipids, sterols, vitamins, minerals
and some carbohydrates for honey bees (Todd and Betherick, 1942). The
nutrients resulting from the digestion of pollen are converted into jelly-like
royal jelly and brood food in the glands on the head (hypopharyngeal glands)
of the worker bee and offered to the colony for consumption (Harrassnigg and
Crailsheim, 1998). The food produced in the glands is distributed to the
individuals by trophallaxis behavior (mouth-to-mouth) (Crailsheim, 1991).
Although the hypopharyngeal gland is present in all individuals of the colony,
it is most developed in the worker bees (Britto et al., 2004). In worker bees,
these glands are located on both sides of the head, in front of the brain and
between the compound eyes (Cruz-Landim and Costa, 1998; Hrassnigg and
Crailsheim, 1998). These secretory cells have a diameter of 30-50 um (Richter
et al., 2016). These glands consist of structures called acini. HPG develops
rapidly in worker bees in the first 24 hours after the adult bees emerge in the
colony. However, this changes in colonies with cages, without brood and with
brood (Crailsheim and Stolberg, 1989). Recent studies have shown that the
glands develop from the first day of the pupal stage (Klose et al., 2017; Ahmad
et al., 2021). Gland development is directly influenced by the availability of
food in the colony (Schmidt et al., 1995; Nicolson, 2011). Acini length
measurement is a common method to measure the size of the glands. In some
studies, it was reported that there was no difference in acini gland size between
the pollen, protein supplement and control (high fructose corn syrup) groups,
and in another study, there was no difference in acini gland size between bees
fed pollen and protein supplement. A worker bee has the largest acini size in the
first four days after hatching as an adult and a smaller acini size in the following
days (DeGrandi-Hoffman et al., 2010). Glands can store nutrients. Pollen- and
protein-rich forage fed in the fall allows for good glandular development and
nutrient storage in bees, and after winter these stored nutrients are used when
brood activity begins (DeGrandi_Hoffman et al., 2010). In colonies fed diets
containing 25.0, 29.5, 34.0 and 38.5 % crude protein, the highest acini size was
found in the 34 % crude protein diet. In addition, the egg size of worker bees
was largest at 12 days of age (Zheng et al., 2014). When comparing the egg size
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of bees fed pure bee pollen and protein supplements, the supplements were
more effective (DeGrandi-Hoffman et al., 2010; Zheng et al., 2014). HPG size
varies among bees fed monofloral pollen. For example, colonies fed Castanea
sp. and Asparagus sp. pollen have larger glands than those fed Helianthus sp.
and Sinapis sp. pollen (Omar et al., 2017). In addition, supplementing the diet
with vitamin C increases gland size (Zahra and Talal, 2008). However,
pesticides in the diet cause a reduction in HPG size (Heylen et al., 2011; Hatjina
et al., 2013; Zaluski et al., 2017). In bees, HPG development is determined
using two different methods. The first, a simple method, determines the dry
weight of the head of adult nurse bees. The second method is based on bees
collected on the 3rd, 6th, 9th, 12th, 15th and 18th day after the worker bees
hatch. The glands separated from the heads of the collected bees are mounted
on a slide with saline solution (0.9 % NaCl). The length and width of the acini
forming the glands are then measured (Omar et al., 2017; Mashal et al., 2023).
The hypopharyngeal glands development was calculated as follow (Omar et al.,
2017):

4 ra+b\°
ASA(mm?) = §n< 2 )
Where:
ASA: Acini surface area.
a: Maximum length of acini.
b: Maximum width of acini.

r=3.14.

3.4.Nutrition - Mandibular Glands (MB) Relationship

Honey bees are dependent on nature for the physiological needs of the
members of their colony. Nectar is a source of energy and pollen is a source of
lipids, proteins, vitamins and minerals (Potts et al., 2016). These proteins are
involved in the development of mandibular glands in worker bees (DeGrandi-
Hoffman et al., 2010). These glands are important exocrine glands responsible
for the biosynthesis of royal jelly acids. However, very little is known about the
effects of MB on bee nutrition (Zhang et al., 2022). In queen bees in colonies,
the mandibular glands are composed of two x-1 hydroxydecenoic acids and are
involved in the release of pheromones (Le Conte and Hefetz, 2008). In worker
bees, the MB produce royal jelly acids containing 10-hydroxy-2-desenoic acid
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(10-HDA) and its precursor 10-hydroxy-2-desenoic acid (10-HDAA), which
regulate larval growth (Kinoshita and Shuel, 1975). The amount of 10-HDAA
in MBs gradually increases during the first 20 days after worker bees hatch,
reaching a peak on day 25 (Yang et al., 2017). They also excrete small amounts
of 9-ox0-2-desenoic acid (9-ODA) and its precursor 9-hydroxy-2-desenoic acid
(9-HDA) (Brown et al., 1961; Wang et al., 2016). The C16 and C18 fatty acids
ingested with the pollen are reduced to C10 fatty acids by the mandibular glands
(Wringht et al., 2018). The ingested proteins are broken down into amino acids
in the intestine by the enzyme protease and used for the biosynthesis of royal
jelly (de Jong et al., 2019). In the absence of natural pollen sources, the
maintenance of brood activity depends on royal jelly production. Therefore, bee
colonies should be supplied with protein substitutes in times of pollen scarcity
(Carrillo et al., 2015). MB development is influenced by the quality and
quantity of the protein source (Schmidt et al., 1987). Feeds containing 20%
soybean meal and brewer's yeast as a protein supplement stimulate these glands
and promote the production of royal jelly (Mattila and Otis, 2007). The largest
gland size in worker bees in colonies fed diets containing 0 %, 23 %, 25 % and
27 % crude protein was found in diets containing 23 % protein. Protein feeds
lead to an increase in the area and height of these glands (Camilli vd., 2021).
The larger the area and height of these glands, the greater their ability to secrete
nutrients (Renzi et al., 2016; Smodis Skerl and Gregorc, 2010). It has been
found that various substitute feeds other than pollen (Peters et al. 2010) have
no effect on the physiology of MBs (Zhang et al., 2022).

3.5. Nutrition — Intestinal Microbiota Relationship

The gut microbiota of honey bees consists of anaerobic and
microaerophilic bacterial species (Engel et al., 2013; Moran, 2015). Some of
the species found in the bee gut are Gilliamella apicola, Snodgrassella alvi,
Parasaccharibacter apium, Lactobacillus spp. and Bifidobacterium spp.
(Corby-Harris, 2016; Kwong et al., 2017) as well as Frischella perrara and
Bartonella apis, which are unique to the genus Apis (Martinson et al., 2012;
Powell et al., 2014). The microbiota provides the gut with a low pH value and
short-chain fatty acids (Zheng et al., 2017). The gut microbiota of bees is
subject to seasonal changes depending on the diet (Almeida et al., 2023). Bees
fed sucrose syrup had fewer Rhizobiales and Bifidobacteria bacterial species
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than those fed honey and wheat starch (D'Alvise et al., 2018). B. apis increases
in the digestive tract of bees fed with Eucalyptus grandis pollen (Schmidt and
Engel, 2016; Castelli et al., 2020). It has been reported that the density of
Bactobacillus spp. does not change when food contaminated with some
pesticides, antibiotics and herbicides is consumed (Raymann et al., 2016; Motta
et al., 2018; Alberoni et al., 2021; Motta and Moran, 2020). The addition of
Lactobacillus spp. and Bifidobacterium spp. to bee feed can increase resistance
to disease by increasing the gut microbiota (Maggi et al., 2013; Arredondo et
al., 2017). Four bacterial species (Apilactobacillus, Fructobacillus fructosus,
Acinetobacter boissieri, Neokomagataea) increase in the gut microbiota with
the increase in nectar collection (Neveling et al., 2012). The addition of various
pesticides to honey bee feed in non-lethal doses leads to a decrease in
Bombilactobacillus species and an increase in Lactobacillus and fungi in the
gut (Favaro et al., 2023).

3.6. Nutrition — Diseases Relationship

The resistance of bees to disease decreases due to the effects of
malnutrition, pathogens and environmental factors. Numerous studies have
been carried out to investigate the relationship between nutrition and resistance
to bee diseases. The proportion of fatty tissue is particularly high in bees that
are fed high-quality protein sources. The parasite Varroa destructor uses the
bees' fatty tissue as its main food source (Ramsey et al., 2019). Both field and
cage studies show that bees fed inadequate and poor quality pollen are
susceptible to Nosema spp. and the Varroa parasite and their lifespan is
shortened (Huang, 2010; Eischen and Graham, 2008; Rinderer and Kathleen,
1977). In bees fed with pollen, Nosema disease develops faster, in contrast to
the gut of bees fed with bee bread and sugar syrup (Porrini et al., 2011). N.
ceranae spores are reduced in bees fed with sunflower pollen (Helianthus
annuus) (Giacomini et al., 2018). Bees fed with good and high-quality pollen
are resistant to viral diseases (DeGrandi-Hoffman et al., 2010). When bees
infected with the Varroa parasite were fed pollen and sugar, the pollen-fed bees
lived longer (Alaux et al., 2011). This leads to the conclusion that there is no
difference between polyfloral and monofloral pollen in the physiology and
survival time of honey bees. However, colonies fed with polyfloral pollen are
more resistant to parasitic diseases and live longer when infected (Di Pasquale
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et al.,, 2013). When comparing colonies fed with fresh pollen and protein
replacement feed, the pollen-fed colonies showed a lower pathogen load and
better overwintering ability (DeGrandi-Hoffman et al., 2016). Pollen protects
bees from bacterial and fungal diseases through the antimicrobial effects of
capric, lauric, myristic, linoleic and linolenic acids. Linoleic acid, for example,
has an inhibitory effect on the development of Paenibacillus larvae bacteria
(Manning, 2001; Cushnie and Lamb, 2005). Feeding high quality pollen has
been reported to reduce the harmful effects of Varroa mite and deformed wing
virus (Frizzera et al., 2022), although some researchers have found no change
(DeGrandi-Hoffmann et al., 2020). Feeding bees with pollen and protein
substitutes in times of pollen scarcity prevents the increase in Varroa parasite
density (Giacobino et al., 2022). In colonies fed with a mixture of amino acids
and vitamins, disease and parasite rates decrease with increasing hygienic
behavior (Stanimirovic et al., 2022). Saturated and unsaturated fatty acids in
pollen have an antibacterial effect. Lauric, palmitoleic, linoleic, linolenic,
undecanoic and myristic acids in particular have this effect on Paenibacillus
larvae (Hornitzky, 2003).

4. Conclusion

The honey bee colony, with its highly specialized social structure and
architecture, acts as a unit to achieve specific biological goals. Favorable
environmental conditions and nutrition are two crucial components for the
successful adaptation and productivity of bees. Ongoing research on the
nutritional needs and foraging behavior of honey bees will help improve honey
bee nutritional supplements, habitat recommendations, and colony
management. This review summarizes the hypotheses of numerous researchers
on the nutritional and physiological changes of worker bees from egg to death.
We hope that the scientists who benefit from this review will contribute further
thoughts and questions in the field of nutritional and physiological studies.
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INTRODUCTION

These observations correspond with earlier research conducted in
industrial and urban locales, revealing analogous trends in heavy metal
pollution (Alloway, 2013); (Akbar, 2009). Nonetheless, discrepancies may
arise across distinct geographical contexts. It is imperative to discern the
specific local factors and origins of heavy metal pollution within the examined
area to formulate focused remediation strategies. Yield estimation constitutes a
pivotal element of precision agriculture, establishing the foundation for optimal
resource distribution, informed decision-making, and enhanced sustainability
within agricultural frameworks (Coble, 2018). Conventional yield estimation
techniques, which depend on field sampling, historical datasets, and expert
evaluations, provide limited precision owing to their failure to accommodate
spatial and temporal variability (Basso, 2013). To mitigate these shortcomings,
contemporary yield estimation frameworks integrate geostatistical
methodologies, machine learning algorithms, and remote sensing innovations
to facilitate more accurate and scalable yield forecasts (Feng, 2020).

Geostatistical approaches, encompassing Ordinary Kriging and Inverse
Distance Weighting (IDW), leverage spatial interrelations among data points to
refine yield predictions, thus rendering insights into soil variability and crop
heterogeneity across extensive fields (Goovaerts, 1997); (Hengl, 2009).
Predictive accuracy is augmented by machine learning frameworks, including
Random Forests, Support Vector Machines, and Artificial Neural Networks,
which analyze intricate, non-linear connections among environmental elements
and agricultural output (Kim, 2021). For example, deep learning architectures
have proven effective in analyzing high-dimensional datasets, including
meteorological, edaphic, and field sensor data, consequently surpassing
conventional regression techniques in yield prediction endeavors (amilaris,
2018).
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Multispectral and hyperspectral imaging from satellite and UAV
platforms, as remote sensing tools, deliver crucial insights into crop health,
development stages, and stress signals, with metrics such as the Normalized
Difference Vegetation Index (NDVI) indicating strong correlations with yield
(Xie, 2018). The integration of such remote sensing data with Geographic
Information Systems (GIS) facilitates meticulous mapping and examination of
yield-related parameters at a detailed level, promoting site-specific
management strategies (Mulla, 2013).

Empirical investigations across diverse crop systems exemplify the
practical utilization of these models. For instance, in the context of corn yield
estimation, the amalgamation of Random Forest algorithms with NDVI data
sourced from satellite imagery has revealed significant enhancements in
accuracy, augmenting predictive capabilities by as much as 20% in comparison
to linear models (Liakos, 2018). Similarly, the yield estimation for wheat and

rice has seen advancements through the alliance of machine learning
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approaches and geostatistical models with UAV-generated images, allowing for
detailed yield mapping in varied terrains (Roth, 2021).

Regardless of these strides, difficulties continue to exist, particularly
related to data integration and scalability. The establishment of robust yield
models necessitates addressing data quality concerns, challenges related to
model interpretability, and the elevated costs associated with sophisticated
sensing technologies (Wolfert, 2017). Prospective avenues in yield estimation
entail the incorporation of Internet of Things (IoT) devices and real-time data
analysis via artificial intelligence, thereby enhancing the agility and
applicability of precision agriculture models (Tsouros, 2019). By scrutinizing
these methodologies, this chapter highlights the transformative potential of
data-driven yield estimation models in promoting sustainable agricultural
practices.

Precision agriculture has surfaced as a revolutionary methodology in
agronomy, distinguished by its dependence on data-centric strategies aimed at
enhancing crop management and optimizing yield results. This fundamental
transformation is predominantly driven by technological advancements,
including remote sensing, geospatial analysis, and machine learning, which
empower agricultural practitioners to make more informed and location-
specific decisions (Liakos et al., 2018). A pivotal element of precision
agriculture is yield forecasting—the act of estimating crop yield prior to
harvest—which is instrumental in directing resource distribution, organizing
harvest schedules, and assessing economic repercussions (Basso, 2013).

Historically, yield forecasting techniques have depended on historical
datasets and expert-driven methodologies, frequently augmented by field
sampling. However, these approaches exhibit constraints in adequately
capturing the spatial and temporal variability of crop and soil conditions across
extensive agricultural areas (Coble, 2018). For example, yield predictions
grounded in historical averages tend to neglect site-specific elements, leading
to subpar projections and less effective resource management (Feng, 2020).
Consequently, these conventional methods are progressively being enhanced or
supplanted by sophisticated yield forecasting models, which amalgamate
spatial data from remote sensing, in-situ sensors, and advanced analytical tools.

In contemporary times, machine learning methodologies, exemplified by
Random Forests, Support Vector Machines, and Artificial Neural Networks,
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have captured interest for their proficiency in examining intricate, non-linear
relationships involving crop yields and environmental elements, like climatic
factors, soil attributes, and management practices (Liakos, 2018). Machine
learning facilitates the processing of extensive datasets, uncovering complex
patterns that traditional regression techniques may overlook. As an illustration,
deep learning models have revealed notable effectiveness in processing high-
dimensional data collections, including multispectral images acquired via
UAUVs, ultimately facilitating precise yield estimations (Kim, 2021).

A vital part of modern yield analysis relates to geostatistics, involving
practices such as Ordinary Kriging and Inverse Distance Weighting (IDW).
These techniques enable spatial interpolation, enhancing predictions by
utilizing the spatial autocorrelation present among data points throughout the
agricultural field (Goovaerts, 1997); (Hengl, 2009). Notably, Kriging has
proven to be effective in areas with heterogeneous soil attributes, offering a
mechanism to consider spatial discrepancies in soil properties, which often
serve as critical determinants of crop yield (Mulla, 2013).

Innovative approaches to remote sensing, involving satellite and UAV-
utilized multispectral and hyperspectral imaging, have altered the landscape of
yield forecasting by supplying timely details on crop condition, developmental
phases, and potential stressors (Xie, 2018). Through indices such as the
Normalized Difference Vegetation Index (NDVI), these technologies provide
insights into vegetative vigor, which is a robust indicator of yield potential. By
integrating remote sensing with Geographic Information Systems (GIS),
precision agriculture can create detailed spatial maps that inform site-specific
management practices, ultimately fostering greater efficiency and sustainability
within agricultural systems (Mulla, 2013).

The capability of yield estimation models to improve productivity and
sustainability is manifest; nonetheless, numerous challenges persist. Factors
such as the quality of data, the integration of various platforms, and the intricacy
of environmental variables continue to hinder the accuracy and applicability of
models across a range of agricultural scenarios (Wolfert, 2017). In light of these
hurdles, innovative technologies, including Internet of Things (IoT) gadgets
and real-time data evaluation, possess the capacity to refine these models,
promoting more adaptable and responsive yield predictions ahead (Tsouros,
2019).
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This chapter investigates the diverse yield estimation methodologies
presently employed in precision agriculture, encompassing traditional
techniques as well as advanced machine learning and remote sensing
methodologies. Through a comprehensive analysis of contemporary case
studies and practical applications, the chapter underscores the transformative
significance of these models in improving yield predictability and fostering
sustainable agricultural practices.

FACTORS AFFECTING CROP YIELD

crop yield is the outcome of these productivity-determining interactions
as affected by biotic and abiotic factors which may either enhance or suppress
their influence depending on environmental conditions, plant variety involved
in gene regulation at any specific stage resulting variation from species to
genotype through agronomic practices. Understanding these components, in
order to build accurate yield prediction models helps improve the efficiency of
inputs for farming.

Soil Characteristics

Numerous factors, such as textural properties of the soil structure and
nutrient content can determine how good a plant is. If the soil is fertile, crops
can thrive; however; if it does not have enough nutrients, they may never
produce as much yield. It is well established that the soil properties like pH,
organic matter content and Cation Exchange Capacity (CEC) have a direct
influence on nutrient availability to plants (Schmidt, 2014). In addition,
physical attributes of soil such as texture and compaction affect root growth.
aeration, water infiltration, and other factors that are essential to crop health
(Brady, 2010). Soil mapping and sampling are frequently used in precision
agriculture to evaluate these factors and manage soil variability through site-
specific nutrient management (Mulla, 2013).

Availability of Water and Irrigation

A vital resource for crop production, water has an impact on
physiological functions like photosynthesis and nutrient absorption. Water
stress caused by inadequate rainfall or inadequate irrigation management can
drastically lower crop yields (Tardieu, 2010). On the other hand, too much
water can cause nutrient leaching and root diseases. Water-use efficiency can
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be improved with advanced irrigation techniques like drip and subsurface

irrigation, especially in arid and semi-arid areas (Fereres, 2007).

Climate and Weather Conditions

Depending on the crop variety, management techniques, and
environmental circumstances, biotic and abiotic variables interact in a
complicated way to affect crop production, each of which contributes
differently to productivity results. Optimizing agricultural inputs and creating
precise yield estimate models require an understanding of these elements.
Properties of Soils The texture, structure, and nutritional makeup of the soil are
the main factors that determine crop output. Healthy crop development is
encouraged by nutrient-rich soils, but the potential yield might be severely
limited by poor soils. According to (Schmidt, 2014), the pH, organic matter
content, and cation exchange capacity of the soil all have a direct effect on the
nutrients that plants can access. Furthermore, physical attributes of the soil,
such bulk density and texture, affect aeration, water infiltration, and root
penetration—all of which are vital for crop health (Brady, 2010). Soil is

commonly used in precision agriculture.

Crop Variety and Genetics

The potential yield of crops is largely determined by their genetic
composition. According to (Fischer, 2014), improved crop varieties created
through breeding programs have greater potential yields, are more resilient to
stress, and are resistant to pests and diseases. Genetically modified (GM) crops,
for instance, have been developed for characteristics like insect and drought
resistance, which have led to notable increases in production, especially in
difficult-to-reach areas (Qaim, 2009). (Tadesse, 2019) assert that local
adaptation is crucial to agricultural performance, making the selection of the
appropriate crop variety for a particular climate or location crucial to optimizing
production.

Pest and Disease Pressure

According to some estimates, pests and diseases can cause up to 20-40%
of crop losses worldwide, which is a significant amount of crop loss (Savary,
2019). Pests, such as weeds, insects, and diseases, can affect crop health by
decreasing nutrient absorption and photosynthetic efficiency (Oerke, 2006).
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Precision agriculture uses remote sensing for early identification and
monitoring of pest and disease outbreaks, while integrated pest management
(IPM) and contemporary chemical treatments assist lessen these consequences
(Mabhlein, 2016).

Fertilization and Nutrient Management

Since plants need enough nitrogen, phosphorous, potassium, and other
micronutrients for healthy development, nutrient availability is a critical
component of agricultural output. Though excessive or insufficient fertilizer
applications can result in lower yields and environmental issues such nutrient
runoff, fertilizer applications are necessary to augment soil nutrients (Tilman,
2002). More economical and ecologically friendly fertilizing techniques are
now possible because to precision nutrient management, which is based on soil
and crop sensing technology (Fageria, 2005).

Management Practices

Crop yield is greatly impacted by management techniques including
tillage, crop rotation, planting density, and weed control. As to (Larkin, 2010),
tillage techniques have an impact on soil structure and root growth, whereas
crop rotation and cover cropping can enhance soil fertility and lessen pest
burden. According to research, no-till farming can increase soil moisture
retention and decrease erosion, both of which can increase production in some
situations (Derpsch, 2010).

Machine Learning Models in Yield Estimation

Education has always been one of the mainstays of our society, providing
both knowledge for individual minds and a prop to personal growth. It gives
people the tools, information, skills that they require to thrive and live full work
lives in society. Besides book knowledge, education helps people develop
complex ways of thinking that can solve problems and create things; that make
up what we call creativity. Educational facilities provide people of all ages with
information and skills to enable them to cope with future challenges. In this
way education supports the idea of lifelong learning, while immersing our
people in the habits necessary to attain success at work and personal life.

Because when we invest in education, we are laying a cornerstone for both
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personal and professional success in the future. And by investing in the future
of society, we grant talented people an opportunity to realize their full potential.
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Figure.2. Example of yield modeling flowchart (Shahhosseini et al.,2021)

1-Random Forest (RF)

Education has consistently served as a fundamental pillar within our
society, imparting knowledge to individual intellects and fostering personal
development. It equips individuals with the essential tools, information, and
competencies necessary for thriving and leading fulfilling professional lives
within the community. In addition to academic knowledge, education cultivates
intricate cognitive processes that enable problem-solving and innovation,
which constitute the essence of what we recognize as creativity. Educational
institutions offer individuals of diverse age groups the requisite information and
skills to prepare them for the challenges that lie ahead. In this manner, education
endorses the concept of lifelong learning while ingraining within individuals
the habits vital for achieving success in both professional and personal domains.
For when we allocate resources toward education, we are establishing a
foundational element for future personal and professional accomplishments. As
well, by focusing on the future of society through investment, we are
reinforcing how vital education is as a mechanism for growth and development.
RF models are less prone to overfitting compared to individual decision trees,

making them suitable for yield prediction across diverse environments.
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Figure 3. The process of producing Random Forest (RF) results (Wu and Jiao.,2019).

Applications:

Random Forest is a popular tool in precision agriculture that uses
meteorological information, soil characteristics, remote sensing indices, and
management techniques to forecast crop yields. For instance, by combining a
big dataset of past yields and climate variables, (Jeong, 2016)showed that RF
could accurately forecast both global and regional maize yields. In other
research, RF has been used to accurately estimate the yields of soybeans, rice,
and wheat (Goovaerts, 1997).

2-Support Vector Machines (SVM)

In supervised learning, algorithms called Support Vector Machines,
abbreviated SVMs, are employed for tasks that involve classification and
regression. In the context of yield estimation, SVM models operate by
identifying the hyperplane that optimally segregates data points within a high-
dimensional space, thereby maximizing the separation between distinct classes
or regression results (Mountrakis, 2011). In situations where the correlation
between input variables and yield is not linear, SVMs provide distinct benefits
as they can use kernel functions to map data into dimensions that are higher.



Current Studies on Agriculture, Forest and Aquatic Products | 58

Separating
Hyperplane

Target=Yes

Target=No

Support Vectors

Support Vector Machine

Figure.4. Support Vector Machine (SVM) (Rady and Anwar.,2019).

Applications: SVMs have found utility in a multitude of agricultural
contexts, notably in yield forecasting. (Gao, 2020) made use of SVMs to
project rice yield by leveraging remote sensing data, thereby reaching notable
levels of predictive accuracy. The capacity of SVMs to process high-
dimensional datasets renders them adept at amalgamating disparate information
sources, including satellite imagery, soil characteristics, and climatic factors,

into yield estimation frameworks.

3-Artificial Neural Networks (ANNs)

Artificial Neural Networks (ANNSs), taking cues from the layout of the
human brain, are made up of layers of linked nodes (neurons) that manage input
data through weighted connections. ANNs exhibit significant flexibility and
can effectively model complex, nonlinear relationships, rendering them
particularly suitable for yield estimation endeavors (Crane-Droesch, 2018).

Deep learning, a specialized domain of ANNs, employs multiple hidden layers
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to discern intricate patterns within extensive datasets, thereby enhancing
prediction accuracy. ANNs demonstrate superior performance in scenarios
where the relationship between input and output variables is markedly
nonlinear and challenging for simpler models to encapsulate.
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Figure.5. Artificial neural network architecture (Bre et al.,2018).

Applications:

ANNs have been effectively utilized in estimating crop yields,
particularly when synthesizing multi-source data such as meteorological, soil,
and remote sensing information. For instance, (Crane-Droesch, 2018) applied
ANNs to forecast maize yield across the U.S. Corn Belt, revealing a
performance advantage over conventional linear models by elucidating
complex interactions among climatic variables. Similarly, (Chen, 2016)
illustrated the effectiveness of ANNs in enhancing soybean yield predictions by

integrating remote sensing and meteorological data.

4-Gradient Boosting Machines (GBMs)

Gradient Boosting Machines (GBMs) represent another ensemble
learning methodology; however, in contrast to Random Forest, GBM models
construct trees in a sequential manner, with each subsequent tree targeting the
errors of its predecessors. This iterative approach facilitates GBMs in achieving
high accuracy in yield prediction tasks, particularly when the relationships
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between inputs and outputs are complex and nonlinear (Chen, 2016). A widely
recognized variant of GBM is XGBoost, celebrated for its efficiency and
scalability.
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Figure.6. Gradient Boosting Machines (GBM) (URL.2)

Applications:

GBMs have been employed in yield estimation scenarios, demonstrating
considerable advancements over traditional regression methodologies. For
instance (Pantazi, 2016) implemented GBMs to forecast wheat yield utilizing
remote sensing data and soil attributes, achieving high predictive accuracy.
GBMs are especially effective in incorporating high-dimensional data from

diverse sources, encompassing climate, soil, and crop characteristics.

5- Convolutional Neural Networks (CNNs)

A family of deep learning models called convolutional neural networks
is typically employed for image processing applications. CNNs are being
utilized more and more in agriculture to analyze drone and satellite pictures in
order to estimate crop yields. These models are capable of automatically
identifying patterns in spatial data that are associated with yield, such as crop
canopy features or vegetation indices (Rouse, 1973).
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Applications:

Gain estimate from remote sensing data, especially high-resolution
satellite pictures, has been accomplished through the use of CNNs. (Rouse,
1973), for instance, showed how CNNs may enhance yield prediction by using
spatial patterns in agricultural areas by using them to forecast crop yields based
on multispectral images. Precision agriculture, where high spatial resolution is
essential for site-specific management choices, benefits greatly from these

models.

6- K-Nearest Neighbors (KNN)

K-Nearest Neighbors is a straightforward yet powerful machine learning
model for classification and regression applications. KNN predicts the result of
yield estimate by identifying the data points that are closest to a particular input
(neighbors) and average their yields. As a non-parametric approach, KNN is
appropriate for yield estimate in a variety of agricultural scenarios as it does not
assume anything about the distribution of the underlying data (Masoud, 2013).
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Figure.8. K Nearest Neighbors (URL.4).

Applications:

In small-scale studies with restricted data availability, KNN has been
used to estimate yield for a variety of crops. By examining soil characteristics,
meteorological data, and management techniques, (Masoud, 2013), for
example, employed KNN to forecast crop yields in smallholder farming
systems. KNN might not be as advanced as other models, but

7- Deep Learning Approaches

In addition to conventional Artificial Neural Networks (ANNs) and
Convolutional Neural Networks (CNNs), advanced deep learning architectures
such as Recurrent Neural Networks (RNNs) and Long Short-Term Memory
(LSTM) networks are increasingly employed to elucidate temporal
dependencies inherent in the dynamics of crop growth and yield. These
architectures demonstrate particular efficacy in the context of time-series
datasets, such as historical yield statistics or meteorological patterns observed
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throughout growing seasons (Goodfellow, 2016). By assimilating temporal
patterns, these models have the potential to enhance the precision of yield
forecasts, especially in contexts characterized by variable climatic conditions.

Figure.9. Deep learning approaches (Narsimha et al.,2022).

Applications:

Deep learning frameworks have been deployed across diverse scenarios
for the estimation of crop yields. As an example, (Goodfellow, 2016) depicted
the prowess of deep learning algorithms in forecasting maize yield through the
use of satellite imagery, securing superior accuracy when compared to typical
methodologies. Likewise, RNNs and LSTMs have been harnessed to project
crop yields by scrutinizing historical weather information, thereby establishing
their significance as instrumental resources in mitigating the impacts of climate
variability.
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Remote Sensing and GIS in Yield Estimation

In precision agriculture, geographic information systems (GIS) and
remote sensing have become essential tools, especially for estimating crop
production. Large agricultural regions may now be continuously monitored
thanks to these technologies, which also provide information on environmental
elements, soil conditions, and the health of crops. While GIS makes it possible
to spatially analyse and integrate this data with other geographic datasets,
remote sensing uses drones, satellites, and other aerial platforms to gather data
about crops and their surroundings. With an emphasis on the application of
particular vegetation indices like the Normalized Difference Vegetation Index
(NDVI), this section addresses the use of remote sensing technologies and GIS

in yield estimation.

Figure. Satellite image (URL.5).

An effective way to gather geographical and temporal data on crop
growth, soil moisture, and climatic variables is through the use of remote
sensing devices. Numerous vegetation indices may be derived by processing
multispectral and hyperspectral data from satellite imaging, aerial photography,
and drone-based sensors. In order to evaluate crop health, stress levels, and
development stages—all of which are directly tied to yield—these indicators
are essential.
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Multispectral and hyperspectral imaging: Multiple spectral bands,
usually in the visible and near-infrared (NIR) ranges, are used by multispectral
sensors to gather information on the health and vigor of plants. Contrarily,
hyperspectral sensors record information over hundreds of small spectral bands,
giving more precise details on the metabolic makeup of crops (Thenkabail,
2014). Both types of sensors are essential for monitoring crop conditions and
estimating yields.

Applications in Yield Estimation:

Crop development may be tracked using remote sensing data, which
offers information on plant production and health throughout the growing
season. (Zhang, 2019), for instance, estimated maize yield by examining
changes in plant canopy structure and vigor over time using multispectral data
from drones. The efficiency of remote sensing in forecasting agricultural
productivity was demonstrated by the correlation between these data and yield
measurements taken on the ground.

2- Geographic Information Systems (GIS) in Yield Estimation

GIS plays a critical role in integrating spatial data from various sources,
including remote sensing, soil surveys, and climatic records, to produce
detailed maps of crop yield potential. GIS allows for the spatial analysis of
yield-related factors, such as soil properties, topography, and weather patterns,
facilitating site-specific management practices.

Spatial Data Integration:

With Geographic Information Systems (GIS), it is possible to unify data
gathered through remote sensing technologies, terrestrial observations, and
extra geospatial datasets, which supports the formulation of predictive
frameworks for farming yield. To illustrate, soil features, including the
constitution of organic matter and pH measurements, can be diligently mapped
out and associated with Normalized Difference Vegetation Index (NDVI) data
to elevate the precision of yield forecasts (Mulla, 2013). By merging spatial
data layers, GIS contributes to producing more precise, site-specific yield
forecasts while advancing precision agriculture practices dedicated to

optimizing the use of essential resources such as water and fertilizers.



Current Studies on Agriculture, Forest and Aquatic Products | 66

Applications within Precision Agriculture:

The implementation of GIS within precision agriculture has proven
instrumental in the creation of yield maps that delineate spatial variability
across agricultural fields. Such maps empower farmers to adopt variable rate
application (VRA) techniques for fertilizers and irrigation, thereby augmenting
operational efficiency and mitigating environmental consequences (Gheysari,
2020). Furthermore, GIS-facilitated yield models provide farmers the means to
assess crop productivity across diverse management zones and modify their

agricultural practices accordingly.

3-Vegetation Indices in Yield Estimation: Focus on NDVI

The Normalized Difference Vegetation Index (NDVI) stands as one of
the most extensively utilized remote sensing methodologies for yield
estimation. NDVI is computed utilizing reflectance data from red and near-
infrared wavelengths, serving as a dependable metric for evaluating plant
vitality and biomass (Rouse, 1973). Elevated NDVI readings generally indicate
healthier, more robust crops, which frequently correlate with enhanced yield

potential.

NDVI Formula:

(NIR — Red)
(NIR + Red)

NDVI =

Where:
e NIR is the near-infrared reflectance (which healthy vegetation reflects
strongly).
e Red is the red reflectance (which healthy vegetation absorbs for
photosynthesis).

Benefits of NDV1I in Yield Estimation:
Timely assessment: NDVI can be continually computed throughout the

growing season, furnishing timely insights into crop vitality and anticipated
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yield (Becker-Reshef, 2010). Non-invasive: As NDVI is derived from remote
sensing information, it facilitates non-invasive monitoring of crop conditions
across extensive areas. Yield correlations: A plethora of research has established
robust correlations between NDVI figures and crop yield, affirming its status
as a trustworthy instrument for yield forecasting. To illustrate, (Reynolds, 2000)
revealed that NDVI-based maps for wheat growth are capable of accurately
predicting the final yields.

Utilization of NDVI in Yield Estimation:

NDVI has been employed across numerous crops to forecast yields. For
example, (Lobell, 2015) utilized NDVI derived from satellite data to project
wheat yields in varied regions, demonstrating that NDVI effectively captures
spatial yield variability linked to environmental factors and management
strategies. In a similar vein, (Becker-Reshef, 2010) leveraged NDVI for global
wheat production monitoring, exemplifying the index's potential to aid

extensive yield estimation initiatives.

Alternative Vegetation Indices:

While NDVI is the predominant index employed, other vegetation
indices, such as the Enhanced Vegetation Index (EVI) and the Soil-Adjusted
Vegetation Index (SAVI), have also found application in yield estimation. EVI
enhances the NDVI methodology by mitigating the effects of atmospheric
conditions and canopy background signals, rendering it more applicable in
regions characterized by dense vegetation (Huete, 2002). Conversely, SAVI
incorporates adjustments for soil brightness in areas with limited vegetation,
thereby enhancing accuracy in arid or semi-arid environments (Huete A. R.,
1988).

4. Integrating Remote Sensing and GIS for Precision Yield

Estimation

The amalgamation of remote sensing and Geographic Information
System (GIS) technologies establishes a robust framework for yield estimation
within the domain of precision agriculture. Remote sensing facilitates the
acquisition of timely, spatially intricate data regarding crop conditions, whereas
GIS empowers the synthesis and analysis of this data alongside other geospatial
determinants that impact yield. Together, these methodologies promote the
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creation of more exact, site-oriented yield predictions and refine decision-
making procedures in the field of agricultural administration.

Precision Yield Mapping: Yield mapping entails the integration of remote
sensing data with yield monitor data procured from harvesting machinery to
formulate comprehensive maps illustrating spatial yield variability within
agricultural fields. Such maps are indispensable for discerning zones of high
and low productivity, thereby enabling targeted management interventions
(Schimmelpfennig, 2016). For instance, (Mulla, 2013) underscored the
application of yield maps derived from remote sensing data and GIS to inform
the variable rate application of fertilizers, resulting in enhanced efficiency and
diminished input expenditures.

Applications in Climate Resilience:

Remote sensing and GIS also play a critical role in improving climate
resilience in agriculture. By monitoring crop performance in real-time and
predicting yields based on current conditions, these tools help farmers adapt to
climate variability and mitigate the risks of crop failure (Lobell, 2015).

Case Studies in Yield Estimation using Remote Sensing, GIS, and

Machine Learning

The efficiency of combining machine learning models, Geographic
Information Systems (GIS), and remote sensing technologies has been shown
in a number of case studies focused on yield estimate. These studies
demonstrate how these methods may be used to improve agricultural
production and decision-making by offering useful insights into how they can
be utilized across various crops, geographical locations, and climatic
characteristics. The implementation of these cutting-edge technologies for
precise yield estimate is demonstrated in this part through a number different

case studies from various geographical locations and agricultural systems.

Maize Yield Estimation in the U.S. Corn Belt

Objective:

This case study conducted by (Crane-Droesch, 2018)elucidates the
application of machine learning techniques, specifically Artificial Neural
Networks (ANNs), for the prognostication of maize yield within the confines
of'the U.S. Corn Belt. The research integrates an array of data sources, inclusive
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of extensive climatic records, soil properties, and agronomic practices, to
construct a comprehensive yield prediction framework.

Methodology:

Data Inputs: The model incorporated historical climatic variables,
encompassing precipitation and temperature, in conjunction with soil texture,
organic matter concentrations, and nitrogen fertilization rates.

Machine Learning Model: An ANN was meticulously developed and
trained utilizing the dataset to elucidate the nonlinear interactions among these
variables and maize yield. We applied NDVI data derived from satellites to
examine plant health over the growth period, yielding vital information about

crop advancement.

Results:

The ANN model markedly surpassed traditional linear regression models
by effectively capturing the nonlinear ramifications of climatic variability on
maize yield. Utilizing NDVI readings, the model effectively gauged crop health
on-the-fly, which further refined the forecasting precision for yields.

Conclusion:

This case study underscores the efficacy of amalgamating climatic data,
soil attributes, and remote sensing indices with machine learning
methodologies for the prediction of maize yield, thereby furnishing significant
insights for strategic decision-making in expansive commercial agriculture.

2. Wheat Yield Estimation in the Punjab Region of Pakistan

Objective: This investigation by (Lobell, 2015) explores the utilization
of remote sensing technologies, specifically the Normalized Difference
Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), for
forecasting wheat yields in the Punjab region of Pakistan. This region is marked
by heterogeneous cropping systems, rendering it a notably challenging milieu
for precise yield estimation.

Methodology:

Remote Sensing Data: The researchers employed satellite imagery to
extract NDVI and EVI, concentrating on critical growth phases of wheat, such
as heading and grain filling.
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GIS Integration: Geographic Information Systems (GIS) were utilized
to amalgamate spatial layers of soil characteristics, irrigation infrastructure, and
historical yield data.

Yield Prediction Model: A regression model was formulated, utilizing
NDVI and EVI as pivotal predictors, alongside climatic and management data.

Results:

The NDVI and EVI metrics recorded during the heading phase of wheat
were identified as strong prognostic indicators of final yield. The study
exhibited that the integration of remote sensing data with GIS substantially
enhanced yield predictions, achieving an accuracy rate exceeding 80% in

comparison to conventional ground-based estimations.

In conclusion:

This investigation demonstrates the ability of remote sensing and GIS
technologies to generate consistent, large-volume predictions for wheat yields,
especially in territories known for their intricate agricultural setups. This
methodology aids in the optimization of irrigation schedules and resource
distribution within the agricultural framework of Punjab.

1. Rice Yield Estimation in Taiwan Using Support Vector

Machines (SVMs)

Objective: (Tseng, 2020) undertook an empirical investigation to
estimate rice yield in Taiwan utilizing Support Vector Machines (SVMs)
predicated on remote sensing data in conjunction with ground observations. The
principal aim of the investigation was to clarify how SVM models could
proficiently predict yields by identifying the nonlinear relationships between
environmental factors and agricultural output.

Methodology:

Data Inputs: The SVM model incorporated multispectral remote sensing
data, which encompassed NDVI and Leaf Area Index (LAI), alongside
terrestrial measurements of soil moisture and temperature.

Remote Sensing: Multispectral satellite imagery was systematically
acquired throughout the cultivation season, emphasizing critical growth phases

such as tillering and grain ripening.
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Modeling Approach: SVMs were harnessed to forecast rice yields
predicated on the integration of remote sensing and ground-truth data. The

model was calibrated utilizing historical datasets from prior growing seasons.

Results:

The SVM model exhibited a substantial degree of accuracy, evidenced
by an R? value of 0.87 for its rice yield predictions. The employment of NDVI
and LAI as key predictors enabled the model to effectively address the spatial
heterogeneity in crop health across various fields.

Conclusion:

This case study substantiates the efficacy of SVMs in elucidating
intricate, nonlinear relationships between environmental variables and rice
yields. The amalgamation of remote sensing data with machine learning models
facilitated robust predictions, thereby enhancing resource management and
strategic decision-making in rice cultivation.

2. Yield Mapping and Variable Rate Application in Wheat

Farming in Australia

Objective: (Mulla, 2013) executed a case study in Australia to illustrate
the application of Geographic Information Systems (GIS) and remote sensing
technologies for precision yield mapping within the domain of wheat
agriculture. The primary objective of this investigation was to elucidate the
advantages associated with the implementation of variable rate application
(VRA) of fertilizers, contingent upon yield forecasts derived from remote

sensing data.

Methodology:

Remote Sensing: Satellite imagery was employed to compute the
Normalized Difference Vegetation Index (NDVI) and other relevant vegetation
indices throughout the entirety of the wheat cultivation period.

GIS Integration: Geographic Information Systems were utilized to
delineate spatial disparities in wheat yields, amalgamating NDVI data with soil
characteristics, topographical features, and historical yield datasets. Yield maps
were developed through the integration of remote sensing data along with yield

monitoring information acquired from harvesting equipment.
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Variable Rate Application: The resultant yield maps served as a
framework to facilitate the VRA of fertilizers, thereby enabling site-specific
management of nutrient applications.

The Support Vector Machine (SVM) model showcased a significant level
of accuracy, reaching an R? coefficient of 0.87 in the projections concerning
rice yield. The incorporation of the Normalized Difference Vegetation Index
(NDVI) and Leaf Area Index (LAI) as principal predictors facilitated the
model's ability to capture the spatial heterogeneity in crop health across various
agricultural fields.

Conclusion: This case study illustrates the effectiveness of Support
Vector Machines (SVMs) in elucidating intricate, nonlinear interactions
between environmental factors and rice yields. The integration of remote
sensing data with machine learning methodologies yielded dependable
predictions, thereby enhancing resource management and informed decision-

making within the realm of rice cultivation.

3. Yield Mapping and Variable Rate Application in Wheat

Farming in Australia

(Mulla, 2013) conducted an empirical investigation in Australia to
elucidate the applications of Geographic Information Systems (GIS) and
remote sensing technologies for the precise mapping of yield in wheat
cultivation. The objective of the study was to underscore the advantages of
variable rate application (VRA) of fertilizers predicated on yield forecasts

derived from remote sensing data.

Methodology:

Remote Sensing: The analysis employed satellite imagery to compute the
Normalized Difference Vegetation Index (NDVI) and other pertinent vegetation
indices throughout the duration of the wheat growing season.

GIS Integration: Geographic Information Systems were utilized to
delineate spatial discrepancies in wheat yields, amalgamating NDVI data with
soil characteristics, topographical features, and historical yield datasets.

Yield Mapping: Yield maps were constructed employing remote sensing
data alongside yield monitor data obtained from harvesting equipment.

Variable Rate Application: The resultant yield maps informed the VRA

of fertilizers, facilitating site-specific management of nutrient inputs.
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Results:

The implementation of GIS-based yield maps empowered agronomists
to administer fertilizers at varying rates informed by the productivity levels of
distinct field zones. Consequently, this methodology culminated in an 18%
enhancement in fertilizer use efficiency and a 12% augmentation in overall

wheat yields, alongside marked reductions in input expenditures.

Conclusion:

This investigation demonstrates the remarkable opportunities that lie in
the collaboration of remote sensing with GIS in precision farming. The
methodologies of yield mapping and VRA not only contributed to the
enhancement of wheat yields but also facilitated reductions in input costs,
thereby establishing a sustainable framework for extensive agricultural

operations.

5. Soybean Yield Estimation in the Brazilian Cerredo Using

Gradient Boosting Machines (GBM)

(Pantazi, 2016) analyzed the effectiveness of Gradient Boosting
Machines (GBMs) in estimating soybean yields in the Brazilian Cerredo, a
region identified for its stringent agricultural operations. The investigation
aimed to clarify the extent to which Gradient Boosting Machines (GBMs), in
conjunction with remote sensing data, are capable of forecasting yields across
vast and diverse agricultural terrains.

Methodology:

Data Inputs: The GBM model integrated remote sensing data,
encompassing NDVI, Enhanced Vegetation Index (EVI), and soil moisture
indices, in conjunction with ground-based assessments of soil properties and
climatic data.

Modeling Approach: The GBM methodology was selected owing to its
proficiency in managing intricate, high-dimensional datasets. The model
underwent training utilizing an extensive dataset that encompassed multiple
growing seasons.
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Remote Sensing Integration: Satellite data procured from the MODIS
sensor were employed to monitor vegetation dynamics throughout the growing

s€ason.

Results:

The GBM model realized an accurate rate of 85% in the prediction of
soybean yields, significantly surpassing conventional regression models. The
use of remote sensing data facilitated the model's ability to comprehensively
address the spatial inconsistencies found in crop growth, influenced by
fluctuations in soil moisture levels and agricultural management methods.

Conclusion:

This case study accentuates the merits of employing GBMs in
conjunction with remote sensing data for the estimation of yields within large-
scale, heterogeneous agricultural systems. The model's aptitude for addressing
complex interactions among variables rendered it particularly adept at
predicting yields in the Brazilian Cerrado.

Studies Conclusion:

These case studies illuminate the pragmatic applications of remote
sensing, GIS, and machine learning models in the estimation of yields across
diverse crops and geographical regions. These sophisticated technologies
demonstrate their capability to boost the precision of predicting crop yields,
maximize resource efficiency, and enhance decision-making strategies in
agricultural management. The synergistic integration of remote sensing data,
geospatial analysis, and sophisticated modeling techniques is imperative for the
advancement of precision agriculture and for tackling the contemporary

challenges faced in farming.

Challenges and Future Directions Ahead

Yield estimation within the domain of precision agriculture,
notwithstanding its advancements, encounters numerous substantial obstacles.
The precision of remote sensing data can be compromised by factors such as
cloud obstruction, atmospheric disturbances, and sensor inadequacies, which
subsequently impede data integrity and yield forecasting. Furthermore, the
amalgamation of heterogeneous data sources, including edaphic characteristics,
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climatological information, and remote sensing visuals, necessitates intricate
processing and storage methodologies. Although machine learning algorithms
possess considerable potential, they frequently demand extensive datasets for
training, which may not be readily accessible across all geographical areas.
Also, numerous agricultural specialists are without the wvital technical
knowledge and equipment essential for the complete execution of these tech
upgrades.

Future Directions

Future investigations into yield estimation ought to prioritize the
enhancement of data fusion methodologies, thereby facilitating the cohesive
amalgamation of heterogeneous datasets. Breakthroughs in sensor technology,
encompassing hyperspectral imaging and sharp satellite imagery, hold promise
for markedly improving monitoring accuracy. Furthermore, the creation of
machine learning models that are more accessible, characterized by diminished
data requisites and intuitive user interfaces, may serve to democratize the
application of technology. There exists an increasing enthusiasm for real-time
yield estimation utilizing Internet of Things (IoT) devices and automated
analytical processes, which could foster anticipatory decision-making within
the agricultural sector. The proliferation of these technologies into developing
regions will be crucial for the assurance of global food security and the
promotion of sustainable agricultural practices.
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INTRODUCTION

Agrolntelligence refers to the use of machine learning and artificial
intelligence in agriculture—a revolutionary change in farming practices toward
efficiency, productivity, and sustainability for what is being called "digital
farming" (Wolfert, 2017). The most pressing challenges in agriculture, such as
increasing food production, making agriculture resilient to climate change, and
optimizing resources, are addressed. In digital farming, data-driven decision-
making gives the farmer the possibility of supervising, anticipating, and
handling all aspects related to crop production in a much more precise way.
This would be real-time monitoring of field conditions, crop health, and
resource use, brought about by integrating [oT devices and remote sensing with
advanced data analytics into Agrolntelligence.

At the heart of Agrolntelligence lies machine learning, which churns
through reams of agricultural data to provide actionable insights. Similarly, by
using predictive models, farmers can make better decisions regarding crop
selection, irrigation, pest control, and fertilizer application for better yields and
reduced environmental impacts (Liakos, 2018). For example, real-time weather
data and soil moisture levels can be analyzed to optimize irrigation scheduling,
significantly reducing water waste and hence supporting sustainable resource
management (Kamilaris, 2018). Similarly, crop yield prediction models use
historical and environmental data to accurately forecast crop production, hence
aiding in planning and resource allocation (Shamshirband, 2021).

Figure 1. Robots in agriculture (URL1).
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Adoption of geospatial technology in Agrolntelligence, through remote
sensing and geographic information systems (GIS), gives better mapping of
fields and monitoring of crop growth patterns, soil variability, and pest
infestations. It will also be expected to enable more resource-efficient practices,
such as reducing unnecessary applications of chemicals and water, and
lowering the costs associated with traditional farming practices (Mulla, 2013).
With the rising demand all over the world for sustainable agriculture,
Agrolntelligence helps in offering an invaluable opportunity for transforming
agricultural practices around the globe. Applications of this transformative
potential remain critical because of challenges in data management, privacy
concerns, and limitations in the technical infrastructure with respect to rural
areas. It will be very important to address these challenges for the wide
diffusion of Agrolntelligence and for supporting farmers both in developed and
developing regions to meet their food security and sustainability goals.

MACHINE LEARNING TECHNIQUES IN AGRICULTURE

Machine learning has grown to be a very important tool in agriculture. It
helps in tackling the most complex challenges through allowing predictive
modeling, classification, and optimization of agriculture-related processes.

UNSUPERVISED
LEARNING
Group and interpref

data based only on input
data

CLUSTERING

MACHINE LEARNING

CLASSIFICATION

SUPERVISED
LEARNING

Develop predictive model
based on both input and
output data

REGRESSION

Figure.2. Machine Learning (URL2).

Generally, ML techniques in agriculture come in the form of supervised
and unsupervised techniques of learning and reinforcement learning. The
application of these techniques has spanned different agricultural applications,
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ranging from yield prediction and disease detection to resource management
and climate adaptation (Liakos, 2018).

Harvesting Post-Harvesting
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Figure.2. Machine learning in agriculture (Shaikh et al.,2022).

Supervised Learning

It requires training the models with labeled data to make it effective in
many such applications that call for data classification and prediction. Its
applications in agriculture are for plant disease classification, crop yield
prediction, and soil health assessment, using the SVM, Decision Trees, Random
Forests, and Linear Regression algorithms. For example, SVM has been applied
successfully to identify crop diseases based on their visible patterns from
images. For this purpose, Random Forests have been used in crop yield
prediction, analyzing historical weather data, soil conditions, and stages of crop
growth to assist farmers in the planning of their activities to reach optimum
yield with resource allocation. This is according to (Chlingaryan, Machine
learning approaches for crop yield prediction and nitrogen status estimation in
precision agriculture: A review., 2018).
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Supervised Learning

Figure.3. Supervised Learning (URL3).

Unsupervised Learning

Unsupervised learning need not take in labeled data and, as such, turns
out to be pretty useful when analyzing high-dimensional, unlabeled datasets
that are quite prevalent across the agricultural domain. It also encompasses such
techniques as clustering and principal component analysis for the analysis of
soil properties and segmentation of agricultural fields to identify patterns in
crop health. For instance, clustering techniques can classify areas based on soil
types or nutrient levels, hence helping farmers manage the soil resources with
efficiency. PCA, on the other hand, comes in handy to assist in dimensionality
reduction, hence making it easy to process big datasets from sensors and remote
sensing as stated by (Lobell D. B., 2017).
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Figure.3. Unsupervised Learning (URL3).

Deep Learning

Deep learning, a subclass of ML, uses neural networks to identify
complex patterns and relationships in large volumes of data. In agriculture,
CNNs are also being more commonly adopted in image processing for crop
classification, weed detection, and disease identification, while RNNs apply to
time-series data. Image analysis through CNN enables farmers to monitor the
health of crops precisely. It can therefore be useful in the analysis of time-series
data, such as weather patterns or soil moisture levels, to provide insight into
adaptive irrigation management. (Kamilaris, 2018)

Reinforcement Learning

Reinforcement learning is a relatively new technique in agriculture that
uses training of models for making a sequence of decisions to maximize a
cumulative reward. It finds applications in precision agriculture, ranging from
robotic weeding and autonomous navigation in the field to dynamic decision-
making concerning resource management. An example of RL specifically
involves the optimization of irrigation system scheduling to balance water
conservation with crop yield demands.
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Figure.4. Reinforcement Learning (URL3).

These ML techniques work together to achieve many agricultural
problems in precision farming, like optimized resource utilization, waste
reduction, and productivity enhancement. Even though ML shows great
promise, there are some challenges in applying ML to agriculture due to
heterogeneity of data, needs for technical infrastructure, and domain-specific
training data. Further improvement is needed through long-term research and
development of robust datasets to enhance the role that ML can play for
innovation in agriculture: improving crop management, disease control, and
sustainable practices.

GEOSPATIAL DATA IN DIGITAL FARMING

It includes satellite imagery, remote sensing, and GIS; being a highly
integral part of digital farming due to very precise, spatially resolved
information on agricultural fields. The technology helps farmers monitor
conditions of their fields in real time, make assessments of their crop health,
and inform decisions concerning resource allocation accordingly. Geospatial
data also enabled precision agriculture to be more effective and accessible. This
is especially true as the ability to acquire data from sources such as satellite
systems and drones becomes more available (Lobell D. B., 2017).



89 [ Current Studies on Agriculture, Forest and Aquatic Products

/ G GeoPard Agriculture

> e

Energy Source // [ Sensor |

= [
Application

/L

a
u
Processing Station

Figure.5. Flowchart of Remote sensing data process (URL.4).

Role of Remote Sensing in Agriculture

Remote sensing, through data acquired from satellite platforms such as
Landsat and Sentinel, provides multispectral images that can be used to
understand crop health, soil moisture, and water stress. This information allows
the calculation of NDVI and other spectral indices, which are related to crop
health and nutritional status.

Soil Health Precision Farming and
Assessment Decision Support Systems

Crop Analysis Climate and Weather __Crop Yield .
and ﬁnonitgﬁng Impact Assessment Prediction and Forecasting

Figure.6. Application of remote sensing in agriculture (URL.5).

Farmers use such indices for identifying potential pest-infested areas, as
well as nutrient and water stress sites, therefore developing site-specific
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interventions. According to (Kussul, 2017), this helps them in detecting
sections with probable pest attacks, lack of fertilizer, or water stress; this
therefore enables them to take appropriate measures. Combining all
information together, including ground sensors, will help the farmer with
fertilization, irrigation, and application of control measures against diseases and
pests.

Drones and UAV's in Precision Agriculture

UAV or drones have high-resolution imagery with which much more
localized monitoring of crop and soil conditions can be performed. A drone can
take clear pictures at particular growth phases of crops by using cameras or
sensors that are mounted on them. These pictures offer near monitoring of the

plant health conditions, weed distribution, and canopy cover.

Figure.7. Drones and UAVs in Precision Agriculture (URL.6).

This technology will be highly useful in the case of large farms where
on-ground monitoring could be extremely time-consuming and laborious.
Considering the perspectives of (Zhang C. &., The application of small
unmanned aerial systems for precision agriculture: A review., 2012), an
integrated approach using drone data with machine learning algorithms can
easily detect subtle changes in crop color, texture, and structure, usually
indicative of an early stage of disease or nutrient deficiency.
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Geographic Information Systems

GIS is indispensable in mapping the spatial variation of the field
conditions and enables farmers to visualize the pattern of crop growth, soil
composition, and moisture distribution. Accordingly, GIS-based systems make
it possible for VRA of inputs like fertilizers, pesticides, and irrigation by
developing maps that delineate zones where different levels of inputs must be
applied. This in turn helps avoid applications that are not necessary, hence
reducing costs and impacts on the environment (Mulla, 2013). Further,
integration of GIS data together with historic data, current conditions, and
predictive analytics therefore provides the ability to perform long-term
planning and risk management within farming.

Applications of Geospatial Data in Digital Farming

Other applications include crop yield prediction, soil analysis, and
climate adaptation strategies. For instance, crop yield prediction models make
use of multi-temporal satellite data, weather patterns, and soil characteristics to
come up with a forecast of yield. This model will help farmers in resource
allocation by minimizing uncertainty and making optimal use of inputs as per
recommendations. Geospatial data also enables adaptation to climate through
the identification of climate-resilient crop zones, hence helping farmers in the
choice of crop and management practices that are appropriate for the changing

environmental conditions.

Future Directions and Challenges

Even though the benefits are great, there are overriding concerns about
high cost, data processing complexity, and limited access to enabling
technologies in rural areas. These most definitely are hurdles to cross. On the
other hand, advances in machine learning and cloud computing will make data
analysis more efficient and accessible. In the near future, the increased
affordability of satellites and drones will help raise the integration into digital
farming practices and, correspondingly, heighten precision agriculture's role in
the sustainable production of food.

Predictive Analytics for Crop Management
By leveraging machine intelligence and extensive data analysis

approaches, predictive analytics is fundamental in transforming agricultural
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management by improving the ability to foresee critical factors including
production levels, illness spread, and effective resource allocation. By
harnessing both historical and contemporaneous data pertaining to
meteorological conditions, soil characteristics, crop health metrics, and pest
dynamics, predictive models empower agricultural practitioners to undertake
proactive, data-informed decision-making, thereby enhancing both crop
productivity and sustainability. These analytical frameworks transmute
agricultural data into pragmatic insights that underpin diverse facets of crop
management, encompassing activities ranging from planting and fertilization to

pest mitigation and harvest scheduling.

Yield Prediction

Yield forecasting represents one of the most extensively utilized
applications of predictive analytics within the agricultural sector. Frameworks
that incorporate climatic details, soil properties, and phenological information
about crops can successfully estimate crop production. Machine learning
strategies including Random Forests, Support Vector Machines (SVM), and
Gradient Boosting are regularly applied in yield forecasting owing to their skill
in addressing complicated and nonlinear interactions that exist in agricultural
data (Khaki & Wang, 2019). Accurate yield forecasts aid agricultural producers
in resource planning, labor allocation, and financial management, which are
imperative for both smallholder and large-scale farming enterprises.

Pest and Disease Forecasting

The significance of predictive analytics extends to the early detection of
pests and diseases, enabling farmers to enact control strategies prior to the
escalation of infestations. Through the examination of environmental
parameters, historical pest incidence, and indicators of crop vitality, predictive
models can delineate conditions favorable for pest proliferation. For instance,
the application of time-series analysis in conjunction with climatic data has
facilitated the prediction of pest outbreaks such as that of the fall armyworm,
thereby assisting farmers in mitigating crop losses and curtailing pesticide
applications (Barbedo, 2019). Such forecasting models not only enhance crop
health but also contribute to environmental sustainability by diminishing the

reliance on chemical interventions.
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Resource Optimization

Predictive analytics further contributes to the optimization of resource
application, including water, fertilizers, and pesticides, thereby minimizing
waste and reducing operational expenditures. To give an example, models for
irrigation scheduling harness data from soil moisture monitors, weather
forecasts, and crop hydration specifications to establish specific irrigation
volumes, consequently reducing water usage and safeguarding crop health.
Similarly, fertilizer optimization models are adept at forecasting nutrient needs
predicated on soil test results and patterns of crop nutrient uptake, thereby
enhancing both soil health and agricultural productivity (Liakos et al., 2018).
Through the integration of these models into agricultural management
practices, farmers can effectively align crop requirements with sustainable

resource utilization.

Climate Adaptation Strategies

The variability of climate presents a formidable challenge to agricultural
production, and predictive analytics serves a crucial function in assisting
farmers to adapt. By scrutinizing historical climate datasets in conjunction with
records of crop performance, predictive models can proffer recommendations
regarding crop selection, planting schedules, and management practices that are
congruent with anticipated climatic conditions. Furthermore, predictive models
facilitate the identification of resilient crop varieties and stress-resistant
methodologies, thereby equipping farmers to navigate shifting climate patterns

and safeguard against weather-induced crop losses (Shamshirband et al., 2021).

Harvest Optimization

Harvest optimization frameworks predict the most advantageous time for
harvesting based on crop maturity, weather forecasts, and prevailing market
conditions. These models consider variables such as yield potential and crop
quality to advise on the optimal harvest timing, thereby assisting farmers in
achieving maximum profitability. Additionally, predictive models that analyze
market prices and supply chain dynamics can further inform farmers’ post-
harvest strategies, reducing storage losses and maximizing revenue streams
(Zhao et al., 2020).
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IMPACT AND IMPLICATIONS OF AGROINTELLIGENCE

ON GLOBAL FOOD SYSTEMS

This brings in the integration of Agrolntelligence, using machine
learning, Al, IoT, and data analytics in agriculture, to transform the global food
system and its deeper implications for food security, economic stability,
sustainability, and governance. Agrolntelligence holds tremendous promise for
addressing some of the world's greatest outstanding issues facing agricultural
systems, ranging from climate-related risks to inefficiencies in resource use and
socioeconomic inequalities. Here follows a more detailed analysis of how
Agrolntelligence is influencing the leading components of the global food
system.

1.Improving Food Security through Predictive Capabilities

Agrolntelligence helps food security by giving farmers and policymakers
predictive analytics on which to make proactive decisions. Machine learning
models can now accurately forecast crop yields, analyze climate-related risks,
and assess soil health for improved and more resilient agricultural planning to
minimize the risks of food scarcity.

For example, predictive models based on historical data and weather
forecasts have been shown to improve the accuracy of yield prediction and
optimize planting schedules. It has been found that the use of Al-driven
predictive tools could reduce variability in yields by up to 30%, hence
stabilizing food production and supporting food availability in regions where
climatic fluctuations are more frequent (Kamilaris, 2018); (Jin, 2016).

2. Economic Benefits and Market Stability for Farmers:

Among the many benefits of digital farming technologies, those that add
to economic resilience include input use optimization, enhanced crop quality,
and matching production to market demand. Through increased resource
efficiency (for example, through precision irrigation and nutrient application),
farmers can significantly reduce their costs and waste. Moreover, with
Agrolntelligence tools, farmers get real-time market analysis to make informed
decisions about when and where to sell their produce for maximum returns. For
example, precision agriculture has been proved to increase crop yields by 5-
20%, resulting in high income gains for farmers (Fountas, 2020); (Zhang C.
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&.). Such tools for smallholders, faced with market uncertainties and resource
constraints, contribute much to closing the economic gap between small and

large agricultural enterprises (Dumler et al., 2021).

3. Environmental Sustainability and Resource Conservation:

Agrolntelligence will guide sustainable practices in agriculture and
reduce the environmental impact of farming activities. Technologies in
precision farming allow for optimum application of inputs like water, fertilizers,
and pesticides; this not only reduces costs but also cuts down on pollution and
soil degradation.

According to (Gebbers, 2010), precision agriculture can save up to 40%
of fertilizers without losing yield, reducing nutrient runoff and water
contamination substantially. Further, data-driven irrigation management saves
water—most important in regions where this resource becomes scarce. These
practices add up to maintaining long-term sustainability because soil health is
preserved, greenhouse gas emissions are lowered, and biodiversity is promoted.

4. Building Resilience to Climate Change

One of the greatest challenges to the global food system is perhaps that
of adapting to climate change. The phenomenon seeks to threaten agricultural
productivity through increasingly common cases of drought, flooding, and
extreme temperatures. Agrolntelligence allows farmers to adjust their practices
to the changing climate through climate-smart agriculture, guided by real-time
data and advanced analytics. Climate models, when integrated with geospatial
data, can drive anticipatory actions, such as shifting planting dates, adopting
drought-resistant crop varieties, and adjusting resource allocations based on
projected weather patterns. In other words, the research states that climate-
responsive farming, powered by Agrolntelligence, could improve yields and
reduce climate-induced losses by as much as 15% (Basso, 2020).

5. Advancing Data-Driven Policy and Governance:

Agrolntelligence also changes the governance of agriculture, making
available to policymakers accurate and updated data on agricultural
productivity, the use of resources, and environmental impact. The data can
inform policy decisions on subsidies, resource allocations, and sustainability
initiatives toward better practices in agriculture. The governments of regions
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such as Europe and North America have already begun to include digital
agriculture data in the policy frameworks toward achieving sustainable food
production and resilience to climate shocks (Commission, 2020). Moreover,
transparency in data supports accountability because stakeholders at any point
of the supply chain can use real-time data to verify sustainability and fair-trade
claims.

6. Ethical Considerations and Equity in Agrolntelligence

Adoption

While Agrolntelligence is beneficial, there are ethical considerations
pertaining to data ownership, privacy, and equitable access. The smallholder
farmers, mostly in developing countries, may not have the resources or even
the digital literacy to put in place and therefore use advanced technologies to
their advantage, hence potentially widening the gaps already present in the
agricultural sector.

It is in this line that initiatives such as open-source platforms and
government subsidies on digital tools democratize access to the
Agrolntelligence technologies (Bronson, 2019; Daum & Birner, 2020).
Otherwise, there is the risk that the benefits of Agrolntelligence will go to large-

scale farmers only, hence wider socio-economic gaps.

7. Implications for Global Food Trade and Supply Chains:

Agrolntelligence transforms the world's food supply chains by
introducing more transparency, efficiency, and traceability. Technologies like
blockchain, combined with Al, provide end-to-end visibility of the supply
chain, thereby allowing stakeholders to monitor quality, track origins, and
reduce losses. This is of great importance in enhancing consumer trust, mostly
in regions with strict food safety standards. Moreover, through logistics
optimization and reduction of spoilage, Agrolntelligence helps to make the food
supply chain more resilient to dynamic response to disruptions, as proven
during the COVID-19 pandemic (Feng, 2020); (Kamilaris, 2018).
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ETHICAL, SOCIAL, AND REGULATORY

CONSIDERATIONS IN AGROINTELLIGENCE

The use of Agrolntelligence in digital farming gives rise to complex
ethical, social, and regulatory concerns, especially as Al, machine learning, and
big data increasingly reconfigure cultivation practices in agriculture. These
considerations center around equitable access, data ownership and privacy,
labor dynamics, environmental justice, and regulatory frameworks that ensure
responsible implementation. Addressing these is critical for Agrolntelligence to
be integrated sustainably into agricultural systems in a manner in which farmers
of various socioeconomic backgrounds can benefit without any unintended bad
outcomes.

1. Data Ownership and Privacy

One of the most important ethical issues in Agrolntelligence involves
data ownership and privacy. Indeed, large volumes of data generated through
sensors, drones, and other digital farming tools are the bedrock on which
Agrolntelligence is based. But it raises questions of who owns and controls the
data, especially when the data is collected on small farms by companies or
external organizations. Farmers may not fully understand the implications of
data-sharing agreements or have limited control over how their data is used.
Transparent and fair data agreements are crucial in building trust between
farmers and technology providers (Wolfert, 2017); (Carolan, 2017). As the
European Parliament points out, farmers are to be owners and have a say over
data collected on their farms, with the support of data sovereignty and privacy
rights (Parliament, esolution on the digital transformation in agriculture and
rural areas, 2019).

2. Equitable Access to Digital Farming Technologies

The rapid modernization of digital agriculture runs the risk of increasing
the gap between large-scale commercial farms and smallholders, especially in
low-income countries. Upscale of this advanced digital technology, such as
predictive analytics and precision equipment, normally brings high up-front
costs and technical know-how, which may be an impediment to smallholder
farmers who lack these resources. In fact, (Bronson, 2019) points out that

without intervention through democratization—like government subsidies or
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open-source platforms—Agrolntelligence could instead further increase the
inequalities, limiting the benefits of this technology to those that can afford it.
To address this, CGIAR's Platform for Big Data in Agriculture focuses on
inclusive access to digital agriculture, providing data and tools that support
smallholders (CGIAR, 2019).

3. Dynamics of Labor and Employment Issues

Agrolntelligence is an automation of agricultural tasks that greatly
impacts labor dynamics, especially in rural communities where agriculture
provides the main source of employment. Automated machinery, robot
harvesters, and Al-driven monitoring systems can save labor, hence possibly
bringing about job displacements where labor is an intense input especially in
producing regions (Lioutas, 2019). Automation, though increasing productivity
and cutting costs, may have a negative effect on small-scale farmers and
farmworkers whose livelihoods depend on traditional labor-intensive farming
practices. Policymakers need to balance the benefits of automation with
strategies that support displaced workers, such as retraining programs or

initiatives that foster high-skill employment in digital agriculture sectors.

4. Environmental Justice and Sustainable Practice

While Agrolntelligence may potentially contribute to more sustainable
resource use, increasing concerns arise about its overall environmental
impact—in particular, regarding data infrastructure and energy use. Moreover,
the processing of data for Al models and huge data storage necessitates massive
energy input, which contributes directly to carbon emissions and strains
resources. There is also a risk of environmental injustice when rich areas will
be able to use digital agriculture, while resource-scarce areas remain without
access and further deteriorate their environment (Jakku, 2019). Implementing
environmental justice principles, which prioritize equitable access to
sustainable agricultural technology, is critical for promoting inclusive and
responsible Agrolntelligence practices (Barrett, 2020).

5. Algorithmic Bias and Fairness

Algorithmic bias in Agrolntelligence systems poses ethical risks by
potentially skewing predictions and recommendations in favor of certain
demographics or regions. For example, if the predictive models are trained on
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data from large-scale, monoculture farms, they might not work well for diverse
cropping systems used by smallholders, making less optimal recommendations
than needed—a bias that could impact yields and sustainability. This may
perpetuate systemic inequalities, where by default, farmers operating outside of
the predominant data sources are at a disadvantage.Ensuring algorithms are fair
requires the data sets to be diverse, covering a large extent of agricultural
practices and environmental conditions (Coble, 2018).

6. Regulation and Governance Frameworks

This has created a gap in governance, as the rapid adoption of digital
technologies in agriculture has outpaced regulatory frameworks, leaving gaps
in data security, labor protections, and environmental standards.Effective
regulation is essential to establish standards in relation to data use, privacy, and
fair competition in digital agriculture. The European Union's General Data
Protection Regulation may be a good starting point toward ensuring the privacy
of agricultural data and farmers against unauthorized use of their data by
guaranteeing accountability among data processors (Wolfert, 2017).

In addition, global frameworks, such as the one of the Food and
Agriculture Organization's—Code of Conduct for the Responsible Use of Data,
provide guidelines for ethical use of data, transparency, and engagement with
stakeholders in digital agriculture (FAO, 2020).

7. Social Perceptions and Acceptance of Agrolntelligence

Social acceptance is one of the important factors affecting the adoption
and success of Agrolntelligence.Perceptions of digital tools among farmers
depend on trust in technology providers, perceived benefits, and ease of use.
Studies have shown that if farmers see direct value in their operations for using
Agrolntelligence tools, they are more inclined to adopt them; in addition,
reassurance regarding data security is important for farmers in (Eastwood,
Managing socio-ethical challenges in the development of smart farming: From
a fragmented to a comprehensive approach for responsible research and
innovation., 2019).

Likewise, there should be transparent communication with farmers on
benefits, risks, and ethical considerations of Agrolntelligence, and engaging
farmers in development and decision-making processes of such technologies.
8. Policy Recommendations for Ethical and Equitable Agrolntelligence The
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ethical, social, and regulatory challenges in Agrolntelligence can be put forward
with comprehensive policies that induce responsible development and equitable
access. Efforts by the government, academic institutions, and private
companies are needed to undertake frameworks that ensure fair data usage,
support marginal farmers, and address labor concerns. Some recommended
policy actions include: Data Rights and Ownership: Develop guidelines that
will ensure farmers retain data rights, keeping control over farm-generated data.
Subsidized Access for Smallholders: The provision of financial support or
subsidies to small-scale farmers in accessing digital tools and related training.
Transparency in algorithm development: Encourage companies to use diverse
data and open their algorithm design to avoid biases. Sustainability Standards
for Al: Implementing metrics for sustainability that help in evaluating the
environmental impact of digital farming technologies.

CHALLENGES AND FUTURE DIRECTIONS IN

AGROINTELLIGENCE

Agrolntelligence is transformative, though it still faces quite a number of
technical, socioeconomic, and infrastructural challenges to overcome in order
to achieve wider adoption and effectiveness in digital farming. They range from
problems of data access and model accuracy to deeper concerns relating to
environmental impact and scalability. They indicate, therefore, areas of future
research and development. Advancements in computing, data access, and
collaborative development promise to overcome these barriers and seize the full
potential of Agrolntelligence (Wolfert, 2017).

Data Quality and Accessibility

The first and foremost challenge in Agrolntelligence entails the generally
limited availability and quality of agricultural data, with an emphasis on
developing regions. Most ML and Al algorithms require large quantities of
high-quality data to work with a great level of accuracy. However, data on crop
health, soil composition, and pest behavior are usually incomplete, inconsistent,
or even unavailable due to the lack of technical infrastructure and the lack of
standardized data-collection practices (Liakos, 2018). Moreover, even though
remote sensing and IoT devices produce so much valuable data, most small-
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scale farmers lack the equipment needed to harvest such data for their use in
practicing precision agriculture.

Technical Complexity and Model Interpretability In general, machine
learning models, especially deep learning algorithms, are complex and not easy
to understand for non-experts. This kind of complexity might become an
impediment to decision-making at the farm level if farmers do not understand
or trust model predictions (Kamilaris, 2018). Providing more interpretable
models and user-friendly interfaces is important to improve widespread
adoption of Agrolntelligence.

Recent advances in XAl have provided promising tools to bridge this

gap, allowing model outputs to be more transparently interpretable to end-users.

Infrastructure and Digital Divide

Infrastructure limitations, such as poor internet connectivity, insufficient
computing resources, and low power availability, continue to be major
challenges, especially in rural areas. These limitations further hinder farmers'
access to cloud-based implements, predictive models, and real-time data
processing, finally leading to the non-scalability of the digital farming
technologies. These challenges can be overcome only through both
governmental and private investment in rural digital infrastructure and, in
parallel, with initiatives to make digital tools and resources accessible at
subsidized costs for small-scale farmers (Wolfert, 2017). Privacy and Data
Security

Increased use of data-intensive technologies in agriculture raises
concerns about data privacy and security. The policies regarding data ownership
and sharing are mostly unclear, especially for the data generated from IoT
devices and shared across platforms. Unless assurance on data protection,
transparency in how their data will be used, and with whom it will be shared,
farmers can be quite reluctant to use digital tools. Developing the security and
transparency of data governance frameworks will help to address these

concerns and build trust among users in (Jakku, 2019).

Environmental and Ethical Concerns
Whereas Agrolntelligence can optimize input use and reduce waste,
questions arise concerning the overall environmental impact of practices

encouraged by intensive farming. Increased reliance on precision farming
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technologies could lead to more inputs like fertilizers and pesticides being
overused if not properly managed. Another issue surrounds the displacement of
labor due to automation and robotics in performing certain agricultural tasks.

These problems can be put right only with a proper balancing of
productivity with sustainability (Carbonell, 2016).

Future Directions

Advancements in Sensor Technology and IoT Integration: New
developments in sensor technology, especially low-cost IoT devices, will make
it easier to gather accurate real-time data on soil health, crop growth, and
environmental conditions, particularly for resource-limited settings.

The role of collaboration and open data initiatives: Collaborative data-
sharing platforms and open data initiatives can be very important in improving
data availability and quality. Projects that will encourage data sharing between
research institutions, governments, and the private sector will give greater

robustness to predictive models.

Cloud and Edge Computing

Edge computing solutions will be crucial for real-time data processing in
remote areas, reducing the need for internet connectivity by processing data
directly at the collection site (Shi, 2016). This innovation will expand
Agrolntelligence capabilities to regions with limited infrastructure.
Sustainability-Centered AI: Research in Al applications that focus on
sustainability measures, such as reduced chemical usage or optimal water use,
will help mitigate environmental issues and induce ethics in farming. Education
and Capacity Building: The training of farmers on digital literacy and
Agrolntelligence tools is critical to ensure access and adoption are fair.
Knowledge sharing activities, particularly in underserved communities and
rural areas, can possibly empower farmers to use Agrolntelligence in an
effective and responsible manner. These future directions signal an increasing
focus on accessibility, interpretability, and sustainability = within
Agrolntelligence, to make digital farming technologies effective and equitable.
The challenges ahead will involve multi-stakeholder approaches, engaging both
policy initiatives coupled with technological innovation, to ensure the benefits
of AgroIntelligence extend to all farmers around the world.
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CASE STUDIES IN DIGITAL FARMING APPLICATIONS

Case studies of digital farming give varying applications of
Agrolntelligence, from precision irrigation to disease prediction and real-time
monitoring systems. These cases bring out how the digital farming tools are
adapted in varied agricultural systems and show their effectiveness, scalability,
and challenges in real-world contexts.

Case Study 1: Precision Irrigation in Viticulture (California,

USA):

The California wine industry has integrated precision irrigation
technologies to optimize water use amid recurring droughts. By using IoT
sensors and remote sensing, vineyards can monitor soil moisture and water
stress in vines, enabling data-driven irrigation management. For instance, the
VineView system utilizes satellite imagery and thermal sensors to assess vine
health, allowing growers to apply water precisely where it’s needed.

This targeted irrigation approach has decreased water use by up to 25%
while maintaining the quality of the grapes (King, 2018). This success
demonstrates how effective digital solutions can be in areas experiencing water
shortage and points toward the potential of digital farming in resource

management.

Case Study 2: Crop Disease Prediction in Rice Cultivation

(India)

Rice farmers in India have disease-predicting models to help them deal
with bacterial leaf blight, a common disease found in paddy fields. IIT
developed a predictive tool using machine learning models based on climatic
conditions, soil properties, and crop history that alert farmers on periods of high
risk for disease outbreak. Such an early warning system has helped farmers take
timely measures to protect their crops, thus reducing yield losses and decreasing
the use of pesticides by about 20% (Panchal, 2020). This example underlines
how predictive analytics can be used to reduce the risk of crop diseases and
enhance resilience in smallholder farming systems.

Case Study 3: Smart Greenhouses in Horticulture (Netherlands)
The Netherlands has become one of the global leaders in smart
greenhouse technology, linking climate, lighting, and nutrient management
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systems. Companies like Priva and Philips have developed greenhouses that
could automatically adjust light intensity, temperature, and humidity—all
depending on crop needs and external weather conditions.

The very same study on tomato production under smart greenhouses
shows that this technique achieved a 30% increase in yield per square meter
and 20% reduction in energy use compared with conventional greenhouses
(Bakker, 2020). The cited case, therefore, points out that digital farming enables
controlled environmental agriculture to contribute toward sustainability and

efficiency when facing challenges of land and resource limitations.

Case Study 4: Variable Rate Fertilization in Maize Production

(Brazil)

Brazilian maize producers have adopted variable rate fertilization
technology that uses satellite and drone data to generate fertility maps, showing
nutrient variability across fields. This allows farmers to apply fertilizers only in
areas where the land needs more nutrients, thereby reducing overall fertilizer
application by 15-20% and diminishing nutrient runoff. This approach,
espoused and guided by corporations like Embrapa (the Brazilian Agricultural
Research Corporation), has reduced the costs of production and the
environmental impacts associated with them while keeping yields high
(Martins, 2019). Variable rate fertilization in Brazil shows just how
economically and environmentally sound technologies of precision agriculture

can be for large-scale row cropping.

Case Study 5: Real-Time Pest Monitoring in Soybean Production

(China)

A real-time pest monitoring system was placed in soybean fields to
combat the soybean aphid, a destructive pest in China. Thus, the developed
monitoring system, by means of loT sensors integrated with computer vision,
detects pests and sends an alert to the farmers through a mobile app. The system
reduced the need for pesticide application by targeting only the affected areas
and contributed to a 30% reduction in aphid infestation during the growing
season, as pointed out by (Zhao, 2021). The case study thus explains the role of
real-time monitoring in integrated pest management for sustainable pest control

and maintenance of crop productivity. Future Directions for Case-Based Digital
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Farming Applications These case studies show that digital farming technologies
can respond to unique challenges in diverse agricultural settings. As digital
farming will surely advance, future applications can also be directed to integrate
blockchain for traceability, open-source platforms that are more accessible by
farmers, and sharing data to advance predictive models for scaled-up
operations. More research is needed in this regard for the localized application
and culturally appropriate technologies that will make Agrolntelligence more
inclusive for the diverse landscape of agricultural systems.

CONCLUSION

The incorporation of Agrolntelligence into the realm of digital
agriculture signifies a pivotal transformation within agricultural frameworks,
wherein data analytics, artificial intelligence, and machine learning coalesce to
confront some of the most urgent issues related to food production, ecological
sustainability, and global food security. This shift exceeds the boundaries of just
technological growth; it embodies a deep re-evaluation of agricultural
techniques that can potentially boost the efficiency, strength, and adaptability
of food systems in confronting the obstacles brought on by climate change,
demographic expansion, and scarce resources.

The engagement of anticipatory data analysis, locational intelligence,
and automated learning frameworks in farming presents an opportunity for
substantial improvements in efficiency and sustainability. Through the
provision of insights regarding crop vitality, soil integrity, and resource
demands, Agrolntelligence equips farmers to engage in informed, data-driven
decision-making that optimizes crop yields while mitigating environmental
repercussions (Kamilaris, 2018); (Basso, 2020). These functionalities are
essential for advancing sustainable intensification—achieving augmented
yields on established agricultural terrains without encroaching upon
ecologically sensitive regions (Godfray, 2010).

As this sector develops, the related ethical, societal, and regulatory
concerns similarly escalate. Issues surrounding equitable access to digital
instruments and technologies, the ramifications for labor dynamics, data
privacy concerns, and algorithmic equity necessitate meticulous scrutiny.
Although there is potential for Agrolntelligence to aid farmers and reinforce

economic resilience, it raises significant concern about the possibility of
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worsening the inequalities that exist between well-capitalized large farms and
smallholder producers, particularly in areas facing economic hardships. The
establishment of regulatory frameworks and inclusive policies is imperative to
reconcile these disparities and ensure equitable access to Agrolntelligence for
farmers across various scales (Bronson, 2019).

Furthermore, the environmental sustainability aspects of
Agrolntelligence demand rigorous evaluation. While digital agriculture has
demonstrated appreciable capacity in reducing input consumption and
enhancing operational efficiency, the energy-intensive characteristics
associated with data processing and storage introduce novel environmental
challenges that warrant attention. The implementation of sustainable practices
in the development of Agrolntelligence, including energy-efficient data centers
and ecologically sound computing methodologies, will be vital in curtailing the
ecological footprint of digital agricultural technologies (Jakku, 2019); (Barrett,
2020).

In summary, Agrolntelligence possesses extraordinary potential to
transform agriculture by augmenting productivity, sustainability, and resilience.
However, the actualization of this potential necessitates a comprehensive
approach that considers the ethical, social, and regulatory dimensions inherent
in digital agriculture. By promoting responsible innovation—where equitable
access, environmental justice, and inclusive governance are foregrounded—
Agrolntelligence can make a substantial contribution to global food security
and sustainable agricultural methodologies. As scholars, practitioners, and
policymakers engage with this dynamic field, the insights and frameworks
cultivated will play a pivotal role in shaping a future where digital and data-
driven agriculture adeptly addresses the diverse requirements of an expanding
global populace (FAO, 2020).
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INTRODUCTION

Pesticides are highly toxic chemicals used to control pests and diseases
and improve crop production in agriculture. They might be produced in
standard formulations to control pests and pathogens or in specific formulations
to control specific organisms, or they might be designed to eradicate pests and
weeds. Whatever the reasons they have been designed for, pesticide toxicity
should not be justified due to the inefficiency of other alternate approaches to
control pests and pathogens. Even the safest methods developed in pesticide
technology would not make pesticides safer. Instead, they are all toxic,
poisonous chemical substances that will stay toxic forever. Pesticides can carry
significant risks for the environment and human beings. They can easily disrupt
cell metabolism by damaging DNA structures, reducing fertility and other
metabolic dysfunctions, and interfering with the human immune system
(Dikilitas et al., 2020). Pesticide use is increasing as crop yield and quality
increase, although farmers, pesticide producers, and consumers are generally
aware of these harmful sites. Many pesticide companies have now been trying
to produce chemicals with either low toxicity or short half-life to reduce the
impact of toxicity. Generally, pesticides, including plant growth regulators, leaf
defoliants, insecticides, fungicides, herbicides, etc., are toxic chemicals used at
high or low concentrations. Even if these chemicals are applied at very low
doses to control the target organisms, they still leave residues behind them.
Nevertheless, improper use and repetitive application of pesticides result in
further toxicity and increased residue contamination. The issue of residue has
become a significant environmental threat, posing serious risks to our future
due to its harmful effects, including carcinogenicity and mutagenicity.
Although pesticides have been produced as less toxic with shorter half-lives
than before, farmers or pesticide users then make more frequent applications
since they are not aware of the instructions about the proper use (Addy-Orduna
et al., 2019; Dikilitas et al., 2020; Wend et al., 2024).

This century began with a better understanding of the toxicity and side
effects of pesticides. More effective restrictions on pesticide use are now aimed
at reducing remaining environmental problems. The new healthcare system in
many countries, particularly in European and American systems, has zero
tolerance for any residues on crop plants and non-target organisms. This
concept suggests that pesticide residues should not contact humans and crop


https://books.google.com.tr/books?hl=en&lr=&id=aVi_DwAAQBAJ&oi=fnd&pg=PA320&dq=info:Yas8wfNWJAoJ:scholar.google.com&ots=zDrf5mI5a4&sig=RwnLhkI_Xs5PQLS4iJ8wOVKsjiQ&redir_esc=y#v=onepage&q&f=false
https://www.sciencedirect.com/science/article/pii/S004896971833554X
https://www.sciencedirect.com/science/article/pii/S004896971833554X
https://books.google.com.tr/books?hl=en&lr=&id=aVi_DwAAQBAJ&oi=fnd&pg=PA320&dq=info:Yas8wfNWJAoJ:scholar.google.com&ots=zDrf5mI5a4&sig=RwnLhkI_Xs5PQLS4iJ8wOVKsjiQ&redir_esc=y#v=onepage&q&f=false
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products. Organic pesticides, in this respect, might be a good approach due to
lower toxicity when compared to those of conventional pesticides. However,
this will not solve the residual problems either.

Pesticides are classified according to their hazard level based on their
LDso values (Torrens and Castellano, 2014; WHO, 2020). They disrupt the
function of cellular metabolism and lead to changes in defense mechanisms
through the production of stress metabolites such as malondialdehyde (MDA);
reactive oxygen species (ROS), including H,O,, O, O, and OH-; and reactive
nitrogen species (RNS) (Qian et al., 2018; Shakir et al., 2018; Annabi et al.,
2019; Jenaet al., 2023; Alfei et al., 2024). An imbalance in oxidative processes
has the potential to damage diverse cellular components. The whole organism
is then easily affected by the adverse effects of pesticides. Under oxidative
stress, lipids, protein, and DNA structures could undergo adverse changes and
disrupt cellular signaling (Dikilitas et al., 2012; Chan et al., 2019; Kesawat et
al., 2023; Olufunmilayo et al., 2023). Most pesticides inhibit
acetylcholinesterase enzymes and the nervous system in target and non-target
organisms (Adenubi et al., 2018). For example, neurotoxic pesticides such as
organophosphates, carbamates, organochlorines, and pyrethroids have been
reported to exacerbate Parkinson's disease by impairing the nervous system and
disrupting the nigrostriatal dopamine pathway (Costa et al., 2008; Jokanovic,
2018, Afsheen et al., 2024; Polaka et al., 2024). Herbicides, conversely, inhibit
photosynthesis and act as a plant hormone; however, they also result in
significant disturbances in non-target organisms.

Although pesticides have become safer than before, the so-called safer
pesticides also have similar effects and pose the same threat to target and non-
target organisms, only the effect may appear at later stages than the
conventional pesticides do. We must remember that pesticide-treated
organisms may gain tolerance and tolerate much higher doses at the expense of
lower growth rates. This finally results in more pesticide applications and more
residue problems in the soil or crops or crop products. This is an ongoing
problem since the pesticide-resistant pests could multiply, develop, and even
become more resistant in the next generation or generations.

Pesticides are generally very resistant to degradation. Therefore, higher
organisms are constantly exposed to the toxicity of these chemicals either
directly or through the food chain. Therefore, it could quickly accumulate in


https://www.mdpi.com/1420-3049/19/6/7388
https://apps.who.int/iris/bitstream/handle/10665/332193/9789240005662-eng.pdf
https://www.sciencedirect.com/science/article/pii/S0269749118306900
https://link.springer.com/article/10.1007/s10646-018-1916-6
https://www.tandfonline.com/doi/abs/10.1080/15376516.2019.1624907
https://www.tandfonline.com/doi/abs/10.1080/15376516.2019.1624907
https://www.researchgate.net/publication/287313871_Genotoxic_effects_of_low_doses_of_pesticides_on_mononuclear_leukocyte_isolated_from_higher_cells
https://academic.oup.com/jxb/article-abstract/70/16/4237/5380411
http://pdfs.semanticscholar.org/e3b2/ffa289f73731586b9485d36d3af031ece299.pdf
https://www.sciencedirect.com/science/article/pii/S0300483X18303391
https://www.sciencedirect.com/science/article/pii/S0300483X18303391
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critical human organs and the environment. For example, most people who live
near pesticide-applied areas or visit pesticide-contaminated areas have now
been linked to many diseases such as cancer, Alzheimer's, Parkinson's diseases,
respiratory diseases, etc. (Yan et al., 2016; Dereumeaux et al., 2020; Meftaul et
al., 2021). The first signs of pesticide toxicity in humans might appear
externally, such as eczema-like symptoms, dermatitis, allergic respiratory
symptoms, and hypersensitive reactions. In prolonged cases, the residues might
accumulate in adipose tissues, disrupt the blood cells and cause diseases in
lymphoid organs. In severe cases, most of the pesticides might lead to mutations
in chromosomes and result in carcinoma of the liver, lungs and many other vital
organs.

After the pesticide application to target organisms or the soil, pesticides
can move from fields to water reservoirs via surface run-off or drainage canals
and contaminate water and water resources. For example, pesticides
terbuthylazine (TBA) and desethylterbuthylazine (DET) have been found in
maize-growing soils for five months after application. After the harvest, 4% of
the total TBA remained predominantly within the uppermost 20 cm layer of
soil (Stipicevic et al., 2017). Likewise, Sun et al. (2018) indicated that about 80
to 90% of the herbicides used remain in the environment as toxic residues and
represent a potential danger to the ecosystem and crops in subsequent years.
Pesticide accumulation also leads to reduced respiration in the soil and its
microbial population (Lallaouna et al., 2023; Sharma et al., 2023). For example,
it was reported that fungal biomass decreased by 47% due to exposure to
endosulfan, while bacterial biomass decreased by 76% (Xie et al., 2011; Gill
and Garg, 2014).

The residuals of pesticides cause harmful effects in non-target organisms
and soil microbiota and deteriorate soil quality. Soil enzymatic activities are
accepted as one of the most critical soil quality criteria, and they play significant
roles in nutrient cycles and fertilization. Decreased enzyme levels in soils are
one of the early signs of soil deterioration, in contrast to chemical or physical
measurements. Pesticide residues are severely impacting soil enzymes, which
catalyse the biochemical reactions in the soil. They predominantly exert
detrimental effects on enzymatic reactions in the soil. They may cause
everlasting modifications in the soil microflora, and they can inhibit the
population of nitrogen-fixing bacteria such as Azotobacter, Rhizobium, and


https://www.nature.com/articles/srep32222
https://content.sciendo.com/view/journals/aiht/68/4/article-p336.xml
https://www.sciencedirect.com/science/article/pii/S0048969711011727
https://books.google.com.tr/books?hl=tr&lr=&id=PiShDwAAQBAJ&oi=fnd&pg=PA187&ots=BYtP17h3XK&sig=vQ9Db8Yog_NS09K6Lm-StZlcmiE&redir_esc=y#v=onepage&q&f=false
https://books.google.com.tr/books?hl=tr&lr=&id=PiShDwAAQBAJ&oi=fnd&pg=PA187&ots=BYtP17h3XK&sig=vQ9Db8Yog_NS09K6Lm-StZlcmiE&redir_esc=y#v=onepage&q&f=false

Current Studies on Agriculture, Forest and Aquatic Products | 116

Azospirillum spp. and cellulose and phosphate solubilizing fungi (Prashar and
Shah, 2016; Doolotkeldieva et al., 2018). Jastrzebska and Kucharski (2007)
pointed out that fungicides such as cyprodinil and dimoxystrobin significantly
suppressed the activities of dehydrogenase, phosphatase, and urease in soil.
Similarly, Nare et al. (2014) found that deltamethrin, endosulfan, and profenos
pesticides significantly reduced soil dehydrogenase enzyme activities.
Dehydrogenase enzyme activity is a valuable indicator due to its presence in
viable cells. Therefore, increased microbial activity or treatments increasing
microbial activity would increase enzyme activity. Additionally, Kaurin et al.
(2020) stated that soil dehydrogenase and urease activities were significantly
reduced over many weeks compared to untreated control soils. Pesticides can
have detrimental impacts on soil microorganisms that can persist for years.
Therefore, less harmful pesticides should be selected or produced. Also, the
cultivation of pesticide-polluted soils with pesticide-tolerant plants might
increase the health conditions of soils. For example, pesticide-contaminated
soil was cultivated with alfalfa, achieving much higher enzyme activity levels
(Tuetal., 2011).

Ecological problems have been greatly influenced by pesticide pollution,
in addition to increased environmental pollution caused by factors such as
salinity, drought, water stress, heavy metal stress, oil spills, etc. For instance,
by spraying pesticides such as the herbicide oxyfluorfen and the insecticide
chlorpyrifos in different dosages The microbial population that Biodiversity
and enzymatic activity in the soil decreased dramatically (Franco-Andreu etal.,
2016). Pesticide use resulted in greater inhibition of soil enzyme activity and
microbial populations in non-irrigated soils. The authors propose that the
slower degradation of pesticides, compared to irrigated soils, is influenced by
the reduced activity of the microbial population. The inhibition of microbial
communities involved in the nitrogen, phosphorus, and sulfur cycles may also
have had a significant impact (Tejada et al., 2015). Therefore, the prolonged
drought can negatively affect enzymatic activities. Most microbial populations
are diminished due to the toxic effects of pesticides, while a few remaining
groups manage to survive and flourish despite the presence of these toxic
substances. These adapted microorganisms develop tolerance to pesticides and
can degrade even more toxic pesticides with greater efficiency. Therefore,
stress-tolerant microorganisms may metabolize pesticide residues and use them


https://link.springer.com/chapter/10.1007/978-3-319-26777-7_8
https://link.springer.com/chapter/10.1007/978-3-319-26777-7_8
https://link.springer.com/article/10.1007/s11356-017-0048-5
https://www.sciencedirect.com/science/article/pii/S0045653520318683
https://www.sciencedirect.com/science/article/pii/S0045653520318683
https://link.springer.com/article/10.1007/s00244-014-0124-5
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as energy due to the involvement of carbon molecules, which help the growth
and development of microorganisms. These residual parts could then be
transformed into degradable organic compounds, which may be less toxic.

Although advised doses negatively affect non-target or target organisms,
even lower doses can have adverse effects on non-target organisms, potentially
over time. Therefore, applying low doses to the pests may not control the
population of the pests while disrupting human metabolism (Dikilitas et al.,
2017). In theory, pesticides should be utterly degraded to the non-toxic level
quickly. New generations of pesticides, e.g., synthetic pyrethroids, were
produced to be less toxic and readily biodegradable than organochlorine
pesticides (Rehman et al., 2014). For instance, natural pyrethroids have a
constant effect that quickly penetrates the nervous system of insects. Although
detoxification occurs more quickly in soil than in other habitats, they are toxic
to non-target organisms even in low concentrations. For example, very low
doses of pesticides can severely affect the health status of children and
newborns due to a weakness in their immune systems (Alleva et al., 2018; Qi
et al., 2022; Sarailoo et al., 2022). Their DNA could also be easily damaged
when compared to adults.

Pesticides in agriculture

Aiming for increases in food production has been the prime important
subject for all countries due to increased population and reduced cultivated
areas. By the middle of this century, the world population is estimated to reach
at least just over 10 billion. The FAO has indicated that global food production
must expand by 70% to keep pace with the increasing population demand (Gill
and Garg, 2014; Hunter et al.,, 2017). World population growth and
environmental pollution have placed immense strain on agricultural systems.
Producers have been using far more chemicals, herbicides, fungicides,
insecticides, and fertilizers than they did in the past to boost crop yields. A
significant part of the budget in agricultural expenditure has been made on
pesticides. Scientists have been designing new formulations of pesticides to
increase crop production with safer pesticides possessing shorter half-lives. The
importance of pesticides in protecting agricultural products is undeniable in
both developed and developing countries, and they have significantly
contributed to enhancing crop yield and quality in modern agriculture.


https://watermark.silverchair.com/gex037.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAArYwggKyBgkqhkiG9w0BBwagggKjMIICnwIBADCCApgGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMSUKDHdy3S5ZQhJM0AgEQgIICaYbpw8X00wqGODmE7aXXWOshRkJN9KvgaTuQFiLFkOtVLA9ivKoU9X2MQ_lQulbBzVBLRyBlNqP5e3Ff-dZo9dbh8v8tWjN2dOpYDedgZgqBfOXYWbj6jT8n4bEETbHVOSHBLENUzHW_BlH2zfbWCHbc3IMaSJUVA4YueGAsJWLjWU1J14rdZ8t8ku3s-tivH5KwquC_JTZdNzBknxT2qtJMDy0A_RIjlbNWWxY6z5CzezMEMkLdOFrQKUFUxHi-m0Haah18pdCkKZ27hydjOOQzTEzqd87QbCzapUlnDi26k7_YMZGfU3nH8bUsgem31Yh1WV6NH9rmrFvPuezpxlkHOk4E8R7k5_6Nqah8xrDJBxQJK7MpcGkGDUU6kS3cQBYGC0eiKfjyHBNvM3vbtUz2DABdUSnjyLl1VqM1PSistwp__iwbNuRuzkgvXUoEFbJwQoFY4JoS1qpPBY6W5nJ7NLij4StawS5fCI2TbKaazLSqWVbeUTQRRn-ng2zAVVB5XOtdKa3-1rYNrBA1OtU1k6tODjpXJ14jiHzUY71HlZRLFDiuXVaf64N7QvO-16WkkhXJgRMnkaAB2rRvw9vKJu-c4P3Muqo16vs2mwjS-YZAgeyb1wtjvM2RQQBlwZKT60-1q5E7YV3ZRcDpiQ3fvH_oidb68yyKqArjCzQNzbfJaJSENAyJrAhNqhEa0urD6KBCfPaZ436u6zVDTkC8UNP6xWBOZX2Xsj-TOR7CCs746X58hi2wHB_jhuNwhUZ-4ePZWIvTz6cohxm1NhPO8utCB0JXxyPd61WfSPzbkOnts4Sw1_BH
https://watermark.silverchair.com/gex037.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAArYwggKyBgkqhkiG9w0BBwagggKjMIICnwIBADCCApgGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMSUKDHdy3S5ZQhJM0AgEQgIICaYbpw8X00wqGODmE7aXXWOshRkJN9KvgaTuQFiLFkOtVLA9ivKoU9X2MQ_lQulbBzVBLRyBlNqP5e3Ff-dZo9dbh8v8tWjN2dOpYDedgZgqBfOXYWbj6jT8n4bEETbHVOSHBLENUzHW_BlH2zfbWCHbc3IMaSJUVA4YueGAsJWLjWU1J14rdZ8t8ku3s-tivH5KwquC_JTZdNzBknxT2qtJMDy0A_RIjlbNWWxY6z5CzezMEMkLdOFrQKUFUxHi-m0Haah18pdCkKZ27hydjOOQzTEzqd87QbCzapUlnDi26k7_YMZGfU3nH8bUsgem31Yh1WV6NH9rmrFvPuezpxlkHOk4E8R7k5_6Nqah8xrDJBxQJK7MpcGkGDUU6kS3cQBYGC0eiKfjyHBNvM3vbtUz2DABdUSnjyLl1VqM1PSistwp__iwbNuRuzkgvXUoEFbJwQoFY4JoS1qpPBY6W5nJ7NLij4StawS5fCI2TbKaazLSqWVbeUTQRRn-ng2zAVVB5XOtdKa3-1rYNrBA1OtU1k6tODjpXJ14jiHzUY71HlZRLFDiuXVaf64N7QvO-16WkkhXJgRMnkaAB2rRvw9vKJu-c4P3Muqo16vs2mwjS-YZAgeyb1wtjvM2RQQBlwZKT60-1q5E7YV3ZRcDpiQ3fvH_oidb68yyKqArjCzQNzbfJaJSENAyJrAhNqhEa0urD6KBCfPaZ436u6zVDTkC8UNP6xWBOZX2Xsj-TOR7CCs746X58hi2wHB_jhuNwhUZ-4ePZWIvTz6cohxm1NhPO8utCB0JXxyPd61WfSPzbkOnts4Sw1_BH
https://onlinelibrary.wiley.com/doi/full/10.1002/tox.22534
https://books.google.com.tr/books?hl=tr&lr=&id=PiShDwAAQBAJ&oi=fnd&pg=PA187&ots=BYtP17h3XK&sig=vQ9Db8Yog_NS09K6Lm-StZlcmiE&redir_esc=y#v=onepage&q&f=false
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However, their residual effects and their toxicity towards non-target organisms
have long been recognized. However, repeated applications over the years have
posed significant threats to food safety and environmental health. Pesticide use
is projected to rise due to global population growth and growing food needs.
For example, the use of insecticides has significantly increased agricultural
production in China (Delang, 2017). It was reported that the application of
pesticides avoided the loss of nearly 90 million tons of grains, 1.65 million tons
of cotton, and 78 million tons of vegetables (Zhang et al., 2011; Delang, 2017).
As is well known, pesticides should ideally be toxic to the target organisms;
However, their bioaccumulation in the environment and entry into the food
chain can result in significant risks to non-target organisms. Their
concentrations beyond a specific limit can be highly toxic and no longer sustain
and help to increase agricultural production. The solution or help for the
increases in crop production becomes a problem for the environment and
humans. Therefore, biodegradation speed and eco-friendly sites should be
credited. However, most of the pesticides produced so far have been non-
specific and may target beneficial organisms and humans.

Pesticide and soil pollution

At the turn of the century, with the Industrial Revolution, the production
of goods and industrial products began rapidly, which led to environmental
pollution. However, we have now realized that pollution threatens our present
and future lives. In this sense, developing countries are particularly vulnerable
to environmental pollution.

Generally, we can describe pollution as substances or energies in excess
amounts that are not tolerable. Pollutants can occur due to natural or
anthropogenic activities in nature. As they build up over the years or
generations, they can reduce the quality of life and result in severe health
damage. However, if they break down very quickly via living organisms, they
could be no more threats. Our agricultural soils are contaminated with
pesticides and residues and contain heavy metals, plastics, glass, paper, etc.
Pesticides represent a significant category of pollutants in agricultural soils.
Suppose we could reduce the application of pesticides or residue levels in the
soil in an environmentally friendly way. In that case, this approach might also
be tested for other pollutants in the soil.


https://content.sciendo.com/view/journals/environ/5/4/article-p1.xml
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While pesticides are employed to enhance agricultural output, their
accumulation in the soil and foods can harm our health. Pesticides are generally
sprayed on plants as fungicides, herbicides, and insecticides. However, they are
also sprayed directly or indirectly into the soil. They may persist in the
environment for extended periods or be transported over considerable
distances. Therefore, they could pose a significant threat if they are not
degraded efficiently to the non-toxic level. Although people know the potential
and chronic danger of pesticides, and producers are trying to produce much
safer pesticides with low toxicity and short half-lives, we still need to be careful
about their toxicity.

Before discussing the harmful effects and long-lasting presence of
pesticides, it is essential to categorize these substances based on their
operational mechanism. Pesticides are generally grouped into non-systemic and
systemic types. Non-systemic pesticides remain outside the plant's vascular
system and do not enter plant tissue. However, systemic pesticides can infiltrate
plant tissues and be move through the vascular system (Ozkara et al., 2016;
Lozowicka, 2020). We can also classify pesticides according to their chemical
properties. They can be classified into various groups including organochlorine,
organophosphorus, carbamates, pyrethroids, amides, etc. Due to their complex
chemical structures, organochlorine pesticides tend to accumulate in nature and
persist in the environment compared to others. Due to their neurotoxicity, they
can lead to severe disorders in mammals and fish, birds and other non-target
organisms. Their low concentrations also cause severe health damage.
Therefore, most of them have been banned over the years (Willet et al., 1998;
Gardes et al., 2021). Conversely, organophosphates are highly toxic pesticides
that affect the nervous system of both target and non-target organisms.
Compared to these organochlorine compounds, they are more easily
degradable. However, their severe toxicities and side effects increase the effects
of this group of pesticides. Their low residues also pose significant health risks.
Pyrethroids, amides, and anilines are relatively less toxic pesticides.
Pyrethroids are synthetic compounds modeled on pyrethrins that are naturally
obtained from the flowers of Chrysanthemum cinerariaefolium (Gajendiran and
Abraham, 2018). Another group of pesticides is aniline, which includes
trifluralin herbicides. Imidazole and triazole herbicides have also been newly
developed pesticides with various toxic effects on mammals and humans


https://www.intechopen.com/books/environmental-health-risk-hazardous-factors-to-living-species/pesticides-environmental-pollution-and-health
https://www.sciencedirect.com/science/article/pii/S0889157519315406
https://pubs.acs.org/doi/abs/10.1021/es9708530
https://link.springer.com/article/10.1007/s11515-018-1489-z
https://link.springer.com/article/10.1007/s11515-018-1489-z
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(Jablonska-Trypuc et al., 2017). Another group of pesticides is the nicotinoid
family, which includes acetamiprid, imidacloprid, thiacloprid and
thiamethoxam (Simon-Delso et al., 2015). Imidacloprid is the most widely used
insecticide worldwide compared to other pesticides such as organophosphate,
organochloride, and carbamate insecticides. Neonicotinoids are less toxic to
non-target organisms. However, due to their persistent toxic effects, some
European countries and the USA have banned some of the pesticides in this
group (Millot et al., 2017; Bivehed et al., 2020).

Pests, including microorganisms, insects, rodents, birds, weeds, etc.,
have caused significant crop losses, and almost one-third of the crops have been
lost due to these organisms. Considering the increase of the world population
by one-third by the middle of this century, along with the crop loss caused by
biotic agents, the use of pesticides will have a significant impact in the coming
decades. Unfortunately, non-pesticidal agriculture would not be possible for
quite a long time. If non-pesticidal agriculture is achieved, this would be made
with plant-derived pesticides. However, the residue problem and pollution
would still be the subject of concern when dealing with the reduction of the
toxicity of pesticides.

Many pesticide formulations have been used to reach target organisms.
However, only 1% of the pesticides used reach the target organisms; The
remainder was reported to remain in the environment (Delang, 2017). Due to
the frequent use of pesticides, even low concentrations have increased concern
about human and environmental health. Many pesticides with long half-lives
have still been in the environment. For example, organochlorine pesticides were
detected almost 30 years after use in surface waters (Larson et al., 1997). Due
to their persistence in nature, they could meet with humans and other non-target
organisms, and they could cause severe health disorders. For example, it has
been anticipated that it will take over 30 years for
dichlorodiphenyltrichloroethane (DDT) to degrade (Afful et al., 2010). Because
these substances do not easily decompose in nature, it has been proposed that
they be broken down through chemical, microbial, physical, and biological
processes. Since most pesticides are liposoluble, they quickly accumulate in
fatty parts of non-target organisms such as breast milk, blood and fatty tissues
(William et al., 2008; Yadav et al., 2015). The chronic and acute effects of
pesticides cannot be overestimated due to enormous life loss and toxicity. For
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example, each year, roughly 300,000 people die, and around 3 million people
are hospitalized due to severe acute and 25 million less severe poisonings
globally (Jeyaratnam, 1990; Gunnell et al., 2007; Jors et al., 2018). For
example, Bawa et al. (2018) reported that breast milk can contain detectable
levels of polychlorinated biphenyls and organochlorine pesticides. They
reported that DDT levels decreased from 18,211 to 490 ng g-1 lipid weight over
15 years with a half-life of 3.5 years. Similar findings have also been observed
with organochlorine pesticides. Since these chemicals are highly resistant to
degradation, toxic, and bioaccumulative due to their lipophilic and hydrophobic
properties, once they enter the food chain, they rapidly accumulate in lipid-rich
human tissues (Miiller et al., 2017; Bawa et al., 2018).

Most countries are becoming populated, and their fertile lands and water
resources are being reduced, along with the increase in pollution. In some
countries, pollution is so high that farming cannot be performed on most of their
valuable lands (Delang, 2017). The main reasons for pollution originate from
excessive pesticides and anthropogenic activities. Pesticides can easily reach
surface water via runoff and can travel long distances.

In short, we summarized the effects of pesticides on the soil environment
where pesticides accumulate or possibly degrade. Most pesticides applied to the
soil tend to accumulate there and stay in the long run. The repeated application
of pesticides, even at low doses, results in further soil accumulations.
Pesticides, however, could undergo various degradation depending on the
chemical structure, soil properties, soil flora, light, temperature, etc. The
degraded pesticides or pesticides in the degradation process could change the
microbial diversity and biochemical reactions (Munoz-Leoz et al., 2011; Gill
and Garg, 2014). As a result of biochemical reactions, soil fertility is reduced,
and the soil ecosystem is disturbed. For example, many herbicides applied to
the soil were declared to decrease the growth of fluorescent bacteria and
suppress soil respiration (Gill and Garg, 2014; Rose et al., 2016). Pesticide
applications may also act differently on different microorganisms. For
example, they increase the bacterial biomass while decreasing those of fungi
(Xie et al., 2011). Some microorganisms may utilize applied pesticides as a
source of energy. For example, wastewater from agricultural soil containing
chlorpyrifos increased the growth and development of some bacterial
microorganisms which use carbon complexes of pesticides as energy sources
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(Bhagobaty and Malik, 2010; Parte et al., 2017). The pesticide cycle in nature
and its possible degradation routes, including its residues, are illustrated in Fig
1.

Surface run off to lakes, rivers or soils

Volatilization and Ground water pollution
oo Vind arin 3 priersis
UV light

Degradation through
mobilized enzymes released
from PGPR and resistant
microorganisms

High tech approaches such as UV, soundwaves, etc.

Figure 1. A schematic illustration of the pesticide cycle and its possible degradation
routes in an ecosystem. Pesticides might hang in the air and wreak havoc on non-target
flying animals or reach lands or lakes far from the point of application via wind drift or
rain. They could also leach below the root zone of plants via rain or heavy irrigation.
Degradation of pesticides has many routes; one of the most essential pathways is
biodegradation, which involves plants, animals and microorganisms. After physical
and chemical degradation of pesticides, tiny particles are adsorbed into soil particles or
organic matter and then enter cells of microorganisms; their enzymatic reactions turn
those toxic chemical substances into less or non-toxic forms by adding OH" or other
groups. In some cases, extracellular enzymes through plant roots or microorganisms
are involved. Possible combinations of microorganisms with high-tech approaches
could be made to increase the degradation capacity of microorganisms.

Use of plants or animals for pesticide removal

Some pesticides stay for several weeks, while some stay for several
years, contingent upon their composition and soil conditions. In recent years,
living organisms have been used to remediate contaminated environments. It is
economically viable and ecologically sustainable, offering numerous
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advantages compared to alternative physicochemical approaches for the
treatment of polluted soils. The main biological agents that clean up the
contaminated soil are bacteria, fungi, yeast, plants, and earthworms.

Long before the employment of bacterial strains, many plant species,
including halophytes, were used to remove pesticide residues from the soils or
environments contaminated with pesticides. Cleaning with plants or
phytoremediation is a technology that cleans up contaminated sites effectively
via inexpensive approaches. For example, Mitton et al. (2016a) identified
sunflowers as the best candidates for the removal of the organochlorine
pesticide endosulfan from soils. The main problem is that the selected plant
species should grow well in soil contaminated with pesticides (Perez et al.,
2008). Low toxicity to pesticides should also be recognized. Mitton et al.
(2016a) emphasized that the uptake and translocation of compounds were
crucial factors in selecting sunflowers for effectively removing residual
compounds, due to their high biomass production. Mitton et al., (2016b) stated
that the protein content, antioxidant capacity, enzyme activity and SH group
could complement chemical analysis in selecting candidates for
phytoremediation purposes. The concept of phytoremediation or plant-assisted
bioremediation has been used for many years, and it has recently emerged as a
promising strategy for removing pesticides from contaminated soils. A
microenvironment rich in enzymes and organic matter around the roots of
plants facilitates pesticide degradation. In this microenvironment, rhizospheric
and endophytic bacteria play significant roles and speed up the degradation
process. For example, ndophytic bacteria are typically non-pathogenic and
produce various natural compounds that promote plant growth while aiding in
the biodegradation of soil pollutants. As a common mechanism, pesticides
adsorbed onto root surfaces are mixed with soil following decomposition of
roots and then the microbial population around the organic matter degrades the
pesticides. Many plant species, from herbs to trees, remove pesticide residues
from the soil (Akbar and Sultan, 2016; Han et al., 2017; Hwang et al., 2017,
Tarla et al., 2020; Takkar et al., 2022; Martinez-Burgos et al., 204). Upon
genetic modification of rhizospheric or endophytic bacteria through gene
transfer, the degradation capacity of microorganisms could be increased to
detoxify pollutants in the soil or wastes, and the efficacy of these
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microorganisms could be further increased when combined with those of
resistant plants.

Plants used for phytoremediation could be classified based on their
specific mechanisms of action. In phytoextraction, plants could extract
contaminants from soil or water through their root system, accumulate them
there, or transport them to the stems or leaves. Finally, these plants are
harvested leaving a small portion of contaminants in the soil. Perennial plants
or trees in this concept would perform better. For example, Mukherjee and
Kumar (2012) reported that maize (Zea maize) and mustard (Brassica
campestris) plants removed organochlorine pesticide endosulfan via the
phytoextraction method with 47.2% and 34.5% ratios, respectively. Another
approach to phytoremediation is rhizofiltration, in which the pollutants are
either adsorbed on the root surface or absorbed by the plant roots (Tiwari et al.,
2019; Dubchak and Bondar, 2019). An extensive rooting system developed
hydroponically in clean water is gradually acclimatized to the pesticide-
polluted water. The plants are grown in the polluted area to eliminate pesticide
residues. Once the roots are saturated, they are harvested and disposed of safely.
Another possibility of phytoremediation is phytostabilization, in which the
contaminated soils are stabilized by vegetation and the toxic pollutants are
immobilized. The rooted vegetation prevents the dissemination of contaminants
via wind or windblown dust. Grass or bushy types of plants become more
suitable due to their fibrous root systems (Lyu et al., 2018; Liu et al., 2019).
One of the most efficient phytoremediation approaches depends on
phytodegradation or phytotransformation capacity (Parween et al., 2018;
Abdullah et al., 2020). In this concept, exudates or enzymes released from plant
roots can degrade the pesticide residues into smaller units (Buyanovsky, 1995;
Singh and Singh, 2017; Riskuwa-shehu and ljah, 2018). However, this
degradation is not a complete breakdown. Transformation of chemicals into
non-toxic or less toxic forms is expected. Following the absorption of
pesticides, plant enzymes like nitroreductases enhance the polarity of the
pollutants by introducing functional groups, such as hydroxyl groups (-OH).
Subsequently, biomolecules, including glucose and amino acids, are appended
to the polarized sites to further augment polarity (Jape et al., 2019). Root
exudates such as glucose, alcohol, organic acids, or enzymes in soil microflora
could enhance microbial growth and development and their enzymatic
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activities by supplying them with nutrients. In this way, the efficacy of
microorganisms increases due to synergistic effects, and more toxic pesticides
can be degraded efficiently by supply. The plant roots may also loosen the soil
and facilitate the dissemination of air and water, which helps microorganisms
secrete more metabolites. Many extracellular enzymes play significant roles in
degrading organic pollutants (Burns et al., 2013). Laccases, lignin peroxidases,
Mn-dependent peroxidases, proteases, cellulases, chitinases, etc. are becoming
increasingly important to reduce the impact of environmental pollutants.
Increasing the concentration of these enzymes could contribute to soil fertility
and health. Sanchez-Hernandez et al. (2015), for example, stated that
earthworm-induced carboxylesterase activity was an efficient bioscavenger for
pesticide-contaminated areas. Sanchez-Hernandez et al., (2015) also suggested
that combining this enzyme with other enzymes, such as dehydrogenase, could
be a suitable biomarker of pesticide exposure. Sanchez-Hernandez et al., (2014)
reported that soil incubated for 10 weeks with Lumbricus terrestris, a large,
reddish worm species widely distributed worldwide, ensured high levels of
carboxylesterase activity and efficiently degraded pesticides in the soil.

It is essential to consider the plant species while aiming to remove
pesticide residues from the soil. For example, consuming vegetables grown in
highly contaminated pesticide soil could cause a health risk in human
metabolism. Wu et al., (2019) stated that DDT, not easily degraded in soils, was
investigated in terms of removal via vegetables. The authors noted that
consuming Chinese mustard, napa cabbage, and Bok choy grown in pesticide-
contaminated areas showed a high cancer health risk. The authors suggested
that planting these vegetables might increase the degradation of DDT while
increasing the health risk to humans. Therefore, plantations used for the
removal of pesticides could be carefully designed.

Use of Stress-adaptive Bacteria and Recent Trends and

Approaches for Pesticide Degradation

Pesticides are prone to degrade after their application to the soil or plants.
Its persistence is measured by its half-life, in which the pesticide concentration
is naturally broken down into half by the indicated time. Therefore, the simple
structure of a pesticide makes the time for degradation quicker. Pesticide
degradation can be divided into three categories: Non-persistent, moderate-
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persistent and persistent, in which the half-lives are less than 30 days, 30 to 100
days and more than 100 days, respectively (Gavrilescu, 2005). Pesticides in soil
primarily break down through microbial and chemical reactions. How long the
pesticide stays in the soil is determined not only by the chemical structure but
also by soil components, and the microbial quality of the soil has, on the other
hand, great values (Lv et al., 2010). Degradation capacity also depends on
temperature, soil moisture, soil pH, and soil aeration, which quickly absorb
sunlight. The intensity of sunlight and the duration of exposure play a crucial
role in the breakdown of the pesticide structure. However, soil treatment with
pesticides can reduce populations of beneficial microorganisms (Meena et al.,
2020). For example, microorganisms that convert atmospheric nitrogen into
nitrates can be destroyed with the herbicide triclopyr (Pell et al., 1998).
Numerous examples show that pesticides can disrupt the biological
mechanisms of beneficial fungi and bacteria in soil (Aktar et al., 2009).

The degradation of pesticides via immobilized extracellular enzymes by
plant roots or mobilized enzymes by microorganisms is often used (Romero et
al., 2010; Alvarez et al., 2017). Soil microorganisms can degrade pesticides and
turn them into less or non-toxic compounds. Most pesticides in the soil are
biodegradable, but a few are recalcitrant, showing complete resistance to
biodegradation (Ha et al., 2016). One of the most important criteria is that the
degradation process should not produce toxic by-products or inhibitory
chemicals to plants or other beneficial bacteria or fungi in the soil. Considering
these strategies at the first stage would be accepted as a successful step. As in
the phytoremediation strategies, there are various techniques for
microorganisms to be used, such as venting, a technique that involves injecting
oxygen or nutrients into the soil to support the bioremediation process (Chawla
et al., 2012). Fine-textured soils might have low permeability in this system,
restricting oxygen dissemination. The moisture level could be problematic in
this soil type due to increased water retention and smaller pores. This method
works better in well-drained and coarse-textured soils. Bioasparging is another
approach used in microbial systems. In this system, air injection under pressure
below the water table increases the oxygen concentration in groundwater and
accelerates the biodegradation of pesticides by soil bacteria (Parween et al.,
2018). Another approach is bioaugmentation, also known as the breakdown of
pollutants by microorganisms. In this system, a sufficient amount of water,
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nutrients and oxygen are introduced into contaminated areas to increase the
activity of microorganisms (Parween et al., 2018). Finally, another promising
approach is composting. Plants such as pesticides are degraded by
microorganisms at high temperatures between 55° and 65°C; during the
degradation process, increased temperature results in increased contaminant
solubility, further increasing metabolic activity (Chen et al., 2015). Bacteria and
fungi are the main extracellular enzyme-producing microorganisms that
biodegrade pesticides. Microorganisms modify and transform pesticides by
introducing minor molecule changes and rendering them non-toxic compounds
(Kumar and Sharma, 2019).

Bioremediation studies will gain more popularity if large-scale cleaning
up or degradation of pesticides is achieved. Sagarkar et al. (2014) conducted a
comprehensive study of the large-scale degradation process of atrazine. They
compared the degradation between natural attenuation and enhanced
bioremediation by a bacterial consortium consisting of three novel bacterial
strains such as Arthrobacter sp., Pseudomonas sp. and Bacillus sp., which have
different genetic atrazine degradation potential. They stated that the effective
bioremediation of atrazine could be successfully extended to field applications
using a microbial consortium. They also reported that bioaugmentation had no
effect on natural microflora after one month of the study. Interestingly, atrazine
degradation began after 6 days in soils previously exposed to atrazine compared
to soils where no atrazine was used in the past. When combating pesticide
pollution, it is important to use screening tests to find the most effective
isolation. The higher degradation capacity of an isolate would enable better and
quickly results. Jadhav and David (2016) reported that Chryseobacterium
indologenes strain SSJ1 removed 89.06% of pesticide flubendiamide (a new
class of insecticide with a broad spectrum of activity against lepidopteran pests)
at 35 °C within 5 days. Sometimes, the fusion of bacterial strains gives more
reliable and optimistic results than those of each isolate in terms of the
degradation of pesticides. For instance, Aggag et al. (2017) reported that
fusions of Bacillus megaterium, Pseudomonas fluorescens, and Rhizobium
legumino-sarum showed a highly increased Chlorpyrifos biodegradation when
compared to that of each parental bacteria. Not only can the same species be
combined among themselves to degrade the pesticides, but also other
genetically distant species could be incorporated to degrade the stubborn
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pesticides. Tang et al. (2012) reported that tribenuronmethyl (TBM), a member
of the sulfonylurea herbicide family, was caused by Bacillus sp. was
dismantled. Strain BS2, Microbacterium sp. strain  BS3 and
Cellulosimicrobium sp. Strain BS11. Significant TMB removal was quite high
when indigenous earthworms were incorporated with Bacillus sp. strain BS2.
The authors stated that TBM was used as substrates, and indigenous
earthworms stimulated the mineralization of pesticide ingredients and activated
microbial fauna.

Naturally, pesticides have been degraded according to their half-life
periods. Environmental conditions and the concentrations of pesticides have
other factors that affect degradation capacity. As an illustration, Soliman et al.,
(2012) found that most of the insecticides were affected by UV rays, and their
efficacy decreased when the pesticides were stored at 45 °C compared to 25 °C.
New technologies to clean up pesticide-contaminated soils have recently been
set up and studied. These technologies have promising potential and are
environmentally friendly sites. For example, Duong et al., (2009) reported that
ultrasonication during low short irradiation (6 h) could remove organic
pollutants such as fluoranthene, phenanthrene, and hexachlorobenzene,
although the removal efficiencies were low. However, intermittent
ultrasonication over longer periods (46 h) had a better capacity to remove the
organic pollutants. Although this technology is new and still developing, it
might have great potential to diminish elevated levels of persistent organic
chemicals in soils. The ultrasound technology might not be enough to remove
pesticides from the soil with a single treatment. Duong et al. (2010) proposed
the addition of a specific quantity of water to the soil to enhance the
effectiveness of ultrasound treatment. One of the main disadvantages of this
technique is that ultrasonic treatment cannot be carried out for a very long
period of time due to the strong local heating in the soil.

To increase the efficacy of pesticide degradation, technologies used to
remove pesticides have been combined. Wang et al. (2016) stated that the
combination of ultrasonic irradiation technology with Fentons and Fenton-like
reagents not only effectively degraded the diazinon insecticide but also rapidly
reduced its toxicity. Again, the degradation of toxic pesticides (carbofuran and
iprodine) or their toxic stubborn mixtures was eliminated by the UV/H.0-
system under optimal conditions (Lopez-Alvarez et al., 2016). In another study,
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2-phenoxyethanol was removed from water at different concentrations using
high-frequency ultrasound (600 kHz) in batch mode (Boutamine et al., 2018).
Approximately, 100 min of treatment was required for the complete
disappearance of the chemical at 10 mg L* concentration. The combination of
ultrasound with UV irradiation (15 mW cm-2, 253.7 nm) increased the
degradation of 2-phenoxyethanol. During the treatment, liquid temperature and
pH had no influence on the removal rate of the contaminant. The authors stated
that UV-assisted ultrasound technology increased the oxidation of organic
matter. The effect was significant after 2 h of treatment. A similar approach was
taken by Brillas (2014), who found that UV photoelectron Fenton and solar
photoelectron Fenton had a synergistic effect on the degradation process of
organic pollutants from acidic wastewater through the formation of OH ions
and Fe(l11) complexes produce carboxylic acids. The author stated that using
sunlight can save the energy costs of UV lamps. The combination of H,O, was
also made with ultrasound technology for the decomposition of methidathion,
and the process gave better decomposition than ultrasound alone (Farooq et al.,
2008).

When bioremediation techniques were combined with effective clean-up
techniques, much higher efficiency should be expected. A combination of
bacteria (more accessible to culture and easy to modify with molecular biology
techniques) with high technical approaches might improve the efficacy of
pesticide removal capacity. Budarz et al., (2019) recently stated that pesticide
chlorpyrifos was successfully degraded via photoreactive TiO, nanoparticles.
They reported that 80 % of chlorpyrifos was degraded to chlorpyrifos oxon and
3,5,6-trichloro-2-pyridinol after 24 h, either in the presence or absence of
bacteria. Although the addition of bacteria did not increase the degradation
ratio, this approach is a good start for the future challenges of the degradation
of pesticides. Similarly, Petsas and Vagi (2017) reported that photocatalytic
degradation of organophosphorus pesticides such as azinphosethyl,
azinphosmethyl, dimethoate, disulfoton, and fenthion was achieved using TiO-
(photocatalyst) and UV irradiation. Furthermore, the addition of H:0.
(oxidizing agent) to the illuminated water suspensions resulted in higher
synergistic effects in the degradation of the pesticides. The authors stated that
the combination of these elements offers good potential for small-scale
applications. The advantages of a photocatalytic system lie in its simple design
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and the availability of UV lamps and semiconductor powder (TiOy) at low cost
as a catalyst.

Recently, membrane filtration technology has been used, and promising
results have been obtained (Khan et al., 2015). The pesticide chlorpyrifos
showed low degradation at 5 ppm concentration via the treatment of ZnO
nanoparticles. When the pesticide in a solvent underwent photocatalytic
breakdown and was subsequently filtered via cellulose acetate mixed polymeric
membrane discs at low pressure, it resulted in higher degradation capacity than
photocatalytic degradation carried out using ZnO. Again, Yang and Zhang
(2019) reported that the vacuum VUV/UV/chlorine method rapidly degraded
the pesticides, namely atrazine, dimethoate, bromacil, prometon, propoxur, and
propachlor in just 60 seconds in water. The authors stated that hydroxyl radicals
were transformed into reactive chlorine species, the degradation of which was
much higher. Pesticide degradation via microorganisms and high-tech
approaches or their possible combinations are presented in Table 1.

Although bioremediation is convenient due to its cost-effective
characteristics, its limitations and disadvantages should be well evaluated. For
example, unknown toxic and potentially volatile substances could be produced
as by-products. Sometimes, deleting the pesticides to non-toxic levels can take
several months. When genetically improved microorganisms are developed and
used for the efficient degradation of pesticides, this could seem to be a success
at first sight. However, they could be a later-stage problem that might stay in
nature and become difficult to remove. They may reduce the biodiversity of
microorganisms. Also, some stubborn chemicals cannot be biodegraded via
biological sources.
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CONCLUSIONS and PROSPECTS

Pesticides have been produced and used extensively to increase crop
production and control pests. However, concerns over environmental and
human health issues are rising globally, particularly in developing countries.
The main issue is to reduce pesticide toxicity to non-target organisms and to
increase the ecological removal rate. Many approaches have been employed,
such as physical and chemical soil amendments, phytoremediation, microbial
remediation, or high technological approaches such as electrochemical,
ultrasound, UV light, etc. Studies regarding pesticide degradation capacity have
been on an increasing trend. Improving the pesticide degradation potential of
microorganisms depends on understanding their metabolic and molecular
pathways. Using high-throughput technologies will bring our success to the
next level if we combine biological and technological approaches. Finding or
generating bacteria that could degrade the pesticide in the short term would
decrease the toxicity of pesticides. One of the main issues to tackle with
pesticide degradation is to apply biological materials to large-scale areas. So
far, most studies have shown that pesticide degradation is laboratory-oriented
and cannot be implemented directly in large-scale applications. However, this
could be achieved by combining advanced technologies with biological
systems which create the oxidation process. Based on this chapter, studies
regarding pesticide degradation should be credited, and cost-effective studies
in large industrial or agricultural-scale applications should be encouraged to get
the desired results.
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1.INTRODUCTION

Subsequently is projected that by 2050, the global population would
continue to increase and reach a total of nine billion people. This is going to
exert further pressure on the food manufacturing sector in order to fulfill the
increasing demand. The aquarium sector, which is experiencing rapid growth,
has constantly played a major role in enhancing world food supply and ensuring
food security.However, the long-term viability of the sector is being
undermined by the rising expenses of nutrients, as conventional nutritious
components become scarcer and more expensive. In response, endeavors have
been undertaken to cultivate the capacity to dismantle and use present elements
in order to accomplish the objectives of the blue economy. Nanonutrient
compounds has the potential to become the primary source of nutrients in the
future( Boyd et al., 2020; Khalil et al., 2023).

Nanotechnology is an emerging and expanding technological
advancement that is being used in the field of aguaculture. Specifically,
nanoparticles and emulsion-based systems have been used in the creation of
water materials, avoiding and taking care of diseases, and purification of water.
Nanoparticle technology in aquaculture may greatly enhance the effectiveness
of using inputs like as medications, vaccines, pelleted nutrition, and gene
transfer. Nevertheless, the dimensions of nanomaterial particles have the
potential to enhance the mobility, bioavailability, and efficacy of other
chemicals in comparison to larger bulk materials. Several experts have
undertaken investigations on the advantageous impacts of these nano-scale
dietary supplements. The study demonstrated enhancements in the growth
performance, food intake, immunological response, and physical attributes of
Nile tilapia (Oreochromis niloticus), Asian trout (Lates calcarifer), rainbow
trout (Oncorhynchus mykiss), African trout (Clarias gariepinus), silver trout
(Hypophthalmichthys molitrix), and slender gray whale (Liza ramada) had
comparable effects to nanonutrients (Younus et al., 2020; Khalil et al., 2023).
Nanonutrients are used in the aquaculture by either incorporating them into the
feed of organisms or by directly introducing them into the environment where
the organisms are cultivated. The efficacy of dietary supplements in aquatic
animals is depending to their chemistry and sizes. Ultrafine nanoparticles (NPs)
possess distinct characteristics and exhibit extended presence in blood vessels,
hence enhancing their availability for biological processes. In addition to nano-
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scale variants of some elements like selenium, copper, and iron, the use of
nutritional supplements such as chitosan, the antibiotic kana and butyrate of
sodium has shown considerable potential in enhancing the productivity of
aquarium cultivation.Nanotechnology may greatly transform the fisheries and
aquaculture sectors by introducing innovative instruments for quick illness
diagnostics. This advancement will improve the capacity of cultivable
organisms to absorb medications, such as hormones, vaccinations, and critical
nutrients. Metal nanoparticles, including Fe, FeO, Se, Zn, ZnO, Cu, and MgO,
have a significant impact on aquaculture operations. Nanoparticles have shown
significant potential in managing infections and enhancing immune and
developmental functions in aquaculture. Nevertheless, the overutilization of
NPs might lead to a rise in their presence in the environment, especially in
aquatic environments (Ahmed et al., 2024).

The use of Zinc (Zn) nanoparticles has been shown to effectively
alleviate zinc shortage in fish. Research has shown that the use of zinc oxide
nanoparticles in fish diet enhances hematological indicators, protein synthesis,
and metabolic activity. Studies have shown that nanoparticles of Chromium
(Cr) may improve growth metrics, boost immunity, and decrease levels of
cortisol and insulin. Studies have shown that the use of silica (Si) nanoparticles
may improve the assimilation of nutrients and boost the metabolic rate in fish.
Additionally, they have antibacterial characteristics that aid in the prevention
of gut wall damage and the maintenance of a healthy gut environment.Ahmad
and colleagues (2022). Iron (Fe) nanoparticles are often used as supplements in
fish feed owing to their diminutive dimensions and extensive surface area.
These nanoparticles demonstrate potent immune reactions against germs and
stimulate elevated protein levels in fish. The addition of iron nanoparticles to
the feed of Oreochromis niloticus has been discovered to yield substantial
advantages. These include enhanced growth, improved immune response,
increased phagocytosis activity, reduced mortality rate, higher protein and lipid
content, elevated muscles focus, modified red and white blood cell counts,
raised antioxidant capacity, and reinforced disease resistance.Overall,
nanoparticles have shown considerable promise in improving the uptake of
nutrients, metabolic function, immune response, and the prevention of
gastrointestinal problems in fish (El-Shenawy et al., 2019). Silver (Ag)
nanoparticles have potent antibacterial properties in fish farming by inducing
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bacterial dysfunction or mortality via the liberation of Ag + ions. They have the
ability to attach to cytochrome and nucleic acids, which hinders the process of
bacterial cell division. Silver nanoparticles have efficacy against antibiotic-
resistant bacteria, including Staphylococcus aureus, Edwardesiella tarda, and
cyanobacterial species. The silver nanoparticles produced from Rhizophora
mucronata have shown effectiveness against Pseudomonas fluorescens, Proteus
species, and Flavobacterium species. In addition, they have antifungal activities
that are similar to those of Amphotericin B. Furthermore, they have shown
effectiveness against the influenza A virus (Ayala-Nuiiez et al., 2009). Gold
nanoparticles, consisting of the element Au, has strong antibacterial
characteristics and have the capability to alter the structure of bacterial cells.
Consuming a meal containing gold nanoparticles may improve the immune
system's defense of fish. Zinc oxide (ZnO) nanoparticles have a harmful effect
on bacterial immunity and may cause bacterial mortality by damaging their cell
membrane. Titanium dioxide (TiO2) nanoparticles has bactericidal capabilities
and may effectively clean water in fish culture. This use promotes a more
resilient aquatic habitat and increases the immune system of fish
(Thangapandiyan and Monika, 2020)

Table 1: The impact of various nanomaterials on the development of fish when
included into their nutritional supplements

there is an
expansion  of
red blood cells
and a decrease
in the amount
of white blood
cells.

Nanoparticles | Fish species Suitable Impacts References
range
Titanium-di- | Rainbow trout | - Increased Ramsden et al.,
oxide (TiO») weight loss (2009)
Zinc  oxide | Cirrhinus 15 mg/100 | The survival | Rajan and
(Zn0O) mrigala gm rate rises along | Rohini (2021)
with increased
digestion and
growth  rate.
Additionally,
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Silver (Ag)

Rainbow trout

Increased
weight loss

Dobrochna et
al., (2018)

Gold (Au)

Rainbow trout

Contains  the
capacity to
generate
reactive
oxygen species
(ROS)

Farkas et al.,
(2010)

Cupper (Cu)

Cyprinus
carpio

2.19 t0 2.91
mg/kg

Rising levels
of hemoglobin,
blood cells,
albumin, and
globulin. There
was an
increase in
both body
protein and
lipid.  Rapid
pace of
development
and enhanced
immune
system

Dawood et al.,
(2020)

Silica(Si)

Oreochromis
niloticus

2 mg/kg

Reduced feed
conversion rate
(FCR),
increased
growth rate,
enhanced a
rise in weight,
enhanced liver
and kidney
function.

Bashar et al.,
(2021)

Iron (Fe)

Clarias
barachus

40 mg/kg

Accelerated
growth rate,
raised
dissolved
oxygen levels,
elevated pH
levels, higher
survival rate,
heightened
metabolism,

Akter et al.,
(2018)
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abundant fat
and protein
content, and
expanded
weight gain.

Selenium (Se)

Labeo rohita

0.5mg™' mg

The growth
rate is
elevated,
digestibility is
increased, the
quantity of
blood cells
improves,
longevity ratio
is elevated,
and the
nutritional
value is
heightened.

Ahmad et al.,
(2022)

Cyprinus
carpio

1 mg/kg

Enhanced
development,
accelerated
metabolism,
improved
survival rate,
and raised
strength.

Ashouri et al.,
(2015)

European sea
bass

0.5~
1 mg/kg

The individual
shows
significant
weight growth,
a low feed
conversion
ratio (FCR),
strong immune
response, and
elevated levels
of hemoglobin,
white blood
cells, and red
blood cells.

Abd El-Kader
et al., (2021)

Nanotechnology is continuously advancing and its uses are becoming
more diverse and specialized, offering great promise to improve animals overall
generally. Selenium (Se) is a necessity for people and animals. It is required for
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the synthesis of selenoproteins, which are important for optimum development,
resilience, defense mechanisms, the regulation of thyroid metabolism, as well
as reproductive. Inadequate fish nutrition may result in reduced growth
performance, impaired reproduction, limited immunological function, and
diminished antioxidant ability. There are three different types of selenium
available: inorganic, organic, and nano. Organic selenium (Se) and nano-Se
exhibit reduced toxicity, increased stability in chemicals, and enhanced
bioavailability in comparison to inorganic forms of Se. As a result, they are
very advantageous for the cultivation of fish. A comparison indicates that the
presence of Se nanoparticles improves the growth efficiency, immunology, and
antioxidant defense in Cyprinus carpio. Selenium acts as a micronutrient that is
extensively researched for its role in stress management. It is shown to be more
effectively used by fish when they are under stressful situations. Adding to
selenium (Se) in commercial diets may be essential to fulfill the increased
demands of fish when they are under stress. Moreover, Se impacts the
activation of genes associated with the stimulation of development,
immunological reply, and antioxidant protection (Abdollahi-Mousavi et al.,
2024). In addition, Aquaculture encounters several stresses that negatively
impact the well-being of aquatic animals, resulting in a decrease in their
biological and physiological capabilities. Stress factors disturb the equilibrium
of antioxidants, leading to the oxidation of lipids and damage to DNA and cells.
Selenium is recognized for its function in the formation of selenoproteins,
which aid in the synthesis of glutathione peroxidase enzymes. The use of Se
nanoparticles is proposed as a potent antioxidants reagent in aquaculture.
(Dawood et al., 2021).This rewiew goal of study was to knowledge the aquatic
organism to about nanoselenium, which is a nanonutrient (Fig:1)
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Figure 1: A schematic representation illustrating several applications of selenium
nanoparticles (modified to from Sarkar et al., 2015).

Harsij et al., (2020) The researchers conducted a study to examine how
meals containing various combinations of three antioxidants (nano-selenium
(NanoSe), vitamin C, and vitamin E) may protect rainbow trout (Oncorhynchus
mykiss) from the harmful effects of sublethal ammonia concentration. In
addition, the subjects were provided with three different experimental diets: T1
(0.1 mg/kg NanoSe, 100 mg/kg vitamin C, and 30 mg/kg vitamin E) and 100
mg/kg vitamin C. The study had four treatment groups: T1 (30 mg/kg vitamin
E), T2 (0.2 mg/kg NanoSe, 200 mg vitamin C, and 60 mg/kg vitamin E), T3
(0.3 mg/kg NanoSe, 300 mg/kg vitamin C, and 90 mg/kg vitamin E), and a
control group that received a baseline diet. The experiment lasted for 40 days.
It was discovered that fish that were given T2 and T3 meals exhibited
considerably greater final weight, body weight increase, specific growth rate,
protein efficiency rate, and lipid efficiency rate in comparison to the T1 and
control group. Additionally, it was shown that all dietary regimens that received
supplements had decreased rates of food conversion in comparison to the
control group. Additionally, it was shown that serum catalase exhibited a
noteworthy decline alone in the T3 therapy group, but a reduction in superoxide
dismutase activity was reported across all T1, T2, and T3 groups. Similarly, the
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researchers saw a substantial reduction in the concentration of malondialdehyde
in the blood serum of fish that were given meals with added supplements.
Additionally, it was discovered that the levels of blood total protein rose in T1
and declined in T2 and T3. Meanwhile, the levels of triglycerides increased in
the T2 and T3 treatments. Additionally, it was discovered that the levels of total
immunoglobulin, serum lysozyme, and albumin exhibited a considerable rise
at T2 and T3. Furthermore, literature research indicates that the enhancement
in growth performance seen in diets supplemented with antioxidants may be
attributed to the advantageous impact of antioxidants on fish development when
subjected to stressful situations. Selenium (Se) is a crucial element of the
deiodinase enzyme. It is found in several studies where it indirectly influences
the release of growth hormone from the pituitary gland in all vertebrates,
including fish (Harsij et al., 2020). Cotter et al. (2008) observed an
augmentation in thyroid hormone activity in fish that were provided with a diet
supplemented with selenium, resulting in improved growth and feed efficiency.
The use of selenium nanoparticles improved the rate of development in O.
niloticus (Adam et al. 2023), Carassius auratus gibelio (Zhou et al. 2009),
Oncorhynchus mykiss (Hunt et al. 2011), and Dicentrarchus labrax (Betancor
et al. 2012). In a similar manner, Ibrahim et al. (2021) discovered that the
addition of either bulk selenium (Bulk-Se) or nano-selenium (nano-Se)
enhanced the growth performance, feed consumption efficiency, and biological
parameters of Nile tilapia. The present study observed improvements in growth
performance and feed conversion ratio, which can be attributed to several
factors. Firstly, the enhancement of gastrointestinal tract morphology and
histology by nano-Se led to improved metabolism and nutrient assimilation.
Secondly, selenium plays a crucial role as a functional cofactor in the synthesis
of endogenous digestive enzymes, resulting in improved nutrient digestion and
enhanced growth performance and feed efficiency. Thirdly, selenium enhances
protein digestibility and utilization by increasing the quantity and activity of
intestinal microbes and digestive protease activity. The inclusion of nano-Se in
fish diets resulted in an increase in mucosal length and breadth, as well as an
increase in the number of goblet cells in the intestinal epithelium of fish.
Additionally, it led to enhanced cell proliferation and protein synthesis. This
leads to an increase in the surface area of the digestive tract, which improves
the absorption of nutrients in the intestines. Selenium plays an important role
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as a component of co-enzymes in activating the gut microbiome and intestinal
enzymes. This improves the structure and absorption capacity of the digestive
tract, resulting in improved performance and feed efficiency in animals.
Furthermore, vitamin E enhances the protein content inside the cells of the
digestive tract, hence promoting the absorption and assimilation of nutrients
(Dawood et al., 2020).Furthermore, Durigon et al. (2019) found no
enhancement in growth metrics (weight, total length, standard length, specific
growth rate, and total weight gain) among the various treatments and the control
diet. The disparities between past and present findings may be ascribed to
several variables, such as variations in experimental circumstances, fish
species, and disparities in the chemical forms used. It should be noted that
regular selenium is not readily absorbed by organisms, unlike nanoselenium
particles.

1.1.Toxicity of Nanoselenium nanoparticles

Selenium nanoparticles are crucial for the creation of nutritionally
balanced aquafeed. However, excessive administration may lead to toxicity and
hinder the normal physical and cellular processes in fish organisms. The
presence of selenium (Se) in water and ecosystems is mostly derived from
natural, commercial, and agricultural processes. Increasing concerns are arising
over the toxicity of selenium in aquatic environments and its impact on food
chains. Excessive levels of selenium have been shown to cause toxicology and
oxidative damages in aquatic species. Nanoparticles of selenium (Se) may enter
fish either by their gills or by being ingested orally and then absorbed through
the intestines. This can result in the production of methyl-selenide, which
contributes to the generation of superoxide radicals. Additionally, it hinders the
activity of cysteine proteins, which play a role in antioxidant processes.
Developed Se nanoparticles may have detrimental effects on animals and
people, leading to severe toxicity (Dawood et al., 2021; El-Sharawy et al.,
2021). There is little research on the effects of Se nanoparticles on the health
and productivity of aquatic animals. Significant harm to the the gills liver
histology, and metabolic indicators in P. hypophthalmus has been seen as a
result of administering large amounts of Se nanoparticles. The presence of Se
nanoparticles in goldfish led to an elevation in MDA levels and GPx in seminal
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plasma, as well as DNA damage in sperm. Additionally, there was a rise in
spermatocyte and spermatid count (Kumar et al., 2018).

Conclusions

The growing prevalence of nanotechnology may be ascribed to its
potential uses in medicine delivery and enhancing nutrition. Nanomaterials
with antibacterial, antioxidant, and growth-promoting characteristics provide
notable benefits in the field of aquaculture. These compounds have a high level
of bioavailable and may easily pass through the barriers in the intestines. As a
result, they help with many genetic, dietary, and cellular functions such as
respiration, antioxidation, and defense. Particles of selenium have been shown
to concentrate on dangerous bacteria, leading to improved intestinal immunity
and digesting capacity. This, in turn, enhances the behavior and generation of
aquatic animals. Additional investigation is necessary to have a thorough
comprehension of the exact method that Se nanoparticles affect the behavior of
aquatic animals.
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INTRODUCTION

As the global population continues to rise rapidly, the need for
sustainable food sources, particularly through the diversification of plant-based
options, has become increasingly urgent (Springmann et al., 2018). The market
for plant-based protein sources is experiencing significant growth and is
projected to reach $15.6 billion by 2026, reflecting a 7.2% increase (Wang et
al., 2022). Currently, around 60% of the calories required for human nutrition
worldwide are provided by grains such as wheat, rice, corn, barley, rye, and
oats (Sruthi and Rao, 2021).

Oats, belonging to the Poaceae family, thrive particularly well in cool
and humid climates (Kim et al., 2021a). They come in various types, including
black, red, yellow, and white, making oats the sixth most produced grain
globally, following wheat, corn, rice, barley, and sorghum (Mert, 2020; Martin-
Diana et al., 2021; Kamal et al., 2022).

Avena sativa L., commonly known as oat, is a versatile grain utilized in
human food, animal feed, herbal remedies, and cosmetics, possessing unique
characteristics that set it apart from other grains (Varmaet al., 2016). Cultivated
for over 2000 years, oats have been integral to human agriculture (Sang and
Chu, 2017). Rich in carbohydrates, digestible dietary fiber, protein, lipids,
phenolic compounds, vitamins, and minerals, oats are highly valued for their
nutritional content (Joyce et al., 2019). The antimicrobial properties of oats lend
themselves to the management and treatment of various health issues, including
cardiovascular diseases, diabetes, obesity, celiac disease, cancer, and
inflammatory disorders. As awareness of these benefits grows, cultivation has
expanded to support trends in healthy eating, industrial applications, and
scientific research (Paudel et al., 2021).

The concept of superfood refers to foods that enhance the body’s
resistance due to their nutrient and antioxidant content. Examples include
spinach, tomatoes, broccoli, garlic, blueberries, and salmon (Yuanging et al.,
2021). Functional grains, which include oats, lentils, chickpeas, amaranth,
flaxseeds, and wild rice, are also recognized for their nutrient-rich grains
(Wilson et al., 2017). While these grains vary in composition, they generally
provide more protein, vitamins, minerals, and dietary fiber than staple grains
like white rice, wheat, and barley (Kim et al., 2021b). Regular consumption of
these functional grains can help address the issue of inadequate nutrition in
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today's fast-paced lifestyle (Bai et al., 2018; Li et al., 2018; Wing et al., 2018;
Khan et al., 2020).

When comparing the functional content of oats with wheat, barley, and
white rice, oats stand out with a higher protein content than white rice and
comparable levels to wheat and barley. They feature lower starch content,
higher fat and dietary fiber levels, and a significant amount of B-glucan
compared to barley (Table 1).

Table 1. Functional contents of oats and some cereals (Maheshwari et al.2019)

o
Herbs Protein (%) Fat (%) Starch (%) dietary .
fiber (%) grein

(9/100 g)
Wheat 7-22 2-5 68 11.5-155 0.5-1
Barley 14.2 2.4 54.2 13.1 2-20
White Rice 6.3 0.7 80.1 1 0.13
Oat 9-17 5-12 27-50 13-30 3-8

Oats are widely recognized for their rich content of high protein,
vitamins, and minerals, making them a highly valuable grain. They contain a
considerable amount of protein and lipids, alongside essential amino acids like
lysine and between 2-6% B-glucan (Saccomanno et al. 2017; Nogala-Kalucka
et al. 2020). Unlike many field crops where protein levels can vary inversely,
the lysine content in oats remains relatively constant (Klose et al. 2012).
Notably, globulin makes up 70-80% of its protein, with a comparable quantity
of prolamin present (Gell et al. 2017). Oat grains typically contain 5-12% fat,
predominantly unsaturated fatty acids, which is higher than that found in other
cereals. About 95% of this fat consists of oleic, palmitic, and linoleic acids
(Maheshwari et al. 2019; Nogala-Kalucka et al. 2020; Capurso et al. 2021).
Additionally, oats are rich in polyphenols, antioxidants (Kim et al. 2021a;
Martin-Diana et al. 2021; Altuner et al. 2021), and alkaloids (Kim et al. 2021a;
Martin-Diana et al. 2021). Oat bran is particularly noteworthy for its high
content of proteins, B-glucan, saponin, albumin, prolamins, and glutelins.
Consuming whole oat grain can yield significant health benefits (Tieri et al.
2020). With a digestibility rate of 90-94% due to high protein, f-glucan, and
dietary fiber (Kumar et al., 2021), oats are extensively used in the food industry,
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incorporated into various products and beverages (Basri et al., 2020; Briickner-
Giihmann et al., 2019; Guo et al., 2020; McGorrin, 2019).

Research has shown that the high B-glucan content in oats can provide
protective benefits against chronic diseases (Kamal et al., 2022). Moreover, the
USA Drug Administration has recognized the positive impact of oat-derived -
glucan on cholesterol and heart health (Yang et al., 2023).

Oats have long been a staple in the diets of draft and pack animals due to
their high protein content. However, the advent of mechanization in agriculture
led to a significant decline in oat cultivation. Over a span of approximately 70
years, as horses were replaced by machines, global oat production areas shrank
by about 60%. Currently, oats are grown in roughly 2%-5% of total cultivated
land in some countries, stabilizing production at around 25 million tons. In oat-
producing countries, about 25% of the harvest is allocated for human
consumption, while the majority is used for animal feed. Recently, there has
been a growing recognition of oats as a functional food, which has enhanced
their commercial value (Strychar et al., 2011). The production of oats is heavily
influenced by ecological and climatic factors, but advancements in breeding
high-yielding varieties offer potential for increased output (Krattinger and
Keller, 2022; Mel and Malalgoda, 2022).

This study aims to compile data on the cultivation area, yield, production,
and trade of oats, emphasizing their rising importance in the functional and
healthy food market. Additionally, a partial evaluation of oat production and
trade in Tirkiye is included.

OATS PRODUCTION IN THE WORLD

The changes in oat planting area, yield, and production data between
1961 and 2022 reveal notable trends. In 1961, the global harvest area for oats
was 38.3 million hectares, with a yield of 1296.1 kg/ha, resulting in a
production of 49.6 million tons. Since then, the harvest area has progressively
declined. For instance, by 1965, it decreased by approximately 23.2% to 29.4
million hectares. This downward trend continued into subsequent years, with
the area shrinking further by 15.6% in 1980 (to 24.7 million hectares), 16.6%
in 1990 (to 20.7 million hectares), and 21.2% in 1995 (to 16.3 million hectares).
By 2000, the area had plummeted by 22.7% to 12.6 million hectares, and by
2010, it reached 8.9 million hectares—a drop of 20.9% compared to the
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previous period. Post-2010, the harvested area stabilized between 9 and 9.5
million hectares, maintaining these levels through 2022. The most significant
reductions in harvest areas occurred during the periods between 1961-1985,
which saw a total decrease of 35.2%.

While the harvested area has diminished, oat yield has seen a significant
upward trend over the years. Between 1961-1985, yield increased by 47.7%,
with further increases of 60.0% between 1961-2000 and a remarkable 114.1%
between 1961-2022, reaching 2774.9 kg/ha. Calculating the rate of increase
from 1961 to 2023 yields a growth rate of 89.8%.

Table 2. Oat area harvested, yield and production data for the period between 1961-
2022 (FAOSTAT, 2024).

Periods Haé\ll’::lted Change Yield Change Production Change
(%) (kg/ha) (%) (ton) (%)
(ha)

1961 38260751 1296.1 49588769

1965 29386814 -23.2 15434 19.1 45356066 -8.5
1970 30677761 44 17084 10.7 52411105 15.6
1975 29269587 -46 15517 9.2 45418289 -13.3
1980 24697330 -156 16776 8.1 41433288 -8.8
1985 24781851 03 19137 14.1 47425037 145
1990 20679705 -16.6  1930.3 0.9 39917119 -15.8
1995 16302668 212 1716.0 -11.1 27975843.5 -29.9
2000 12595871 -22.7 20733 20.8 26114484.3 -6.7
2005 11351905 99  2076.0 0.1 23566010.8 9.8
2010 8981037 209 21415 3.2 19233197.9 -18.4
2015 9692363 79 23478 9.6 22755504.9 18.3
2020 9800337 1.1 25837 10.0 25321359.6 113
2021 9617498 -1.9 23560 -8.8 22659155.1 -105
2022 9508645 -1l 27749 17.8 26385330 16.4
2023* 8364000 -120  2460.0 -11.3 20542000 221
1961-1985 -35.2 47.7 -4.4
1961-2000 -67.1 60.0 -47.4
1961-2022 -75.2 1141 -46.8
1961-2023* -78.1 89.8 -58.6

*USDA, (2024).
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World oat production has seen a significant decline from 1961 to 2022,
mirroring the reduction in harvested areas. In 1961, global oat production stood
at 49.6 million tons. By 1985, this figure fell by 4.4% to 47.4 million tons. This
relative decrease was influenced by a 14.5% increase in production in 1985
compared to the previous period in 1980. The most notable drop occurred in
1995, with a staggering decline of 29.9%, bringing production down from 39.9
million tons to 27.9 million tons, largely due to reduced harvested areas during
that time. Overall, oat production plummeted by 47.4% between 1961 and
2000, and by 46.8% from 1961 to 2022. By 2022, production had decreased to
26.4 million tons. From 1961 to 2023, the decline in production reached 58.6%.
After significant drops between 1990 and 1995, there were increases in
production during the years 2015, 2020, and 2022, which mitigated the overall
decline. Between 2000 and 2022, stable harvested areas contributed to periodic
increases in production, attributed primarily to improvements in yield.
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20000000 10000
10000000 ‘ I I I 5000
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FFFEFF TS 9
= Area Harvested Production Yield
(ha) (ton) (100 g/ha)

Figure 1. World oat area harvested, yield and production graph between 1961-2022

The graph of oat planting area, yield and production data is shown in
Figure 1. Accordingly, the world oat harvest area and production amount have
had a similar fluctuation course between 1961-2022. The harvest area, which
had the highest amount in 1961, was at 29-30 million hectares between 1965-
1975. It decreased to 24-25 million hectares in the 1980-1985 periods and
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remained in between. The harvest area decreased continuously between 1990-
2005, decreasing from 20 million hectares to 11 million hectares. After that, the
harvest area did not undergo any serious change (Figure 1).

World oat production followed a fluctuating course between 40-50
million tons between 1961-1990. The gradual increase in unit area yield
ensured that the production amount was maintained at a certain level even
though the harvest area decreased. The production amount has been decreasing
continuously since 1995 and reached its lowest point (19.2 million tons) in
2010. After that, it will remain at 22-26 million tons during the 2015-2022
periods.

LEADING COUNTRIES IN OAT PLANTATION AND

PRODUCTION ACCORDING TO PERIODS

The top ten countries leading in oat production according to 2023 data
are shown in Table 3. Accordingly, the total world planting area in 2023 is 8.4
million hectares. The European Union has 2.3 million hectares and Russia has
1.8 million hectares, and the plantings of these two groups constitute 49.1% of
the total planting area. These are followed by Canada, Australia and Brazil. The
top ten countries in oat planting area constitute 90% of the total planting. Others
have a share of 10% in planting.

Table 3. Leading unions and countries in oat planting area and production in 2023
(USDA, 2024a)

Area

Country Harvested Ratio Country Production  Ratio Yield
(1000 Ha) (%) (MT) (%) (MT/Ha)

European

Union 2310 27.6  European Union 6810 331 2.95
Russia 1800 21.5 Russia 3500 17.0 194
Others 840 10.0 Canada 2636 12.8 3.20
Canada 823 9.8 Others 1943 9.5 231
Australia 700 8.4 Brazil 1220 5.9 1.74
Brazil 510 6.1 Australia 1100 5.4 2.16
China 405 4.8  United Kingdom 850 4.1 2.10
United States 336 4.0 United States 828 4.0 2.46
Argentina 285 3.4 Argentina 610 3.0 214
Kazakhstan 190 2.3 China 600 2.9 3.16
United

Kingdom 165 2.0 Chile 450 2.2 2.73

World 8364 100 20547 100 2.46
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According to 2023 data, the total oat production in the world is 20.6
million tons. The European Union has the highest oat production in the world
with 6.8 million tons and a share of 33.1%. The top ten countries in production
are led by the European Union, followed by Russia and Canada. The production
of these three groups and countries constitutes 63.9% of the total production.
Others constitute 9.5% of the total production with 1.9 million tons.

According to the 2023 yield values, Canada, China and the European
Union have the highest yields (3200, 3160 and 2950 kg/ha, respectively). High
unit area yields provide higher production from a smaller area. Brazil has the
lowest yield (1740 kg/ha) and Russia is second in low yield. Especially Russia's
low vyield has caused the production amount obtained from the unit area to be
1/3 less than Canada, China and the European Union.

= European Union = Russia Others Canada
m Australia = Brazil = China m United States
m Argentina m Kazakhstan m United Kingdom

Figure 2. Top ten groups and countries chart in 2023 oat planting area
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Figure 3. Top ten groups and countries in oat production in 2023

The top ten countries in 2023 oat planting area are shown in Figure 2 and
the top ten countries in production amount are shown in Figure 3. Accordingly,
it is seen that the European Union and Russia constitute 50% of the planting
areas. The lowest value among the top ten countries in the planting area graph
belongs to the United Kingdom with a share of 0.165 million hectares and 2%.
Others, which are outside the top ten countries, constitute 0.84 million hectares
and 10% of the planting area (Figure 2).

In 2023 oat production, the European Union constitutes 50% of the
production with 6.8 million tons and Russia with 3.5 million tons. These are
followed by Canada (13%) with 2.6 million tons and Brazil (6%) with 1.2
million tons. Others, which are outside the top ten countries, constitute 9% of
the production with 1.9 million tons. Among the ten leading countries in world
oat production, Chile has the lowest production with 0.45 million tons (2%).
The fact that the United Kingdom has a share of 2% in the planted area and 4%
in production is due to the relatively high unit area yield. Although Kazakhstan
is among the top ten countries with a share of 2% with a planted area of 0.19
million hectares, it is not among the top ten countries in production due to low
yield (Figure 3).
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Table 4. Top ten countries in oat production by year (FAOSTAT, 2024)

2022 2015 2010 2000 1990 1980
Prod. Prod.
Prod. Prod. Prod. Prod.
Countries Countries Countries (1000  Countries (1000 Countries Countries
{1000 ton) {1000 ton) o " (1000 ton) {1000 ton)
Canada 052268 Russiared. IN0AS358 RussiaFed. | 3219.6 RussiaFed. MMBOOBM USSR, 155510 USSR | 139070
Russia Fed. I cone IR 5 Caa 24514 Canada 033 UsA 5189.0 USA 86594
Australia 17300 Usa B 12996 Polmd 1516.5 USA B:i651 o | 26920 Germany [ 32397
Poland M 15008 awseria M 11930 UsA 1188.1 Fitand M 14128 Poland | 2118.8 Canada 29114
Brazil B 12963 Poland M 12196 Austrdia 11616 Sweden M 11377 Germany | 2105.3 Poland 244§
Firland B 2217 Fitand B 9796 Spain 1024.7 Australia M 11180 Finland | 1661.8 France 19307
UK B 00k B 7990 Finland 809.7 Germany M 10872 Sweden | 1584.2 Sweden 1566.7
Spain B oserospin M 7904 UK 6853 Poland M 10702 Awstrdia | 15298 Firdand 12583
USA B os36osween M 7447 Germany 598.0 Cina M 10120 China 890.0 Amstralia | 11283
Germany B sse7mace B 597 Sweden 5593 spin M 9537 Frence £39.5 China 8770
Top Ten Countries ., 156162 132143 193623 341614 15713
Total
World Total
ore o 263853 27555 192332 261145 399171 414333
Production
Top Ten/World
Op Tl Hor 723 6856 68.7 741 856 862
(%)
World Total
9508.6 96924 89810 125959 20679.7 246973
Area Harvested :

The changes in oat production in the top ten countries in certain periods
from 1980 to 2022 are shown in Table 4. Accordingly, in 1980, the USSR had
33.6% of world oat production (41.4 million tons) with 13.9 million tons.
During this period, the USSR and the USA met 49.6% of world oat production
with 20.6 million tons. The top ten countries had an 86.2% production share in
the world with 35.7 million tons.

In 1990, the USSR had 39% of world oat production (40 million tons)
with 15.6 million tons. The USSR and the USA met 52% of world oat
production with 20.7 million tons during this period. The top ten countries had
85.6% of world oat production with 34.2 million tons.

In 2000, it is seen that the USSR's oat production decreased significantly
compared to the previous decade and decreased to 6 million tons. During this
period, the USSR and the USA's oat production accounted for only 36% of the
world oat production (26.1 million tons). Due to the general decrease in
production in these two countries and the top ten countries, which provided half
of the world's oat production in the previous decade, the world oat yield also
decreased by 15 million tons. During this period, the top ten countries provided
74.1% of the production. As of this period, the share of the top ten countries in
world oat production decreased by 10%.
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In 2010, world oat production continued to decrease compared to 2000
and decreased to 19.2 million tons. During this period, the Russian Federation
ranked first with 3.2 million tons, Canada with 2.6 million tons and the USA
with 1.5 million tons. The production amount of the top ten countries, with 13.2
million tons, constituted 68.7% of the world oat production. Compared to the
previous period (2000), oat production decreased by 2.8 million tons in the
Russian Federation compared to the USSR and by 1 million tons in the USA.
This decrease also occurred in some of the top ten countries.

In 2015, world oat production was 22.8 million tons and the production
of the top ten countries was 15.6 million tons. The share of the top ten countries
in world oat production is 68.6%. The Russian Federation is in third place with
4.5 million tons, Canada is 3.5 million tons and Poland is 1.3 million tons. The
USA has fallen one place compared to the previous ten-year period and has
fallen to fourth place with 1.2 million tons.

In 2022, world oat production increased by around 4 million tons
compared to the previous period and reached 26.4 million tons. The production
amount of the top ten countries is 19.1 million tons and its share in world oat
production is 72.3%. During this period, the Russian Federation ranked third
with 5.2 million tons, Canada 4.5 million tons, and the USA 1.7 million tons.
Compared to the previous period, production increased by approximately 0.7
million tons in the Russian Federation, 1.1 million tons in Canada, and 0.3
million tons in the USA. With the increases in the other countries in the top ten
and in other countries not included in the ranking, production increased by 3.9
million tons.

When oat production in the countries ranked first in the 2010-2022
period is examined, their share in world oat production was over 85% in the
1980 and 1990 periods. However, since 2000, their shares first decreased to
74.1%, 68.7%, and 68.6%, and increased again to 72.3% in 2022.

OAT TRADE FROM PAST TO PRESENT

World oat export, import quantities and values for certain periods
between 1961-2022 are given in Table 5. Accordingly, in 1961, world oat
imports were 1.2 million tons and import value was 68.3 million USD, while
exports were 1.3 million tons and export value was 60.4 million USD. In 1990,
imports increased to 2.2 million tons, import value to 288.8 million USD,



183 | Current Studies on Agriculture, Forest and Aquatic Products

exports to 2 million tons and export value to 245.5 million USD. In 2015,
imports increased to 3.4 million tons, import value to 853.2 million USD, and
exports to 3.2 million tons and 745.8 million USD. In 2020, imports reached
their highest level at 3.8 million tons, with an import value of 992.2 million
USD, and exports rose to 3.7 million tons and an export value of 907.8 million
USD, and 2021 remained around this level. In 2022, imports reached 3.5
million tons, with an import value of 1.2 billion tons, and exports reached 3.5
million tons and an export value of 1.2 billion USD.

Table 5. World oat import and export quantities and values by year (FAOSTAT,
2024)

Import

Periods Quantity Import Value Export Quantity Export Value
(1000 USD) (ton) (1000 USD)
(ton)

1961 1211979 68319 1274955 60421

1965 1571466 104693 1748595 92392

1970 1572537 106945 1509656 83707

1975 1232063 178302 1189194 141653
1980 1292918 243072 1493807 220263
1985 1487116 210009 1573981 178673
1990 2163882 288797 2063428 245487
1995 2369520.42 323764 2392869 304770
2000 2555130.84 290752 2727943.31 279257
2005 2677051 407886 2603610 368021
2010 2674731.8 577599 2759290 577817
2015 3371747.45 853248 3160620.76 745812
2020 3836364.71 992175 3710985.85 907802
2021 3773068.13 1047228 3735699.42 1023809
2022 3453696.72 1213115 3522274.01 1198799

The world oat import, export and related values graph between 1961-
2022 is shown in Figure 4. According to this graph, world oat import reached
around 1.6 million tons in the four-year period between 1961 and 1965, started
to increase partially and maintained this level until 1970. However, it is
understood that imports decreased to 1961 levels in the next five-year period in
1975 and fell to 1.2 million tons. After this, there was a partial increase in the
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periods of 1980 and 1985 and this increase reached 2.2 million levels in 1990.
This increasing trend in imports continued until 2010 and was fixed at 2.7
million tons in this period. It is seen that oat imports exceeded 3 million tons in
2015 and reached 3.4 million tons and 3.8 million in 2020. After this year,
imports started to decline and decreased to 3.5 million tons in 2022.
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Figure 4. World oat import, export quantities and values between 1961-2022
(FAOSTAT, 2024)

Between 1961-2022, oat export transactions, similar to import
transactions, had a partial increase between 1961-1970 and then started to
decline again in 1970. Export transactions entered an upward trend between
1980-2000 and reached 2.6 million tons in 2000. Between 2000-2010, world
oat exports stagnated, but reached 3.2 million tons by 2015. Export
transactions, which were at 3.7 million tons in 2020 and 2021, decreased to
around 3.5 million tons in 2022.

World oat import and export values between 1961-2022 had a similar
course between 1961-2000 and followed a mild course, reaching from 92.4
million USD to 279.3 million USD. From 2005 to 2022, there was a more
aggressive increase from 368 million USD to 1.2 billion USD.
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LEADING COUNTRIES IN WORLD OAT TRADE

The oat export and import amounts for the five leading countries in the
world between 1990 and 2022 are summarized in Table 6.

In 1990, global oat exports totaled 2.06 million tons, with 1.8 million
tons (86.7%) coming from the top five exporting countries: Canada (1.7 million
tons), Finland (111.3 thousand tons), Sweden (81.7 thousand tons), Australia
(72.8 thousand tons), and France (53.1 thousand tons). The leading importers
in the same year were the USA, USSR, Algeria, Japan, and Switzerland, with a
combined import of 1.7 million tons. The USA led imports with 1.03 million
tons, followed by the USSR at 384 thousand tons and Algeria at 134.09
thousand tons. Overall, the five main importing countries represented 78.5% of
the world's total imports of 2.2 million tons.

By 2000, the UK replaced France as the fifth-largest exporting country.
During this year, total global oat exports rose to 2.7 million tons, with the top
five countries exporting 2.4 million tons, or 88.7% of the total. Canada
maintained its leading position with 1.5 million tons of exports. On the import
side, global figures reached 2.6 million tons, with the top five countries
accounting for 80.2% of this, importing a total of 2 million tons. The USA
continued to dominate with an import share of 1.7 million tons.

Table 6. Export and import quantities of the world and the top five countries between
1990-2022 (FAOSTAT, 2024)

2022 2010
. Export . Import . Export . Import
Countries Countries Countries Countries
(ton) (ton) (ton) (ton)
Canada 1257823.3 USA 1312826.0 Canada 1544055.0 USA 1579712.0
Australia 587229.1 Germany 475861.9 Finland 320306.0 Germany 259668.0
Finland 225519.7 China 390001.2 Australia 207718.0 Spain 111366.0
Sweden 224900.0 Netherlands 327506.9 Sweden 102398.0 Belgium 95746.0
UK 193553.8 Belgium 181565.6 France 85524.0 Mexico 74532.0
Top 5 Total ~ 2489028.0 2687761.5 2260001.0 2121024.0
World 3522274.0 3453696.7 2759290.0 2674731.8
Top 5/World
(%) 70.7 77.8 81.9 79.3
2000 1990
Export Import Export Import
Countries P Countries P Countries P Countries P

(ton) (ton) (ton) (ton)
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Canada 1510347.0 USA 1730201.0 Canada 611016.0 USA 1034278.0
Sweden 445641.0 Germany 111250.0 Finland 423290.0 USSR 384000.0
Finland 229366.0 Japan 81718.0 Sweden 352324.0 Algeria 134095.0
Australia 138639.0 Italy 72769.0 Australia 236700.0 Japan 81577.0
Switzerlan

UK 96140.0 Russian Fed. 53121.7 France 166568.0 d 63756.0
Top 5 Total ~ 2420133.0 2049059.7 1789898.0 1697706.0
World 2727943.3 2555130.8 2063428.0 2163882.0
Top 5/World

(%) 88.7 80.2 86.7 785

In 2010, global oat exports reached 2.8 million tons, with the top five
exporting countries accounting for 81.9% of the total, equivalent to 2.3 million
tons. The leading exporters were Canada (1.5 million tons), Finland (475.9
thousand tons), Australia (207.7 thousand tons), Sweden (102.4 thousand tons),
and France (855 thousand tons). During the same year, global oat imports
totaled 2.7 million tons, with the top five importing nations capturing 79.3% of
this market, which amounted to 2.1 million tons. The primary importers
included the USA (1.6 million tons), Germany (259.7 thousand tons), Spain
(111.4 thousand tons), Belgium (95.8 thousand tons), and Mexico (74.5
thousand tons).

By 2022, world oat exports increased to 3.5 million tons, with the top
five countries comprising 64.3% of this total at 2.3 million tons. Canada
continued to lead exports (1.3 million tons), followed by Australia (587.2
thousand tons), Finland (225.5 thousand tons), Sweden (224.9 thousand tons),
and the UK (193.6 thousand tons). In terms of imports during this period, total
figures also stood at 3.5 million tons, with the leading countries representing
77.8% of the market, totaling 2.7 million tons. The top importers were the USA
(2.3 million tons), Germany (475.9 thousand tons), China (390 thousand tons),
the Netherlands (327.5 thousand tons), and Belgium (181.6 thousand tons).

From 1990 to 2022, Canada consistently held the highest share in oat
exports, with its shares ranging from 29.6%-34.1% in 1990 to 35.7%-50.5% in
2022. Meanwhile, the USA dominated oat imports during the same period, with
its shares fluctuating from 47.8%-60.9% in 1990 to 38.0%-48.8% in 2022.
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TURKIYE OAT PRODUCTION AND TRADE

Oat production in Tiirkiye ranks third after wheat, barley, and rye
(Karaman et al., 2020). The country holds the 13th position in global oat
production, contributing 1.7%, just behind Belarus (USDA, 2024b). Oats are
primarily cultivated in the Central Anatolia Region, which accounts for 65% of
the production and includes provinces like Ankara, Sivas, and Konya. The
Marmara Region, including Kocaeli, Canakkale, and Balikesir, follows as the
second key area for oat farming (Anonymous, 2023).

Data from 2005 to 2023 show that the planting areas in 2005 (1.33
million da), 2021 (1.37 million da), 2022 (1.38 million da), and 2023 (1.38
million da) were consistently close in size. However, 2023 yielded the highest
production at 410 thousand tons, attributed to an increase in yield from 203
kg/da in 2005 to 297 kg/da in 2023—a notable 31.6% increase over the span.

The lowest values for both planting area and yield during this period
occurred in 2010, with the lowest yield after 2005 recorded in 2021, resulting
in a significant drop in production to 276 thousand tons, despite the cultivation
area being at its peak.

Table 7. Oat planting area, yield and production values in Tiirkiye between 2005-2023
(TUIK, 2024a)

Periods Planted Area Yield Production
(da) (kg/da) (ton)
2005 1330000 203 270000
2010 883900 233 203870
2015 1034570 242 250000
2020 1132633 278 314528
2021 1369490 208 276000
2022 1376551 266 365000

2023 1382118 297 410000
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Table 8. Tiirkiye's oat export and import values for the 2005-2023
period (TUIK, 2024Db)

Periods Export Import
(USD) (USD)
2023 189452 2
2020 124381 8687
2015 1700 673828
2005 9255 788548

The values related to export and import transactions in Tiirkiye between
2005-2023 are shown in Table 8. Accordingly, the lowest export transaction
was in the 2015 period (1700 USD), and the highest export transaction was in
the 2023 period (189.5 thousand USD).

According to the import transactions between certain periods between

2005 and 2023, the lowest imports were in 2023 (2 USD), and the highest
imports were in 2005 (788.5 thousand USD).

CONCLUSION

Oats have historically played a significant role in animal nutrition,
particularly for horses that were essential in rural areas and on battlefields.
However, after the 1930s, the rise of mechanization in agriculture led to a
decline in oat cultivation, as machinery replaced animals for labor. This resulted
in oat production hitting a significant low by the 2010s, stabilizing at around
22-25 million tons. Initially, despite large cultivation areas, production was
limited due to the prevalence of low-yielding varieties. The introduction of new
high-yielding varieties through breeding efforts improved yields per unit area.

In recent years, the recognition of oats as a healthy diet and functional
food has been on the rise, largely due to their rich content of dietary fiber, -
glucan, protein, and antioxidants. Research indicates that oats positively impact
chronic conditions such as cholesterol management, diabetes, anemia, colon
cancer, and cardiovascular diseases. Additionally, their low gluten content
makes them suitable for celiac patients, further expanding their application in
health-focused diets.

This shift from conventional animal nutrition to a focus on human health
has spurred interest in oats across various sectors, including alternative food,
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cosmetics, and pharmaceuticals. There’s an optimism that by developing new
oat varieties that can adapt to diverse ecological conditions, production levels
can increase to meet growing demand.
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Introduction

The concept of agricultural biodiversity is very important for the food
industry, which is one of the current topics today with sustainable ecosystems.
Current solutions and recommendations regarding biodiversity in agricultural
production should be developed by taking into account both climate change and
sustainable agricultural practices. The diversity of plants is increased,
management changes in production systems. Thus, biodiversity makes it more
resistant to climatic conditions and pests. Today's climate changes are
increasing day by day and agricultural production systems are having to adapt
to factors and environmental conditions such as sudden changes in weather
events. Monoculture farming is based on growing only one type of a crop at
one time on a same agricultural area. One of the most important known
disadvantages of monoculture agriculture is that it reduces biodiversity and
disrupts the balance in the ecosystem. Thus, integrating the concept of
biodiversity into agricultural production areas can increase resilience in crop
production. Sustainable agricultural practices such as agroforestry, crop
rotation practices, use of cover crops and use of local plant species and varieties
in crop production will improve the health of production areas. In addition,
these practices will protect water resources and support agricultural
productivity and safe food and safe life actions in the future. leads to
production.

1. Definitions of Agroecosystem, Biodiversity,

Agrobiodiversity and Climate Change

1.1. Agroecosystem

Agroecosystem means the combination of agriculture and ecosystem. An
agroecosystem is a managed ecosystem that typically aligns with the area of a
farm, where its ecosystem functions are appreciated by humans as agricultural
products and services. Consequently, it is a collaborative creation of nature and
humans (Anonymous, 2023a). Abiotic components of agro-ecosystems
encompass climatic factors (temperature, relative humidity, wind and sun light)
and soil (available water and other soil factors). Biotic factors consist of
parasitic and herbivorous pests, competition between crops and other plants,
and beneficial (symbiotic) relationships among organisms, such as those
between belowground organisms and pollinators (Anonymous, 2024).
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Agroecosystems are man-made, which lack the natural diversity but they are
very stable and efficient ecosystems in terms of productivity.

1.2. Biodiversity

Last studies indicate that the concept of agricultural biodiversity was a
significant topic from the 1970s to the present day. Biodiversity is an important
environmental resource that encompasses all forms of life on Earth and must
be protected and enhanced. Due to its significant services in areas such as
climate, water and nutrient cycles, medicine, agriculture, industry, health, and
biotechnology, biodiversity holds great importance for human life (Atik, et al.,
2010). Biodiversity arises as a result of how living things naturally evolve and
adapt. Biodiversity refers to the diversity and variability of living organisms,
their interactions with one another and their environment, as well as the
complex ecological structures they inhabit (Koyuncu, 2021). It functions at
various levels and angles in farms, with the role of increasing stability and
productivity, especially by increasing system resilience.

Biodiversity forms the foundation of ecosystem functioning (Harrop and
Pritchard, 2011). Biodiversity can be considered at three main levels
(Hayrsever Topgu, 2012). They are ecological diversity, organismal diversity,
and genetic diversity each forming a hierarchy of elements (Heywood, 1995).

Ecological biodiversity is the combination of the ecosystem and
functional diversity. Ecosystem diversity refers to the variety of ecosystems in
a given area and the interactions between these ecosystems (Polat, 2017).
Functional diversity is the range of roles that species play in an ecosystem and
the diversity of ecological functions. Organismal diversity refers to the variety
of living organisms within a particular ecosystem, region, or the entire planet
(Slowinski and Guyer, 1989). It encompasses the full range of biological
species, including animals, plants, fungi, bacteria, and other microorganisms.
Organismal diversity is essential for ecosystem stability, resilience, and
productivity. It provides ecosystem services such as pollination, nutrient
cycling, and climate regulation, which are vital for human well-being and the
health of the planet (Chorshanbiyev, 2024). Genetic diversity is the variety of
genetic characteristics within a species and the distribution of these variations
(Vellend and Geber, 2005).
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Biodiversity, particularly in agricultural contexts, plays a vital role in
environmental stability and productivity. It functions at several levels and
aspects, particularly on farms, where its main role is to enhance system
resilience, increasing stability and productivity. Despite challenges in
measuring biodiversity trends, ongoing efforts aim to develop appropriate
indicators for better conservation and management. These definitions highlight
the breadth of the concept and its importance to ecosystems.

1.3. Agricultural Biodiversity

Agricultural biodiversity (agrobiodiversity), is a subset of biodiversity
specific to the agricultural context. It encompasses the variety and variability
among living organisms which are animals, plants, and microorganisms
important to food and agriculture (Heywood, 1999), including the ecological
complexes they are part of agricultural areas host unique biological diversity,
which forms the basis of human activities (Clergue et al., 2009).

Agrobiodiversity includes units such as cultivars, pure lines, and strains,
and habitats like agroecosystems (e.g., farmers’ fields) (Heywood, 1999),
which are not typically considered part of biological diversity. Agrobiodiversity
is a result of deliberate human interaction with natural ecosystems, often
leading to significant modifications. Agroecosystems, therefore, vary
according to cultural and management systems (Heywood, 1999), in addition
to their physical and biological components. Agrobiodiversity is essential as it
is not merely a subset of biodiversity but an extension of it (Heywood, 1999).
It includes elements that are not always accepted as part of biological diversity,
such as artificial diversity and introduced species. However, some argue that
introduced species cannot fulfill the full range of societal values that native
biodiversity does (Angermeier, 1994). Agrobiodiversity arises from the
interplay between the environment, genetic resources, and the management
systems and practices employed by various culturally diverse populations. As
a result, land and water resources are utilized in multiple ways for production.
Agricultural biodiversity encompasses the diversity of genetic resources
(varieties, breeds) and species used in the production of food, feed, fiber, fuel,
and medicine. It also includes the diversity of non-harvested species that
support production (soil microorganisms, predators, pollinators) and the
diversity of species that support agricultural ecosystems in the broader
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environment (agricultural, rural, forest, and aquatic ecosystems) (FAO, 1999;
Agnoletti and Santaro, 2022).

1.4. Climate Change

The United Nations Framework Convention on Climate Change defines
"climate change" as a change in climate that is directly or indirectly attributed
to human activities that alter the composition of the global atmosphere, in
addition to natural climate variability observed over comparable time periods
(Liu et al., 2021). When climate change issues in the world are examined,
temperature increase and then the effects of greenhouse gases come first.
Various climatic events such as drought, fire and excessive rainfall can be listed
as the effects of climate change. According to the climate change and
agriculture evaluation report published by the General Directorate of
Agricultural Reform of the Ministry of Agriculture and Forestry (Anonymous,
2023), it was reported that the Mediterranean Basin, which is very important in
terms of agricultural production, is among the regions expected to be affected
by climate change in the world. Climate change threatens the survival of all
living things in the ecosystem and becomes an ecological problem (Botkin et
al., 2007, Meyerse and Bull, 2002). This issue, which must be taken precautions
in agricultural production, also negatively affects biodiversity. Climate change
threatens agricultural production through biotic and abiotic threats. For this
study, biotic threats negatively affect biodiversity.

The aim of this study was to examine and compile national and
international scientific studies conducted between 2004 and 2024 to investigate
the impacts of climate change on agricultural biodiversity. The main sections
used in preparing this study include: Global Issues Related to Biodiversity, Key
Questions for Understanding the Use and Conservation of Agricultural
Biodiversity, Dynamics of Biodiversity, Interactions Between Biodiversity
Components, Farm Indicators of Diversity and Sustainability.

2. Dynamics of Biodiversity

Understanding biodiversity dynamics is crucial for effective
conservation and management strategies. It enables scientists and policymakers
to anticipate how ecosystems might react to disturbances, identify key factors
driving biodiversity loss, and implement measures to bolster resilience and
sustainability in natural systems. Biodiversity dynamics are influenced by both
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abiotic and biotic factors, including those related to species characteristics.
Abiotic factors encompass the physical and chemical elements that impact
organismal life and shape biological diversity within ecosystems. Key abiotic
factors include climate, soil properties (such as pH, texture, and nutrient
content), topography, the water cycle, and natural disasters, all of which play
significant roles in shaping biodiversity dynamics.

Climate is particularly pivotal, influencing species diversity through
factors like temperature, precipitation, humidity, and wind patterns. Climate
change, in turn, can disrupt the distribution of species and populations across
ecosystems, thereby altering biodiversity dynamics. Soil properties such as
nutrient availability and drainage status also exert profound effects on plant
distribution and community structure, further impacting biodiversity.

Additionally, topographic features like terrain shape and slope dictate
microclimatic conditions and vegetation distribution, contributing to
biodiversity variations across landscapes. Water availability, rainfall patterns,
and the presence of aquatic habitats like rivers and lakes are critical abiotic
factors influencing biodiversity in ecosystems. Natural disasters, including
floods, fires, hurricanes, and other catastrophic events, can lead to significant
ecosystem changes, further influencing biodiversity dynamics.

Biotic factors in biodiversity dynamics involve interspecific interactions,
species diversity, genetic diversity, producers, competition, symbiosis, and
predation. Interactions among species create ecological niches that support
diverse species assemblages, contributing to overall biodiversity. High species
diversity often indicates robust ecosystem health and resilience, allowing
ecosystems to adapt to environmental shifts over time. Genetic variation within
species enhances resilience to environmental stressors and facilitates
evolutionary adaptation. Habibullah et al., (2022) stated in their study that a
large number of species are under threat with climate change, and it is seen that
we face significant risks in terms of food production and nutrition with the loss
of these species.

3. Global Issues Related to Biodiversity
Examining global issues related to biodiversity, several factors affecting
the diversity of life on Earth emerge. They are;



d)

e)

f)

)

h)
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Extreme weather events due to climate change impact the distribution
and populations of species in ecosystems.

Human activities such as urbanization and infrastructure development
lead to habitat loss or degradation.

Introduction of invasive species disrupts ecosystems and can
outcompete native species, reducing biodiversity.

Pollutants like chemicals, heavy metals, and plastics in agricultural
areas have detrimental effects on wildlife and ecosystem health.
Changes in land use, such as mining and urban expansion, alter
natural ecosystems and contribute to biodiversity loss.
Overexploitation of natural resources like water, forest products, and
fisheries can lead to depletion and degradation of ecosystems.
Inadequate enforcement of environmental laws poses a significant
challenge to biodiversity conservation.

Insufficient funding and resources for biodiversity conservation and
management limit the effectiveness of conservation efforts.

Addressing these factors collectively and finding solutions are crucial for

4.

the conservation of biodiversity and the promotion of sustainable management
practices.

Key Questions for Understanding the Use and Conservation

of Agricultural Biodiversity
4.1. Why biodiversity matters?
Preserving agricultural diversity is crucial. Supporting and protecting

people who provide inputs for evolution and ensuring the preservation of
ecosystem capacity are essential steps. Maintaining variety among species is
critical for agricultural development and biological resilience. Additionally,
restoring agricultural lands and promoting farmer knowledge and experience
are vital strategies.

4.2. What is needed to conserve good diversity?
If the goal is conservation, the objectives are as follows:

* Enhancing "in situ" conservation

* Increasing crop development and productivity

» Using a participatory approach
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* Ensuring equitable access to knowledge, resources, technology, etc.
* Regulating property and compensation for farmers involved in the
conservation of agricultural biodiversity

4.3. What is farmers’ knowledge about genetic resources and

their benefits for local communities?

Genetic resources are of great importance to local communities (Harrop
and Pritchard, 2011). These resources can be used to increase the amount of
nutrients and limit different climatic conditions by breaking various agreements
and genetically diversifying plant varieties. Additionally, genetic diversity can
be added to local cultures and their preservation, while economically it can
support local economies, increasing the diversity of the market. The use of
systems resistant to diseases and pests, the use of chemical pesticides, new
management techniques, and adaptation to challenges such as climate change
are also allowed. Therefore, the management and conservation of genetic
change is critical for both management and production, as well as cultural,
economic and sustainability.

4.4. How to encourage farmers’ participation in genetic

improvement for “in-situ” conservation?

Protecting the natural habitats of species is one of the best ways to protect
biodiversity. National parks and natural protected areas are such places where
the protection of naturally existing species parts is created and the protection of
biodiversity is broken. division by preventing loss of genetic improvement in
in situ conservation (Polat, 2017). This protection zone is designated as the
primary duty in conventions regarding the protection of biodiversity.

5. Interactions Between Biodiversity Components

Plant and soil biodiversity is recognized to provide a wide range of
ecological functions, from local to global (Liu et al., 2023). Microorganisms
and plants may communicate in numerous ways, ranging from symbiosis to
disease (Baldrian et al., 2023). But in all ecosystems on Earth, one of the most
fundamental ways that plants and soil biodiversity interact involves the
breakdown of litter, which controls the amount of carbon and plant nutrients
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that enter the soil and directly affects plant growth (Garcia-Palacios et al.,
2021).

When weighed against their equivalents above ground, subsurface
communities typically support a much wider diversity of organisms. While the
factors governing this diversity are still largely unknown, an increasing amount
of recent studies have provided helpful information in understanding how these
factors operate. Both direct and indirect trophic interactions, as well as those
occurring within the food pyramid, have the potential to influence soil
biodiversity. Large-bodied invertebrates in the soil can also affect the diversity
of smaller organisms by altering the soil environment and promoting dispersal
(Wardle, 2006).

According to Fierer and Lennon (2011), soils have a surprisingly high
biodiversity, both in terms of species and extent. As of now, estimates suggest
that only about 10% of the total species diversity is known for the majority of
soil organism groups (Geisen et al., 2019). This great diversity of soil life can
probably be explained by a high degree of functional specialization (Wurst and
Van der Putten, 2007).

In some tropical forests, apicomplexans can account for up to 50% of all
protists, leading to theories suggesting that protists play a significant role in
controlling animal biodiversity. Soils also frequently contain phototrophic
protists, which are important carbon fixers (Oliverio et al., 2020). Protists are
the group in soil biodiversity that increases more with an increase in plant
diversity. Protist populations are shaped by plants (Coleman et al., 2024).
However different management techniques lead to species loss, desertification,
increased greenhouse gas levels, and loss of biodiversity as a result of pollution,
soil erosion, and urbanization, with negative consequences on ecosystem
services and functions (Koch et al., 2013).

6. Effects of climate change on the level of biodiversity in soil

Soil, much more than the rest of the land, is essential for the functioning
of the climate system. Almost 25 percent of greenhouse gas emissions come
from land use, including agriculture and forestry (Kose, 2022). But several
variables, such as changing land uses and climate change, are putting pressure
on the world's soil. Soil is under pressure from temperature increases,
prolonged droughts, and flood (Leal Filho, 2023). Drought and global warming
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have a detrimental impact on biodiversity as well as on the Earth. Since there
is a positive relationship between biodiversity and ecosystem functioning,
biodiversity loss has an impact on Earth's ecosystems (Gore et.al, 2021).
Although soils support a significant proportion of the biodiversity that
underpins important ecosystem processes, studies examining the link between
soil biodiversity and ecological functioning affected by drivers of global change
are still rare (Berlinches de Gea et al., 2023).

The ability of soil biodiversity to suppress disease-causing soil
organisms and provide clean air, water, and food (Gore et.al, 2021; EI Mujtar,
2019) is leading to greater recognition that soil biodiversity is good for human
health. On the other hand, harmful land use practices and global climate change
are having an impact on subsurface life forms. This is also reducing soil
biodiversity and undermining some of these benefits (Pascual et al., 2015).
Research supports the idea that soil biodiversity can be maintained and even
partially restored (Gore et. al, 2021) through sustainable management practices.
Although it has not received much attention, maintaining soil ecology and
biodiversity through improved management techniques can benefit human
health (Wall et al., 2015).

The dynamic interaction of bacteria, fungi, protozoa, insects, worms, and
other invertebrates and vertebrates with the fauna and flora below the soil
surface results in a network of biological activities known as soil biodiversity
(Adhikari and Hartemink, 2016). Soil biodiversity enhances topsoil vegetation,
as it breaks down plant wastes and strengthens soil resilience. According to
Bach et al. (2020), the soil system probably accounts for more than 25 percent
of total biodiversity. Moreover, high species diversity supports soil health and
fertility. Critical ecosystem processes such as nutrient and carbon cycling
additionally the management of pests and diseases are driven by soil biota
(Geisen et al., 2019). As shown by Hu et al. (2016) and Hol et al. (2015) plant
pathogenic fungal development and density are suppressed more strongly by a
greater diversity of bacteria than by a lower diversity. Research indicates that
the temporal stability and multifunctionality of ecological systems are
improved by soil biodiversity (Wagg et al., 2021).
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7. Plant health biodiversity relationship

The application of natural and sustainable soil management techniques
is crucial for the conservation and enhancement of soil biodiversity functions.
By identifying microbes that are likely beneficial for favorable soil species to
thrive, it may be possible to produce microbial-based products that can directly
impact soil communities to promote plant growth and health (Del Duca et al.,
2024). Both the preservation of plant biodiversity and the creation of new
opportunities for the application of sustainable agroecological techniques in
crop production are imperative (Llauradé Maury et al., 2020).

Compared to diversified ecosystems, low-species ecosystems are
generally better at producing biomass, breaking down plant matter, capturing
high concentrations of nutrients, and remaining stable over time. The way
ecosystems function and the interaction of biodiversity is often context-specific
(Cappelli et al., 2022). Moreover, the supply of ecosystem services and
functions, such as soil carbon storage, pollination, and pest and pathogen
mitigation, are promoted and balanced by biodiversity (van der Plas, 2019). The
biodiversity of agricultural systems were reduced, and they are vulnerable to
pests and diseases in addition to stresses like drought (Liang et al., 2017; Savary
etal., 2019). The relationship between soil microbial diversity and plant health
was the subject of recent studies. Increasing research in biodiversity science has
revealed the links between diversity and many aspects of ecological balance, as
well as the importance of plant-soil interactions for sustainable agricultural
methods (Manning et al., 2019; Thakur et al., 2021).

As the scale of time and space increases, biodiversity becomes more
significant in ecosystem functioning (Isbell et al., 2018). Spontaneous
fluctuations in environmental conditions affect stress levels, which is probably
why the persistent character of diversity and complementary interactions
become more important (Steudel et al., 2013). Plant health and the
environmental conditions necessary for sustainable agriculture can both be
significantly improved by biodiversity. Live microorganisms in soil support
plant growth for crop diversity, biotechnological uses, and sustainable
agriculture while also contributing to biodiversity (Rana et al., 2020).
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8. Conclusion and Recommendation

Agricultural biodiversity is the cornerstone of sustainable agricultural
systems, especially in the context of climate change. It encompasses the
diversity and variability among living organisms (plants, animals, and
microorganisms) that are critical to food production and ecosystem health. The
increasing impacts of climate change, such as temperature fluctuations, extreme
weather events, and changing precipitation patterns, pose significant challenges
to agricultural biodiversity. Monoculture agriculture, where modern
agricultural practices are intensively applied, reduces biodiversity and
ecosystem resilience. Therefore, integrating biological diversity into
agricultural systems, especially with local variety richness, is important for
agricultural sustainability by increasing resilience to climate change
parameters.

Biodiversity contributes to the stability and productivity of agricultural
systems by improving soil health, water management, and pest control.
Sustainable farming practices such as agroforestry, crop rotation, cover
cropping, and the use of native plant varieties can support these benefits,
making agricultural ecosystems more resilient to climate change. Genetic
diversity in crops and livestock further supports adaptation to changing
environmental conditions, reduces dependence on chemical inputs, and
increases food security.

The development and management of climate-resilient agricultural
systems are fundamental to supporting biodiversity. This includes diversified
agricultural systems, genetic diversity, sustainable soil management, research,
policy initiatives, and farmer participation. Sustainable soil management
requires regular monitoring and support through organic practices, which
improve soil structure and reduce reliance on chemical inputs.

Research and dissemination are vital for expanding communication
between system applications and biodiversity, and for leveraging improved
solutions. Investing in biodiversity research, training, and extension services
for farmers on sustainable agricultural practices, biodiversity conservation, and
climate adaptation solutions is essential. Corporate and institutional governance
should include the development of policies and financial incentives for farmers
who adopt biodiversity-friendly practices such as agroforestry and organic
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agriculture. 1t should also establish and conserve policies that serve as
reservoirs for genetic diversity and ecosystems with high biodiversity.

Finally, departmental dissemination and information sharing are crucial
for preserving biodiversity. Integrating traditional and local knowledge into
biodiversity conservation strategies and encouraging collaborative networks
between farmers, researchers, policy practitioners, and conservationists can
enable knowledge sharing, resource pooling, and optimal exploitation. With
these recommendations, agricultural systems can be made more resilient to
climate change, leading to sustainable food production and the protection of
biodiversity for future generations.
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Introduction

Rural development is essential for improving the quality of life and
economic well-being in sparsely populated areas. Traditionally, it has focused
on the intensive use of land and natural resources, particularly in agriculture
and forestry. However, rural areas face challenges such as poverty, insufficient
educational infrastructure, and limited technological accessibility, necessitating
innovative solutions. Migration from rural to urban areas poses a significant
challenge to sustainable development and environmental health. Immediate
action towards sustainability is needed to address climate change and ensure a
prosperous future. The European Union reports annual economic losses of
around 12 billion euros due to climate-related impacts, potentially rising to 170
billion euros with a 3°C global temperature increase (European Commission,
2021).

The digital transformation adds complexity to creating adaptable,
energy-efficient, and resilient communities. While “smartness™ can help
achieve the United Nations' Sustainable Development Goals (SDGs),
challenges like economic growth commitment and governance issues may
hinder progress (Jones et al.,, 2017). Moreover, smart infrastructure is
vulnerable to climate change, highlighting the need to integrate climate
resilience into smart planning tools for effective governance (Moraci et al.,
2018).People migrate to cities seeking better living standards, economic
opportunities, and access to services and technology. However, urban areas also
face challenges like higher crime rates and poor air quality (OECD, 2020).
Governments worldwide are integrating Smart City concepts to promote
economic growth, social inclusivity, and sustainability in urban centers.

The rise of smart villages may inadvertently drive urban migration,
particularly among the youth seeking better education and economic prospects,
potentially causing a new brain drain (Winters, 2011). The COVID-19
pandemic has shifted societal norms, emphasizing remote work and social
distancing, which may influence new migration patterns from cities to rural
areas (European Commission, 2020).

Climate change, digitalization, and migration are central to sustainable
development, affecting both urban and rural areas. Improved connectivity
between these areas is crucial. The Smart Village concept addresses rural
disparities by leveraging digital and telecommunications technologies,
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fostering local business support, and enhancing residents' well-being (European
Commission, 2017). This aligns with Smart City initiatives in urban settings.

The Smart Village concept, as articulated by Aziiza and Sustano (2020),
represents a paradigm shift, leveraging rural cultural heritage for development
and re-evaluating cultural diversity in rural planning. Bonenberg et al. (2020)
emphasize the competitive advantage of aligning smart village strategies with
rural heritage and cultural diversity. Smart City development, according to
Mohanty (2017), transcends bureaucratic efficiency, aiming to cultivate
communities through ICT infrastructure. Smart Cities optimize urban services,
enhance competitiveness, and ensure sustainability through smart
infrastructure, buildings, transportation, energy, healthcare, technology,
governance, education, and citizen engagement. Guzal (2018) notes that
technology in smart villages extends beyond connectivity to include
infrastructure investment, business development, human resources, and
community building. This integration of technology is crucial for the resilience
and effectiveness of the smart village model. Inspired by Smart City principles,
the Smart Village model seeks to incorporate advanced technologies into
remote regions (Abinash and Josephine, 2018). The goal is to address
challenges through ICT and Geographic Information System (GIS)
methodologies (Ahlawat, 2017).

This study aims to contribute to the discourse by presenting development
models focused on animal and plant production and proposing production and
marketing initiatives through women's cooperatives within the smart attraction
villages model. The geographical focus is on rural areas in Turkey's Eastern
Mediterranean region, enriching the broader context of rural development and
smart city initiatives.

Material and Methods

The study was carried out in the rural expanse of the Feke district,
situated at a distance of 118 km from the Adana city centre. The altitude of the
area is 620 meters. Positioned in the north-eastern sector of the Mediterranean
Region, it spans latitudes 36-37° North and longitudes 34-35° East. The overall
average elevation stands at 620 meters. According to the latest data from the
Turkish Statistical Institute (TUIK) in 2023, the total population of Feke village
is recorded as 12,919 people (Figure 1). The research methodology involved
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conducting interviews with the leaders of 48 villages for a comprehensive
analysis.

Feke stands out as the most economically disadvantaged district within
the Adana province, marked by a poverty level of 26.3. Notably, it is
characterized by a high rate of migration. The challenging topography,
featuring rugged and mountainous terrain, directs the predominant agricultural
focus towards livestock farming. Animal husbandry, often conducted through
small-scale operations centered around sheep and goats, plays a dominant role
in the region. Beyond its economic significance, livestock farming serves as a
vital source of income for local families and fulfils their protein requirements.

In the forested villages, animal grazing in forest grasslands represents a
production method requiring minimal input throughout the day. Additionally,
the region boasts natural attractions, with the passage of a branch of the Seyhan
River offering opportunities for nature sports such as rafting and trekking. The
natural characteristics of the area also position it as a potential hub for
ecological farming and eco-tourism.

To be able to define the region and establish a model, we first conducted
a SWOT analysis (Anonymous, 2024). A SWOT analysis is a technique that
allows you to examine in detail the positive and negative factors related to the
work you are undertaking or the project you are initiating, helping you gain an
advanced strategic understanding. SWOT consists of the initials of strengths,
weaknesses, opportunities and threats. This analysis aims to compare these
factors in a detailed manner, resulting in the creation of plans and strategies for
the future.

In essence, a SWOT analysis involves placing strengths, weaknesses,
opportunities and threats into a four-column table, providing a comprehensive
overview of your organization's current state and aiding in the formulation of
future plans and strategies.

Shifting the focus to the smart village concept, its infrastructure
encompasses physical elements, information and communication technology
(ICT) and various services. The physical infrastructure constitutes the tangible,
structural entity of the smart village, encompassing buildings, roads, railway
tracks, power supply lines and water supply systems. Typically considered the
non-smart component of intelligent urban areas, the physical infrastructure
provides the foundational framework. In order to establish a smart village
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model in the region, a survey consisting of 32 questions was conducted in 48
villages to identify opportunities and threats in economic, social and
environmental aspects. Subsequently, a model was developed, taking into
account the distance of each village to the district center. The survey questions
focused on various topics, including the infrastructure of the villages,
accessibility, the presence of natural areas, environmental advantages and
disadvantages, the existence of endemic plant species and their marketability.
Additionally, aspects such as women's participation in the economy, business
models suitable for cooperatives, policy implications, migration and
expectations were explored. Furthermore, an analysis was conducted on the
usage of Information and Communication Technology (ICT), which is a crucial
component of the smart village model. A comprehensive search using the
keyword "smart village™ in SCOPUS revealed literature on 1429 topics. After
analyzing these sources, a focused examination was conducted on 25 relevant
pieces of literature, marking the completion of the preliminary study on the
subject. Subsequently, these documents underwent thorough scrutiny and
analysis, focusing on key aspects such as definitions, models and application
examples. Through a meticulous process, 19 journal documents emerged as
pertinent for the final analysis. Employing the purpose-oriented mapping
method, along with a detailed examination of models and application examples,
these selected documents were subjected to rigorous scrutiny. The outcomes
were then substantiated through meticulous validation processes, ensuring the
relevancy and accuracy of the findings in the formulation of the smart village
model proposed in this research (Abinash and Josephine, 2018; Ahlawat, 2017;
Aziiza and Susanto, 2020; Bonenberg et al., 2020; Fernandez and Peek, 2023;
Guzel, 2018; Holmes and Thomas, 2015; Jones et al., 2017; Paniagua, 2022;
Paniagua, 2023a; Paniagua, 2023b; Paniagua, 2023c; Patel, 2018; Rahmawati
et al., 2018; Rwakihembo et al., 2024; Singh and Zhang and Zhang, 2020;
Smith et al., 2023; Viswanadham and Vedula, 2010; Winters, 2011).

The structuring of the model in this study involved several key
approaches, starting with an initial interview, an extensive review of relevant
literature and an examination of supporting regulations. The literature review
was meticulously conducted, focusing on selecting journals that aligned with
the model's definition and its practical applications. Following this, an in-depth
analysis of local regulations pertaining to the research subject, namely Feke
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district, was undertaken. For a visual representation of the research
methodology, please refer to Figure 2 (Aziiza and Susanto, 2020).

Smart villages embody characteristics such as sustainability, quality of
life (QoL), urbanization and smartness. Sustainability considerations
encompass various aspects including infrastructure, governance, energy,
climate change, pollution, waste management and social, economic, and health-
related issues. Quality of life metrics assess the emotional and financial well-
being of citizens, while urbanization encompasses technological advancement,
infrastructure development, governance efficiency and economic vitality.
Smartness, viewed as a goal to enhance economic, social and environmental
standards, includes dimensions such as a smart economy, smart people, smart
governance, smart mobility and smart living. When re-evaluating the
connections between rural and urban areas, the focus should shift towards
creating inclusive and participatory networks that prioritize collaboration over
hierarchy. This approach ensures that the entire region benefits from both the
digital transformation and the move towards environmental sustainability.
Figure 3 below presents a simplified yet conceivable representation of these
intelligent and sustainable connections (Fernandez and Peek, 2023).

The Smart Village concept has been conceptualized as a transformative
paradigm for the development of rural areas in India. This innovative
framework was introduced by (Viswanadham and Vedula, 2010) as
documented in their seminal work, "Design of Smart Village". The Smart
Village model, conceptualized, delineates a systematic ecosystem that
encompasses four pivotal dimensions: 1) Institution, 2) Resources, 3) Service
Chain and 4) Service Delivery Technologies & Mechanisms (Viswanadham
and Vedula, 2010). This structurally comprehensive framework provides a
holistic foundation for addressing the intricacies of rural development. In
tandem with this model, the Smart Village paradigm identifies seven key focus
areas-economy, ICT, people, governance, environment, living and energy-
underscoring a nuanced approach to sustainable development (Mishbah et al.,
2018). This delineation highlights the multifaceted nature of the challenges and
opportunities intrinsic to the smart village development agenda.

The genesis of the Smart Village concept can be traced to the heightened
awareness of Information and Communications Technology (ICT), serving as
a strategic lever for local economic development (Singh and Patel, 2018). This
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recognition underscores the instrumental role of technology as a catalyst for
transformative change within rural contexts.

Secondary data were sourced from the Ministry of Agriculture and
Forest, as well as the Turkish Statistical Institute (TUIK) database for the year
2023.

Approval from the local ethics committee is not deemed necessary for
this research.

Results and Discussion

1. SWOT Analyses of Feke District

Following interviews with the headmen of 48 villages, data pertaining to
the sustainability of the current regional situation and the outcomes derived
from the identification of SWOT analyses have been compiled and are
presented in Table 1. Upon scrutinizing the tables outlining internal and
external factors influencing the resilience of sustainable livelihoods to climate
change and considering existing research, the strategies for enhancing
resilience in the SWOT matrix were formulated. The SWOT matrix stands as a
critical tool aiding managers in devising four distinct strategy categories:
offensive (SO - strengths-opportunities), adaptive (WO - weaknesses-
opportunities), conservative (ST - strengths-threats) and defensive (WT -
weaknesses-threats) as indicated by (Tohidimoghadam et al., 2023). In the
context of the sustainable smart village model in Feke, the matrix presented in
Table 1 delineates proposed strategies to address the challenges and capitalize
on the opportunities identified in the study.

1.1. Strengths

The region exhibits various strengths that contribute to its overall
potential and appeal. Firstly, it possesses significant agricultural potential with
ample suitable land and natural resources, providing an opportunity to diversify
agricultural products through the adoption of modern farming techniques.
Additionally, the area boasts captivating natural beauty and touristic potential,
featuring scenic landscapes and abundant natural attractions, positioning it as
an attractive destination for agro-tourism. Moreover, the strong social cohesion
and adherence to traditional lifestyle practices in the community enhance its
cultural appeal, making it enticing for cultural tourism. The availability of
diverse water sources and natural wealth further strengthens the region's
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environmental sustainability —potential through responsible resource
management. Rich traditional livestock practices, coupled with a diverse range
of local livestock breeds, contribute to the region's strength in sustainable and
locally focused livestock production. Overall, these strengths create a
foundation for the region to capitalize on its agricultural, cultural and
environmental assets.

1.2. Weaknesses

The region also faces several challenges and weaknesses that need to be
addressed for comprehensive development. Firstly, there is a sensitivity to
climate change, posing risks to agricultural activities. A deficiency in
technological infrastructure, including limited access to technology, hampers
innovation and productivity in various sectors. Insufficient employment
opportunities and a lack of essential infrastructure present obstacles to
community development, demanding focused efforts in these areas. The
tendency of youth migration raises concerns about demographic sustainability,
emphasizing the need for incentives to retain the younger population.
Challenges associated with input costs and marketing, coupled with
uncertainties in the market, require strategic efforts for cost-effectiveness and
the development of flexible marketing strategies. Education and skill
deficiencies also pose challenges, necessitating training programs to enhance
knowledge and skills across various sectors. Addressing these weaknesses is
crucial to creating a foundation for sustainable growth and resilience in the face
of evolving economic and environmental conditions. There are also specific
limitations that may hinder the transition of villages towards smart solutions.
One major limitation is the lack of a systematic approach for implementing
smart solutions at the municipal level. Often, each municipality independently
coordinates its smart development efforts. Decisions regarding the adoption of
smart technology and non-technological smart solutions (Hlavacek et al., 2022)
are frequently based on considerations of whether they will meet expectations,
be financially feasible, and gain acceptance from the local community (Hyllova
and Slach, 2018).
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1.3. Opportunities

The region presents several promising opportunities that can be
leveraged for sustainable development and growth. Firstly, there is the potential
for sustainable agriculture and access to organic markets, aligning with the
global trend towards environmentally friendly and organic products. Exploring
alternative energy sources offers the prospect of environmental sustainability
and reduced dependency on traditional energy forms. The region's natural
beauty and cultural richness can be utilized to enhance touristic attraction and
interaction, contributing to the local economy. Community solidarity and social
projects can strengthen bonds within the community and provide avenues for
participation in meaningful initiatives. Marketing of local products, including
livestock items, creates opportunities for economic growth and local brand
recognition. Hosting touristic and cultural events can further boost the region's
economy by attracting visitors and fostering cultural exchange. Agriculture-
tourism collaboration, through initiatives such as farm tours and interactive
experiences, can create diversified income sources. Conservation of local
livestock breeds is an opportunity to preserve unique genetic resources and
promote sustainable farming practices. Protection of Designation of Origin
(PDO) trading for local products can enhance the uniqueness and quality of
goods, potentially boosting the local economy. Celebrating and preserving the
community's cultural heritage and habituation can attract cultural tourism,
contributing to the region's identity. Religious faith can be a unifying force,
fostering social cohesion and resilience during challenges. Lastly, the tradition
of the family management system provides an opportunity for the sustainable
transfer of businesses within families, contributing to the long-term economic
stability of the region. Capitalizing on these opportunities requires strategic
planning and collaboration across various sectors for holistic and sustainable
development.

1.4. Threats

The region faces several potential threats that could impact its
development and stability. Firstly, natural disasters and environmental risks
pose a significant challenge, requiring preparedness and mitigation measures to
safeguard the community and its resources. Market and trade uncertainties
introduce risks related to economic activities, demanding adaptable strategies
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to navigate fluctuating market conditions. Global economic changes may
impact the region's economic resilience, necessitating efforts to enhance
financial stability. Water scarcity and resource insufficiencies pose threats to
agricultural practices and overall sustainability, emphasizing the need for
efficient resource management. Market price fluctuations can disrupt economic
activities, requiring resilience-building measures to mitigate the impact on local
businesses. Livestock diseases and health risks present challenges to the
agricultural sector, emphasizing the importance of robust veterinary health
measures. Investment and financial challenges may hinder economic growth,
requiring strategic financial planning and support. Environmental pressures and
regulations, if not addressed thoughtfully, can pose challenges to businesses
and practices that are not aligned with sustainability goals. Finally, the lack of
employment opportunities and essential infrastructure may contribute to
demographic challenges, necessitating focused efforts in these areas for
community well-being and retention. Addressing these threats requires a
comprehensive and strategic approach, involving collaboration across sectors
and proactive measures to build resilience against potential risks
(Tohidimoghadam et al., 2023). Reported that to develop a sustainable smart
village model in rural areas, it is necessary to design and implement practical
programs, based on the assets and experiences of rural regions, to increase
resilience against potential crises. In this context, the first essential step is to
accurately recognize and understand the dimensions of villagers' sensitivity and
resistance, thereby enhancing their threshold of tolerance and flexibility. In our
study, a SWOT analysis was conducted to assess the resilience of rural areas
against climate change. Similarly, in our research, the region's weaknesses,
areas for improvement and strengths were identified not only in the context of
the climate crisis but also in economic, social and environmental aspects. This
is crucial for the development of a smart village model.

A comprehensive and integrated approach is needed, encompassing
economic, social and environmental dimensions. Initiatives focused on
sustainable agriculture, tourism, cultural preservation, technological
advancement and community engagement can collectively contribute to the
overall well-being and resilience of the community. The identified threats
should guide strategic planning to implement measures that enhance the
community's strengths while addressing its vulnerabilities (Dhraief et al.,
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2019). This analysis underscores the need for strategic planning that leverages
opportunities, addresses threats and capitalizes on the unique strengths of the
community. A comprehensive approach should consider the integration of
economic, social and environmental factors to foster sustainable development
while mitigating potential challenges as similar (Dhraief et al., 2019).

The migration of rural inhabitants is intricately tied to a convergence of
social, economic and environmental challenges, including issues such as
poverty, underdevelopment and the exacerbating impacts of climate change.
These challenges collectively contribute to a cascade of interconnected
problems, exacerbated by factors like inadequate basic infrastructure, the
underdevelopment of agricultural lands and industrial facilities and the absence
of favorable marketing conditions in rural areas. The culmination of these
issues compels individuals to seek alternative living arrangements.

Addressing the complexity of this situation requires the adoption of a
strategic planning approach that delves into the intricate interplay between
existing socio-economic and environmental dynamics. This involves not only
addressing immediate problems but also recognizing and harnessing the
intrinsic values embedded within local systems. To cultivate sustainable
solutions, the planning process must establish achievable goals, acknowledging
the diverse and interconnected nature of the challenges at hand. An integrated
and holistic strategy becomes paramount, recognizing the necessity for
comprehensive measures to counteract the driving forces behind rural
migration and promote the development of resilient, thriving communities.

The formulation of rural growth dynamics serves as a reflection of the
existing conditions and development challenges within rural areas. Solving
these problems requires a comprehensive understanding of sustainable growth
and empirical research points to key factors influencing its successful
implementation. Chief among these factors is the ability of communities to
coexist, exhibit group behavior, engage in collective actions, demonstrate
tolerance and build and strengthen social relationships. The effective utilization
of these factors translates into the creation of social capital, thereby enhancing
competitiveness, increasing income and improving the overall living conditions
of rural inhabitants. In essence, the development of a robust system within rural
areas holds the potential to positively transform communities by fostering
social cohesion, economic prosperity and sustainable living condition.
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2.Smart Village: Component and Characteristics

In light of the determined literature and questionnaires, the main
headings for the "Smart Village" arrangement in the mountainous and rural
areas of the Feke district in Adana are provided below:

2.1. Smart Infrastructure, Internet of Things (loT), Smart

Public Services and Enhanced Living in the Smart Village

The foundation of the Smart Village rests upon the integration of Smart
Infrastructure, Internet of Things (IoT) and Smart Public Services, aimed at
creating a forward-thinking rural living model. The primary focus is on
bolstering information collection and sharing capabilities through sensors and
connected devices, with an initial emphasis on enhancing electricity, road and
telecommunication-based internet infrastructure. This foundational step is
crucial, serving as the bedrock upon which subsequent services can be planned
and implemented effectively.

Collaborating with a technology-providing company, the design of the
Smart Village aims to craft a next-generation rural living experience that
seamlessly blends traditional farming methods with cutting-edge technology.
This holistic approach envisions an attractive center where the benefits of
digitization enhance efficiency not only in daily life but also in agricultural
production, forming the core of the smart village model. The integration of
advanced technologies, particularly 10T applications, plays a pivotal role in
revolutionizing agricultural practices.

In the Smart Village model, 10T applications extend beyond agriculture
to encompass critical aspects of community life. Automation features, such as
intelligent irrigation based on meteorological conditions, greenhouse
automation and fertilizer management automation, optimize farming processes.
Simultaneously, smart technologies enhance the lives of farmers by automating
feed production, barn management, poultry facilities, frost protection, milk
production, beekeeping and even incorporating health-related tools like
pedometers and early warning systems. This not only streamlines agricultural
operations but also contributes significantly to environmental cleanliness and
the preservation of public health.

Expanding beyond agriculture, the Smart Village incorporates a
comprehensive range of public services to ensure the well-being and
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convenience of its residents. This includes smart healthcare facilities,
educational institutions equipped with advanced technologies, social spaces for
community interaction, shopping facilities and streamlined governance
services. Hospitals and schools are integrated with IoT applications to enhance
efficiency and provide a higher standard of service. Social areas are designed
to foster community engagement and well-being and shopping facilities
embrace digitization for a more convenient and connected experience.
Governance services leverage smart technologies to enhance accessibility and
streamline administrative processes, making citizenship processes more
accessible to residents.

2.1.1. Sustainable Practices & Biodiversity Conservation: In the
Smart Village, a strong emphasis is placed on sustainable practices and the
conservation of biodiversity. This includes promoting organic farming
methods, preserving natural habitats and implementing measures to safeguard
the diversity of plant and animal species. By adopting eco-friendly agricultural
practices, the Smart Village aims to maintain a harmonious balance between
human activities and the surrounding ecosystem, contributing to the overall
well-being of the environment.

2.1.2. Community Awareness & Education: To enhance
environmental consciousness and promote responsible practices, the Smart
Village actively engages in community awareness and education programs.
Workshops, training sessions and informational campaigns are conducted to
educate residents, farmers and stakeholders about the importance of sustainable
agriculture, waste reduction and the overall ecological impact of their activities.
By fostering a sense of environmental responsibility, the Smart Village strives
to create a community that actively participates in preserving the environment.

2.1.3. Innovative Technologies for Waste Management: The
Smart Village leverages innovative technologies for efficient waste
management, incorporating advanced methods such as smart waste sorting and
recycling systems. Through these technologies, the village ensures that waste
materials are sorted at the source, facilitating the recycling process and
minimizing the environmental footprint. This forward-thinking approach aligns
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with the overarching goal of creating a cleaner and more sustainable
environment within the Smart Village.

2.1.4. Eco-Friendly Infrastructure Development: In line with the
commitment to environmental sustainability, the Smart Village focuses on
developing eco-friendly infrastructure. This includes energy-efficient
buildings, green spaces and the integration of renewable energy sources. By
incorporating eco-friendly elements into the village's infrastructure, the Smart
Village not only reduces its ecological impact but also provides a model for
sustainable development that can be replicated in other regions.

2.1.5. Monitoring and Evaluation Systems: To continuously
assess and improve its environmental initiatives, the Smart Village implements
robust monitoring and evaluation systems. These systems track key
environmental indicators, allowing for data-driven decision-making and the
adjustment of strategies to maximize positive environmental outcomes. Regular
assessments ensure that the Smart Village remains adaptive and responsive to
emerging environmental challenges.

2.2. Smart Transportation in Smart Village

Smart Transportation is a cornerstone of the Smart Village's commitment
to creating a sustainable, efficient and technologically advanced mobility
system. With a focus on reducing environmental impact and enhancing overall
accessibility, the Smart Village employs innovative technologies to transform
transportation within the community.

2.2.1. Electric and Autonomous Vehicles: The Smart Village
embraces electric and autonomous vehicles as key components of its smart
transportation network. Electric vehicles contribute to a significant reduction in
greenhouse gas emissions, promoting cleaner air and a healthier environment.
Autonomous vehicles enhance safety and efficiency, providing residents with
convenient and reliable transportation options.

2.2.2. Integrated Mobility Platforms: An integrated mobility
platform serves as the backbone of the Smart Village's transportation system.
This platform seamlessly connects various modes of transportation, including
buses, electric shuttles and bike-sharing services. Residents can access real-
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time information, plan routes and make transportation decisions through user-
friendly mobile applications.

2.2.3. Smart Traffic Management: Utilizing advanced sensors and
data analytics, the implementation of smart traffic management systems in
Smart Villages represents a significant step forward in urban planning and
infrastructure development. By optimizing traffic flow, reducing congestion
and enhancing road safety, these systems not only improve the daily commute
for residents but also contribute to a more sustainable and liveable environment.
The integration of adaptive traffic signals and real-time traffic updates further
underscores the commitment to efficiency and innovation, ultimately
enhancing the overall quality of life in Smart Villages.

2.2.4. Last-Mile Connectivity: Addressing the challenge of last-mile
connectivity, the Smart Village introduces solutions such as electric scooters
and bike-sharing programs. These options provide residents with convenient
and sustainable transportation choices for short-distance travel, contributing to
reduced traffic congestion and improved air quality.

2.2.5. Environmental Sustainability: Smart Transportation in the
Smart Village prioritizes environmental sustainability by promoting eco-
friendly modes of transport. The integration of electric vehicles and the
encouragement of cycling and walking not only reduce carbon emissions but
also foster a healthier living environment.

2.2.6. Community Engagement for Sustainable Mobility:
Community engagement plays a vital role in promoting sustainable mobility
practices. The Smart Village conducts awareness campaigns, educational
programs and incentives to encourage residents to choose eco-friendly
transportation options. By fostering a culture of responsible mobility, the
community actively contributes to the overall sustainability goals of the Smart
Village.

2.2.7. Accessibility and Inclusivity: Smart Transportation ensures
accessibility for all residents, including individuals with mobility challenges.
The village adopts universal design principles, making transportation
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infrastructure inclusive and accommodating for everyone. This commitment to
inclusivity enhances the quality of life for all community members.

2.2.8. Collaboration with Technology Providers: The Smart
Village collaborates with technology providers, transportation experts and local
authorities to stay at the forefront of smart transportation innovations.
Partnerships facilitate the integration of cutting-edge technologies, ensuring
that the transportation system remains adaptive, efficient and aligned with
evolving mobility trends.

2.3. Economic Empowerment, Fight Against Poverty, and

Improved Human Resource Capacity in the Smart Village

The Smart Village is committed to fostering economic empowerment,
combating poverty and enhancing the capacity of its human resources, thereby
creating a robust foundation for sustainable community development.

2.3.1. Economic Empowerment & Poverty Alleviation: A central
tenet of the Smart Village's vision is to empower its residents economically and
address the challenges of poverty. Through strategic initiatives, the village aims
to create a conducive environment for entrepreneurship, small-scale businesses
and agro-tourism. By promoting economic diversity and providing support for
local ventures, the Smart Village seeks to generate employment opportunities
and increase income levels, contributing significantly to poverty alleviation.

2.3.2. Agricultural Innovation for Economic Growth: At the
heart of the economic empowerment strategy lies agricultural innovation. The
Smart Village leverages cutting-edge technologies, including precision farming
and smart agricultural practices, to enhance productivity and the quality of
agricultural outputs. The integration of value chains and the promotion of
organic farming contribute not only to economic growth but also to the creation
of sustainable livelihoods for farmers, breaking the cycle of poverty.

2.3.3. Improving Human Resource Capacity: Recognizing the
pivotal role of its human capital, the Smart Village places a strong emphasis on
enhancing the skills and capacities of its residents. This involves investing in
education and vocational training programs tailored to the needs of the
community. By equipping individuals with relevant skills, the Smart Village



Current Studies on Agriculture, Forest and Aquatic Products | 232

not only increases employability but also nurtures a workforce capable of
driving innovation and contributing to the overall economic development of the
region.

2.3.4. Technology-Driven Skill Development: In line with the
smart living ethos, the Smart Village embraces technology-driven skKill
development programs. These initiatives leverage online learning platforms,
workshops and skill-sharing networks to empower residents with digital
literacy and specialized skills. By ensuring that the workforce is adept at
utilizing modern technologies, the Smart Village positions its residents to thrive
in a rapidly evolving economic landscape.

2.3.5. Collaboration for Economic Growth: Collaboration forms a
cornerstone of the Smart Village's approach to economic empowerment.
Partnerships with local businesses, governmental agencies and non-profit
organizations facilitate the implementation of impactful economic development
projects. By fostering collaboration, the Smart Village creates a network of
support that accelerates economic growth, job creation and poverty reduction.

2.3.6. Inclusive Economic Policies: The Smart Village implements
inclusive economic policies that prioritize the inclusion of marginalized
communities and individuals. Special attention is given to gender equality,
ensuring that economic opportunities are accessible to all residents. Through
these inclusive policies, the Smart Village seeks to create an equitable
economic landscape that benefits the entire community.

2.3.7. Women's Cooperative-Based Business Model:
Recognizing the vital role of women in community development, the Smart
Village introduces a dedicated initiative centered around women's cooperative-
based business models. This initiative aims to empower women by providing
them with opportunities to actively participate in economic activities, fostering
entrepreneurship and promoting gender inclusivity. By establishing and
supporting women's cooperatives, the Smart Village not only contributes to
economic growth but also addresses gender equality concerns, creating a more
balanced and inclusive economic environment. Through collaborative efforts
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and targeted support, this innovative approach strives to enhance the economic
landscape and social fabric of the Smart Village.

While some services are slated for central provision, mayors operating at
the municipal level must craft local strategies to ensure effective governance
and transparency in municipal management. Conversations with mayors have
underscored their acknowledgment of the positive impacts and cost savings
linked to incorporating smart technologies into public infrastructure. These
technologies encompass areas such as intelligent lighting, energy management,
and leveraging the Internet of Things (IoT) for maintaining municipally
managed buildings (Philip and Williams, 2019). Municipalities in rural areas
are also grappling with a notable challenge-their diminishing competitiveness
relative to suburban and urban regions. Addressing this challenge may entail
fostering innovation and entrepreneurship (Hardilla and Muladi, 2016),
potentially through endeavors like technology incubators, bolstering support
for startups and small enterprises (Kovacs and Zoltan, 2017) and exploring
local development prospects.

2. Suggested Smart Village Framework

The proposed Smart Village Framework for Feke district in Adana
envisions transforming rural communities using advanced technologies (Figure
4). Key elements include 10T for precision farming, robust infrastructure, smart
building solutions, and advanced agricultural technologies to boost productivity
and resilience. In Smart Living, the framework enhances access to public
facilities, collaborates with NGOs, strengthens village institutions, integrates
educational and health services, promotes digital literacy, cultural activities,
and mobility. Smart Governance focuses on integrating central and local
governance, using digital participation platforms, e-Government services, and
digital infrastructure to foster informed citizenry. Smart Economy promotes
local business models, agro-tourism, smart farming, processing, marketing
opportunities, and smart retail solutions for economic sustainability. Smart
Environment advocates sustainable resource use, zero pollution, smart energy
solutions, food security, and climate adaptation with eco-friendly farming
techniques. This comprehensive framework aims to create a thriving, resilient
rural ecosystem through technology, collaboration, and sustainability.
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However, as Paniagua (2023) suggests, the universal nature of
innovation may present challenges when applied to local materials, requiring
adaptable solutions to address emerging social needs. In some European nations
like Spain, rural transformations focus more on material rejuvenation than
population changes. In sparsely populated areas, the emphasis is on restoring
homes for new virtual experiences and social movements. The research
highlights the importance of material renewal in creating adaptable, smart rural
environments that periodically thrive with renewed urban-rural dynamics.

Conclusion

The Smart Village initiative aims to improve living standards, promote
environmental sustainability, and create a model for advanced rural
communities. The trend of reverse migration to rural areas, driven by COVID-
19 lockdowns and natural disasters, presents an opportunity for smart village
development. Key innovations include advanced agricultural technologies,
renewable energy, diverse non-agricultural activities (agro-tourism, bioenergy,
cultural events), and a robust ICT network.
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NUTRITIONAL CONTENT, VITAMIN, MINERAL, FATTY
ACID AND AMINO ACID COMPOSITION OF BLACK CUMIN
GROWN IN DIFFERENT REGIONS

Res. Assist. Ramazan AYAS?

" Necmettin Erbakan University, Faculty of Veterinary Medicine, Department of Animal
Nutrition and Nutritional Diseases, Konya, Tiirkiye, ramazanayassci@gmail.com, ORCID
No0:0000-0002-3400-243X



Current Studies on Agriculture, Forest and Aquatic Products | 242



243 | Current Studies on Agriculture, Forest and Aquatic Products

INTRODUCTION

Black cumin (Nigella Sativa L.) has been cultivated in many parts of the
world since ancient times. It is especially widely grown in the Eastern
Mediterranean, the Balkans, North Africa, the Middle East, and India
(Cakmake1 & Cakiar, 2011). Black Cumin is mostly produced in India, Tiirkiye,
Bangladesh, China, Indonesia and Pakistan (Dessie et al., 2020). It is grown in
provinces such as Afyon, Konya, and Burdur in Tirkiye. In Tirkiye, 10,089
tons of black cumin was produced in 2022 and 5,386 tons in 2023 (TUIK,
2023). Black cumin can be used for different purposes. While it is mostly used
as a spice in Tiirkiye, it is used in the cosmetics, food and pharmaceutical
sectors in some countries (Se¢men et al., 2000). There are many studies on the
effects of black cumin on human health (Hannan et al., 2021). Black cumin and
substances obtained from black cumin are used to treat many diseases. It has
been reported that black cumin has an antioxidant effect and that the substance
called Thymoquinone from black cumin reduces superoxide, hydrogen
peroxide, nitric oxide and oxidative stress (Cobourne-Duval et al., 2016). It has
been reported that black cumin strengthens memory when used in Alzheimer's
disease (Abulfadl et al., 2018). It has been reported to reduce oxidative stress
and increase dopamine levels when used in Parkinson's disease (Ebrahimi et
al., 2017). When used in ischemic stroke, it has been reported that black cumin
reduces cerebral edema and infarction (Soleimannejad et al., 2017). It has been
reported to increase neuron density when used in traumatic brain injuries
(Giilsen et al., 2016). It has been reported to reduce depression when used for
anxiety and depression (Beheshti et al., 2018). It has been reported to increase
anticonvulsant activity when used in epilepsy (Bepari et al., 2016). It has been
reported that when used in Schizophrenia, black cumin increases dopamine
levels and has an anti-amnesic effect. Black cumin can be used in some toxicity
cases. For example, it has been reported that black cumin is used in Acrylamide
and arsenic toxicity (Firdaus et al., 2019; Tabeshpour et al., 2020). Black cumin
is used in many cancer treatments. For example, when used in breast cancer, it
has been reported that it reduces the reproduction of tumor cells and increases
apoptosis (Dastjerdi et al., 2016). It has been reported to reduce cell
proliferation and prevent metastasis when used in colon cancer (Chen et al.,
2017; Hsu et al., 2017). It has been reported that it has an inhibitory effect on
proliferation and metastasis when used in bladder cancer (Zhang et al., 2020).
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Black cumin can be used in the treatment of obesity, diabetes, and hypertension.
It has been reported that when used against obesity, it reduces serum
cholesterol, LDL and triglyceride concentrations and increases HDL
concentrations (Ahmad et al., 2017). It has been reported to reduce blood
glucose levels when used against diabetes (Widodo et al., 2016), It has been
reported that it reduces cholesterol levels, systolic and diastolic blood pressure
when used against hypertension (Hussain et al., 2017). Black cumin has a liver
protective effect. It has been reported that it reduces ALT, AST and ALP
concentrations when used in ibuprofen-induced hepatotoxicity (Husna et al.,
2017). Black Cumin has a lung protective effect. It has been reported that when
used in lung fibrosis, it reduces the Inflammatory index and fibrosis score
(Abidi et al., 2017). Black cumin has a stomach-protective effect. It has been
reported that when used in gastric ulcers, it reduces acid secretion and
accelerates ulcer healing (Aleem et al., 2020;Manjegowda et al., 2017). The use
of'black cumin has a positive effect on reproductive performance. Reproductive
organs are susceptible to oxidative stress (Hannan et al., 2021). The reduction
of oxidative stress by black cumin increases reproductive performance. Black
cumin affects wound healing. It has been reported to have an antimicrobial
effect and increases epithelization when used in treating skin injuries (Okasha
et al., 2018;Kumandas et al., 2020). Black cumin affects bone development and
healing of bone damage (Ezirganli et al., 2016).

As mentioned above, black cumin seed is used successfully in the
treatment of many diseases. The reason why black cumin is so effective against
diseases is due to the substances it contains. The nutritional content of black
cumin varies depending on the type of black cumin, the region where it is
grown, the harvest season, the amount of rainfall and fertilization. The
distribution of studies on the nutritional content of black cumin used in the
current study by country is given in Table 1 and Figure 1.
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Tablel: Origin of black cumin used in studies

Origin of Black Cumin |Number of Studies
Tirkiye
Saudi Arabia
Egyp

Iran
Pakistan
Tunisia

India
Bangladesh
Morocco
Syria

Jordan
China
Algeria

Irag
Germany
Malaysia
Ethiopia

Origin of Black
Cumin

Pl erod|w|wlw s |uv

1. Nutritional Content Of Black Cumin

The nutritional content of black cumin varies depending on factors such
as the type of black cumin, the region where it is grown, the harvest season, the
amount of rainfall and fertilization. There are many studies on this subject. In
the literature review, it was understood that the nutritional content of black
cumin samples taken from different regions was different. 22 different data
were obtained regarding the dry matter, protein, fat, starch, crude fiber, dietary
fiber, ash and total carbohydrate levels of black cumin. The results are shown
in Table 2.
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Table 2: Black Cumin Nutritional Content (%)

Dry Crude Total
Country Study Matter | Protemn | Fat Starch Fiber | Ash | Carbohydrate

Average Current study | 94,05 22,10 33,53 | 8,78 6,82 4,98 | 30,68
india (Shah & Ray,

2003) 93,00 23,00 39,00 | 15,00 5,40 430 |-
Saudi Arabia | (Al-Jassir,

1992) 95.6 20.9 382 |- 7,9 44 31.9
Middle East | (Babayan et

al., 1978) 94.48 21.26 3549 |- 5.5 3.77 ]33.96
Pakistan (Sultan et al.,

2009) 93.54 22.80 31.16 |- 6.03 420 |-
Egyp (Al-Gaby,

1998) - 16,1 314 |- 7,05 555 |-
Pakistan (Ashraf et al.,

2006) - 19.69 32.70 | - - 513 |-
Tiirkiye (Nergiz &

Otles, 1993) | 93.6 20,2 32 6,6 4 374
Tunisia (Cheikh-

Rouhou et al.,

2007) 91,35 26,7 28,48 | - - 4,86 |40,00
fran (Cheikh-

Rouhou et al.,

2007) 95,92 22,6 40,35 | - - 4,41 |32,70
Tirkiye (Takruri &

Dameh, 1998) | 96,17 21,6 40,60 | - 8,40 450 ]24,90
China (Albakry et

al., 2022) 94,98 21,07 39,02 | - 6,01 3,02 | 25,86
Egypt (Atta, 2003) | 93 20,8 34,8 37 33,7
Pakistan (Igbal et al.,

2013) 94,11 22,1 31,7 |- - 5,07 | 2547
Bangladesh | (Kabir et al.,

2019) 92,88 20,3 454 |- - 7,39 19,70
Bangladesh | (Mamun &

Absar, 2018) | 94,5 18,09 32,74 | 2,55 6,39 4,69 129,18
Saudi Arabia | (Al-Jasass &

Al-Jasser,

2012) 97,45 20.61 31.95 10.37 |451 |30.0
Malaysia (Mohammed

etal., 2016) 93,33 19.19 32.26 6.82 |35.04
Iran (Solati et al.,

2014) 95,01 23.07 3172 529 |34.91
Iran (Khoddami et

al., 2011) 94,6 20.02 37.33 6.72 |30.53
Tiirkiye (Dandik &

Aksoy, 1992) | 94,5 21.30 35.50 3.80 |34.00
Ethiopia (Mariod et al.,

2012) 91,1 26,1 29,1 8,1 57 231
Syria (Mariod et al.,

2012) 92,8 25,8 13,2 5,8 43 43,7
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2. Mineral Content of Black Cumin

There are many studies on the mineral content of black cumin. In the

literature review, it was understood that the mineral content of black cumin

samples taken from different regions was different. The studies on this subject
are shown in Table 3, Table 4 and Table 5.

Table 3: Mineral content of black cumin (ppm)

Country

Study

K

Na

Fe

Zn

Ca

Mg

Cu

Ni

Average

Current
Study

5380

3266

682

189,8

38,7

2531

1383

36,6

14,8

46,5

Saudi Arabia

(Al-Jassir,
1992)

76

18

75

15

0,6

0,4

0,3

0,2

0,2

Pakistan

(Sultan et
al., 2009)

8080

5430

176

97,00

62,30

5700

2650

85,3

26

Pakistan

(Ashraf et
al., 2006)

6750

3781,2

4125

104

443

2809

1381

1253

31,7

91,5

28,2

Tiirkiye

(Vatansev
et al.,
2013)

1173

414

28,5

30,2

1,4

25

Tunus

(Cheikh-
Rouhou et
al., 2007)

783

48,9

20,8

8,65

8,04

572

235

44

1,65

fran

(Cheikh-
Rouhou et
al., 2007)

708

51,9

18,5

9,42

7,03

564

260

3,37

15

india

(Takruri &
Dameh,
1998)

5517

5043

550

102

62

1932

24

Jordanian

(Takruri &
Dameh,
1998)

4423

5023

419

107

59

1867

18

Suriye

(Takruri &
Dameh,
1998)

1946

5221

535

91

66

1946

15

Tiirkiye

(Takruri &
Dameh,
1998)

1544

5267

440

130

56

1544

18

Cin

(Albakry
et al.,
2022)

3580

276

9,5

43

8105

2768

2,5

Tirkiye

(Nergiz &
Otles,
1993)

11800

853

575

1880

Bangladesh

(Kabir et
al., 2019)

14983

4815

448

426

67

3667

3552

31

15

Bangladesh

(Mamun &
Absar,
2018)

5100

915

1000

418

5793

2183

Saudi Arabia

(Al-Jasass
& Al-
Jasser,
2012)

8230

650

25

1600

800

15
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Tablo 4: Black cumin vitamin content (ppm)

a- - . Vitamin | Vitamin | Vitamin
Country | Study Retinol
Tacopherol | Tacopherol D2 K1 K2
A C t
verage | ~UITeN 131875 35,285 024 |[138 [185 |215
study
Turki Vatansev et
irkiye | ( Y #1019 2,28 018 [138 |18 |215
al., 2013)
Egypt Saleh,
eypt | ( 10,41 6,95 021 |- - -
2014)
India (Saleh, 11.39 6.47 0.27 ) ) )
2014)
Saudi (Saleh,
. 9,52 6,09 0,2 - - -
Arabia 2014)
Syria (Saleh,
5,65 2,76 0,42 - - -
2014)
Sudan (Saleh, 7.04 226 0.15 ) ) )
2014)
Tablo 5: Black cumin mineral content (ppm)
Country Study Thiamine | Niacin Pyridoxine Folate
Average Current Study 13,66 48,0275 | 7,378 440,084
India (Takruri & Dameh, 1998) |13 48 4 700
Jordanian | (Takruri & Dameh, 1998) | 14 33 15 400
Suriye (Takruri & Dameh, 1998) |18 - 6 630
Tiirkiye (Takruri & Dameh, 1998) | 15 48 4 470
Turkiye (Nergiz & Otles, 1993) 8,3 63,11 7,89 0,42

3. Black Cumin Fatty Acid Composition

There are many studies on the fatty acid composition of black cumin. In

the literature review, it was understood that the fatty acid composition of black

cumin samples taken from different regions was different. The studies on this

subject are shown in Table 6.
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Tablo 6: fatty acid composition of black cumin (%)

Country | Study ?;tt;rated ;?ts}?gggged Myristic | Myristoleic [ Palmitic
acids C14:0 Cl4:1 C16:0
Average Current study 17,59 82,03 1,06 1,34 12,89
,SAar:g:a (Al-Jassir, 1992) 16,3 83,7 0.9 0,18 119
Pakistan (Sultan et al., 2009) 16,64 83,36 0,42 2,49 12,07
Iran (Nickavar et al., 2003) 05 12,5
Pakistan (Ashraf et al., 2006) - - 0,29 - 14,77
Tiirkiye (Nergiz & Otles, 1993) | - - 12 - 114
Tiirkiye (Vatansev et al., 2013) | 6,5 93,5 - - 54
Tunisia g%g%kh'm“ho“ etal,| 7 77,3 0,35 - 17,2
Iran (Z(ége;i)kh-Rouhou et al., 255 745
Egypt (Houghton et al., 1995) | 15,18 84,82 0,21 12,07
India (Houghton et al., 1995) | 16,57 83,43 0,2 13,15
Syria (Houghton et al., 1995) | 17,66 82,34 0,22 14,64
Bangladesh | (Kabir et al., 2019) 16 84 0,23 13,1
Iraq (Kaskoos, 2011) 15,1 79,9 0,16 8,51
Tunisia (Bourgou et al., 2010) |22 78 0,4 14,8
Iran (Khonche et al., 2019) |- - 0,63 - 20,27
Germany (Zlégrzn)adan & Mérsel, | ) ) ) 13
Egypt (Atta, 2003) 9,8 9,9
Z?rgg:a (Z,gll-zJ)asass & Al-Jasser, | ) 1 ) 105
Iran (Solati et al., 2014) 15,75 84,25 - - 13,49
Iran (Khoddami et al., 2011) | 20,5 79,5 13 15
Morocco (Gharby et al., 2015) 16,8 82,9 1 13,1
Morocco (Asdadi et al., 2014) 16,8 82,9 1 13,1
Tunisia (s}éfm%& 2008) | 24 75,9 32 12,2
Ethiopia (Mariod et al., 2012) 17,4 82,6 0,4 13,9
Syria (Mariod et al., 2012) 16,8 81,2 0,3 13,1
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Palmitoleic | Stearic | Oleic | Linoleic | Linolenic
Country Study
Cl6:1 C18,0|C18,1 |C18,2 |C18:3
Average Current study 0,39 2,92 21,49 56,25 0,79
Saud 0,30 228 |2358 |5934 |0,30
Arabia (Al-Jassir, 1992) ' ' ' ' ’
Pakistan - 2,35 19,65 |57,38 1,13
(Sultan et al., 2009)
Iran (Nickavar et al., 2003) 3,40 23,40 |5560 |0,40
Pakistan (Ashraf et al., 2006) - 2,24 2565 |54,66 |047
Tiirkiye (Nergiz & Otles, 1993) 0,10 2,90 21,90 |60,80 -
Tirkiye - 1,10 2350 |66,50 |0,80
(Vatansev et al., 2013)
L. (Cheikh-Rouhou et al.,
Tunisia 1,15 2,84 25,00 |50,31 |0,34
2007)
(Cheikh-Rouhou et al.,
Iran 3,69 23,70 |49,15 0,32
2007)
Egypt (Houghton et al., 1995) 2,70 23,46 | 58,00 0,47
India (Houghton et al., 1995) 2,97 25,67 |54,68 |0,68
Syria (Houghton et al., 1995) 2,60 2451 |54,13 0,69
Bangladesh | (Kabir et al., 2019) 0,28 2,47 21,80 57,00 0,46
Iraq (Kaskoos, 2011) 0,16 2,22 16,60 [42,80 |0,25
Tunisia (Bourgou et al., 2010) 0,28 2,90 19,20 |58,10 0,41
Iran (Khonche et al., 2019) 0,94 5,48 5,76 48,29 -
Germany | (Ramadan & Morsel, 2002) | - 3,16 24,10 |57,30
Egypt (Atta, 2003) 0,70 3,30 20,10 |49,00 2,70
Saud! (Al-Jasass & Al-Jasser, i 204 1623 | 68,07 216
Arabia 2012)
Iran (Solati et al., 2014) 2,26 23,52 59,70 0,77
Iran (Khoddami et al., 2011) 3,04 21,73 55,65 2,24
Morocco (Gharby et al., 2015) 0,20 2,30 23,80 58,50 0,40
Morocco | (Asdadi et al., 2014) 0,20 2,30 23,80 |58,550 |0,40
HAMR I-SELLAMI
Tunisia ( OUNI-S 6,30 12,70 61,30 1,50
et al., 2008)
Ethiopia (Mariod et al., 2012) 0,20 2,90 2450 |55,10 0,20
Syria (Mariod et al., 2012) 0,20 3,20 23,50 |56,50 0,30
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4. Amino Acid Composition of Black Cumin

There are many studies on the amino acid composition of black cumin.

In the literature review, it was understood that the amino acid composition of

black cumin samples taken from different regions was different. The studies on

this subject are shown in Table 7.

Table 7: Amino acid composition of black cumin

Saudi
Country Average Arabia | China | Bangladesh | Egyp | Egypt | Ethiopia | Syria
(Al- (Albakry (Al- (Michel | (Mariod | (Mariod
Current | Jassir, |et al.,|(Kabir et|Gaby, |et al.,|et al,|et al,
Study Study 1992) |2022) al.,, 2019) |1998) |2011) |2012) 2012)
Essential
Amino Acids
(%)
Leucine 5,72 5, 82 6,00 6 6,92 |2,04 6,48 6,86
Valine 4,80 4,61 5,42 4,77 51 1,34 6,33 6,01
Lysine 3,64 4,04 3,55 3,86 391 |11 4,64 4,40
Threonine 3,48 3,65 3,68 3,86 395 121 4,19 3,85
Phenylalanine | 3,34 3,61 3,68 3,7 4 1,16 3,79 3,45
Isoleucine 3,65 3,46 4,06 3,69 398 |1,06 4,49 4,80
Histidine 2,59 3,35 2,58 2,79 2,83 |1,05 2,74 2,75
Methionine 1,40 1,65 1,87 1,88 1,45 0,53 1,05 1,35
Tyrosine 2,28 - 3,35 - - - 1,50 2,00
Cystine A 0,58 - 0,58 - - - - -
Total Essential
Amino Acids | 32,48 30,19 | 34,77 - - - -
Non-Essential
Amino Acids
(%)
Glutamic Acid | 20,50 24,74 | 26,45 23,95 22,44 | 17,78 21,54 20,87
Arginine 8,35 9,19 9,03 89 9,18 |3,07 9,12 9,96
Aspartic Acid | 8,19 8,94 10,26 9,32 10,05 |2,86 7,88 8,01
Glycine 5,29 5,61 5,87 6,11 6,86 |1,89 5,58 511
Proline 4,82 49 5,35 4,88 6,07 |1,58 5,33 5,66
Serine 3,44 4,31 3,94 4,5 3.8 1,31 3,44 2,75
Alanine 3,92 3,73 4,32 4,39 421 |1,47 4,49 4,80
Tyrosine 2,77 3,59 - 3,43 33 |- 1,50 2,00
Ammonium 4,68 2,84 - - - 5,68 551
Cystine 1,51 1,96 - 1,17 0,75 1,79 1,85
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1. INTRODUCTION

The factors that cause wood to deteriorate are mainly physical factors
(UV, acid rain, wind erosion, etc.), mechanical factors (wear, ruptures, etc.),
chemical factors (fires, corrosion, etc.) and biological factors (bacteria, fungi,
termites, etc.). sea creatures etc.) are formed. The wooden structure has
deteriorated due to outdoor conditions and biological factors and that long-term
maintenance and protection procedures have not been carried out on the
structure. It has been a matter of curiosity for experts how wooden structures
built centuries ago have survived until today, despite being threatened by many
negative factors. Horyuji Temple in Japan, which is considered the oldest
wooden structure in the world (Cartwright, 2017), 62 historical wooden houses
from the 12th century in Bryggen, Norway (UNESCO, 2021), Beysehir
Esrefoglu Mosque built during the Seljuk period in Turkey (Uzun, 2018),
Gogceeli Mosque (Can, 2004) and Afyon Ulu Mosque (Uysal, 1993) are
examples of wooden structures that have survived to the present day. When
looking at wooden structures that have survived for long periods, a common
design approach can be seen. Cutting the wooden structure's direct contact with
the soil provides the structure with a long lifespan. Especially historical wooden
structures were built on stone or marble and have survived to the present day.

Studies are continuing to increase the performance of herbal protective
impregnations and make them more useful in the coming years. Especially
tannins obtained from these herbal extracts are used. The fact that tannins are
both healthier and less costly than other petroleum derivatives indicates that the
value of plant-based preservatives will increase in the coming years
(Simsek,2013). Tomak (2011) applied waste oil impregnation to beech and
Scots pine samples and stated that the physical properties of the material could
be improved by finding the water absorption rates low and the water repellency
efficiency high. Bazyar et al. (2010) found a significantly reduced amount of
moisture and low water uptake rates with an 80-106% weight increase in the
hot oil treatment of poplar samples with linseed oil. Chen et al. (2020) reported
in their study that epoxidized linseed oil/carnauba wax provided excellent water
repellency and dimensional stability in the modification process, and that the
service life of poplar wood could be extended in this method. He et al. (2019),
in the sample of Chinese fir (Abies chensiensis) impregnated with silicone oil,
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water uptake was reduced and dimensional stability was increased by providing
hydrophobicity

The extract of the immortelle plant, which is among the natural organic
and medicinal aromatic plants, was prepared at a concentration of (7%) and
impregnated on beech (Fagus orientalis Lipsky) and iroko wood (Milicia
excelsa) to change the water uptake rate (WUR) and the amount of washed
substance (AWS). It was tried to determine the usability of this plant species in
wooden historical artifacts by researching and determining the effect level of
this plant species on wood (indoor/outdoor use, etc.).

2. MATERIAL AND METHOD

Within the scope of the study, the extract of the immortelle plant
(Helichrysum ssp.) was prepared at a concentration of (7%), and beech (Fagus
orientalis Lipsky) and iroko wood (Milicia excelsa) wer used as wood species.
Care was taken to ensure that the samples were chosen randomly, without
cracks, with smooth fibres, without ridges or knots, and without differences in
color or density. Then, the samples were prepared according to TS 1SO 13061-
1 standard.

2.1. Preparation of Test Samples and Impregnation Method

Test samples were prepared according to TS 2470 from the sapwood
section, which had no knots, knots, cracks, a smooth fiber structure, was not
damaged by fungi or insects, and had no discoloration. Both types of wood were
cut into slats and test samples were obtained from the sapwood in the radial
direction. The impregnation method was carried out on a vacuum/diffusion
basis according to the ASTM D1413-76 standard.

2.2. Preparation of Plant Extract

After the immortelle plant is cleaned, it is placed in distilled water or
water at least equivalent to this purity, mixed at certain intervals, heated at a
temperature below the boiling point in a refrigerated device for 1 hour, filtered
under vacuum in a previously prepared porous capsule, and then several times
so that no sample remains in the flask. The process was continued by washing
with distilled water and the insoluble part was completely placed in the porous
capsule. Finally, the residue was washed with 200 ml of hot distilled water, and
after the residue was dehydrated with the help of a pump or another device that
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would act as a suction device, the porous capsule and its contents were dried by
keeping it in an oven set at 103°C for 16 hours, then cooled in a desiccator and
weighed with an accuracy of 0.001 g. (Ceylan,2020).

2.3.Water Uptake Rate (WUR) and Amount of Washed

Material (AWM)

While the water uptake test was carried out in accordance with the TS
2470-2471/1976 standard, the knitting dimensions were prepared as 20x20x30
mm and the samples were sanded and then conditioned (at 20+20C/65+5%
relative humidity) to 12% moisture content. Both control and impregnated
samples were kept in distilled water at room temperature for 6, 24, 48, 72 and
96 hours (Rowel et al. 1985). At the end of each period, measurements were
made and water intake amounts were determined.

3. FINDINGS AND DISCUSSION
3.1. Solution (Extract) Feature

Table 1. Solution Properties

Plant Extract/ pH Density (g/ml)
) Solvent Degree (°C) . - .
Concentration IB 1A IB IA
7%
Methanol 22°C 7.56 | 7.61 | 0.923 | 0.923
IB:Impregnation Before TA:Impregnation After

There was no change in pH and density of solution properties after
impregnation and impregnation are given in Table 1.

3.2. Retention
The retention level of immortelle plant extract on beech/iroko wood is
given in Table 2.

Table 2. Amount of Retention (%6)

Vacuum/ Retention (%)
Wood Type Solvent Degree (°C)
Diffussion Mean HG
Beech Wood 3.05 A
39/30 Methanol 22°C
Iroko Wood Minute 2.82 B
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The highest retention value in beech wood was achieved at 7% solution
concentration (3.05 %). As the concentration increased, the retention level
decreased.

Var et al. (2019) found the highest retention value in red pine wood
treated with geothermal water as 2.773% in the SJ-5 40.9°C treatment, while
the lowest value was 2.565% in the SJ-1 23.0°C treatment.

3.3. Water Uptake Rate (WUR) Properties
Water intake rate is given in Table 3 according to time periods.

Table 3. Water Uptake Rate (%)

Odun Tiirii Water Uptake (%)
Vacuum/
Solvent 72 96
Diffusion 6 Hours | 24 Hours | 48 Hours
Hours Hours
Beech Wood 30/30 Methanol 38.43 54,73 61.27 82.64 72.39
Iroko Wood Minute 31.43 39.48 56.17 55.43 64.13

The highest water uptake rate was determined as 72 hours (82.64 %) in
beech wood, and the lowest water uptake rate was determined as 6 hours (31.43
%) in iroko wood. It can be said that especially the anatomical structure of iroko
wood, wood type, water resistance properties in the external environment and
the effect of immortelle plant extract are effective on the water uptake rate.
Kilic et al. (2002) reported in their study that the amount of water uptake was
high in fir and poplar wood.

3.4. Amount of Washed Material (AWM)
The amount of washed substance is given in Table 4 according to time
periods.

Table 4. Washed Material (%)

Odun Washed Material (%)
o Vacuum/
Tiirii Solvent 72 96
Daffusion 6 Hours | 24 Hours | 48 Hours
Hours Hours

Beech

27.01 49.41 56.64 78.18 69.42
Wood 30/30

. Methanol

Iroko Minute

19.78 31.66 52.12 54.46 59.55

Wood
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In terms of the amount of washed material, the highest value was 72
hours (78.18%) in beech wood, and the lowest value was 6 hours (19.78%) in
iroko wood. It can be said that wood type, anatomical structure, impregnation
method, concentration, plant extract type and solvent properties are effective
on the washed substance. Venkatasamy (2002) impregnated Eucalyptus wood
in Kenya with the CCA structure and determined the pH interaction with the
amounts of chromium, copper and arsenic removed from the wood. They found
that in the remediation process, washing was largely present in the first 12 days
and that washing was reduced on the 21st day.

4. CONCLUSION

There are medicinal and aromatic plant species with significant
production potential in our country. In terms of the future of humanity, it is
imperative that these products be evaluated in all areas. Especially in sectors
such as food, spices, pharmacology, etc., its use on wooden materials will
seriously increase the level of human/environmental health. In this sense, we
can say that the immortelle plant has a positive effect on both types of wood,
both on the adhesion level and against the effects of water, on the wooden
material to be used in the restoration of wooden historical artifacts. The study
has shown that the immortelle plant can be used as a surface impregnation
material for wood, as it is natural, can be recycled economically and can be a
new area of use in the woodworking industry. It can be used especially in
children's toys, interiors and many other areas.
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INTRODUCTION

According to data for 2024, the global population stands at 8.123.828
billion and continues to grow daily. In 1650, the world population was between
450-550 million, in 1750 it was 700-800 million, in 1850 it ranged from 1 to
1.2 billion, and in 1900 it was between 1.5 and 1.6 billion. In the last century,
the world population has increased sevenfold (Anonymous, 2024).
Developments in health and technology, innovations in agriculture, increases
in food supply, and the fact that 80% of inventions occurred in the last century
have reduced early mortality and significantly increased the population.
Meeting the food demands of this large population has necessitated optimizing
yields from unit areas. With the increase in population, human and animal
activities, industrial waste, and emissions of greenhouse gases (such as water
vapor, CO2, CO, CH4, O3) and toxic gases (from volcanic eruptions) are
rapidly polluting the environment and ecology. The consequences of these
negative impacts include global warming, climate change, water scarcity, and
drought. It is necessary to implement plans and strategies to prevent the food
crisis we are currently experiencing and which will intensify in the future.

Drought will be a significant abiotic stress factor contributing to future
food crises. Drought is one of the most intense environmental challenges
impacting plant development and yield. It causes a decrease in transpiration
rates, disruptions in active transport and membrane permeability, and limited
absorption of water and nutrients by plants. These changes in plant cells
adversely affect nutrient metabolism, photosynthesis, and respiration (Pavithra
and Yapa, 2018). Lack of water directly disrupts plant growth and development
and leads to the inhibition of photosynthesis (Wu et al., 2013). This is as a result
of decreased CO; uptake. because of stomatal closure and the disruption of the
structure of protective cells necessary to keep stomata open (Pinheiro and
Chaves, 2011).

Grains, which are fundamental to human and animal nutrition and serve
as raw materials for many food industries, must be prioritized in planning for
future drought scenarios. Among grains, corn, second only to wheat in
production, is of strategic importance. Corn is an important raw material for the
production of ethanol, corn syrup, and animal feed, as well as being supreme
food source for humans (Begum et al., 2019).
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Increasing the adaptation capacity of corn, which is grown in open and
unprotected environments, and identifying its tolerance mechanisms to abiotic
stresses such as water scarcity are critical strategic steps (Elliott et al., 2014).
Adapting corn to new environments is vital, and efforts must be accelerated to
develop its tolerance to climate change. Additionally, efforts to enhance food
output to guarantee food security in the future must be directed and increased
(Elliott et al., 2014). Being a C4 plant, corn uses CO2 more efficiently for
photosynthesis and has better water use efficiency compared to C3 plants.
However, despite these abilities, corn cannot survive without water (Braga,
2021).

When experiencing drought stress, grains like corn employ a series of
drought avoidance and/or tolerance mechanisms, including osmotic
adjustment, stomatal conductivity and photosynthesis regulation, production of
antioxidants and detoxifying substances, or controlling water absorption and
movement within their tissues (Ruiz-Lozano et al., 2012b; Candar-Cakir et al.,
2016). Despite these physiological and biochemical efforts, corn is particularly
sensitive to drought stress. Drought stress during any vegetative or generative
development stage (seedlings, anthesis-silking, milk and dough stages) leads to
significant decreases in yield (Daryanto et al., 2016).

Corn plants undergo various physiological and biochemical changes to
cope with drought. These changes aim either to keep the plant alive or to
increase grain yield, based on the length and intensity of the drought stress.
However, the plant’s intensive efforts may not be sufficient on their own.
Therefore, corn plants require supportive partners. Recent studies was
declarated that arbuscular mycorrhizal fungi (AMF) inoculated into drought-
stressed corn plants can be beneficial partners (Santana et al., 2023).

The symbiotic relationship between plants and AM fungi is estimated to
have originated over 450 million years ago (Strullu-Derrien et al., 2018). This
evolutionary process has also led to the formation and colonization of other
beneficial soil organisms (Brundrett and Tedersoo, 2018). Arbuscular
mycorrhizal fungi (AMF), fundamental partners for plants, are well-known soil
microorganisms with significant effects on ecosystems. They can help plants
by improving phosphorus and micronutrient uptake, resulting in faster biomass
development (Bennett and Groten, 2022), and by mitigating the detrimental
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effects of water stress, thus aiding plant growth and development (Bahraminia
etal., 2020).

A study has reported that under water stress conditions, AMF inoculation
increases the biomass, chlorophyll concentration, gas exchange, and
transpiration rate of corn plants. It also improves root hydraulic conductivity,
gas exchange, osmotic regulation, water stress, and photosynthetic activities
(Ghorchiani et al., 2018).

AMF, one of the most prevalent microbial groups in soils, have the
ability to enhance plant water and nutrient use efficiency (Zhao et al., 2015),
reduce stress caused by high temperatures and drought (Diagne et al., 2020),
regulate biotic and abiotic stress (Mathur and Jajoo, 2020), improve soil
physical and microbiological conditions (Zhang et al., 2022), reduce heavy
metal uptake by plants (Yu et al., 2021), and even increase organic carbon
reserves in the soil (Lu et al., 2018).

There is significant evidence that AMF can enhance host plant tolerance
to drought stress (Asrar et al., 2012; Lazcano et al., 2014). The tolerance of
AMF-associated plants to water stress can be explained by increased root
volume and the development of external hyphae. These hyphae enhance the
ability to explore and absorb soil moisture, thereby increasing turgor pressure
in the plant's leaves. This osmotic regulation improves stomatal conductance,
water use efficiency and plant nutrition while reducing oxidative harm caused
by reactive oxygen species (ROS) (Hashem et al., 2018).

Differences in ecosystems, host plants, soil physical and chemical
properties, and AMF species are some of the reasons for variability among
AMF types (Moebius-Clune et al., 2013; Horn et al., 2017). Additionally, low
pH, phosphorus (P), and water capacity in the soil increase AMF populations,
while higher levels reduce them (Xu et al., 2018). Similarly, high electrical
conductivity (EC) and high levels of Ca2+, Mg2+, K+, and Na+ have been
shown to reduce AMF sporulation (Sanchez-Lizarraga et al., 2018).

AMF alleviate drought stress by either directly absorbing water or
facilitating its transport through their hyphae (Augé et al., 2007). Additionally,
AM fungi have been declarated to enhance nutrient absorption (Michalis et al.,
2013), root hydraulic conductivity (Barzana et al., 2014), plant gas exchange
(Habibzadeh et al., 2013), soil water holding capacity, osmotic balance (Aroca
et al., 2007), and antioxidant activity (Bompadre et al., 2014).
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This review discusses mycorrhizas, their types, the characteristics of
AMF, and their contributions to plants. It also provides information on the
mechanisms and behaviors of AMF in relation to corn, particularly under
drought conditions.

1. Mycorrhiza and Its Classification

Mycorrhiza refers to fungi that form a symbiotic association with the
roots of specific plants. The term "mycorrhiza" is derived from Greek words:
mykes (fungus) and rhiza (root), and it was first dclarated by Frank (1885).
Additionally, "mycorrhiza" is used to describe the structures formed through
the symbiotic relationships between plant roots and specific fungi (Moser and
Haselwandter, 1975; Hayman, 1981).

In this type of symbiosis, fungi play a supportive rather than a parasitic
role. Once mycorrhizal fungi colonize the root cortex of the plant, they extend
their hyphae (fungal threads) into the cortex, integrating into the internal
environment. The rapidly growing hyphae inside and outside the root provide
water and minerals from the soil and transport organic matter from the plant to
the soil. This symbiosis is highly active by nature and supports nutrient cycling
and plant vitality within ecosystems. Mycorrhizal fungi are symbiotically
present in the roots of a significant portion of higher plants (Brundrett, 2009;
Wang and Qiu, 2006).

Mycorrhizal associations, one of the most common symbiotic
relationships between soil microorganisms and plants, are found in nearly all
terrestrial plants on Earth. About 83% of dicotyledons, 79% of
monocotyledons, and all gymnosperms possess this type of symbiotic
relationship. Corn (Zea mays) belongs to the monocotyledon class. Very dry or
saline, waterlogged soil, or highly fertile or infertile habitats are rare
environments where mycorrhizal symbiosis does not occur. Additionally,
plants from the Cruciferae and Chenopodiaceae families do not naturally
exhibit mycorrhizal associations unless inoculated externally (Harley, 1975;
Brundrett, 1991; Marschner, 1995). Examples of such plants include Raphanus
sativus (radish), Brassica oleracea (cauliflower), Spinacia oleracea (spinach),
and Urtica dioica (nettle).

Mycorrhizal fungi vary greatly in taxonomy, including differences in
spore structure, infection patterns in plants, and morphological and
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physiological structures within the roots. Two major groups of mycorrhizae
stand out based on their relationship with root structure: Endomycorrhiza and
Ectomycorrhiza. Ectomycorrhiza is commonly found in forest trees and some
fruit trees, while Endomycorrhiza is present in nearly all cultivated plants and
other fruit trees (Marschner, 1995). Additionally, there is an intermediate group
called ectendomycorrhiza that displays characteristics of both groups.
Ectomycorrhizae generally appear in the roots of woody plants and,
occasionally, in perennial weeds and cereal grasses, characterized by two key
structures. The first is the fungal mycelial network surrounding the root surface,
known as the Hartig net, and the second is the hyphal structures that penetrate
the root cortex from this mycelial network. These fungi extend into the soil and
form well-developed hyphae and rhizomorphs around the roots and into the soil
(Wilcox, 1971; Peterson and Farquhar, 1994; Marschner, 1995).
Endomycorrhizal fungi, on the other hand, live within the cortical cells of the
root and develop intercellularly or intracellularly. The most well-known types
of Endomycorrhizae, which have only a few species, are Ectomycorrhiza,
Orchid Mycorrhiza, and Arbuscular Mycorrhiza (AM) (Smith and Read, 2008;
Marschner, 1995). Research on mycorrhizae has particularly focused on
Arbuscular Mycorrhiza (AM), which belongs to the endomycorrhizal life
forms, due to its significant contributions to plant health (Demir, 1998). The
electron microscope image of branching AM fungi within plant roots is
illustrated in Figure 1.

Figure 1: Image of sucking hyphae of AM fungi branching within the root cortex.

1.1. Arbuscular Mycorrhizal Fungi (AMF)
Endomycorrhizal fungi enter plant roots through the epidermis and root
hairs, progressing through intercellular spaces and also penetrating root cells.
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Inside the cells, they form hyphae, oval structures called vesicles, and
specialized branched structures known as arbuscules. These structures are
involved in the exchange of nutrient ions between the host plant and the fungus
(Almaca et al., 2013).

Initially, endomycorrhizal fungi were referred to as vesicular-arbuscular
mycorrhiza (VAM) due to their vesicular and arbuscular structures. However,
since not all species possess vesicles, the term "arbuscular mycorrhizal fungi"
(AMF) and the abbreviation AMF have become more commonly used (Smith
and Read, 2008). Mycorrhizal associations with plants vary greatly in structure
and function, but the majority are seen as arbuscular mycorrhizal associations
(Smith and Read, 2008).

The taxonomy of AM fungi was classified by Morton and Benny in 1990.
The classification is organized as follows (Morton and Benny, 1990):

. Class: ZYGOMYCETES

. Order: Glomales

o Suborder 1: Glominae

. Family 1: Glomaceae

. Genus: Glomus

. Family 2: Acaulosporaceae

. Genera: Acaulospora, Entrophospora
o Suborder 2: Gigasporineae

. Family: Gigasporaceae

. Genera: Gigaspora, Scutellospora

Arbuscular mycorrhizal fungi (AMF), an important form of
endomycorrhizal association, have established symbiotic relationships with
almost all terrestrial plants, including crops. This is the most common type of
symbiosis among ecto- and endomycorrhizae. Since the early 1950s, research
has increasingly focused on AM fungi (Gerdemann, 1968; Mosse, 1973;
Bethenfalvay, 1992; Marschner, 1995). Schenck (1991) attributed the interest
in AM fungi to their various host-promoting properties.

AM fungi are distinguished by their arbuscules, which function similarly
to absorptive hyphae (analogous to haustoria), as well as vesicles that store
nutrients and energy, and an extensive mycelium that encases the surrounding
soil (Bonfante-Fasolo, 1984; Brown and King, 1991). The germination and
growth of AM fungal spores are influenced by various factors, including soil
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pH, temperature, drought conditions, the levels of minerals and organic matter
in the soil, the presence of host plants, and other microorganisms (Kapulnik and
Douds, 2000a).

Besides enhancing nutrient absorption, AM fungi boost a plant's
resilience to saline and drought stress, heavy metal toxicity, and heat stress.
They also encourage the plant to produce growth-enhancing substances such as
hormones. Additionally, some mycorrhizal fungi envelop soil aggregates with
their mycelium, which helps improve soil structure by secreting enzymes,
thereby mitigating soil erosion (Tisdall, 1994).

AM fungi enhance plant growth, particularly in nutrient-poor or marginal
soils. This benefit arises from the fungi's superior ability to absorb certain
macro and micronutrients from the soil, with phosphorus being particularly
notable. In exchange, the fungi receive organic compounds and carbohydrates
from the plant. This reciprocal relationship is advantageous to the plant, which
gains more from the association with AMF. Both partners gain mutual benefits
under specific conditions. (Bolan et al., 1987; Li et al., 1991).

AMF affect plant growth by enhancing root development and absorption
capacity, leading to improved nutrient and water uptake and cell renewal in
roots. They also promote the absorption of essential nutrients, including N, Ca,
Cu, Mn, S, and Zn, in addition to P (Sieverding, 1991; Ortas, 2002). Under
drought conditions, AMF induce the production of healing compounds and
hormones such as arginine, isoflavonoids, cytokinins, and gibberellins in roots
as a response (Muchovej, 2001).

Many plants struggle to absorb certain nutrients, especially P, due to
various environmental and soil-related factors. AMF absorb less soluble or
insufficiently available nutrients, particularly P, and make them available to the
plant. It has also been reported that AMF increase the host plant's tolerance to
soil fungi, nematodes, and obligate pathogens (Demir and Onogur, 1999). AMF
are noted for promoting root renewal, accelerating plant growth, and reducing
chemical fertilizer use (Kara and Tilki, 2001).

One study emphasized the importance of AMF, noting their impact on
plant biodiversity, their role in controlling nematodes and pathogen fungi, and
their contribution to the healthy development of plants in polluted and arid
lands (Souza, 2015). AMF are obligate symbiotic organisms that develop extra-
radical hyphal networks from germinated spores in the presence of the host
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plant. These hyphae are great importance part of the mycorrhizal function,
serving as a bridge for nutrient transfer between the roots and the soil (Smith
and Read, 2008).

1.1.1. Life Cycle of AM Fungi

Arbuscular Mycorrhizal Fungi (AMF) are compulsory biotrophic
organisms that live symbiotically in the roots of host plants. As obligate
biotrophs, they obtain their nutrients from living cells of the host plant without
causing significant harm to it.

AM fungi cannot be cultivated in culture without a host plant. Most
species produce spores in the soil, and these spores are capable of germination
regardless of the presence of a host plant. These spores can germinate under
various soil structures and environmental conditions; however, they cannot
produce extensive mycelium or complete their life cycle without the presence
of a host plant. The presence of a host plant is essential for complete their life
cycle and fulfill their symbiotic functions. (Kapulnik and Douds, 2000a). The
infection of corn root regions by AMF spores and the formation of arbuscules
in root cells are illustrated in Figure 2.

Figure 2: a) Infection of the host plant (corn) with AMF spores b) Arbuscule formation
within the cortical root cells

1.1.2. Formation Process, Structure, and Host Plant

Relationship of AM Fungi

Arbuscular Mycorrhizal Fungi (AMF), as obligate microorganisms,
initially interact with plants in a manner akin to pathogenic fungi before
establishing a symbiotic relationship (Dehne, 1982). The process initiates with
the development of appressoria on the root surface, which facilitates the fungal
hyphae's entry into the host tissue. Once inside, AMF colonize the root cortex
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either between the cells (intercellularly) or within the cells (intracellularly).
This penetration generally occurs in the epidermal cells at the rear of the
meristematic zone in young roots, though in some plant species, it can also
occur through root hairs. The growing hyphae may exhibit irregular shapes and
vary in size, developing either between or within cells. Both intercellular and
intracellular connections are frequently observed. During periods of rapid
growth, the hyphae lack septa, but they become septate when conditions
become less favorable. AM hyphae can proliferate both inside the root and
externally (Linderman, 1988; Smith et al., 1992).

Once fungal hyphae penetrate the root cortex, they quickly form
arbuscules within the cortical cells. These arbuscules, which are akin to
haustoria, appear at the extremities of the hyphae and, in some plant species,
may also be observed along the lateral surfaces of the hyphae as they progress
through the cells. Arbuscules are transient structures with a lifespan of about
10-12 days. They start to deteriorate from their tips due to the host cell’s
influence before they fully mature, and are ultimately taken up by the plant.
These arbuscules are thinked to play a significant role in the metabolite
exchange between the fungus and the plant (Gerdemann, 1968; Dehne, 1982;
Bonfante-Fasolo, 1984; Smith et al., 1992; Marschner, 1995).

Vesicular structures of AMF are used for nutrient storage, while
arbuscular structures are specialized for nutrient exchange between
mycorrhizae and the host plant. In this symbiotic relationship, the fungus is
dependent on the host for carbon because it cannot photosynthesize.

Arbuscular mycorrhizal fungi represent the most complex group of
mycorrhizal fungi and form structures within and between roots. These fungi
are characterized by (1) whorls forming intracellular hyphae, often in the outer
layers of the cortical parenchyma, (2) intracellular hyphae, (3) highly branched
intercellular hyphae, i.e. arbuscules, and (4) vesicles exhibiting intracellular
and intercellular hyphae. hypertrophy.

Arbuscules, which are highly branched structures, typically form within
the inner cortex. They are temporary structures created by repeated branching
and complete their development within 4 to 5 days. Arbuscules are important
loci for nutrient excahnge and continue to function actively for only 4-15 days.
Most arbuscular mycorrhizal fungi later form terminal or intermediate vesicles
in the root cortex. These vesicles are expanded, thin-walled structures rich in
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lipids, separated by a septum, and resemble resting spores. Vesicles serve as
endophytic storage organs and are rich in lipids (Verma et al., 2008).

Nutrient exchange between AMF and the host plant occurs through the
intraradical hyphae of the AM fungus and the root cells of the host plant.
Penetrating into root tissues, AMF hyphae form specialized AMF organelles
called vesicles and arbuscules. Arbuscules are highly characterized hyphae of
AMF and rapidly branch into a tree-like structure after penetrating root cortical
cells. The formation of arbuscules changes the structure of stem cells. Research
shows that arbuscules are organelles responsible for nutrient transfer. Fungal
cell walls become thinner as AMF hyphae penetrate root cortical cells to form
arbuscules. Chitin, a primary constituent of the fungal cell wall, is fibrils in
extraradical and intercellular hyphae. The plasma membrane of the host cell
extends inward to surround the developing arbuscule, forming a sheath around
it known as the periarbuscular membrane. The plant cell wall is very close to
the periarbuscular membrane and there is a very narrow gap in between. This
area is enriched in B-glucan-glycoproteins, hydroxyproline, N-
acetylgalactosamine polysaccharides and galactose residues. (Kapulnik and
Douds, 2000b).

Soil respiration increases with AMF colonization in roots. AMF
respiration also increases the metabolic activities of plant tissues. Enzyme
tissue chemistry analyzes have shown that glycolysis, the tricarboxylic acid
(TCA) cycle, and the glucose monophosphate cycle occur in intraradical
hyphae. The protein content in the roots increases with the formation of
mycorrhiza. According to research, the cytoplasmic content of root cells in
mycorrhizal roots is greater compared to non-mycorrhizal roots. (Kapulnik and
Douds, 2000c).

2. Mechanism of AMF's Influence on Phosphorus (P) Uptake

by Host Plants

Numerous studies conducted up to the present day have revealed that
plant nutrients are taken up not only by plant roots but also by AM fungi.
Phosphorus (P), one of the particularly significant macronutrients, plays an
important role in the plant's nutrient acquisition process.

AM fungi have garnered significant attention from researchers across
various fields due to their contributions to phosphorus uptake. It has been
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reported that in more than 90% of natural plant communities, symbiotic AM
fungi play a decisive role in the uptake of phosphorus by plants (Smith et al.,
1992). Besides their role in phosphorus nutrition, some plant species rely
entirely on the presence of AM fungi for their survival.

In addition to phosphorus, AM fungi also have secondary effects on the
uptake of micronutrients such as Zn, Cu, Mn, Fe, and Ca, as well as
macronutrients like K and N (Hayman, 1982). AM fungi are generally effective
in marginal soils with low nutrient levels, as reported by Egboka et al., (2022).

It has been noted that mycorrhizal plants growing in unfertilized and non-
cultivated soils are more sensitive to phosphorus uptake compared to
mycorrhizal plants growing in fertilized soils, with increased phosphorus
content suppressing mycorrhizal formation. Additionally, the potential for
using these fungi in the rehabilitation of mining soils and in agricultural
practices has been highlighted (Tarafdar and Rao, 1997).

Phosphorus, which is heavily fixed in the soil and limited in plant uptake,
is more readily available to plants through AM fungi. The mechanism by which
mycorrhizal plants acquire several times more phosphorus compared to non-
mycorrhizal plants has been explained by various researchers as follows
(Hayman, 1982; Bolan, 1991; Smith et al., 1992):

a) AMF release certain enzymes and acidic fluids that lower the pH
around the plant roots, making inorganic phosphates, which are very low in
solubility, more available.

b) These fungi take up organic phosphorus compounds that are not
readily available to the plant, using them as a nutrient source. They then convert
these phosphorus compounds into a more usable form within the hyphal cells
and transport them to the plant roots.

c) AMF hyphae create a sponge-like absorptive surface on the plant root
surface, collecting phosphorus compounds that have been converted to a usable
form by various activities in the soil, and transport these compounds to the plant
roots through the hyphae.

AM fungi are in contact with microorganisms in the root, rhizosphere,
and soil. These interactions can be either inhibitory or stimulating, with
instances of competition as well as mutual benefits. Such interactions can be
observed throughout the entire life cycle of the mycorrhizal fungus, from the
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dynamics of spore populations to the colonization of roots by external hyphae
(Fitter and Garbaye, 1994).

3. Relationship Between AM Fungi and Drought

Arbuscular mycorrhiza (AM) synthesizes a hydrophobic protein called
glomalin that protects hyphae from desiccation and promotes the aggregation
of soil around the root system, enhancing contact between roots and mineral
elements and water in the rhizosphere. This property of AM fungi associated
with plants increases plant resistance to drought and other environmental
stressors (Davies, 2008).

A study conducted by Kara and Tilki (2001) reported that AM fungi
enhance the absorption of water and nutrients by plants, thereby increasing the
plant's tolerance to high temperatures, high pH, diseases, and pests.

Palta et al. (2010) emphasized the ecological significance of mycorrhizal
fungi due to their interactions both inside and outside the roots of their host
plants. They also reported that AM fungi, through their extra-matrical (external)
hyphae, expand the surface area of plant roots, allowing the plant to better
utilize the soil it occupies, and increase the plant's resistance to abiotic stressors,
including drought, salinity, and heavy metal toxicity. AM fungi were found to
stimulate the production of phytohormones (ABA, Proline) that enhance
tolerance in plants.

AM fungi increase drought resistance in corn by causing biochemical
changes (such as better osmotic pressure regulation and reduced ABA and
Proline secretion), altering root morphology (such as promoting the formation
of more new roots for better water uptake), and improving root contact with
soil moisture through the formation of more extra-radical hyphae (Xu et al.,
2015).

Under abiotic stress conditions, such as drought and high heat, the
balance of the symbiotic relationship between AM fungi and the host plant may
be disrupted. Nevertheless, both the host plant and the mycorrhizal fungus
typically strive to preserve a balanced state (Kapulnik and Douds, 2000b).
Chemical analyses of intra-radical hyphae have revealed the presence of lipid
and polyphosphate granules. Neutral lipids are also found in large amounts in
vesicles and intercellular hyphae, and it is believed that neutral lipids presentin
spores serve as a carbon reserve (Kapulnik and Douds, 2000a). Additionally,
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chemical analyses indicate that mycorrhizae contain various chemical
components, including sugars, carbohydrates, lipids, amino acids, and fatty
acids (Kapulnik and Douds, 2000c).

3.1. Relationship Between Corn and AMF Under Drought

Conditions

A multitude of researchs have been carried out globally on the
contributions of arbuscular mycorrhizal fungi (AMF) to plants. A significant
portion of these studies focuses on vegetable species, medicinal aromatic
plants, and corn (Erzurumlu and Kara, 2014). The contributions of AMF to corn
include: (i) rapid growth during the corn seedling stage, (ii) reduced phosphorus
(P) requirements for corn, (iii) increased tolerance of corn to the pathogen
Ustilago maydis (DC) Corda, (iv) improved resilience to abiotic stresses,
including drought and extreme temperatures, (v) higher pollen fertility in corn,
(vi) improved uniformity of corn emergence, and (vii) increased corn yield
(Cervantes-Gamez et al., 2021).

Corn (Zea mays L.) is considered a plant that benefits greatly from
symbiosis with AMF (Ureta et al., 2020). Various studies have demonstrated
that corn is mycotrophic, meaning it benefits from AMF (Cervantes-Gamez et
al., 2021). When AMF is inoculated into corn-cultivated soil and a symbiotic
relationship is established, increased soil aggregation has been observed (Xu et
al., 2015). This increase is more pronounced at the soil surface but decreases
with soil depth (Carrillo-Aguilar et al., 2021).

According to Sukmawati et al. (2021), the inoculation of AMF species
such as Glomus, Gigaspora, and Acaulospora into corn-cultivated soil increases
the number of soil spores compared to non-inoculated treatments and improves
leaf area index and plant height. Additionally, it was noted that phosphorus (P)
nutrient content increased while AMF spore numbers decreased.

Both natural and exogenous (inoculated) AMF have been reported to
enhance corn yield improve morphological traits (Cozzolino et al., 2013;
Moreira-Salgado et al., 2017). These positive developments in corn can be
attributed to the AMF's role in facilitating greater uptake of nitrogen and
phosphorus from the soil and enhancing tolerance to drought stress (Wahid et
al., 2020; Saboor et al., 2021). Mena-Echevarria et al. (2013) found that corn
inoculated with single or multiple AMF species effectively supports plant



Current Studies on Agriculture, Forest and Aquatic Products | 284

development and increases corn yield, with taller plants observed in inoculated
treatments compared to non-inoculated ones (Colina-Navarrete et al., 2020).

In corn fields within the same region but different areas, it has been
declarated that different AMF species colonize each area due to variations in
soil physical and chemical properties (Bueno et al., 2022). Different host and
soil structures, as well as abiotic and biotic stress factors, lead to the formation
of various AMF species (Cozzolino et al., 2013).

It has been documented that a correlation exists between native AMF
species and the edaphic structure of the soil, which positively affects the uptake
of phosphorus (P) and nitrogen (N) by the plant, thereby improving corn growth
and yield. Additionally, native AMF species help tolerate drought stress due to
their hydric properties (Bueno et al., 2022).

In another study, physical and chemical analyses of two contrasting soils
used as substrates for corn revealed different arbuscular mycorrhizal fungal
(AMF) communities. In the fine-clayey, mixed, superactive, acid-free, and
thermal soil, nine native AMF species (Rhizophagus aggregatus, Funneliformis
geosporum, Paraglomus occultum, Diversispora aurantia, Diversispora
trimurales, Gigaspora kandida, Gigaspora gigantean, Acaulospora mellea, and
Septoglomus sp.) were found. In the coarse, mixed, semi-active, and thermal
soil, only three of the nine AMF species (Funneliformis geosporum,
Paraglomus occultum, and Diversispora aurantia) were present. Furthermore,
the natural AMF populations in each soil affected the activity of allochthonous
AMF inoculations. It was also reported that fertilization, compared to non-
fertilized treatments, more significantly reduced the activity of AMF (native or
allochthonous) and, consequently, the stability of soil aggregates. However,
further research is needed to determine whether this result applies to all soil
types (Gomez-Leyva et al., 2023).

Arbuscular mycorrhizal fungi (AMF) have been shown to increase corn's
tolerance to drought (Zhao et al., 2015). Corn subjected to different levels of
drought (full irrigation, moderate irrigation, and severe drought) was inoculated
with the AMF species Rhizophagus intraradices. As drought severity increased,
AMF colonization in the root zone increased, and nitrogen (N) and phosphorus
(P) uptake also increased. Additionally, corn plants inoculated with AMF
rehydrated more quickly than non-inoculated plants (Birhane et al., 2012).
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Quiroga et al. (2017) demonstrated that corn plants inoculated with AMF
have increased tolerance to various levels of drought stress by regulating their
aquaporins. The study aimed to compare the effects of AMF symbiosis on root
aquaporins and their impact on physiological parameters. Compared to
drought-tolerant corn varieties, AMF symbiosis had a more positive effect on
physiological parameters in drought-sensitive varieties. The measured
physiological parameters included biomass, chlorophyll content, cell
membrane stability, and soluble dry matter. Notably, aquaporins worked more
efficiently in drought-sensitive corn varieties inoculated with AMF.
Furthermore, AMF symbiosis is critical for maintaining water availability,
plant viability, and yield during drought periods. The formation of spores in
corn roots during the seedling the phase is showed in Figure 3.

Figure 3: Microscopic image of the symbiosis between AMF (Glomus iranicum var.)
and maize roots, including AMF spores.

4, CONCLUSION

In the plant-mycorrhizal symbiosis, fungi play a supportive rather than a
parasitic role. The rapidly growing hyphae, both inside and outside the plant
roots, assist in the uptake of external water and mineral nutrients, while the
plant provides organic matter to the fungi. This mutualistic relationship is
inherently dynamic and maintains nutrient cycling and plant vitality within the
ecosystem. From a different perspective, the advantage of mycorrhizae to the
plant is their ability to access soil nutrients more effectively, while the benefit
to the fungi is the provision of a living environment, nutrients, and a surface for
attachment.

Numerous plants worldwide have been found to form symbiotic
partnerships with fungi. Arbuscular mycorrhizal fungi (AMF), in particular, are
more prevalent in impoverished soils and areas experiencing biotic or abiotic
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stress conditions, where they form more spores and establish symbiotic
relationships with host plants. In less favorable ecological and soil conditions,
AMF play a crucial role by creating additional arbuscular structures within
plant roots, thereby enhancing the plant's absorbsion of N, P and micronutrients,
as well as improving water absorption. This, in turn, contributes to plant growth
and enhances resistance to both abiotic and biotic stresses, including soil-borne
pathogens and drought.

Based on this information, for crops of significant importance to human
and animal life, such as corn, it is beneficial to inoculate with suitable AMF
species, in addition to the naturally occurring soil AMF, to improve resistance
to abiotic and biotic factors.
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INTRODUCTION

Lettuce, classified among leafy vegetables, is an annual plant that grows
in temperate climates. It matures within 2-3 months and can be cultivated
outdoors or under cover year-round. The optimal temperature range for lettuce
cultivation is between 15.5 °C and 18.3 °C. When temperatures exceed 18 °C,
vegetative growth shifts to generative development, while lettuce can tolerate
cold temperatures down to -4 °C.

Lettuce can be grown either directly from seeds or through seedlings. If
seedlings are to be planted in ridges, rows are spaced 40-80 cm apart using tools
like a dibble or lister, with plants spaced 15-20 cm within rows. If planting is
done on a flat surface, the same spacing is maintained on 120-130 cm-wide
strips, with 3-4 lettuce seedlings planted per strip.

The yield is calculated based on the number of plants in lettuce
cultivation. In our country, approximately 7,000-8,000 lettuce heads per decare
are obtained, corresponding to 3-4 tons per decare by weight (Ministry of Food,
Agriculture and Livestock, 2015).

According to 2018 FAO data, 1,270,138 hectares of land globally yielded
27,256,487 tons of lettuce. China ranks first with 15,541,717 tons, accounting
for 57% of total global production, followed by the USA (3,677,323 tons) and
India (1,222,323 tons). Turkey ranks eighth with 487,543 tons (FAQ, 2018).

In our country, three types of lettuce are produced: curly, head, and
iceberg. According to 2019 TUIK data, 499,796 tons of lettuce were produced
in Turkey, with 198,491 tons of curly, 215,758 tons of head, and 85,547 tons
of iceberg lettuce. With this production volume, lettuce ranks second in the
leafy vegetable group after cabbage.

According to TUIK 2019 data, Tokat leads in curly lettuce production
(24,454 tons), Adana in head lettuce (49,231 tons), and Ankara in iceberg
lettuce (43,363 tons).

Weeds in lettuce cultivation reduce crop quality and lead to yield losses.
The effects of weeds on lettuce head hardness, leaf size, nitrate, and carotene
content are also relatively known (Shrefler et al., 1996).

Due to these characteristics, weed control should begin early before weed
development is complete. However, identifying weeds in the early stages can
be challenging. Effective control requires the correct identification of weed
species.
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Traditionally, weed species identification and density calculation are
performed using the frame-throwing method. In lettuce fields, a 1-square-meter
frame is thrown diagonally, four times in a 1-decare area, eight times in a 2-10
decare area, and twelve times in an 11-20 decare area. The weed species
observed within each frame are documented, and density calculations are
subsequently derived based on these records. The economic damage threshold
is assessed based on this density, and control timing is determined (Odum,
1971).

Image processing and analysis is a rapidly growing field used in various
areas, including medicine, agriculture, manufacturing, transportation,
communication systems, and space research. Digital image processing, also
known as computer vision, involves obtaining and processing visual
information via computers. Its importance stems from our primary reliance on
vision, enabling us to gather information without physical interaction and
analyze information directly from images or videos. Digital image processing
has applications like identifying land types in satellite images, robotic control
of Mars rovers, and automatic classification of abnormalities in medical images
(Dougherty, 2020).

With advancing technology, weed species identification and density
calculation can now be performed digitally. Specialized software, such as
"Matlab," can be used to detect weeds in agricultural areas. Images captured by
drones are processed using specialized software that applies image
segmentation techniques to categorize materials into distinct layers, allowing
weeds to be identified. Soil, crop plants, and weeds are each segmented into
separate layers. When combined with Artificial Neural Networks (ANN), weed
species can also be identified within the weed layer.

ANN is a system that performs learning based on the human brain. It
learns from prior examples, where interconnected artificial neurons with
different weight values form connections. ANN distributes these values across
networks, allowing it to handle incomplete data, make decisions amidst
uncertainty, and tolerate encountered errors (Oztemel, 2003).

Teaching ANN to recognize different weed species is possible by loading
images of the weed species in various conditions and sizes. Future imaging can
then identify weed species through these trained networks. With software
support from researchers, it is intended that the Image Processing Technique
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could lead to a universal control method for all weeds in cultivation areas,
potentially eliminating chemical control methods. Systems like eradication or
laser-based methods are aimed at destroying weeds.

Considering this, lettuce was chosen for this study due to potential
imaging issues stemming from planting methods and the lack of plant
protection products against problematic weeds in lettuce fields. The study aims
to identify weed populations and densities in lettuce fields using the traditional
frame-throwing method and the innovative Image Processing Technique
and assess how well these techniques support each other.

Only the Image Processing Technique was used in this study to classify
weeds as either narrow- or broad-leaved. Since ANN was not utilized, no
species identification was conducted.

THEORETICAL FOUNDATIONS AND LITERATURE

REVIEW

Weeds Problematic in Lettuce Cultivation Areas

In a study conducted between 2004-2005 by Isik et al. (2009) on organic
lettuce cultivation at the Samsun Black Sea Research Institute, the suppressive
effect of summer cover crops on weeds was noted. The predominant weed
species in the experimental area were barnyardgrass (Echinochloa crus-galli
(L.) P.B.) (10%), bindweed (Convolvulus arvensis L.) (8%), Bermuda grass
(Cynodon dactylon (L.) Pers.) (6%), purslane (Portulaca oleracea L.) (6%),
creeping thistle (Cirsium arvense (L.) Scop.) (5%), redroot pigweed
(Amaranthus retroflexus L.) (5%), and lamb’s quarters (Chenopodium album
L.) (5%). Other species had a relative presence of less than 5%.

In a study conducted in Erzurum, the critical time for weed control was
calculated to be the 13th day after lettuce planting. The average weed density
per square meter was found to be 34, with redroot pigweed (Amaranthus
retroflexus L.) being the most common weed, followed by lamb’s quarters
(Chenopodium album L.), creeping thistle (Cirsium arvense (L.) Scop.), and
green foxtail (Setaria viridis (L.) Beauv.) (Kaymakgi, 2007).

In 2017, Soylu et al. conducted a study across 75 lettuce gardens in Hatay
province, identifying the most prevalent weed species. Each garden's 1-decare
area was framed with a 1-square-meter frame, and the weed species and counts
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within the frame were recorded to calculate density and occurrence frequency.
Species were classified as very common (>50%), moderately common (25-
49%), less common (12.5-24%), and rare (<12.5%).

In a study conducted in the Ames area of the United States in 2013-2014
on the same lettuce planting area, the dominant weeds in the soil were yellow
foxtail (Setaria pumila (Poir.) Roem. & Schult.), denseflower pepperweed
(Lepidium densiflorum Schrad.), lamb’s quarters (Chenopodium album L.),
green foxtail (Setaria viridis (L.) Beauv.), Pennsylvania smartweed
(Polygonum pensylvanicum L.), prickly lettuce (Lactuca serriola (L.)), and
shepherd's purse (Capsella bursa-pastoris (L.) Medik.). Additionally, potatoes
were previously cultivated in this area, which has a slope of 2-6% and a fine
loamy soil texture (Kruse & Nair, 2016).

In a 2020 study from Brazil, the impact of different fertilization
management systems on weeds in lettuce cultivation areas was assessed
through phytosociological analysis. Over 3,000 weed samples representing 25
weed species from 11 families were collected from the examined area. Among
the collected samples, 88% were dicotyledonous, and 22% were
monocotyledonous weed species. The families Asteraceae, Brassicaceae, and
Poaceae were identified as the most abundant weed families. The most common
weed species in the region were found to be purple nutsedge (Cyperus rotundus
L.), gallant soldier (Galinsoga parviflora Cav.), Brazilian pusley (Richardia
brasiliensis Gomes), broadleaf woodsorrel (Oxalis latifolia HB & K.),
Bermuda grass (Cynodon dactylon (L.) Pers.), and Canadian horseweed
(Conyza canadensis (L.) Crong.) (de Freitas et al., 2020).

Image Processing Technique

Humans rely on vision to interpret the world around us. We look at
objects to identify and classify them and scan for differences, and gain a general
sense of the scene with a glance. Humans develop highly refined visual skills,
enabling us to instantly recognize a face, distinguish colours, and rapidly
process large amounts of visual information.

An image is a single picture representing something, such as a person,
animal, outdoor scene, a micro-photograph of an electronic component, or a
medical scan. Image processing involves enhancing the pictorial information
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for human interpretation or making it more suitable for independent machine
perception by altering the nature of the image (McAndrew, 2004).
The main tasks in image processing include:

Image enhancement: This involves the subjective improvement of
image details, such as edge information.

Image restoration: A type of processing that typically provides
objective corrections of blurred images and effects that degrade the
image, preserving fidelity to the original.

Image detection and prediction: This type of processing enables the
detection of the presence or absence of an object or class of objects in
an image scene, as well as the estimation of specific attributes and
parameters of the object.

Image reconstruction: This process reconstructs two-dimensional
spaces from one-dimensional projections, taken at different angles
relative to the object.

Image data compression: This involves encoding information based
on redundancy, aiming to reduce data storage/transmission needs
while preserving overall accuracy.

Spectral estimation in images: Used to develop power density
estimates of two-dimensional spectra for image fields.

Image analysis: Represents image data in an interpretable context,
often compatible with automated, machine-based processing
(Ekstrom, 2012).

RGB images represent three-dimensional colour data, where each pixel
value corresponds to intensity levels across red, green, and blue channels. —
Red, Green, and Blue—which we can think of as three distinct layers. RGB is
the most commonly used colour space for digital image representation, as it
corresponds to the three primary colours that blend to produce an image on
monitors or similar devices. Each colour axis is within a 0-1 range, scaled to O-
255 for 24-bit image representation, with each colour channel taking 1 byte.
The RGB colour space is based on the visible portion of the electromagnetic
spectrum, spanning approximately 400-700 nm in wavelength (Solomon &
Breckon, 2011).

Matlab, short for “Matrix Laboratory,” can display images as matrices
with three colour layers. Each point where these three layers meet forms pixels.
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The most crucial factor separating soil from vegetation images is colour. The
soil image can be isolated by calculating the pixel values forming the brown
colour. Additionally, the area of the isolated soil image can be determined based
on pixel count within a 1-square-meter area.

The Image Processing Technique is used in many different fields today.
This technique aims to obtain information from images by analyzing existing
pictures. It is widely used in food quality evaluation. A 2004 study developed
a system incorporating a rechargeable device camera, ultrasound, magnetic
resonance imaging, computed tomography, and electrical tomography for
image acquisition. Image Processing Technique was used for quality
evaluation, classifying object size, shape, colour, and texture characteristics
using statistical information and artificial neural networks (Du & Sun, 2004).

Animal husbandry is divided into two parts: small livestock and large
livestock. Small livestock includes poultry, sheep, goats, and similar animals.
Because small livestock is easier to weigh directly, it can be weighed directly.
For large livestock, especially cattle, there are some differences in
measurement. Accurate, efficient results depend on the cattle's body length,
chest condition, height, and width. Technical information can be used in digital
image processing to analyze cattle weight (Pradana et al., 2016).

Evaluating cracks is an essential process in the maintenance of concrete
structures. Generally, cracks are manually observed, yielding subjective results
that depend on the inspector's experience. Additionally, evaluating hard-to-
reach structural elements can be time-consuming, expensive, and often unsafe.
In a study conducted in South Korea, drone technology combined with digital
image processing was used to assess cracks, overcoming the disadvantages of
manual visual inspection (Kim et al., 2017).

In the United Kingdom, a system was developed in 2017 to acquire the
necessary data using brain images of 10,000 volunteers, allowing for the
measurement of image quality (Alfaro-Almagro et al., 2018).

A study conducted in Turkey noted that identifying rocks requires
determining the minerals present in the rock and their percentage composition.
It was also added that visual analysis of rocks is challenging and that the
primary examination is carried out by observing rock sections under a
microscope. However, obtaining results is time-consuming, and the results can
vary depending on the observer. In the study, a multilayer artificial neural
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network (ANN) was used to facilitate the digital identification of rocks. Using
single and cross-polarized images, the identification of rock-forming minerals
such as muscovite, chlorite, quartz, biotite, and opagque minerals was conducted
(Baykan, 2010).

There is a study that uses Image Processing Techniques to detect
Escherichia coli bacteria in drinking water. Detecting E. coli bacteria, a
pathogen in drinking water, requires approximately 20-24 hours for visual
identification. During this process, a sample from drinking water is transferred
to an endo agar medium, and the resulting colour change due to bacterial
metabolic activities is observed. In the study, a system and an image-
processing-based analysis method were developed to shorten this process.
Various planting techniques were also tested. As a result, it was demonstrated
that bacterial detection could be achieved within 8-10 hours with the developed
method (Degirmenci et al., 2019).

A study on vocal cords aimed to obtain information on the vibrations of
the vocal cords; however, due to the high speed of image development and the
data volume, manual observation seemed impossible. By comparing the system
based on the proposed Gaussian Mixture Model with a pixel-based
classification model of deep neural networks, glottis detection and
segmentation were performed on vocal cord images captured with an
endoscopic camera (Yilmaz et al., 2020).

Image Processing Techniques are also used in various fields such as X-
rays and biomedical images in medicine, weather forecasting in geography,
restoration of old black-and-white or blurry images, electron microscope
images, radar images, night vision systems, face and fingerprint recognition,
license plate reading, and product classification.

Image Processing Technique in the Agricultural Sector

In astudy conducted in California, multispectral images of leaf reflection
in the visible and infrared regions at wavelengths between 384 and 810 nm were
used to distinguish between lettuce and weeds. An average crop/weed
classification accuracy of 90.3% was achieved. To increase classification
accuracy, machine vision was used to determine leaf boundaries (Slaughter et
al., 2008).
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In quality control systems, potato tubers were classified using Image
Processing Techniques and artificial neural networks. In a study conducted
using Matlab software, potatoes with shape deformities were detected using
morphological processes and the Otsu method and were not included in the
classification process (Sabanci et al., 2012).

Sabanci et al. (2014) developed a robot that detects weeds between rows
in sugar beet fields using Image Processing Techniques and applies herbicide
to the identified weeds. In the size estimation of the Napoleon cherry variety,
Image Processing Techniques were used. Images of Napoleon cherries were
transferred to Matlab software, and size calibration was performed. Based on
the calculations, cherries were classified into categories (Balci et al., 2016).

In a study conducted by Solak et al. (2017), Image Processing
Techniques were used to classify hazelnut fruit. After capturing images of
hazelnuts in the study setup, the area and size of the hazelnut fruit were
calculated with the help of Image Processing Techniques. Based on the
calculated data, they were classified into three different categories: small,
medium, and large.

In India, a study was conducted in 2017 to detect and classify leaf
diseases using digital image processing techniques. The study consisted of four
parts: 1) image processing, 2) segmentation, 3) feature extraction, and 4)
disease classification (Prakash et al., 2017).

In a study conducted in China, a system was developed to detect weeds
using ground-based machine vision. Various techniques were applied to
separate vegetation layers and identify weeds within crops. In images obtained
using ground-based machinery, preprocessing, segmentation, feature
extraction, and classification techniques from Image Processing Techniques
were used. Different colour indices, thresholding, and learning-based
classification approaches were developed to separate vegetation from the
background. The study highlighted that identifying weeds is challenging in
scenarios where crops have similar characteristics to weeds, where leaves
overlap in images, due to different lighting conditions, and due to varying
growth stages of weeds (Wang et al., 2019). In developed countries like the
United States, labor shortages have led to an increase in food production costs,
creating a need for robotic weed control in vegetables to avoid manual weeding
and enhance crop productivity. However, developing reliable, intelligent
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robotic systems for real-time weed control in vegetables is challenging, as
separating weeds from crops presents several issues. In the study, a new crop
signalling technique is presented, aiming to separate crops from weeds in
complex natural scenarios using real-time machine vision. A machine-vision-
based weeding robot with a micro-jet herbicide spraying system was developed
for weed control in lettuce fields (Raja et al., 2020).

MATERIAL AND METHOD

Material

The main material of the study consisted of lettuce plants and the
problematic weed populations present. In this context, the study was conducted
in 10 different lettuce planting areas: 4 in Ipekkdy village, 1 in Kayabas1 village,
1 in Bulduklu village, 2 in Karakoprii village, 1 in Ovasaray village in Amasya
province, and 1 in Bafra district of Samsun province. The GPS coordinates of
the study's locations are specified in Table 1.

Table 1. Label and coordinate information of the locations determined for the study

PROVINCE VILLAGE LOCATION LATITUDE LONGITUDE
NUMBER

AMASYA 1 40;36;3.888199 35;48;7.240600

tpekky 2 40;36;4.090999 35;48;6.733099

3 40;36;4.093699 35;48;7.145300

4 40;36;4.672599 35;48;4.783800

Kayabasi 5 40;34;0.651799 35;45;49.82910

Bulduklu 6 40;36;5.984700 35;47;58.66929

e 7 40;32;12.10839 35;45;9.294500

8 40;32;12.54600 35;45;11.62840

Ovasaray 9 40;31;32.48290 35;44;59.44319

SAMSUN Bafra 10 41:34;37.19109 35;53;54.00040

Method

The study was conducted in two phases. The first phase involved a
conventional method, which is based on identifying species and determining
population density through the use of a frame. The second phase utilized an
innovative method, regarded as a regional pilot application, which involves
detecting weeds using Image Processing Techniques.
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Calculation of Population Measurement of Weed Species

Diagnosed by the Conventional Method

The ten different locations studied cover 27 decares of lettuce planting
area. A 1-square-meter frame was used in the study. In areas up to 1 decare,
sampling was performed 4 times; in locations with areas between 2-10 decares,
sampling was conducted 8 times, preferably moving along the diagonals of the
planting area. Accordingly, a total of 72 sampling instances were reached.
Table 2 provides the sizes of the planting areas at the locations and the number
of samples taken based on these sizes (Odum, 1971).

Table 2. Size of lettuce planting areas and number of samples taken at locations

Location label Area (da) Number of
samples
LC1 3 8
LC?2 2 8
LC3 2 8
LC4 1 4
LC5 7 8
LC6 1 4
LC7 2 8
LC8 3 8
LC9 4 8
LC10 2 8
Total 27 72

The weed species remaining within the frame were identified, and these
species were counted. For each sampling, the identification and counting of
weed species were repeated. Figure 1 shows an example of one of the frames
that were thrown.
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Figure 1. Identification of species and population measurement through frame
sampling

The occurrence frequencies and densities of the weed species identified
separately at each location were calculated according to the formula provided:
e RS=M/T x 100
RS = Occurrence frequency
M = Number of locations where the weed species was found during
sampling in the region
T = Total number of locations where sampling was conducted in the
region
¢ Y (plants/m?) = B/C
B = Total number of a weed species at a location
C = Total number of frames thrown at the location
The occurrence frequency of a weed species in a region is defined as the
ratio of the number of locations found to the total number of locations. All
villages studied in Amasya province are located in the Central district.
Therefore, the occurrence frequency of a weed species expresses its occurrence
frequency in the Central district of Amasya. Since only 1 location was studied
in Samsun province, the occurrence frequency is not defined.
The density calculation of a weed species is defined as the total number
of that weed species at a location divided by the total number of frames thrown
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(Odum, 1971). At this point, the density calculation was performed per-location
basis as plants/m?.

3.2.2. Detection of Weeds Using Image Processing Method

In the locations where sampling was conducted, images were taken using
a drone equipped with a camera capable of capturing photos with a resolution
of 20 megapixels and an image size of 5472x3078 pixels. Figure 2 shows
example images of the study area taken using the drone.
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Figure 2. Aerial images of the planting area for Location 2 (a) and Location 5 (b)

Care was taken to ensure that the rows between the lettuce were not
closed due to their density in the areas where the images were taken. Shots were
taken in open fields and in closed greenhouse conditions. Different lettuce
planting areas were preferred, considering variations such as irrigation systems,
soil structure, maturity of the lettuce plants, and types of lettuce.

The obtained images were transferred to a computer environment using
the "Matlab" software. Although numerous images were obtained from the
examined locations, images containing different conditions were preferred for
the transfer to test various scenarios the software could identify (Figure 3 (a)).

Image processing began with the detection of soil, irrigation systems,
stones, and other areas excluding vegetation. A colour factor was used to obtain
this layer (Figure 3 (b)). Although the colour factor is not a reliable factor for
detecting other layers, the absence of vegetation in the studied locations' soil
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colours or the non-existence of green-coloured soil in nature allows the colour
factor to be used confidently in identifying this layer.
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Figure 3. Original image for Location 3 (a), soil detection (b), vegetation layer (c),
lettuce plant layer (d), weed layer (e), targeted weeds in the original image (f)

The vegetation layer is obtained by extracting the detected soil layer from
the image (Figure 3 (c)).

The separate identification of lettuce plants and weeds within the
vegetation layer presents a challenging task for the study. The vegetation image
in RGB colour format was converted to Lab format. The image segmentation
process was performed using the "Graph cut" technique. At this stage, objects
with similar characteristics were identified, utilizing colour and shape
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properties. After the identified lettuce plants were converted to black-and-white
format, their interiors were filled, and boundary areas were expanded. This way,
the lettuce plant layer was obtained (Figure 3 (d)).

The weed layer remains by extracting the identified lettuce plant layer
from the vegetation layer (Figure 3 (e)). The area covered by each weed
identified in the weed layer is marked in red at their locations in the original
image (Figure 3 (f)).

FINDINGS

Identification of Weed Species in Lettuce Planting Areas Using

Conventional Methods, Their Occurrence Frequencies, and

Densities

A total of 10 different locations were studied to identify weed species,
their occurrence frequencies, and density calculations in lettuce planting areas,
including 9 different locations in Amasya province and 1 location in the Bafra
district of Samsun province.

The study identified the problematic broadleaf weed species in the
lettuce planting areas as follows: the purslane (Portulaca oleracea L.) from the
Portulacaceae family, lamb's quarters (Chenopodium album L.) and redroot
pigweed (Amaranthus retroflexus L.) from the Amaranthaceae family,
bindweed (Convolvulus arvensis L.) from the Convolvulaceae family, and wild
mustard (Sinapis arvensis L.) from the Brassicaceae family. The narrow-leaf
weed species identified were the dogtooth grass (Cynodon dactylon (L.) Pers.)
from the Poaceae family and Cyperus spp. from the Cyperaceae family. A total
of 7 different weed species from 6 families were identified. The occurrence
frequency of P. oleracea and C. album was 77%, while the lowest occurrence
frequency at 11% belonged to S. arvensis (Table 3).
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Table 3. Weed Species Found in Lettuce Planting Areas in the Central District of
Amasya Province and Their Occurrence Frequencies

Occurrence
Famil Weed Freqguenc
y Species g y
(%)
Broadleaf Weeds
Portulacaceae Portulaca oleracea 77
Chenopodium album 77
Amaranthaceae
Amaranthus retroflexus 44
Convolvulaceae Convolvulus arvensis 44
Brassicaceae Sinapis arvensis 11
Narrowleaf Weeds
Poaceae Cynodon dactylon 66
Cyperaceae Cyperus spp. 22
Table 4. Densities of Weed Species Found at the Locations
. Locations Average
Species
2 3 4 5 6 7 8 9 10 (plants/m?)
Cyperus spp. - 2 - - - - - - 15 25 0.6
C. dactylon 1 25 1 05 2 - - - 3 325 132
S. arvensis - - - -2 - - - - 4 0.6
C. arvensis - - 3 - 3 - - 05 4 55 1.6
A.retroflexus - 05 - - 25 - 05 - 7 6 1.65
C. album 15 2 - 15 4505 1 12575 7 2.67
P. oleracea 12 145 45 7 - 2 15 2 - - 4.35

When looking at the average population densities across all studied
locations, P. oleracea was identified as the most problematic species in lettuce
planting areas, with a density of 4.35 plants/m?, followed by C. album with 2.67
plants/m?, A. retroflexus with 1.65 plants/m?, C. arvensis with 1.60 plants/m?,
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C. dactylon with 1.32 plants/m?, and S. arvensis and Cyperus species with 0.60
plants/m? (Table 4).

Overall, among the broadleaf weed species, purslane (P. oleracea) and
lamb's quarters (C. album), and among the narrowleaf weed species, dogtooth
grass (C. dactylon) appear to be significant problems in lettuce planting areas
in the Central district of Amasya province, both in terms of occurrence
frequency and density.

Image Processing Technique Layers Obtained in Lettuce

Planting Areas

Raw Image

At this stage, different images have been chosen to test various factors
such as image capture height, sun angle, and the overlap of weeds with the
green parts of the lettuce plants. The selected images have been transferred to
the Matlab environment. The transferred images must be of size 5472x3078
pixels.
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Figure 4. Raw Image of Location 5

The presence of factors such as height, compressed row spacing, the
presence of red lettuce, and the overlap of weeds with the green parts of the
lettuce plants has been tested in a planting area where it is very difficult to detect
with the naked eye (Figure 4).
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E

Figure 5. Raw Image of Location 9

Figure 6. Raw Image of Location 10

Under closed greenhouse conditions, the usability of the unmanned aerial
vehicle and the ability to obtain suitable images for the method have been tested
(Figure 5). As a result of the observations and evaluations obtained, it has been
determined that the proposed method does not work in locations where the
weed population is very dense and where weeds frequently overlap with the
plant cover (Figure 6).
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Soil and Irrigation System Layer

The easiest way to separate the soil and irrigation system from the plant
cover is through colour factors. Since there are no brown or black-toned plant
samples in lettuce planting areas, the colour factor can be safely used.

The soil and irrigation system have been extracted from the image based
on the specified colour range. The identified soil and irrigation system image is
converted to a black-and-white image (Appendix 1).

In black-and-white images, the pixel value is either 0 or 1. "0" represents
the colour black, or the absence of something, while "1" represents the colour
white, or the presence of something. In the black-and-white image created for
the soil and irrigation system, the parts where the soil and irrigation system are
located are shown as "1," or white colour.

As seen in Figures 7-8-9, parts that do not belong to the plant cover, such
as soil, irrigation system, and stone fragments, appear as a whole layer.
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Figure 7. Black-and-White Image of Soil and Irrigation System Detected in Location
5
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~F|gure 9. Black and Whlte Image of Soil and Irrlgatlon System Detected in Locatlon
10
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Vegetation Layer

The value of each pixel indicating the presence of soil and irrigation
system, obtained in black-and-white, which has a value of "1", is set to display
"0" (representing "absence") in the original RGB image, leaving only the
vegetation in the original RGB image (Appendix 2).When examining the
obtained vegetation layer in colour format, the success of the soil extraction
process becomes clearer. Diseases and damages occurring in lettuce plants can
be more easily examined in this part. It is impossible to distinguish between
lettuce plants and weeds by colour; however, as seen in the images, the lettuce
plants in the same planting areas are homogeneously distributed with a specific
shape structure. By utilizing artificial intelligence, the aim is to identify objects
that have high similarity in shape and colour to distinguish between lettuce
plants and weeds. Losses experienced during cultivation and mistakes made
during planting or sowing can also be observed at this stage (Figures 10-11-12).

Figure 10. Vegetation Obtained from Location 1
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Figure 12. Vegetation Obtained from Location 9

Lettuce Plant Layer

Multiple techniques are applied when detecting lettuce plants. Firstly, the
RGB image is converted to the Lab colour format. Extracting colours in the
Lab colour format is more accessible than in the RGB image. It represents
colours in a three-dimensional coordinate system: L* (lightness) represents
the brightness/lightness coordinate, a* represents the red-green coordinate, and
b* represents the yellow-blue coordinate.
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After converting to the Lab format, image segmentation is performed.
Applying the "Graph cut” technique, lettuce plants with similar colour ranges
and shapes are brought to the foreground, while dissimilar weeds are pushed to
the background. The lettuce plants are then converted to a black-and-white
format for further processing. The gaps within the boundary lines of the lettuce
plants have been filled. For safety purposes, the boundary area of the lettuce
plants has been expanded. Weeds outside the lettuce plants have been removed
from the image. Objects below the defined pixel area that might be overlooked
have been removed from the image (Appendix 3). The detected lettuce plants
in the image are represented in white colour, indicating their presence, i.e.,
value "1".

In cases such as leaf fertilization, the coordinates of the obtained lettuce
plants can be utilized as needed. The area occupied by the lettuce plant can be
calculated in this section. Since the yield of the lettuce plant is calculated in
terms of the number of heads, the total number of lettuce to be obtained can be
easily seen in the lettuce layer section. Since the boundaries of the lettuce plants
have been expanded for safety reasons, the boundary lines appear soft rather
than sharp. Sometimes, soil accumulations can occur in the centre, and since
the software will see these parts as soil, gaps are created. With the given
command, these gaps have also been cleared.

Even though the lettuce plant has not yet reached the required maturity,
there have been no issues in its detection.

Weed Layer

Every pixel where the value of the lettuce plant is "1" is converted to a
value of "0" in the image we refer to as vegetation, thereby extracting it from
the image (Appendix 4). As a result, weeds remain in RGB format.
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Figure 12. Obtained Weeds from Location 1

It is observed that even weed populations, which are very difficult to see
with the naked eye in the images, have been detected (Figure 12).
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Figure 13. Obtained Weeds from Location 2

In the images, the total area occupied by weeds can be calculated;
however, a precise count of weeds cannot be obtained, resulting in the inability
to calculate density. Before entering the planting area and without needing a
frame, a 1 square meter area can be marked in this section, and weed detection
can be performed by examining the image.

In images taken from very high points, successful weed detection has
been achieved in areas where it is impossible to identify with the human eye.
In images where very dense weed populations are observed and overlap with
the green parts of the lettuce plants, the weed population has also been
successfully detected (Figure 15). The weed image obtained in RGB colour
format is converted to a black-and-white format.
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; ,H e \f‘ > ,.,‘; = g
Figure 15. Obtained Weeds from Location 10

Targeted Weed Populations on the Original Image
In the black-and-white format of the weed image, every pixel where
weeds are present and has a value of "1" is shown in the original RGB image
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with R=240, G=0, and B=0. The targeted weeds are marked in red colour in the
original image (Appendix 5).

The results indicate that species identification has not been accomplished
while the weeds have been detected (Figure 16). It has been observed that in
some lettuce planting areas, a single photograph can capture the weed
populations present throughout the entire lettuce planting area (Figure 17).

Lo

Figure 17. Targeted Weeds from Location 5



327 | Current Studies on Agriculture, Forest and Aquatic Products

Evaluation of Weed Populations Detected by Image Processing

Technique

Weeds have been detected using image processing techniques, and their
location information and covered areas have been calculated. Weeds that might
have been overlooked can also be detected. However, this technique has not
achieved species identification for weeds detectable by conventional methods.

When looking at the background of the Image Processing Technique,
many weed species that cannot be detected with the naked eye outside the frame
area have been identified. Additionally, location and area information for these
weed species has been obtained. The success rate of counting weeds using
image processing techniques is low. In cases of weeds growing branched, if
there is soil accumulation on the stem or if the petiole is thin enough to blend
in with the soil appearance, a plant can be perceived as two separate plants.
However, the success rate for calculating the areas covered by weeds is very
high. The ability to detect weeds even at points where they contact the lettuce
plants increases the reliability of the study (Figure 18).
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Figure 18. Detection of Overlapping Weeds with Lettuce Plants Using Image

Processing Technique

The coverage area of the detected weeds has been calculated using the
software. It is thought that with a planned standard control method, energy can
be expended only in these areas. The calculated coverage rate of the weeds
allows for observing the proportion of energy spent versus the actual amount
used in control. The total coverage area and coverage rates of weeds by location
are shown in Table 5.
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Table 5. Total Image Area in Location, Total Coverage Area of Weeds, and Coverage

Rate of Weeds
Location Total Image Total Coverage  Coverage Rate
Label Area (Px) Area of Weeds of Weeds (%)
(Px)

LC1 13,960,463 116,305 0.83
LC2 15,301,118 190,890 1.24
LC3 16,842,816 155,539 0.92
LC4 16,842,816 92,346 0.55
LC5 15,070,247 215,863 1.43
LC6 16,842,816 111,095 0.66
LC7 16,842,816 499,683 2.97
LC38 16,842,816 57,295 0.0003
LC9 16,842,816 667,328 3.96

LC 10 16,842,816 879,364 5.22

Data showing characteristics such as the similarity ratios of the weeds in
the region are specified in Table 5. It has been determined that the weeds found
in the location are predominantly broadleaf weed species. It is thought that the
high similarity ratios obtained from the software could indicate the presence of
broadleaf weed species, while the lower similarity ratios might suggest the
presence of narrowleaf weed species, indicating that the study should be
developed in this direction.
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Table 6. Displaying the Number of Weeds Detected, Their Covered Area, Shape
Characteristics, Similarity Ratio, and Width Data

Weed Area Max. Axis Min. Axis Similarity Ratio
Length Length (%)
1 3990 114.39 67.03 81
2 2604 323.40 87.80 96
3 2018 81.59 39.45 88
4 2549 183.97 120.58 76
5 2001 187.33 56.69 95
6 10.88 196.29 133.14 74
7 3107 123.27 49.53 92
8 4366 106.40 79.32 67
9 9924 184.77 106.66 82
10 2167 73.14 55.39 65
11 4285 136.21 74.11 84
12 2202 77.79 45.57 81
13 2085 105.50 38.36 93
14 2970 277.39 49.83 98
15 3727 127.53 66.18 85
16 17.86 286.23 176.35 79
17 2739 182.12 57.94 95
18  29.06 278.78 237.31 52
19 2135 85.48 50.58 81

It is possible to separate weeds into narrow-leaf and broadleaf using
image processing techniques (Figure 19). However, separate operations are
required for each lettuce planting area, and each photo frame making this
separation is practically challenging. It is thought that combining neural
networks and image processing techniques in software may provide a more
practical solution.
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Figure 19. Detection of Narrowleaf and Broadleaf Weeds Using Image Processing
Technique

DISCUSSION

In the study conducted by Isik et al. in Samsun, the most prevalent
species in lettuce planting areas were found to be barnyard grass (Echinochloa
crus-galli (L.) P.B.) at a rate of 10% and Canadian thistle (Cirsium arvense (L.)
Scop.) at 5%, which were not found in the study conducted in Amasya. The
field bindweed (C. arvensis) at 8%, dogtooth grass (C. dactylon.) at 6%,
purslane (P. oleracea.) at 6%, redroot pigweed (A. retroflexus) at 5%, and
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lamb's quarters (C. album) at 5% exhibited similarities in both regions
compared to the other identified species.

In a study conducted in Erzurum by Kaymake1 in 2007, high densities of
Canadian thistle (C. arvense.) and green foxtail (Setaria viridis (L.) Beauv.)
were noted. However, the presence of these species was not mentioned in the
locations studied in Amasya. Additionally, purslane (P. oleracea), which had a
frequency of 77% in Amasya, was not identified in the conducted research.

In the study by Soylu et al. in 2017, the density of wild oat (Avena sterilis
L.), which is one of the most prevalent species, was reported to not pose an
economic problem in lettuce fields in Amasya. The other species mentioned in
the study exhibited similarities in both regions.

Although image processing technology is widely used in the industrial
sector, it has not gained the necessary importance in agriculture. Factors such
as the high variability in planting areas complicate the implementation of these
techniques, and the applications are not adequately prepared for today’s
agricultural conditions, which are thought to contribute to this lack of
recognition.

Studies conducted in Turkey that utilize image processing technology in
agriculture have been observed to generally focus on the classification
of harvested crops. Conducting these studies in controlled conditions, such as
fields or gardens, eliminates variables and simplifies the processes compared to
field conditions. In the studies on weed detection, it has been noted that low-
altitude photographs do not cover the entire area or fully include the cultivated
crops, resulting in a limited number of detected weed species. Moreover, it has
been observed that species identification, location information, and area
information of the detected weeds could not be achieved. There are no studies
where this technique has been applied to lettuce crops.

Internationally, projects have been reported where weeds found along
train tracks are identified, and only those areas are treated, indicating a high
success rate due to the absence of variables in these regions. There are also low-
altitude weed detection studies in agricultural conditions, but species
identification is often impossible for all detected weed species. In aerial surveys
of agricultural land, software is currently available only for detecting prohibited
plant species.
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In a study conducted in the United States by Raja et al. in 2020,
troublesome weeds in lettuce gardens were successfully managed using image
processing technology and artificial neural networks (ANN). However, species
identification for each weed found in the planting area was not performed. The
developed spraying system aimed to treat only the points where these weeds
were present, using low-altitude photographs for detection.

Generally, in studies using image processing technology, the periodic
variations in weed leaf structure, the overlap of green foliage due to field
conditions, and variations in green biomass due to nutrient deficiencies or plant
diseases complicate species identification of the weeds.

The biggest advantage of conventional methods is that species
identification and density calculations can be performed. However, when a
system is developed that can apply a standard control method for each species,
leading to the eradication or death of weeds, the significance of conventional
methods diminishes. ldentifying the weeds and their locations becomes the
main priority in such cases.

CONCLUSION

According to the results obtained, species identification and density
calculations can be achieved using conventional methods, allowing for the
determination of when to control weeds as economic damage thresholds are
reached.

It has been observed that image processing technology can be
confidently used for detecting weeds, location identification, and area
calculations. High detection success has been noted even at points where weed
green parts overlap or come into contact with lettuce plants. However, because
species identification is not possible, the calculation of species density and
whether it has reached an economic damage threshold cannot be performed.
The identified weeds' detection, location information, and area data can be
uploaded to the system, allowing control measures to be conducted only at these
points. Additionally, with modifications and applications of the developed
software specific to other crops, treatments can be limited to areas where only
weeds are present, thereby protecting human and environmental health.
However, since there are no registered plant protection products for
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problematic weeds in lettuce fields, control measures are conducted through
cultural and mechanical practices, which increase production costs.

Incorporating ANN can facilitate species-level identification, thereby
enhancing the precision of weed detection in agricultural contexts. However,
conducting separate studies for each weed species encountered in planting
areas over several years is necessary. For high success in species identification
for a single weed species, it is essential to take hundreds of photographs under
different growing conditions and developmental stages for every weed species
encountered in the field. It is generally easier to refer to the remaining
vegetation as weeds after teaching about the cultivated plants.

The lettuce plant, with its unique shape and planting style that does not
resemble the weeds in our region, enables the application of image processing
techniques. Testing has also been conducted on crops such as cabbage and beet,
yielding successful results.

Certain adjustments must be made before applying image processing
techniques to different lettuce planting areas. Using ANN with constant
software that does not change can prevent this issue.

In light of the obtained data, in a weed management system where
species identification of weeds is not mandatory, weeds can be eradicated at
targeted coordinates. Since energy will not be expended for areas without
weeds, costs will be reduced, and environmental health will be protected. It is
believed that developing systems that facilitate weed eradication, such as
eradication systems or systems that use lasers for burning weeds in conjunction
with image processing technology, can yield successful results. Innovative
applications should be developed and integrated into the agricultural sector to
minimize control costs.
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APPENDICES

(Appendix 1)

matlab

function [BWgreen, maskedRGBImage] = detectPlant (RGB)

I = rgb2lab (RGB);
channellMin = 9.701;
channellMax = 98.514;

channel2Min = -66.492;
channel2Max = -7.912;
channel3Min = 11.163;
channel3Max = 66.573;
sliderBW = (I(:,:,1) >= channellMin) & (I(:,:,1) <=
channellMax) & ..
(I(:,:,2) >= channel2Min) & (I(:,:,2) <=
channel2Max) & ...
(I(:,:,3) >= channel3Min) & (I(:,:,3) <=

channel3Max) ;

BWgreen = sliderBW;
maskedRGBImage = RGB;

maskedRGBImage (repmat (~BWgreen, [1 1 3]1)) = 0;
end
[Bigreen, maskedRGBImage] = detectPlant (field);
greenArea = imfill (BWgreen, 'holes');
soll = ~greenArea;
(Appendix 2)
matlab
[row, col] = find(soil > 0);
for i = 1l:length(row)
field(row(i), col(i), 1) = 0;
field(row (i), col(i), 2) = 0;
field(row (i), col(i), 3) = 0;
end

soilRemovedField = field;
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(Appendix 3)

matlab

function [BWlettuceSeparated, maskedImage] =
separatelettuceFromIrrigatedField (RGB)

X = rgb2lab (RGB) ;

foregroundInd = [5612 546780 726162 1027706 1185986
1250627 1956560 3464764 4345252 4369780 4425260

4517588 4536200 5254699 5267123 5350079
5408545 5420857 6072632 6137246 7374442

8582597 8776454 8838936 14576136
15629456 15832544 15986338 16078694 16140242 16801661];

backgroundInd = [1052328 1070852 1138618 3752369 4369834
4542278 4813290 4819436 4905638 4981116 5575104

5575135 5808024 5829618 6073852 6132526
6132534 6132557 6132573 6132580 6192678 6550403

6559637 6578105 6605807 6633509 6651977
6661211 6670445 7915598 8822237 8822240 8831459

8831462 8840690 9108254 9113464 11387558
151431287];

L = superpixels (X, 42157, 'IsInputLab', true);

scaledX = prepLab (X);

BWlettuceSeparated = lazysnapping(scaledX, L,
foregroundInd, backgroundInd) ;

BWlettuceSeparated = imfill (BWlettuceSeparated, 'holes');

radius = 12;
decomposition = 0;
se = strel('disk', radius, decomposition);

BWlettuceSeparated = imdilate (BWlettuceSeparated, se);
maskedImage = RGB;
maskedImage (repmat (~BWlettuceSeparated, [1 1 3]1)) = 0;

end

function out = preplLab (in)

out = in;

out(:,:,1) = in(:,:,1) / 100;
out(:,:,2:3) = (in(:,:,2:3) + 100) / 200;
end

[BWlettuceSeparated, maskedImage] =
separatelettuceFromIrrigatedField (soilRemovedField) ;
BWlettuceSeparated = bwareaopen (BWlettuceSeparated,
5000) ;
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% Note: Values may vary.
(Appendix 4)

matlab

[row, col] = find(BWlettuceSeparated > 0);

for i = 1l:length(row)
soilRemovedField(row (i), col(i), 1) = 0;
soilRemovedField(row (i), col (i), 2) = 0;
soilRemovedField(row (i), col(i), 3) = 0;

end

weeds = soilRemovedField;

(Appendix 5)

matlab

grayWeeds = rgb2gray (weeds) ;
binaryWeeds = imbinarize (grayWeeds) ;
figure, imshow (binaryWeeds) ;

[row, col] = find(binaryWeeds > 0);
for i = 1l:length (row)

original (row (i), col(i), 1) = 240;
original (row (i), col (i), 2) = 0;
original (row (i), col (i), 3) = 0;

end
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