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Abstract

Pesticides are indispensable in agricultural production. They have been used by farmers to control
weeds and insects, and their remarkable increases in agricultural products have been reported. The
increase in the world’s population in the 20th century could not have been possible without a
parallel increase in food production. About one-third of agricultural products are produced
depending on the application of pesticides. Without the use of pesticides, there would be a 78% loss
of fruit production, a 54% loss of vegetable production, and a 32% loss of cereal production.
Therefore, pesticides play a critical role in reducing diseases and increasing crop yields worldwide.
Thus, it is essential to discuss the agricultural development process; the historical perspective, types
and specific uses of pesticides; and pesticide behavior, its contamination, and adverse effects on the
natural environment. The review study indicates that agricultural development has a long history in
many places around the world. The history of pesticide use can be divided into three periods of
time. Pesticides are classified by different classification terms such as chemical classes, functional
groups, modes of action, and toxicity. Pesticides are used to kill pests and control weeds using
chemical ingredients; hence, they can also be toxic to other organisms, including birds, fish,
beneficial insects, and non-target plants, as well as air, water, soil, and crops. Moreover, pesticide
contamination moves away from the target plants, resulting in environmental pollution. Such
chemical residues impact human health through environmental and food contamination. In
addition, climate change-related factors also impact on pesticide application and result in increased
pesticide usage and pesticide pollution. Therefore, this review will provide the scientific information
necessary for pesticide application and management in the future.
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1. Introduction

The group of substances known as pesticides pertains to substances used as insecticides, fungicides,
herbicides, rodenticides, molluscicides, and nematicides [1]. It is generally accepted that pesticides
play an important role in agricultural development because they can reduce the losses of
agricultural products and improve the affordable yield and quality of food [2,3,4]. Because of the
urgency to improve food production and control insect-borne diseases, the development of
pesticides increased during World War II (1939-1945). Additionaly, from the 1940s onwards, the
increased use of synthetic crop protection chemicals permitted a further increase in food
production [1]. Moreover, worldwide pesticide production increased at a rate of about 11% per year,
from 0.2 million tons in the 1950s to more than 5 million tons by 2000 [5]. Three billion kilograms
of pesticides are used worldwide every year [6], while only 1% of total pesticides are effectively
used to control insect pests on target plants [1]. The large amounts of remaining pesticides
penetrate or reach non-target plants and environmental media. As a consequence, pesticide
contamination has polluted the environment and caused negative impacts on human health [1,7].

This literature review firstly provides basic scientific information about the agricultural
development process, the historical perspective of pesticide usage, general types of pesticide in use,
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and the role of pesticides in agriculture. Specific focus is then put on pesticide behavior in the
environment, climate change-related factors in pesticide use and its adverse effects on the natural
environment. Finally this study provides a new direction for the application and management of
pesticides.

2. Agricultural Development Process

Agricultural development has a long history in many places around the world. Agricultural practice
began about 10,000 years ago in the Fertile Crescent of Mesopotamia, corresponding roughly to
most of today’s Iraq, Turkey, Syria and Jordan [8]. People who lived in these areas collected edible
seeds through means such as fire-stick farming, and forest gardening. When the population became
more settled and lived on farms, large amounts of wheat, barley, peas, lentils, chickpeas, bitter vetch,
and flax were cultivated [9]. Rice and sorghum were farmed in the Sahel region of Africa about 7500
years ago [10]. Davies (1968) furthermore indicates that some local crops were also domesticated
independently in West Africa as well as in New Guinea and Ethiopia about 7500 years ago. Rice and
millet were domesticated in China [11]. America independently domesticated corn, squashes,
potato, and sunflowers [12]. The farmed crops often suffer from pests, weeds, and diseases which
could result in a considerable loss in crop yield. Without pesticide usage, the loss of fruits,
vegetables, and cereals due to pests and diseases would be as much as 78%, 54%, and 32%,
respectively [13]. Therefore, there is an urgent need for scholars and the public to look for ways to
overcome the problems caused by pests and diseases.

3. Historical Perspectives of Pesticide Usage

The history of pesticide use can be divided into three periods of time. During the first period before
the 1870s, pests were controlled by using various natural compounds. The first recorded use of
insecticides was about 4500 years ago by Sumerians [8]. They used sulfur compounds to control
insects and mites. About 3200 years ago, the Chinese used mercury and arsenical compounds to
control body lice. There was no chemical industry, so all products used were derived directly from
readily available animal, plant, or mineral sources. For example, volatile substances were often
applied by “smoking”. The principle was to burn straw, chaff, hedge clippings, crabs, fish, dung, or
other animal products, so that the smoke, preferably malodorous, could spread throughout the
orchard, crop, or vineyard [8]. It was generally assumed that such smoke would eliminate blight or
mildew. Smoke was also used against insects. People controlled weeds mainly by hand weeding,
while various chemical methods were also reported [14]. Pyrethrum is obtained from the dried
flowers of the chrysanthemum Cineraria folium, “pyrethrum daisies”, and has been used as an
insecticide for over 2000 years.

During the second period, between 1870 and 1945, people began to use inorganic synthetic
materials. At the end of the 1800s, people in Sweden used copper and sulfur compounds against
fungal attack in fruit and potatoes [15]. Since then, people have been using many inorganic
chemicals, including the Bordeaux mixture, based on copper sulfate and lime arsenic, as pesticides,
and they are still being used to prevent numerous fungal diseases [1].

The third period started after 1945 [8], represented by the use of synthetic pesticides with the
discovery of the effects of Dichlorodiphenyltrichloroethane (DDT), β-Hexachlorocyclohexane (BHC),
aldrin, dieldrin, endrin, chlordane, parathion, captan, and 2,4-D [16]. The disadvantages of many of
these products were at their high rates of application, lack of selectivity, and high toxicity. For
example, DDT was widely used all over the world since it had low toxicity to mammals, and it
reduced insect-borne diseases, such as malaria, yellow fever, and typhus [17,18]. The book “Silent
Spring” indicated the negative impacts of pesticides on the environment and human health. The
book aroused great attention among scholars and the public [1]. DDT was banned in 1972 in the US
because of its harm to non-target plants and animals, as well as problems with its significant ability
to accumulate in tissues and persist, causing long-term damage [19]. Between the 1970s and 1990s,
new families of chemicals, such as triazolopyrimidine, triketone and isoxazole herbicides,
strobilurin and azolone fungicides, chloronicotinyl, spinosyn, fiprole diacylhydrazine, and
organophosphate insecticides, have been introduced to the market and most of the new chemicals
can be used in grams rather than kilograms per hectare [1,18].

In modern agriculture, scholars are trying to develop genetically engineered crops designed to
produce their own insecticides or exhibit resistance to broad-spectrum herbicide products or pests.
This new pest management could reduce chemical use and its negative impacts on the environment
[1].

4. Types of Pesticide in Use
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Pesticides are classified by different classification terms such as chemical classes, functional groups,
modes of action, and toxicity [20]. Firstly, pesticides are classified by different targets of pests,
including fungicides, insecticides, herbicides, and rodenticides. For example, fungicides are used to
kill fungi, insecticides are used to kill insects, while herbicides are used to kill weeds [21,22]. In
terms of chemical classes, pesticides are classified into organic and inorganic ingredients. Inorganic
pesticides include copper sulfate, ferrous sulfate, copper, lime, and sulfur. The ingredients of organic
pesticides are more complicated [23]. Organic pesticides can be classified according to their
chemical structure, such as chlorohydrocarbon insecticides, organophosphorus insecticides,
carbamate insecticides, synthetic pyrethroid insecticides, metabolite and hormone analog
herbicides, synthetic urea herbicides, triazine herbicides, benzimidazole nematocides, metaldehyde
molluscicides, metal phosphide rodenticides, and D group vitamin-based rodenticides. Figure 1
shows the summary of the agricultural use of each class of pesticide in China [24].

Figure 1

Summary of agricultural use of each class of pesticide in China [24].

5. The Role of Pesticides

Tremendous primary benefits have been achieved using different types of pesticides in a range of
areas, including public health and agricultural activities [25]. In terms of public health, pesticides
are used in daily life to kill pests, including mosquitoes, ticks, rats, and mice in houses, offices, malls,
and streets. As a result, the immense burden of diseases caused by these vectors has been
substantially reduced or eliminated [21,23,26]. Insecticides are often the most practical way to
control insects that can spread deadly diseases such as malaria, possibly resulting in an estimated
death count of 5000 deaths globally each day [17]. In addition, pesticides are indispensable in
agricultural production. They have been used by farmers to control weeds and insects in
agricultural cultivation, and remarkable increases in agricultural products have been reported as a
result of pesticide use [1,27]. To cope with demographic growth, there has been a significant
increase in agricultural yield since the beginning of the 20th century. Within one century, population
growth increased from 1.5 billion in 1900 to about 6.1 billion in 2000, corresponding to a world
population growth rate three times greater than during the entire history of humanity. Since 2003,
the world’s population has increased by yet another billion, and given the current growth rates, it is
projected to reach 9.4–10 billion by 2050 [5]. The increase in the world’s population in the 20th
century could not have been possible without a parallel increase in food production. Although
increases in food productivity have been due to several factors, including the use of chemicals,
better plant varieties, and the use of machinery, pesticides have been an integral part of the process
by reducing harvest losses caused by weeds, diseases, and insect pests [25]. About one-third of
agricultural products are produced using pesticides. Without the use of pesticides, there would be a
78% loss of fruit production, a 54% loss of vegetable production, and a 32% loss of cereal
production [27]. Therefore, pesticides play a critical role in reducing diseases and improving the
increase in crop yields worldwide. Thus, they have made a significant contribution to alleviating
hunger and providing access to an abundant supply of high-quality food.

There is also a secondary benefit from pesticide usage, which is less immediate and less intuitively
obvious, with long-term consequences, including farm and agribusiness revenues, nutrition and
health improvement, food safety, quality of life improvement, a wider range of viable crops, life
expectancy increases, reduced vet and medical costs, a fitter population, stress, maintenance costs,
soil erosion/moisture loss, greenhouse gas emission, international spread of diseases, global
warming, increased export revenues, workforce productivity, biodiversity, and cropping due to
agronomic consultation [28]. Controlling pests of pastures will bring significant livestock
productivity benefits. For example, insecticide spraying may cost USD 10/ha to control red-legged
earth mites in clover, however, sheep farmers in Australia can increase the value of their wool yield
by USD 50/ha [29]. Another example is that increased agricultural productivity using proper
pesticides may significantly increase farming families’ income [30]. The value of nutritious, safe, and
affordable food contributes to life expectancy as a health promoter [28].

6. Pesticide Behavior in the Environment

When pesticides are applied to a target plant or disposed of, they have the potential to enter the
environment. On entering the environment, pesticides can undergo processes such as transfer (or
movement) and degradation [31,32,33]. Pesticide degradation in the environment produces new
chemicals [34]. Pesticides relocate from the target site to other environmental media or non-target
plants by transfer processes including adsorption, leaching, volatilization, spray drift, and runoff (
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Figure 2) [35]. The different types of chemicals indicate their differences in environmental behavior.
For example, organochlorine compounds such as DDT have low acute toxicity but show a significant
ability to accumulate in tissues and persist in causing long-term damage. They have been banned
from sale in most countries, but their residues remain in the environment for a long time because of
their nature. While organophosphate pesticides are of low persistence, they have appreciable acute
toxicity in mammals [23,36].

Figure 2

Pesticide behavior in the natural environment (by authors).

6.1. Pesticide Degradation

After pesticides are applied to the target organism, they are degraded by microbes, chemical
reactions, or light [37]. Depending on the environmental conditions and the pesticide’s chemical
characteristics [38], degradation may take from hours to days or even years [39]. Pesticide
degradation processes control pesticide persistence in soils and yield different metabolites [40]. It
also provides the concept of a half-life of the pesticides in the environment [34]. For example, in the
case of chlorpyrifos, the major metabolite 3, 5, 6-trichloro-2-pyridinol (TCP) of chlorpyrifos is much
more mobile and toxic than its parent chlorpyrifos [41]. Chlorpyrifos and its degradation products
have been frequently detected in soils, sediments, and groundwater in many areas. These chemicals
are considered to be endocrine-disrupting chemicals, possibly posing potential risks to human
health [42].

There are three types of pesticide degradation [43,44]. Microbial degradation is the degradation of
pesticides by microorganisms such as fungi and bacteria [45]. For example, biodegradation is the
main path of niclosamide degradation in natural environments, as aerobatic and anaerobic
naturalized microorganisms have a high capability to degrade niclosamide [43]. Factors including
oxygen, temperature, soil moisture, soil pH, and soil porous structure influence pesticide microbial
degradation [31,42,44,46]. For example, the enantioselective degradation of benalaxyl is mainly
influenced by pH, with a greater degradation in soils with higher pH values [47].

Pesticides can be degraded by chemical reactions in the soil. This process is called chemical
degradation [48]. Moreover, the chemical reaction of sunlight radiation plays an important role in
the degradation of molecules on soil surfaces because it is always active [49]. The rate and type of
chemical degradation are influenced by soil temperature, pH levels, moisture, and the binding of
insecticides to the soil [31].

Photo-degradation is the degradation of pesticides by sunlight [50]. All insecticides are capable of
photo-degradation to some extent, and the rate of degradation depends on the intensity of light,
length of exposure, and the properties of the insecticide [31]. For example, niclosamide could
hydrolyze to generate 5-chlorosalicylic acid and 2-chloro-4-nitroaniline under the effect of light
[43].

6.2. Pesticide Migration

6.2.1. Sorption

When pesticides are used, only a small amount of the applied pesticides displays a protective role to
fight against plant diseases. In contrast, a large amount of pesticides reaches the soil, resulting in
severe soil pollution [51,52]. The sorption process is a phenomenon that binds pesticides to soil
particles due to the attraction between chemical and soil particles [51,53,54,55]. In addition,
adsorption isotherms can be obtained according to the standard batch equilibration method
(OECD106, 2000) and used for the assessment of pesticide retention in the environmental media
[56].

Various factors influence this soil absorption process. Some soil factors, including pH, organic
matter [42,53,57,58], and soil amendment [59], impact the adsorption of pesticides. Moreover, soils
rich in organic matter or clay are much more adsorptive to pesticides than coarse, sandy soils,
because clay or organic soils either have a greater particle surface area, or more sites onto which
insecticides can be bound [45,55,60,61] For example, the adsorption and desorption abilities of
endosulfan may be related to the contents of clay and organic matter in the soil [46,62]. The study
shows the sorption/desorption and mobility of strobilurin fungicides in three Chinese soils in the
order of Jiangxi red soil > Taihu paddy soil > Northeast China black soil. The main reasons for this
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result are soil properties, including organic matter (SOM), pH, and cationic exchange capacity (CEC)
influencing the adsorption/desorption of the fungicides. Moisture also influences the adsorption of
pesticides in the soil [31]. Generally, dry soils absorb more insecticides than wet soils because water
molecules compete with the insecticides for the binding sites in wet soils. Temperature is another
factor that influences ammonium nitrogen adsorption [63]. The humic acid colloid also influences
the adsorption of DDT in sediments [59,64].

Since some pesticides have a long persistency in the soil [59,65], they can be absorbed by plants
during their growth. Such types of pesticides could damage or leave residues in crops [66,67,68,69],
Positively charged pesticide molecules are attracted to negatively charged clay particles and can be
easily bound [70].

6.2.2. Leaching

Large amounts of pesticides are registered and used worldwide, some of which are likely to leach to
the groundwater and cause water pollution [31,71]. Leaching is influenced by several factors
[31,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72]. Singh
(2002) indicates that solubility is an important factor for leaching because pesticides that are
dissolved in water can move with the water in the soil. Soil permeability is another crucial factor
influencing pesticide leaching [71]. Additionally, the greater the soil permeability, the higher the
potential for pesticide leaching in the soil. The adsorption coefficient (Koc) and half-life in aerobic
soil (DT50) are found to influence insecticide leaching [72]. Furthermore, the level of leaching also
depends on how persistent the insecticide is in the environment. An insecticide low in persistence is
less likely to leach because it may remain in the soil for a short time only [73]. For example,
imidacloprid is persistent (DT50 in soil = 187 days), thus its environmental fate characteristics are
high. Moreover, meteorological conditions, including annual rainfall and annual average
temperature, are the main factors influencing the leaching characteristic of pesticides [31].
Precipitation is a key factor influencing the flux of downward leaching to groundwater together with
insecticide solutes [74]. Furthermore, temperature impacts the evapotranspiration of soil which, in
turn, influences the behavior of pesticide leaching in the soil. Soil properties such as soil texture and
soil organic content affect water percolation and the transport of pesticides to groundwater
[72,73,75]. Among these soil conditions, soil texture is the most important aspect that influences
water movement and pesticide transport in the soil [76]. In addition, soil anaerobic microorganisms,
organic matter content, and pH conditions are reported as important factors regulating the
degradation of phenazines [73]. Boskovic et al. (2020) discussed the impact of soil properties on the
absorption of pesticides. Their result indicated that the adsorption of both pesticides was highly
correlated with pH (negatively correlated), and less associated with the soil organo-mineral
complex (TOC, clay and surface area) and C and N in soil organic matter (OM). Particle sizes or
cation exchange capacity (CEC) did not correlate with adsorption, but showed an association in
multidimensional space in the factor analysis (FA). Moreover, the potential evaporation rate should
be taken into account for the effect of crop residues on soil water and temperature regimes.

6.2.3. Spray Drift

Spray drift is the airborne movement of spray droplets receding from a treatment site during
pesticide application [76,77,78,79], thus causing environmental pollution and food contamination
[31,72,80,81,82,83,84]. For example, aquatic ecosystems are the recipients of various pesticide
residues, such as chlorpyrifos (ChF), due to leaching spray drift and agricultural runoff and cause
toxicity in aquatic organisms, thus the oxidative stress enzymes and histological alterations in the
vital organs of tilapia due to ChF exposure were investigated; the result of the study shows that sub-
lethal concentrations of ChF can induce oxidative stress and histological alterations in the tissues of
tilapia [85]. Another example is that although unmanned aerial vehicle (UAV) applications at low
volume using fine and very fine droplets have been adopted in several commercial spray scenarios,
allowing water-saving and high-efficiency operation in the delivery of pesticides, spray drift
associated with UAV applications, especially for fine droplets generated from spinning disk nozzles,
has not been fully discussed, which could raise the environmental and regulatory concerns. The drift
potential of three different volume median diameters (VMDs or Dv0.5) of 100, 150, and 200 from a
commercial quadcopter equipped with centrifugal nozzles exposed to different wind speeds under
field conditions was compared. The results show that flight speed and altitude have a significant
effect on the distribution of the airflow field [80].

6.2.4. Volatilization

Volatilization is the conversion of a solid or a liquid into a gas. Once pesticides have been volatilized,
they can be carried on air currents away from the treated surface [31]. Some important factors
determine the volatilization level of the pesticide [72], including vapor pressure, temperature,
humidity, air movement [86], and soil conditions such as texture, organic matter content, and
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moisture [87]. The higher the vapor pressure, the more volatile the insecticide will be. In addition,
high temperatures, low relative humidity, and air movement tend to increase volatilization [72]. For
example, there is more potential for the atmospheric dispersion of Organochlorine pesticides
(OCPs) in tropical areas than in temperate climates [88]. Furthermore, an insecticide tightly
adsorbed to soil particles is less likely to volatilize [89]. Lisouza et al. (2020) found that
contaminated surface waters could be the major source of human exposure to OCPs through
volatilization. Leaf, soil, and air samples were collected for 21 days after chlorpyrifos was applied to
a field of purple tansy in order to further understand the fate and transport of the organophosphate
insecticide, chlorpyrifos, and its degradation product, chlorpyrifos oxon. The result showed that the
SCREEN3-predicted chlorpyrifos concentrations were >5 times higher than the measured
concentrations. This indicates that approaches for calculating accurate pesticide volatilization fluxes
from agricultural fields are still needed.

6.2.5. Surface Runoff

Runoff is the movement of pesticides in water over a sloping surface [90]. Pesticides may move as
compounds dissolved in water or attached to soil particles of the eroding soil. This has a close
relationship with some factors, including the slope or grade of an area, edibility, texture and
moisture content of the soil, amount and timing of rainfall, and irrigation [72].

Runoff is caused when the speed of water added to a field is so fast that it cannot be absorbed by the
soil [31]. Over-irrigation results in the accumulation of excess surface water, causing insecticide
runoff. Pesticide runoff results in pesticide pollution in streams, ponds, lakes, and wells, and
pesticide contamination could negatively impact plants, animals, and humans [2,51].

7. Impact of Climate Change-Related Factors on Pesticide Use

The use of synthetic pesticides has increased rapidly since World War II (1939–1945) to prevent,
mitigate, or destroy pests, reduce agricultural production losses, and improve affordable yields and
the quality of food [36]. Pesticide application is influenced by many factors, such as socioeconomic
factors, environmental factors including soil condition, crop growth, and the occurrence of insect
pests, weeds and diseases, and pesticide behavior in the environment (Figure 3). These factors are
mostly influenced by climate change (Figure 4).

Figure 3

Influencing factors for pesticide use (by authors).

Figure 4

Climatic factors affect the environmental behavior of pesticides (by authors).

7.1. Influence on Soil Condition and Crop Growth

Climate change directly changes soil characteristics and leads to changes in pesticide applications
[1]. Increased average temperature leads to a lower level of soil organic matter and results in
enhanced potential for soil erosion with increased rates of the movement of water as well as organic
and inorganic chemicals [91]. Moreover, owing to temperature increases, the capacity of soil to store
and cycle carbon is altered [92], and the size and frequency of crack formation in soils will probably
increase [38]. Bloomfield et al. (2006) further indicate that crack formation will lead to a more rapid
and direct movement of water and solutes from the soil surface to a depth or directly to field drains,
which could result in losses of pesticides in target areas and cause the pollution of ground and
surface water.

The impact of climate change on soil conditions not only directly influences pesticide application
but firstly impacts the distribution and growth of crops, insect pests, weeds, and diseases and then
affects pesticide use. These indirect impacts will be discussed in the following section.

Climate factors influence the growth, survival, and reproduction of plants, limiting their geographic
distribution, agricultural yield, and interaction with other species. Generally, food crops are either
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directly affected by changes in temperature, precipitation, and carbon dioxide or indirectly impacted
by the effects of climate factors on soil, nutrient dynamics, and pest organisms [91].

Owing to the changes in mean and extreme temperatures and rainfall patterns, there will be positive
and negative changes in crops grown in the different zones of cultivation, causing a change in the
type and amount of pesticide application [91,93,94]. Specifically, weather changes such as erratic or
low rainfall with a poor distribution may negatively impact crop performance and yields [95]. Abass
et al. (2014) [96] argue that in some situations, where rainfall may not adequately support crop
growth, planting seeds close to the onset of rainfall does not guarantee good yields, thus possibly
causing a change in pesticide application. Additionally, drought conditions may cause a decline in
both the growth and the special properties of crops. For example, Abass et al. (2014) point to the
decline in growth and stimulant properties of tea crops under drought conditions. They also said
that if the changes in tea functional quality due to poor water availability and herbivore pressures
are indicative of broader climate change, on the one hand, tea production areas face increasingly
extreme weather conditions predicting long-term and more frequent droughts, and increased heavy
precipitation events on the other hand. This will affect the application of pesticides. Concerning
higher temperatures, Ahmad et al. (2016) [97] point out that for sorghum production, the high
temperatures in Pakistan from May to July are one of the major hurdles for this type of crop.

On the positive side, precipitation, temperature, and carbon dioxide levels rising to some extent
during the growing seasons are always helpful to increase crop yields [98,99,100]. For example, on
average, elevated carbon dioxide results in increased rice yields [100]. Furthermore, it is possible to
produce dry-land green mealies in winter in areas with favorable summer rainfall and temperatures
[98]. Climate change will also lengthen the active growing season, allowing an increase in farming,
the introduction of new crops, and an opportunity for crop expansion, enabling the growth of new
and additional crops, and possibly increase the use of pesticides [99].

7.2. Influence on Pests, Weeds, and Diseases

Crop damage caused by insects, pests, weeds, and diseases results from the complicated ecological
dynamics of more than two organisms, making it very difficult to analyze and forecast [97]. Climate
change could lead to changes in phenology and geographic distribution in a wide range of
ecosystems [101]. The distribution and characteristics of pests, hosts, and bio-control agents having
a relationship with the yield of crops are influenced by climate change [93,102]. Increased
temperatures, changes in precipitation, and increased levels of carbon dioxide owing to climate
change are the main factors affecting pest insects, weeds, and diseases [103,104,105,106,107].

7.2.1. Pests in Crops

Regarding carbon dioxide, increases in atmospheric concentrations of CO  may alter the
susceptibility of many plants to herbivore insects because of the changes in plant nutrition and
defense mechanisms [108,109]. Moreover, increases in CO  would cause changes in the soil nitrogen
content, the distribution of pests, and changes in population density [110]. Changes in precipitation
will also cause changes in insect infestations. There are probably more severe insect infestations in
wetter conditions [104,111]. Wetter conditions also change the geographical distributions of insects
[112].

7.2.2. Determinants of Diseases in Crops

Climate factors determine the type and distribution of crop diseases. Temperature, humidity,
precipitation, radiation, and dew are the main climatic factors that impact crop diseases [92,94].
Climate conditions not only directly change the biological condition of plant hosts, pathogens, and
vectors, and therefore influence crop diseases, they also directly impact the severity of diseases and
plant losses [113,114,115,116,117,118,119,120,121,122].

Climate conditions, such as more frequent and abundant rainfall with increasing temperatures and
higher concentrations of water vapor, will lead to favorable conditions for the development of
infectious diseases and the germination of spores, as well as the activity and spread of the zoospores
and their reproduction [123,124,125,126,127,128,129,130,131,132,133,134]. Moreover, increased
winter rainfall may stimulate diseases [135]. Bloomfield et al. (2006) state that milder winters
probably increase the survival of certain pests and diseases, increase their length of activity in a
given year, and allow their establishment in new locations. Additionally, humidity and temperature
variation will impact fungus growth, survival, and dissemination. Thus, climate change impacts the
incidence of fungi and disease severity [91].

Vectors are also affected by climate change. Yi et al. (2014) [136] indicate that the lifecycle period of
mosquitoes has been shortened by global warming, and it has also increased the transmission rates
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of diseases associated with mosquitoes. For example, there is a close negative relationship between
the incidence of powdery mildew in sugar beet and the number of frost days in February and March
[92].

Different disease responses to climate conditions can vary [137]. The study results by Kim et al.
(2015) [138] show that pathogenic Escherichia coli had the strongest correlation with temperature
and relative humidity, followed by Vibrio parahaemolyticus, Campylobacter jejuni, Salmonella spp.,
and Bacillus cereus. They also found that norovirus had a strong negative correlation with
temperature and relative humidity, followed by Clostridium perfringens and Staphylococcus aureus
that were poorly correlated with both temperature and relative humidity.

7.2.3. Weed Growth

Climate change affects the growth of both crops and weeds [138]. Weeds are likely to evolve very
rapidly in increasing levels of temperature, precipitation, and carbon dioxide, often resulting in a
greater use of pesticides [139].

Increasing levels of carbon dioxide probably stimulate the growth and development of many weeds,
causing some to become invasive [91,139,140,141]. Ziska et al. (2011) [140] indicate that increasing
carbon dioxide levels probably increase the wind dispersal of weed seeds by increasing the height of
the weed plant and plant size. This may cause farmers to use more or different herbicides.
Increasing carbon dioxide impacts the growth of weeds and also leads to a decrease in the weeds’
herbicide efficacy. Moreover, increases in carbon dioxide promote morpho-physiological and
anatomical changes in weeds, influencing the efficiency of the uptake and translocation of
herbicides [142]. In addition, if vegetative growth is stimulated owing to increased photosynthesis
in response to elevated CO , perennial weeds may become even more noxious [143]. Furthermore,
carbon dioxide promotes root biomass, which probably makes perennial weeds harder to control
under higher carbon dioxide levels [144]. There is a decrease in stomata number and conductance
but an increase in leaf thickness in C3 weeds with increasing carbon dioxide levels, which prevent
the foliar uptake of herbicides [145].

Temperature is considered as one of the important aspects influencing the geographical
distributions of weed species [141]. Temperature increases may change weed reproduction and
weed competitive behavior. For example, the profuse growth of Datura stramonium L. needs high
temperatures and probably becomes more competitive with increasing temperatures [146]. The
survival and growth of winter annual weeds increase in milder and wetter winters, while the
thermophile summer annuals probably grow larger in warmer summers with prolonged growing
seasons [146]. Increased temperatures very strongly influence biomass accumulation by annual
grass species during their reproductive phase [147]. A rising temperature not only affects the weed
growth directly but also affects the uptake and translocation of herbicides in weeds and their
persistence in soil, thus impacting the growth of the weeds [148]. Hence, farmers may be induced to
try stronger herbicides to control weeds.

Weed growth and its interaction with crops are also influenced by variations in rainfall and drought
conditions [149]. Due to the warming climate, increased extremely dry conditions and a variation of
the rainfall pattern probably change weed distribution and also influence the weeds’ impact on crop
production [150]. Moreover, different weeds respond to climate changes in different ways. For
instance, C4 and parasitic weeds such as Striga hermonthica (probably thrive better under
prolonged drought spells, Rhamphicarpa fistulosa (Hochst.) Benth is more suitable for excess water
environments [142]. Additionally, increased rainfall frequency and intensity negatively impact the
uptake, retention, and environmental behavior of herbicides [151]. Furthermore, droughts increase
cuticle thickness and leaf pubescence, thus reducing herbicide entry into leaves [152]. Increased
droughts also increase herbicide volatilization and unprecedented rises in rainfall could promote
soil-applied herbicides and groundwater contamination [153]. Thus, precipitation increases could
stimulate weed growth.

7.3. Influence on Pesticide Behavior in the Environment

Pesticide transformation and degradation as well as movement are the main pesticide behaviors in
the environment [154,155]. Pesticide movement includes volatilization, runoff, and leaching
processes, while pesticide degradation encompasses photolysis and chemical and microbial
breakdown. These behaviors are influenced by climate change and climatic conditions (Figure 4).

7.3.1. Volatilization

Volatilization is the main source of pesticide pollution in the atmosphere. Increasing temperatures,
higher soil moisture, and direct exposure to sunlight result in rapid volatilization. For example, the
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concentration levels of currently used pesticides were higher during May and August due to
intensive use and relatively high temperatures in the spring and summer in the Bo-Hai Sea
atmosphere [1]. Another example is that the concentration levels of hexachlorocyclohexanes (HCHs)
in the air are higher in summer than in winter in Hangzhou in the Yangtze River Delta region, China
[156]. Similar to temperature, there is a rapid volatilization with humid soil after rainfall.

7.3.2. Runoff and Drift

Runoff and drift are two main pathways to cause pesticide pollution in water [86]. The parcel’s
slope, soil type, texture, and structure combined with crop growth, row directionality, and climatic
factors are the main aspects that strongly affect the runoff rate [157]. Decoue et al. (2015) [93] also
indicate that increased precipitation and higher temperatures exacerbate runoff contaminated with
pesticides. The numbers and concentrations of pesticides have already been proven to rise
spectacularly, sometimes resulting in a subsequent release into shallow groundwater [158,159].

7.3.3. Leaching

The transfer of pesticides to a depth via leaching and to surface water via drainage was mostly
influenced by interactions between climate and soil–pesticide combinations [93], enhancing the
effect of precipitation volumes of variable duration, rainfall seasonality, intensity, and timing in
relation with pesticide application [93]. Temperature affects soil mineralogy and geochemistry and
is consequently the main cause for leaching [160]. In general, research describes a negative
correlation with leaching often caused by desorption. Temperature not only causes a seasonal effect
on pesticide transport in leaching but also reduces the influence of winter rainfall [91]. Such winter
rain exhibits an overall strong influence on the more retained and less degraded residues of spring
or autumn applications [93].

7.3.4. Degradation

Global warming is acknowledged to accelerate the degradation of chemical components due to
accelerated microbial and chemical reaction rates and may reduce concentrations of pesticides in
the environment [91]. In addition, elevated soil moisture content and increased precipitation also
enhance pesticide degradation and, accordingly, persistence [36]. Furthermore, a higher relative
humidity was proven to induce faster environmental pesticide degradation, even though it is the
more difficult initial degradation in this case [91].

8. Pesticide Contamination and Its Adverse Effects on the Natural Environment

Population growth and climate change contribute mainly to the increasing use of pesticides
[161,162,163], and a higher global pesticide production is estimated in the future. Although
pesticides play a significant role in improving crop yields and the production of affordable and good
quality food, the increasing use of pesticides also brings a number of negative effects to the
environment and human health [163]. Pesticides are used to kill pests and control weeds as a
function of their chemical ingredients, therefore, they can also be toxic to other organisms, including
birds, fish, beneficial insects, and non-target plants [25,164,165], as well as different environmental
media, including air [166,167,168,169] water, soil, and crops [23,170]. Such chemical residues
impact human health through the environment and food contamination. Moreover, pesticide
contamination moves away from the target plants, resulting in environmental pollution. Pesticides
move in several ways, including to the air, through wind currents, to water, through runoff or
leaching, and to plants, animals, and humans [31,171].

8.1. Impact on Water

Many chemicals, including some pesticides, have been detected in surface water and groundwater
[31,72]. It is widely accepted that pesticides enter both the surface water and groundwater by direct
application for the control of aquatic weeds and aquatic insects, percolation and runoff from
agricultural production fields, drift from agro-allied industrial wastewater, discharge from
wastewater from clean-up equipment used for pesticide formulation and application [4,36,172]
atmospheric deposition, and air/water exchange [173]. Groundwater is polluted when pesticides
leach from the treated fields, mixing and washing sites, or waste disposal areas [174]. Surface water
systems, including rivers, lakes, streams, reservoirs, and estuaries, are especially vulnerable to the
accumulation of pesticides and other chemicals [172] since they are small captive sinks of the by-
products of human activities. Surface water systems are linked to both groundwater and
atmospheric water through the hydrologic cycle. Furthermore, pesticides in surface water can be
transferred to groundwater through seepage of the soil. They also enter the atmosphere through
evaporation and transpiration [175]. Atmospheric water and groundwater can also recharge surface
waters.



Pesticide mobility in water results in pesticide contamination of water resources [31,176]. Both
surface water and groundwater pollution caused by pesticides are very serious and urgent issues in
freshwater and coastal ecosystems throughout the world [25,173,177]. Moreover, due to high costs
and high technology requirements, it is difficult to treat polluted surface water, particularly polluted
groundwater [25,178].

There are many reports about pesticide contamination of both surface water and groundwater
worldwide [179,180,181,182,183,184]. For example, the United States Geological Survey (USGS)
found several pesticides in more than 90% of water and fish samples collected from US streams
[185]. Study results indicated that pesticide contamination had been reported in surface water in
the Bohai Sea and the Yong-ding River of China, and the contamination levels of these areas varied in
the different seasons. One report indicated that a higher concentration of glyphosate during dry
seasons may be due to the reduced dilution from precipitation [186,187,188]. According to the
OECD (2001) report, agriculture in the EU contributes 40–80% of total nitrogen and 20–40% of
phosphorus to the pollution of surface waters. Another example is that herbicides have
contaminated 37,000 to 500,000 m2 of the wetlands in Saskatchewan (Canada), and the
contamination levels exceeded the national standard [176]. Such pesticide contamination in water
not only directly impacts the drinking water quality in local areas but also causes indirect impacts
by transferring to the next species, such as in soil and the food chain [189].

8.2. Impact on Soil

The capacity of soil to filter, degrade, and detoxify pesticides is a function or quality of soil [190].
The degradation of pesticides leads to the production of residues that persist and transform not
only in aquatic ecosystems but also in terrestrial areas for years, posing a threat to the environment
[191]. Indeed, soil and sediment contamination by pesticides has been a widespread problem in
terrestrial areas that has caused adverse impacts on the quality of food and agricultural
sustainability. Moreover, in terrestrial areas, because the soils reveal a large retention capacity of
pesticides in their structures by adsorption but also re-emit old organic pollutants into the
atmosphere, groundwater, and living organisms as a secondary source, soil is the principal reservoir
of environmental pesticides, playing an important role in the global distribution and fate of
contamination [67].

The persistence of pesticide residuals in the soil has a very close relationship with the properties of
pesticides, including water solubility, soil sorption constant (Koc), the octanol/water partition
coefficient (Kow), and half-life in soil (DT50) [192]. Pesticides that are strongly bound to soil have
high Kow values resulting in high Koc values, and both properties result in strong sorption to the
organic matter in the soil. Thus, pesticides classified as hydrophobic, persistent, and bio-
accumulable would be expected to accumulate and persist in soils [25,193]. For example, some
pesticides, such as organochlorine DDT, endosulfan, endrin, heptachlor, and lindane, are strongly
bound to soil particles due to their persistency, thus they have been abandoned in many countries,
including China [68]. Some other pesticides, including carbamates, fungicides, and some
organophosphorus insecticides are not persistent in soil, but they may undergo different processes
during runoff and leach into different environmental media. Therefore, soil contaminated by
pesticides poses a widespread threat to water and the food chain.

The transformation behavior of pesticides in the soil is determined by the interactions between the
soil matrixes, including organic matter content, pH, temperature, humidity, types of microorganism,
irrigation modes, and grass hedges [36,68,157] and the pesticide properties, including the physical
and chemical properties. For example, the larger the organic matter content, the greater the
adsorption of pesticides. Additionally, adsorption increases with decreasing soil pH for 2, 4-D, 2, 4,
5-T, picloram, and atrazine pesticides [194].

8.3. Impact on Air

Pesticide contamination in the air is a considerable pollution factor that causes hazardous impacts
on flora and fauna as well as human health [33]. The pesticides used for agricultural activities
always spray drift in the air, and the residues of pesticides in the air are mainly from pesticide
application or by volatilization from the soil or plants [195,196].

Pesticide sprays are one method of pesticide application. They are mainly projected by a fan as
water droplets and, after a turbulent process when they go through the canopy, they are forced into
the ground by gravity as well as drifted by atmospheric activities such as wind [70]. Subsurface
application, surface application, and aerial spraying are three important methods of spraying widely
used in the modern agricultural development process. However, hand spraying is still prevalent in
many developing countries [197].
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All methods of spraying pesticides have the potential to be inefficient and cause air pollution as well
as to expose the general public to pesticides [25]. The pesticide residues are volatilized, dispersed,
and transported over a long distance and are therefore subjected to a process of environmental
recycling between the air and the terrestrial environment [198,199,200]. Pesticide drift could
account for approximately 2% to 25% of pesticide loss during drifting [201]. This process not only
produces pollution in the local environment but also brings adverse impacts to the global
environment [23]. For example, pesticides including hexachlorocyclohexanes (HCHs), chlordane,
and toxaphene were used in the fields in the south of the USA, where they were volatilized,
transported by atmospheric processes, and then condensed in colder climates, and deposited from
the atmosphere onto the Great Lakes in Canada [202]. Thus, it is difficult to assess the air pollution
caused by pesticides.

8.4. Impact on Food Safety

The public and policymakers have raised a huge concern about toxic pesticides in food because of
their negative health and environmental impacts. Food contamination is not only a consequence of
spraying pesticides for non-target plants but also due to pesticide behavior in the environment, such
as volatilization from the treated area to the air, soil, and non-target plants, and the residual
pesticides transmitted from soil and water to crops, vegetables, and fruits [5,16,36]. This
environmental behavior of pesticides and their residues lead to food contamination and damage to
plants. For example, exposure to the herbicide clopyralid can reduce the yields of potato plants
[203]. Volatilization of only 1% of the applied clopyralid is enough to damage non-target plants [25].
Aktar et al. (2009) also show that plants indirectly suffer from pesticide applications since
pesticides are harmful to soil microorganisms and beneficial insects.

In some areas, pesticide residuals in crops and vegetables have exceeded the WHO maximum food
contamination standards [25,69,204,205]. For example, Wanwimolruk et al. (2016) studied the
pesticide contamination of fruits and vegetables and their health implications in Ghana, indicating
that almost all of the studied fruits and vegetables contained pesticide residues above the maximum
residue limits (MRLs). Lozowicka et al. (2015) [206] assessed the level of pesticide residues in
vegetables in the Almaty region of Kazakhstan. They reported that more than half of the samples
(59%) contained 29 pesticides, of which 10 were not registered in Kazakhstan, ranging from 0.01 to
0.88 mg kg , and 28% above the maximum residue levels (MRLs). Wanwimolruk et al. (2016) [206]
showed that the detected pesticides exceeded their MRLs at a rate of 48% (local markets) and 35%
(supermarkets) for Chinese kale and 71% (local markets) and 55% (supermarkets) for pak choi.

8.5. Impact on Non-Target Organisms

Unlike the targeted insect pests, non-target organisms are negatively influenced when pesticides are
applied to the target plants [206]. This constitutes the damage to wildlife, birds, aquatic ecosystems,
honeybees, and beneficial insects as well as the natural enemies of insect pests. Pesticides are
detrimental to non-target organisms in two ways: firstly, the pesticides are harmful to non-target
organisms through direct contact and secondly, the pesticide residuals may bring negative
influences to non-target organisms at a later stage [25].

9. Conclusions and New Directions

Agricultural development has a long history throughout many locations around the world. The
history of pesticide use during agricultural development can be divided into three periods of time.
Pesticides are classified by different classification terms, such as chemical classes, functional groups,
modes of action, and toxicity. Tremendous benefits have been achieved by using pesticides in a
range of areas, including public health and agricultural activities. In terms of public health,
pesticides are used in daily life to kill pests including mosquitoes, ticks, rats, and mice in houses,
offices, malls, and streets. As a result, the immense burden of diseases caused by these vectors has
been substantially reduced or eliminated. They have been used by farmers to control weeds and
insects in agricultural cultivation, and remarkable increases in agricultural products have been
reported as a result of pesticide use. When pesticides are used to target plants, pesticide behavior in
the environment, such as transfer and degradation, should be considered. Improper pesticide usage
and management and pesticide behavior in the environment lead to environmental pollution,
including soil pollution, water pollution, air pollution, and food contamination.

Climate change factors influence socioeconomic factors and environmental factors including soil
condition, crop growth, and the occurrence of insect pests, weeds, and diseases related to pesticide
application and climate change factors also influence the pesticide behavior in the environment. (1)
Soil conditions such as soil organic matter, the capacity of soil to store and cycle carbon, and the size
and frequency of crack information in soils are influenced by climate change, leading to changes in
pesticide application. (2) Climate change, including increased temperature, precipitation, and
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carbon dioxide, alters crop geographical distribution and affects crop productivity. Thus, climate
change results in a potential rise in the volume and variety of pesticides. (3) Climate change affects
crop growth, environmental conditions, the migration and distribution of insect pests, changes in
the the abundance of pests, the numbers of pest outbreaks and the dissemination of vectors, the
evolution of weeds, and the stimulation of diseases. These result in the increasing use of a wider
variety of pesticides. (4) Climate change also accelerates the pesticide behavior of volatilization,
runoff, leaching processes, and pesticide degradation that encompasses photolysis and chemical and
microbial breakdown. Therefore, due to climate change, the increasing use of insecticides and
pesticides increases exposure and human health risks from pesticide pollution.

Therefore, there is necessary to control pesticide contamination and its negative influence on
environmental and other non-target organisms. Further studies should focus on both occupational
and environmental exposures and their related health risk assessment of pesticides to better
understand pesticide use and management in the future. To minimize the negative influence of
pesticide contamination on the environment and non-target organisms, new scientific methodology
and technology and useful measures, such as integrated pest management (IPM), laws that forbid
pesticides with high risks, and the development of a national implementation plan (NIP), should be
implemented, to reduce the negative effects of pesticides. Furthermore, it is crucial to convey the
scientific outcomes of the exposure and occupational and environmental health risk assessments to
provide scientific training for pesticide application, the prevention of adverse health effects of
pesticide usage, and the promotion of safety for applicators and communities to support sustainable
development. Biopesticides should also be developed alongside chemical pesticides to minimize
pesticide contamination.
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