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Preface

Throughout human history, pest control has been continually associated with
man-made activities and it has undoubtedly played a role in protecting crops. For
two thousand years, several kinds of pesticides have been used, not only by farmers
but also by others, to control pests, weeds, and diseases. It is well known that the
ancient Egyptians employed compounds containing alkaloids, including, among
others, hemlock, aconite, and opium, to control pests, which were adopted as

great favorites of the Greeks and Romans for use as poisons employed in medicine,
rituals, and even war. During the industrial revolution, significant advances in the
manufacture of synthetic chemicals were developed. Some chemicals employed
during World Wars I and II accelerated the development of the modern chemical
industry. Synthetic chemicals and technologies originally employed for warfare
were then modified and improved for several civilian uses. In 1939, the Swiss
chemist Paul Miiller designed the insecticide dichlorodiphenyltrichloroethane,
commonly known as DDT, which was manufactured to eliminate unwanted insects.
However, it is also known that the insecticide was definitively banned in 1972 due to
its severe toxicity. German researchers in 1943 developed organophosphate com-
pounds, such as parathion, with insecticide properties, which are still in use today
despite their high and persistent toxicity. Presently, international and national
government agencies and administrations regulate the manufacture and use of pes-
ticides, which are developed to persist in the environment for shorter periods and
be less toxic for nontarget organisms to reduce environmental risk as a consequence
of their use as pest control.

Widespread pesticide use continues to be indispensable for maintaining sustainable
agriculture, the control of pest-borne diseases, and the health of human popula-
tions and ecological systems, among other uses. Consequently, pesticides are
repeatedly introduced throughout the environment and they make a great contribu-
tion to the pollution of the environment since the global distribution is the manner
they are employed.

Although a vast literature is available on pesticides, this book contains relevant
information on diverse pesticides encountered in both anthropogenic and natural
environments and provides valuable information on the toxicity of several agro-
chemicals that can negatively influence the health of humans and ecosystems.

The book begins with a chapter presenting an approach of several biomarkers
employed for determining pesticide pollution. Different aspects have been deeply
analyzed throughout the chapter, including the influence of diverse pesticides on
the spore germination process and the differentiation of their gametophyte on
ferns; the impact of some pesticides on fish breathing at physiological, histopatho-
logical, and tissue levels; as well as the toxicological pattern at hematological, bio-
chemical, and structural parameters in amphibians. The second chapter is focused
on the omics analytical methodologies as efficient current tools for evaluating the
final biological response exerted by several environmental pollutants, e.g. chemi-
cal mixtures. The third chapter provides information on how several processes,
namely leaching, diffusion, volatilization, erosion and run-off, assimilation by



microorganisms, as well as plant uptake, can displace different types of pesticides
throughout the soil profile to increase groundwater pollution. The fourth chapter
is an interesting review showing how massive pesticides—synthetic pesticides,
biopesticides, and nanopesticides—are employed continually to protect crops,
highlighting the harmful side effects inflicted on human populations. The fifth
chapter provides information on the uses and misuses of agricultural pesticides in
Africa. Lastly, the final chapter presents a review of the historical events related
to pesticide employment in Africa. The chapter focuses on human activities that
require the use of chemical agents for pest control to protect crops and animals,
including humans, in African countries.

The editors of Pesticides - Use and Misuse and Their Impact in the Environment are
enormously grateful to all the authors for contributing to this book. They have made
an extensive effort to arrange the information included in every chapter. The contri-
butions made by specialists in this field of research are gratefully acknowledged. We
hope that the information presented in this book will continue to meet the expecta-
tions and needs of all those interested in the different aspects of pesticides.

The publication of this book is of great importance to those scientists, pharma-
cologists, physicians, and veterinarians, as well as engineers, teachers, graduate
students, and administrators of environmental programs, who make and employ
different investigations to understand both basic and applied aspects of the use and
misuse of pesticides.

Sonia Soloneski PhD and Marcelo L. Larramendy PhD
School of Natural Sciences and Museum,

National University of La Plata,

La Plata, Argentina
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Chapter 1

The Morphophysiological,
Histological, and Biochemical
Response of Some Nontarget
Organisms to the Stress Induced by
the Pesticides in the Environment

Liliana Cristina Soave, Alina Paunescu

and Ponepal Cristina Maria

Abstract

Ferns, amphibians, and fish are groups of nontarget organisms affected by many
types of pesticides that end up in the environment. This chapter aims to approach
the following themes: the influence of different pesticides on the spore germina-
tion process and on the differentiation of their gametophyte; aspects regarding
the impact of some pesticides on breathing in fish (physiology and histopathology
at the branchial level), as well as a series of effects at the hematological and bio-
chemical levels; and changes of some hematological, biochemical, and structural
parameters in amphibians. Species that are not directly targeted by the action of
the pesticide in the environment, ferns can be used in their gametophyte stage,
young or mature sporophyte in different biotests to evaluate the risk associated with
these substances. The biochemical, hemathological, and histopathological changes
recorded in both fish and amphibians can be considered biomarkers of pesticide
pollution.

Keywords: fern, fish, amphibians, pesticides

1. Introduction

Contamination of the natural environment, due to natural factors and human
action, has been subject of numerous studies. In many ecosystems, human activity
has led to changes of natural biogeochemical cycles, resulting in the accumulation
of some substances.

Chemical contaminants are found everywhere in nature, and ecologists are the
ones who assess their impact on natural communities of organisms. Among these,
pesticides are the most common type of aquatic ecosystem contaminant.

Considering the physical and chemical properties (vapor expansion, volatility,
evaporation capacity from water—codistillation) that transform pesticides, their
bioaccumulative stability and capacity as well as the publication of ecotoxicological
data on the action of different pesticides have become indispensable to continually
monitor changes in the environment.

1 IntechOpen
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Different research on morphology, physiology, and biochemistry of gameto-
phyte and sporophyte of fern species has shown that pesticides affect these pro-
cesses, depending on species sensitivity, concentration, and exposure time.

Fish assimilates pesticides through gills or contaminated food. Gills are the main
channel of pesticide penetration, which is why any disease at this level will have a
great influence on the adaptive changes in the fish body. The effects of pesticides on
fish are numerous and varied: they cause mortality both directly and indirectly, by
starvation (destroying the organisms they feed on), affects hatching, growth rate,
can lead to malformations, affects reproduction rate, modifies enzyme activity,
and cause histopathological changes in organs, genetic effects, etc. Although under
experimental conditions fish can survive pesticides in different concentrations,
under natural conditions they are more vulnerable to disease, predators, no longer
competitive, and no longer dealing with stress caused by changing seasonal tem-
perature, reproduction season or temporary starvation.

Amphibians are organisms that populate aquatic ecosystems, being involved in
aquatic trophic chains both by eating food and being food for predators. Over the
last 20 years, scientists have reported the global decline of amphibian populations.
Therefore, in 1996, the International Union for Conservation of Nature registered
156 species of amphibians in the Red List, and recent data show that 1856 species
(about 32.5% of all amphibian species) are currently registered.

2. Influence of pesticides on spore germination and gametophyte
differentiation in ferns

2.1 Gametophyte of ferns

Ferns and lycophytes (pteridophytes) represent 4% of Terra’s vascular plants [1],
numbering about 11,000 species in 40 families and 300 genres [2]. Different species
of pteridophytes are used as medicinal, food, horticultural, and agricultural plants [1]
and in the last decade as organisms in acute [3] and chronic phytotoxicity tests [4].

The life cycle of pteridophytes is characterized by an alternation of generations
between a well-developed sporophyte and a reduced gametophyte, independent of
the sporophyte [1]. The gametophytic generation of ferns begins with the formation
of spores (meiospores), from which, a gametophyte or multilcellular prothallium is
differentiated by germination. The gametophyte of leptosporangiate ferns is above
ground, photosynthetic, short lived, and heart shaped [1]. From the spore to the
mature gametophyte stage with gamentagia, the differentiation of the gametophyte
involves the passage through the prothallium filament and spatula-shaped prothal-
lium lamella [5].

The spores germinate on the ground, the first division resulting in a smaller
base cell (the initial cell of the rhizoid) and a larger apical cell (the initial cell of the
prothallium). The initial cell of the rhizoid elongates and forms a hyaline rhizoid
having no chloroplasts. The initial cell of the prothallium will form a multicellular
prothallium filament, consisting of a variable number of cells with numerous
chloroplasts. One or more rhizoids are formed on the cells at the base of the prothal-
lium filament. Lamella formation (prothallium plate) is initiated by the longitudi-
nal division of the end cell of the prothallium filament. One of the daughter cells
divides through a slanted wall resulting in an apical (initial) wedge-shaped cell.

The fore side of the prothallium then extends to a width of 3-4 cells and becomes
spatula shaped. When the apex of the prothallium is heart shaped, the initial cell
is replaced by a flat multicellular meristem. The activity of the lateral zones of this
multicellular meristem helps the formation of the prothallium wings. The cells
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behind the apical meristem divide through a plan parallel to the underlayer, leading
to the formation of a multi-layered medial crest. On the underside of the prothal-
lium, there are antheridia, archegonia, and rhizoids. Prothallium differentiates
different types of prothallium trichomes in some species.

The processes of spore germination and differentiation of gametophyte in ferns
are influenced by a series of endogenous and exogenous factors, with environmen-
tal pesticides in the latter category.

2.2 Changes in the fern gametophyte caused by pesticides

Over the time, many researchers have highlighted the advantages of using spores
and gametophytes of ferns in their experimental research [6] and ecotoxicology
in recent years [3, 7]. The most advantages include: (1) the formation of a large
number of spores/individual, (2) spores can be preserved in the laboratory and can
thus be available throughout a year (3) are small and light, requiring reduced stor-
age space, (4) spore germination and gametophyte differentiation may be obtained
and monitored iz vitro in small recipients, in simple laboratory conditions, and (5)
conclusions are relevant for higher plants.

The spore germination process can be completely inhibited or delayed by
pesticides in the environment. The glyphosate herbicide in concentrations of
0.48-19.20 mg/1 significantly inhibited the macrospores germination process of
Regnellidium diphyllum aquatic fern. From a total of 1050 megaspores used in the
experiment, only 744 germinated [8].

A fungicide containing 50% metal copper applied in a concentration of 0.1-

0.3 g/100 ml Knop solution significantly inhibited the spore germination process

in Athyrium filix-femina and Polypodium vulgare ferns. The highest concentration of
fungicide in the first species inhibited germination completely [9]. After 50 days of
exposure to the fungicide, gametophyte differentiation was delayed compared to the
control variant, which was in young cordate prothallium stage. Except for the lowest
concentration of fungicide applied to P. vulgare in which the gametophyte was in

the stage of prothallium lamella, at all the others, the stage of differentiation was
prothallium filament. In addition, the filament cells had necroses, and the rhizoids
were unelongated. Also P. vulgare species had more sinuous and more intensely
colored cell walls at the level of rhizoids, [9] compared to the control variant.

A bifenthrin-based insecticide applied in a concentration of 0.01-

0.04 m1/100 ml of Knop solution to the two above-mentioned species resulted

in a decrease in spore germination rates, and at the highest concentration in both
species, the gametophyte was in the form of a three-dimensional cell mass, whereas
the gametophyte in the control variant was in cordate prothallium stage [9].

Asplenium scolopendrium spores which were grown iz vitro on 20% copper metal
fungicide containing culture medium showed a decrease in the germination per-
centage by up to 37.66% compared to the control variant. The species proved more
sensitive than Athyrium filix-femina when the highest fungicide concentration was
applied [10]. Gametophyte differentiation of both species was affected, so after 3
weeks of exposure, the gametophyte was in the stage of prothallium lamella forma-
tion for A. scolopendrium control variant, respectively, in the stage of young cordate
prothallium for A. filix-femina control variant. The gametophyte was in the form of
germinated spores when the highest concentration of fungicide (0.7%) was applied.
Necrosis of prothallic chlorocytes, inhibition of rhizoid elongation, and even the
absence of rhizoids have been observed in variants exposed to fungicide.

Acetamiprid-based insecticides (20%) dramatically affect spore germination
in Asplenium scolopendrium and Athyrium filix-femina, the process being reduced
by 63.34-100% in the first species, respectively, 41.34-100% in the second. In A.
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scolopendrium, in the variant exposed to 0.02% insecticide with acetamiprid, the
gametophyte did not differentiate, the spores remaining ungerminated, while in A.
filix-femina, after 6 weeks, the gametophyte was in the stage of three-dimensional
cell masses and after 14 weeks in the cordate prothallium stage with archegonia [11].

The evaluation of glyphosate herbicide impact on Blechnum appendiculatum,
Macrothelypteris torvesiana, and Thelypteris dentata was made by applying it in con-
centrations of 0.33, 0.65, 2.72, and 10.89 g (active ingredient) 17! at different stages
of the life cycle: spore, gametophyte, and sporophyte [12]. The results indicated
almost complete inhibition of the spore germination process, discoloration of the
prothallic chlorocytes, as well as the chloroplastic tissues of the young sporophyte.
The authors state that the herbicide has a negative impact on spore banks in the soil,
resulting in a mortality of 31-50% in all green stages of their life cycle [12].

Also, the fern sporophytes are affected by pesticides. The relative growth rate,
the amount of chlorophyll pigments, and the photosynthetic activity of Azolla
microphylla aquatic fern were also significantly affected by treatment based on
endosulfan, an insecticide applied in a concentration of 0-600 ppm. The authors
consider the photosynthetic activity and the amount of chlorophyll pigments in
order to explain how pesticides act on the photosynthetic mechanism in Azolla [13].

Saturn herbicide in Azolla pinnata caused the decrease of nitrogen, phosphorus, and
potassium uptake in concentrations between 0 and 0.004 ppm applied for 5-25 days,
while furadan insecticide in concentrations of 0.001 and 0.002 ppm stimulated uptake
of nitrogen, phosphorus, and potassium after 20 and 25 incubation days on the culture
medium [14]. Saturn also affected the fresh and dry mass of Azolla pinnata.

The paraquat herbicide applied in the culture medium of Azolla microphylla,
in a concentration of 2-6 pM, resulted in overproduction of reactive oxygen
species (ROS) which determined the induction of antioxidant enzyme activity:
superoxide dismutase, catalase, guaiacol peroxidase, and peroxidase ascorbate,
the species tolerating herbicide toxicity for 72 h [15]. In higher concentrations, this
antioxidant defense mechanism is no longer working, and Azolla does not survive.
Fragmentation and browning of fronds were also observed. In addition to the
abovementioned changes, the presence of paraquat in the medium determines the
decrease of both chlorophyll and protein amount [15].

The mature sporophyte of Asplenium scolopendrium, Asplenium trichomanes,
Athyrium filix-femina, Blechnum spicant, Dryopteris dilatata, Phegopteris connectilis,
Polystichum aculeatum, and Woodsia ilvensis species subjected i situ to treatment
with asulam herbicide showed important damage, the maximum being recorded 1
year after application [16].

3. Influence of pesticides on histological and biochemical parameters
in fish

As aresult of penetration into the aquatic environment, pesticides affect a wide
range of nontarget organisms such as invertebrates and fish [17]. Aquatic ecosystems
are the “final destination” of pesticides used in agriculture [18]. Early life stages are
the most sensitive. Many toxicity tests are focused on the study of hatching and the
occurrence of deformities in hatched larvae, decreased mobility or even immobil-
ity, lack of coordination in swimming movements; for example, deltamethrin in
concentrations >0.005 ppb decreases hatching rate in common carp [19]; bifenthrin
in concentrations of 50-200 ppb determines the lack of coordination in swimming
movements, malformations of axial development in Danio rerio species [20].

Acute exposure to pesticide resulted in reduced fish populations and increased
mortality [21, 22]. Chronic exposure to small amounts of pesticide increased the
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incidence of disease, stress, and behavioral disorders [23]. Pesticide bioaccumula-
tion causes a major danger—bioaccumulation factor of cypermethrin in fish is
1200x [24]. Acute tests of toxicity are used to evaluate pesticide toxicity and get
rapid consistent results at least within certain limits, regarding the concentration-
response relationship. These tests allow the determination of LC50 values for
different periods of time, NOEC values, providing a very rich database on the toxic
effect of many pesticides on different fish species.

Considering the large amount of data in the specialized studies on the effects of
pesticides on fish, the data in this paper refer in particular to the pesticide groups
on which we have conducted our own experiments. Many authors have established
concentrations or lethal doses for different pesticides and species. For example, the
toxicological values for chlorpyrifos are between 1.3 pg 1™* (96-h LC50) for Lepomis
macrochivus and 2600 pg 17! (72-h LC50 72) for Gambusia affinis [25]; LCsp in fish is
less than 30 pg bifenthrin/l water [26, 27]; for most species, 96-h LCs values for bifen-
thrin determined by the static method are between 2 and 5 ug 1", and between 0.5
and 4 pg I™" by the continuous flow method [28]; propiconazole is moderate to slightly
toxic for most aquatic organisms—96-h LC50 values for Cyprinus carpio 18.9 mg/1,
Oncorhynchus mykiss 19 mg/1, and 21 mg/1 for Lepomis macrochivus [29]; 48-h LC50 was
9 mg/lin Cavassius auratus, 2.2 mg/l in Oncorhynchus mykiss, and 4 mg/1 in Cyprinus
carpio; the toxicity of chlorpyrifos in fish is generally between 0.01 and 1 mg/1 (96-h
LC50): 0.41 mg/1 in Oncorhynchus mykiss and 0.015 mg/1 in Salmo gairdneri [30].

Asregards their action, pesticides block a certain metabolic process; the practi-
cal way in which this is done is sometimes difficult and in many cases is unknown
or only partially clarified. The use of high sensitivity physiological indices is a
tendency of recent years in aquatic toxicology. The most used physiological method
is to determine pesticide action on fish breathing. Specialists can determine the
concentrations in which breathing disorders begin to occur by recording the
frequency of breathing movements and determining the oxygen consumption of
fish kept in sublethal solutions of toxic substances (in state of rest or activity). The
fish alters their energy metabolism in terms of spending a greater amount of energy
to alleviate toxic stress [31], which results in improved oxygen use under hypoxia
and anoxia conditions [32]. Determination and monitoring of oxygen consump-
tion in aquatic organisms can be considered a better method to assess a substance
toxicity than doing acute toxicological tests, because it has good results even in low
concentrations of toxic substance [33]. One of the early symptoms of fish poisoning
is breathing difficulties. Therefore, decreases in oxygen consumption in the gills
were found by Cebridn et al. [34], even 24 h after exposure of Procambarus clarkii
to chlorpyrifos, in the corresponding 96-h LC50 concentration. The frequency of
opercular movements initially appears to support physiological activities in the
polluted environment and is followed by the decrease in the breathing rate, which
may be the result of gill diseases, as seen in the rainbow trout exposed to the action
of fenvalerate and cypermethrin by Bradbury et al. [35].

Hematological parameters reflect fish state faster than determining other
parameters because they change extremely rapidly under modified environmental
conditions. For this reason, they are widely used to describe the state of fish health.
Fish-nucleated red cells can be an ideal model to understand the harmful action of
pesticides in different cell compartments; mitochondria and the nucleus of fish red
blood cells are sensors in the programmed cell death mechanism [36].

Svobodova et al. reported significantly lower values of erythrocyte and hemo-
globin in carp after acute exposure to deltamethrin (as a result of changes in hema-
topoiesis process), while the number of leukocytes did not change significantly
[37]. Research carried out by Sopinska and Guz on permethrin poisoned carp revealed
a decrease in the number of white blood cells, granulocytes in particular [38].


http://dx.doi.org/10.5772/intechopen.84332

Pesticides - Use and Misuse and Their Impact in the Environment

Anemia resulting from carp exposure to cypermethrin was also reported by
Doruncu and Girgin [39].

Jayaprakash and Shettu evaluate the changes in some hematological parameters
of the freshwater fish Channa punctatus exposed to sublethal concentrations of
deltamethrin [40]. This study revealed: decrease in the hemoglobin content, total
erythrocyte count, packed cell volume, mean corpuscular volume, mean corpuscular
hemoglobin concentration, and a significant increase in the total leukocyte count.

Decrease in the number of erythrocytes in carp poisoned with pyrethroid
insecticides (permethrin and cypermethrin), due to dysfunction of hematopoiesis
[37, 39]. Exposure to Talstar EC 10 in a concentration of 57.5 pg I"* had no effect on
the number of erytrocytes in common carp (Cyprinus carpio), with not significantly
different values compared to those in the control group [41]. Atamanalp et al. [42]
reported a significant increase in the number of erythrocytes in Oncorhynchus
mykiss exposed to cypermethrin. Ahmad et al. observed significant decreases of
hemoglobin in trout exposed to a sublethal dose of mancozeb, resulting in decreas-
ing the amount of oxygen in the tissues and a decrease in the energy production
of the animals [43]. Similarly, hemoglobin decreased percentually in Heteropterus
fossilis after 30 days of exposure to deltamethrin [43].

Galloway and Handy studied the effect of organophosphorus pesticides (para-
thion, chlorpyrifos, malathion, and diazinon) on the immune system in inver-
tebrates, fish, and other vertebrates [44]. Studies on fish have demonstrated an
immunosuppressive effect to the action of these pesticides [45].

Physiological stress indicators, such as plasma cortisol and glucose level are
commonly used to assess whether fish is stressed and whether the hypothalamo-
pituitary-interrenal system works properly [46]. The intensive use of lactic acid
in gill oxidation during stress caused by exposure to pesticides is mentioned in the
literature [47] and is due to the increase in their energy demand [48] which is only
covered by exogenous glucose. Glycogen mobilization is linked to the increase of
energy demand; during pesticide-induced stress, a large amount of glycogen can
be synthesized and stored in the muscles [49] which may later be in the form of
glucose into blood tissues [50].

Due to the fact that fish live in a carbohydrate-deficient but protein-rich envi-
ronment, they can use lipids and proteins as sources of energy more efficiently than
carbohydrates [51]. Anaerobic glycolysis, recycling, and use of lactic acid preserve
the energy potential of fish, thus ensuring better adaptation of fish to the polluted
environment. Increases in the amount of energy (glucose) associated with lactate
production have been reported in fish poisoned with pyrethroids [51].

High levels of lactic acid and strongly stimulated LDH activity in various tissues
suggest the great importance of anaerobic glycolysis in adapting fish to stress caused
by pyrethroid pesticides [52]. Velisek et al. examined the biochemical profile of carp
(Cyprinus carpio) after 96 h exposure to bifenthrin in a concentration of 575 pg 17!
and found significant increases in glucose level [41]. Bélint et al. observed an
increase of blood glucose in carp after exposure to deltamethrin [53].

Velisek et al. showed an increase in blood glucose in trout and prussian carp asa
result of metabolic stress induced by the action of Talstar 10 EC insecticide [41]. Jee
et al. recorded an increase of blood glucose level in Sebastes schlegeli fish due to their
exposure to cypermethrin (pyrethroid insecticide); researchers also reported a decrease
in cholesterol and plasma proteins [54]. Datta and Kaviraj recorded increases in plasma
glucose and decrease of liver glycogen in Clarias gariepinus exposed to a concentration
of 0.005 mg cypermethrin/I [55]. Decrease in blood glucose levels following exposure
to thyram was reported in Salmo gaivdneri species by Van Leeuwen et al. [56].

Acetylcholinesterase is a highly used biomarker in aquatic ecotoxicology research
[57], sensitive to low concentrations of organophosphates. Determination of



The Morphophysiological, Histological, and Biochemical Response of Some Nontarget Organisms...
DOI: http://dx.doi.org/10.5772/intechopen.84332

acetylcholinesterase activity in erythrocytes is used to assess the degree of intoxica-
tion with acetylcholinesterase inhibitors. Recovery of acetylcholinesterase activity
affected by exposure to organophosphorus pesticides can be carried out by dephos-
phorilation or AchE synthesis, which is a very slow process in fish; the disappear-
ance of the inhibitory effect on acetylcholinesterase in Gambusia affinis exposed to
oraganophosphorus compounds occurs within 45-60 days after exposure [58].

Costin et al. found a decrease of the specific activity of catalase, glutathione
peroxidase, and glutathione reductase in prussian carps exposed to a sublethal con-
centration of deltamethrin (2 pg/l water), while glutathione-S-transferase activity
increased [59]. Examination of the biochemical profile after 96 h of carp exposure
to bifenthrin in a concentration of 57.5 pg 1" resulted in significant increases in glu-
cose, ammonia, aspartate aminotransferase, creatine kinase, and monocytes [41].

Bifenthrin inhibits the production of ATPase [60], which explains the stronger
effect of bifenthrin on aquatic organisms compared to terrestrial ones (maintaining
the critical concentration of ions against the concentration gradient, in the much
diluted aquatic environment, requires intensive ionic transport processes, the nec-
essary energy being supplied by ATPase; the decrease in production of this enzyme
leads to the death of organisms). Li et al., following the study of propiconazole
action on Oncorhynchus mykiss, suggested Na/K-ATPase activity in the fish brain as
potential biomarkers for intoxication [61].

Fish gills are the main place of ion exchange with the environment and, at the
same time, the main channel of pesticide penetration. They are in constant contact
with water, and any change in its composition may affect the gills’ permeability
and their osmoregulatory functions. Cengiz found histopathological changes in
the carp gills following acute exposure to deltamethrin in concentrations of 0.029
and 0.041 mg/l_1 (exfoliation, necrosis, edema, hyperplasia, fusion of secondary
lamellae, etc.) [62]; similar changes caused by deltamethrin action were identified
in Gambusia affinis by Cengiz and Unlu [63]. Costin et al. found morphological
changes in the carp gills exposed to sublethal concentrations of deltamethrin (2 pg/l
water), 48 h after the exposure to 2 pug deltamethrin/l water, which accentuated after
14 days of exposure (longest interval); the author reported hyperemia, fusion of
secondary lamellae, epithelial layer damage, and chlorogenic cell proliferation [59].

Fusion of secondary lamellae as a result of exposure to pesticides appears to have
a protective role in diminishing the affected gill surface; this response slows down
the penetration of toxic and may result in fish choking [64, 65]. The toxic effect of
pyrethroids on fish increases with increasing liposolubility [66]; because of their
strong lipophilic character, the pyrethroids are well absorbed by the gills, even in
low-pesticide waters, thus decreasing the availability of oxygen to the tissues of the
internal organs [67].

Histological changes due to exposure to pesticides also occur in other organs.
Melo et al. observed hepatic tissue alterations in Rhamdia quelen (loss of cell form,
piknotic nuclei, necrosis, and increase of hepatocytes loaded with by gallbladder
pigment) following the exposure of fish to organophosphates (0.01 ml/1 Folidol
for 4-72 h) [68]. Examination of liver tissue samples after 96 h of carp exposure
to bifenthrin in concentration of 57.5 g 1" revealed hepatocyte degradation [41].
Cengiz and Unlu found histopathological changes caused by deltamethrin on the
liver of Gambusia affinis [63]; cypermethrin causes hyperplasia and necrosis of
hepatocytes in Labeo rohita species [69]. Al et al. found DNA damage in erythro-
cytes and gill cells in Channa punctatus (Bloch), 5 days after exposure to chlorpyri-
fos in a concentration of 203 pg/1 [70].

Much of the research on toxicological aspects of pesticide poisoning in fish
refers to oxidative stress, causing the activity of antioxidant enzymes, proposed
as biomarkers of pesticide intoxications [71-73]. It has been demonstrated that
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pyrethroid metabolism generates oxygen reactive species in poisoned fish [74].

The occurrence of oxidative stress in different fish tissues as a result of exposure to
deltamethrin is supposed to be the main cause of product toxicity [75]. Chlorpyrifos
toxicity is also manifested by the induction of oxidative stress [76]. It seems that
oxidative stress contributes to the development and severity of syndromes in acute
intoxication with these insecticides [77]. Mancozeb stimulated oxidative stress,
while the amount of antioxidant serum enzymes decreased significantly; Fabra

et al. demonstrated that this fungicide caused significant biochemical changes in
cell membranes [78].

Exposure to pesticides may bring about behavioral changes such as: hyperactiv-
ity, loss of balance, and impossibility of maintaining the normal position in trout
exposed to cypermethrin [79]. Symptoms of fish exposed to pyrethroid pesticides
are: swimming near water surface, hyperactivity, loss of balance, increase of bran-
chial mucus secretion, etc. Levine et al. found a decrease of swimming intensity in
Danio rerio due to exposure to chlorpyrifos in a concentration of only 100 mg/1 [80].

Toxicity of different pesticides on fish and other aquatic organisms can be influ-
enced by various factors such as: pH, temperature, dissolved oxygen, water hard-
ness, etc. Mauck et al. found that bifenthrin is more toxic at low temperatures, and
its toxicity is only slightly influenced by water hardness [81]. Macek et al. recorded
96-h LC50 values of 7.1, 15, and 51 pg 1" in Oncorhynchus mykiss at temperatures of
12.7,7.2, and 1.6°C [82].

Although the data on histochemical, biochemical, hematological, and behavioral
changes in poisoned fish are quite numerous, they are little related to Carassius
gibelio, Perca fluviatilis, and Alburnus alburnus species which are not commonly used
in toxicological tests. In toxicology research, the emphasis is placed on biochemical,
chemical, structural, and ultrastructural changes, disregarding the physiological
processes which are part of the primary response of organisms to stressors.

As a contribution to the study of pesticide effect on fish, we will briefly pres-
ent some of our results for these species exposed to the action of six pesticides—3
insecticides (Talstar One—in concentrations of 0.05, 0.1, 0.2 and 0.4 pl bifenthrin/1
water, Reldan 40 EC—0.4, 0.8, 1.6, and 3.2 mg chlorpyrifos/l water, and Actara 25
WG—0.016, 0.032, 0.064 and 0.128 mg thiamethoxam/water) and 3 fungicides
(Tilt 250 EC—1.06, 2.12, 4.24, and 3.2 mg chlorpyrifos/l water, Dithane M-45—2,
4, 8, and 16 mg mancozeb/l water, and Tiradin 70 PUS—0.007, 0.014, 0.028, and
0.56 mg thiram/] water).

The analyzed pesticides reduce energy metabolism and breathing rhythm in cru-
cian carp, bass, and bleak [83-92]. In many of the variants, the immediate response
to the toxic action is a breathing rate stimulation of variable duration, in inverse ratio
to the pesticide concentration, with high decrease in oxygen consumption, followed
by the “stabilization phase” to the new conditions, with small fluctuations of the
mentioned indices around an average value [85-92]. The advantage of determining
energy metabolism and breathing rate is the rapidity of this response to the action of
the stressor (pesticide) on the one hand and their noninvasive character on the other.

The number of erythrocytes increases after exposure to Reldan 40 EC, Tilt 250
EC, and Tiradin 70 PUS [86-89, 92]; decreases of this hematologic parameter are
recorded under the action of Actara 25 WG and Talstar One [84, 90, 92]. Blood
glucose levels in fish increase for 2 weeks under the action of Talstar One, Actara 25
WG, and Tilt 250 EC [84-86, 90, 92]. Dithane M-45 fungicide and Reldan 40 EC
insecticide have a hypoglycemic effect [83, 86, 92]. Tiradin does not change blood
glucose level in crucian carp and bleak intoxicated with a concentration of 0.02 ml/1
for 2 weeks [91, 92].

Behavioral changes occur in crucian carp and perch exposed to pesticides:
hyperactivity in the first 24-48 h, disordered movements, frequent rising at the
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surface of water in the first hours after exposure to toxic, and apathy under the
action of insecticides and fungicides [85-92]. Increases in mucus production occur
especially in crucian carp under the action of fungicides [83, 87-89, 91, 92].

There are different results as regards the sensitivity of the species: the prussian
carp was more sensitive under the action of Reldan 40 EC and Actara 25 WG [86, 92]
as well as Tiradin 70 PUS and Tilt 250 EC fungicides [87, 88, 91, 92]; the bleak was
more sensitive to Talstar One and Dithane M-45 [92]. In some experimental vari-
ants, there were no significant differences in the reactivity of the species under the
action of the six pesticides.

Among the physiological parameters, blood glucose values and the number of
red blood cells give a clear signal of fish stress, which is why we recommend using
these parameters as biomarkers for pesticide-induced toxic stress. The study of
oxygen consumption and breathing rate combined with the number of erythrocytes
and blood glucose as well as the main behavioral changes allow the formation of a
symptomatological picture of fish poisoned with pesticides.

4. Influence of pesticides on histological and biochemical parameters in
amphibians

The impact of pollutants on humans in their environment is particularly com-
plex and explains the lack of action or late and often confusing reactions regarding
the protection measures. The degree of exposure depends on the simultaneous
presence of some essential factors (nature and concentration of pollutants) and
modifiers that ultimately influence the absorbed quantity.

Amphibians are some of the most representative species of vertebrates in aquatic
and agricultural ecosystems, because they are the natural enemies of many pests of
crop plants. Due to their high sensitivity to the changes occurring in their natural
environment and because their larval development occurs exclusively in the aquatic
environment, amphibians have been considered bioindicators for the aquatic and
agricultural ecosystems [93-96] and have been used as test specimens to study the
action of different chemicals in these ecosystems.

Bridges [97] conducted numerous studies on the effects of long-term exposure
to pesticides. The presence of contaminants in the environment may alter the
predator-prey interaction among aquatic species by changing the predator or prey
levels of activity or behavioral change of the predator. The effect of predator-prey
meeting may be dependent on the fact that both species are exposed simultaneously
to a contaminant/pollutant or exposure occurs only to one of the two species.

Due to the short period of exposure to nonpersistent pollutants, it is important
to examine the long-term effects of short-term exposure on amphibians and the
sensitivities at a certain stage in their development cycle. Any delay in metamor-
phosis or any decrease in size during metamorphosis may have an impact on the
evolution of the amphibian populations, leading to its decline or local extinction.

Sampath et al. [98] studied the toxic effect of two pesticides (carbaryl and
methyl-parathion) on the excretory system of Rana tigrina tadpoles and showed
an increase in the rate of N-urea and NH3-N elimination in intoxicated specimens
depending on the concentration of pesticide. Short-term exposure (96 h) to action
in low doses of endosulfan organochlorine insecticide caused changes in the growth
of Litoria freycinetti tadpoles either immediately or on a long term [99]. Tadpoles
exposed to toxic action grew more slowly, and those who survived were more easily
captured by predators in their natural environment.

Tomizawa and Casida [100, 101] demonstrated that neonicotinoid insecticides
acted selectively on the nicotine-acetylcholine receptor in insects and mammals,
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making them the safest insecticides (as a mode of action). They described the
mechanism of selective toxicity of neonicotinoid insecticides.

Gendron et al. [102] published the conclusions of a study on the effects of
the leopard frogs’ exposure to a mixture of pesticides. The hypothesis shows that
the exposure of Rana pipiens leopard frogs to agricultural pesticides can affect the
dynamics of the parasitic worm infections, Rhabdias ranae. The pesticide treatment
did not influence the growth of the parasites, the results indicating that they got
matured and reproduced earlier in frogs exposed to pesticides, compared to control
specimens. Such alternations in developmental cycle characteristics that increase
the transmission of parasites may lead to an increase in virulence. The results
contribute to further discussion on the role that anthropogenic factors might have
in the gradual death of amphibians due to complications arising from the disease
observed in different parts of the world.

Greulich and Pflugmacher [103] suggested a number of factors for the recent
decrease in amphibian populations, one of them being exposure to pesticides.
Specialists studied the absorption and effects of the pyrethroid cypermethrin
insecticide in relevant concentrations from the environment for two different
amphibian species, Bombina variegata and Rana arvalis, with the observation that
cypermethrin absorption caused deformities, abnormal behaviour, and mortality.
These changes depended on the dose of pesticide.

Some studies show that glyphosate has a harmful effect on the environment,
especially on amphibians. Howe et al. [104] studied the effect of glyphosate on four
North American amphibian species: Rana clamitans, R. pipiens, R. sylvatica, and
Bufo americanus, and observed the following aspects: decrease of the anteroposte-
rior diameter of the body, increased time for metamorphosis, tail malformations
in tadpoles, and gonadal disorders. These effects may partly appear as a result of
changes in the hormone level. There was a high level of transcription for ARNm seg-
ments encoding p-receptor synthesis for thyroid hormones, following exposure of
individuals to solutions containing glyphosate.

Chen et al. [105] conducted studies on the effect of glyphosate on fauna in
wetlands, having the zooplankton, Simocephalus vetulus, and Rana pipiens tadpoles
as research subject. Significant effects of the pesticide action on the two species
were determined at concentrations lower than those expected in the environment.
Increased pH values (7.5) also showed the toxic effects of the pesticide on the two
species under study, although the reproduction rate for S. vetulus improved to a pH
level above 5.5 in the absence of the pesticide. The stress caused by the lack of food,
associated with a pH of 5.5, decreased the survival rate of S. vetulus.

Relya [106] studied how four commercial compounds (diazinon, carbaryl, mala-
thion, and glyphosate) affected the survival and larval growth rate of five species
of amphibians (Rana pipiens, R. clamitans, R. catesbeiana, Bufo americanus, and Hyla
versicolo). The combination of pesticides has occasionally resulted in lower survival
rates and development than those determined by each pesticide, but never lower
than those caused by the worse of the two. This suggests that the combination of the
four pesticides had the same effect as the estimated total concentration of pesticides
on the ecosystem.

The toxicity of pesticides in general and their genotoxicity on nontarget organ-
isms in particular was of special interest to researchers. Shaolong et al. [107] studied
the toxicity and genotoxicity of two pesticides (imidacloprid and RH-5849), used in
China since 1992, for two species of amphibians. RH-5849 insecticide did not prove
to be toxic to tadpoles even if they were kept for 96 h in a saturated solution. Two
techniques were used to study the genotoxicity of the two insecticides: micronu-
cleus test and single cell gel electrophoresis. These tests showed significant changes
in the DNA of amphibian erythrocytes.
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Relya [108] studied six North American species of amphibian larvae (Rana
sylvatica, R. pipiens, R. clamitans, R. catesbeiana, Bufo americanus, and Hyla versi-
color) to investigate the long-term effects of Roundup, many of the existing studies
focusing on short-term effects (1-4 days). He also studied the effects of Roundup’s
association with other sources of stress, such as predators, on the tadpoles’ survival
rate during 16 days with and without chemical signals from predatory salamanders
(Notophthalmus viridescens).

The values range from 0.55 to 2.52 mg of active ingredient (IA)/L, consider-
ably lower than those used in previous studies. Stress increased by predators made
Roundup two times more toxic to one of the six species (R. sylvatica). This finding
suggests that the synergistic action of pesticides and predators may be a general
phenomenon for amphibians (the range of pesticides can be very wide). Based on
this research, pesticides such as Roundup certainly play a significant role in the
decline of amphibian populations around the globe.

Relyea et al. [109] also studied the effect of pesticides (glyphosate and mala-
tion) on the natural environment of amphibians in the presence of zooplankton
and phytoplankton (algae). Three species of amphibian larvae (Hyla versicolor, Bufo
americanus, and Rana pipiens) were studied and combined with their predators (no
predators with Notophthalmus viridescens and Dytiscus sp. Larvae) and pesticides (no
pesticides, with malathion insecticide and Roundup herbicide). Roundup proved to
have a negative effect on tadpoles, reducing their biomass by 40%, with no indirect
effects on the amphibian community through predators or abundance of algae.
Malathion in a concentration of 0.3 mg/I caused the number of tadpoles to decrease.
This insecticide associated with the tritone in the amphibian environment does not
have significant effects; the presence of beetle larvae associated with malathion has
a positive effect, which determines the increase in the survival rate of the tadpoles
in parallel with the decrease in the number of predators. While high concentrations
of malathion can cause the death of amphibian larvae, the small concentrations
may have positive effects as beetle larvae, and the predators of amphibian larvae
are killed. These data lead us to the conclusion that pesticides can have direct and
indirect effects on natural amphibian communities.

Toxicological investigations on amphibian larvae have mainly focused on the
effects of heavy metals and pesticides on their growth, development, and behav-
iour, and only a few data refer to the bioaccumulation of toxins under natural
conditions. Hofer et al. [110] studied the accumulation of inorganic (Pb and Cd)
and organic (organochlorine and polyaromatic hydrocarbon pesticides) toxic in the
body of Rana temporaria tadpoles at various altitudes in the Alps. They found an
increase in the accumulation of Pb and Cd in the body of tadpoles in low pH waters,
with a high concentration of metals. The amount of organochlorine substances was
relatively low due to the age of the tadpoles (about 2 months) and the absence of
lipid deposits necessary for the absorption of these substances.

Seifert and Stollberg [111] investigated the interaction of the neonicotinoid
imidacloprid insecticide with the nicotine-acetylcholine receptor (nAcChR) in the
frog embryonic muscle cells. The response of the muscle cell to the action of acetyl-
choline, nicotine, and imidacloprid was recorded as a contraction. The contractions
of acetylcholine or nicotine are inhibited by a-bungarotoxin. Imidacloprid does
not lead to the contraction of the muscle cell, but it can attenuate the contractions
produced by acetylcholine or nicotine. They have found that imidacloprid is an
antagonist of nAcChR receptor in the muscle cell and an agonist in its toxic action
on insect nerve receptors.

Honda et al. [112] studied how to activate or inactivate 11 nicotinic insecticides
in a two-step system of metabolic coupling and receptor binding. The authors
incubated neonicotinoid insecticides with CYP3A4 and NADPH or AOX ona
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cosubstrate of N-methyl-nicotinamide for metabolism. They used ketoconazole

or menadione for inhibition of subsequent conversions. They also used Drosophila
nAChR receptor and [*H] imidacloprid or a4p2 and [*H] (=)-nicotine receptor to
determine changes in the action of neonicotinoid insecticides. Drosophila nAChR
receptor coupled with CYP3A4 system activates imidacloprid and thiamethoxam,
while the other nine insecticides do not undergo any change in their toxic potential.
AOX system coupled with Drosophila nAChR receptor strongly inactivates clothian-
idin, dinotefuran, imidacloprid, desmethyl-thiamethoxam, and thiamethoxam

has a low inactivation effect on nitenpiram and nithiazines but has no effect on the
other four insecticides studied.

Neurotoxicity of pesticides has been studied by many researchers on the sciatic
nerve of Rana ridibunda. Zafeiridou et al. [113] studied the influence of three
herbicides: acetochlor, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), and 2,4-dichlo-
rophenoxyacetic acid, on the value of the action potential of the sciatic nerve in
Rana ridibunda. Since the action of 2,4-D is pH-dependent, the toxicity of the three
chemical compounds has been studied at a pH of 3.3. It has been found that a low pH
increases the toxicity of 2,4,5-T and 2,4-D pesticides and decreases acetochlor toxicity.

Casco et al. [114] demonstrated high toxicity of cypermethrin in Bufo arenarum
larvae. They showed that low doses of cypermethrin, lower than those used in agri-
culture, can cause massive apoptosis in the central nervous system of the tadpoles
through a neurotoxic mechanism.

In 2006, Relya [115] published an article on the effects of pesticides, pH, and
stress due to predation on amphibians. It was shown that pH and stress due to
predation and a single application of the insecticide (carbaryl) affected the survival
and growth of Rana catesbein larvae and Rana clamitans green frogs under natural
conditions. Decreasing the pH had no effect on the survival rate but caused a faster
growth of tadpoles. Low concentrations of carbaryl did not affect the two species,
but higher concentrations resulted in a lower survival rate and higher increases in
individuals of Rana catesbein species. The stress caused by predation and low pH did
not increase herbicide lethality due to its rapid rate of degradation under natural
environmental conditions. Even if stress, pH, or predators could make carbaryl
more lethal under laboratory conditions, after repeated insecticide applications,
these stress factors did not interact under natural conditions even if a single carba-
ryl application was used.

The application of auxin herbicides of 2,4-dichlorophenoxyacetic acid (2,4-D)
type in deciduous forests is mainly used in reafforested areas. The absorption of this
herbicide in the target plants is reduced due to its low solubility in water. Because of
this, the acid is esterified to increase its liposolubility and to diffuse into the plant-
bearing vessels. But the esterification of auxin herbicides increases their absorption
in other organisms, such as amphibians [116].

Numerous researches have shown that the gelatinous shell of amphibian
embryos has a protective role against various environmental pollutants. Edginton
etal. [117] studied the rate of absorption, metabolism, and excretion of butoxyethyl
ester for 2,4-dichlorophenoxyacetic acid (2,4-D BEE) in Xenopus laevis embryos.
They found that embryos with a gelatinous coating had a low absorption of toxic
compared to embryos without the coating after 8 h from exposure. Metabolism
of 2,4-D BEE lasted between 35 and 42 min, and the accumulation of radioactive
residue was 35% located in the gelatinous shell and 65% in the embryo.

Vonesh and Buck [118] have shown that pesticides influence the process of
laying eggs in amphibians. Four experimental batches were used to examine the
effect of the pesticide marketed under the name of Sevin® and the active substance,
carbaryl, on the method of laying eggs in Hyla chrysoscelis species. Their results have
shown that unpolluted ponds are preferred by amphibians for laying eggs, while
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the presence of Sevin® and carbaryl in the environment reduces the process, while
volatile chemicals have no influence at all.

Gurushankara et al. [119] investigated the effect of malathion in various
concentrations on the survival, growth, and food consumption in Limnonectus
limnocharis. Exposure of tadpoles to malathion changed all parameters. Thus, there
was a decrease in survival rate, body size in parallel with the increase in malathion
concentration in the environment as well as a reduction in the amount of food
consumed.

Bioaccumulation of malathion and its impact on Ambystoma tigrinum was
studied by Henson-Ramsey et al. [120]. The toxic was administered by two meth-
ods: soil contamination with malathion in a concentration of 50 and 100 pg/cm” and
food—the administration of earthworms that lived on a malathion-contaminated
soil in a concentration of 200 pg/cm’.

The amount of xenobiotic substances was determined by gas chromatography
in liver, muscle, skin, and bones. Malathion was higher in muscle, skin, and bones
after 1 day of exposure and in viscera, after 2 days of exposure. To determine the
biological impact of malathion on Ambystoma tigrinum, cholinesterase activity was
measured in the brain, with a reduction in its activity. Animals exposed to toxic
action did not show clinical signs of toxicosis.

Aquatic organisms are exposed to repeated pesticide applications over time.
Repeated and long-term (79 days) administration of low concentrations of mala-
thion (10-250 pg/l1)—the most widely used insecticide, affects the entire aquatic
community of zooplankton, phytoplankton, periphyton, and amphibian larvae
[121]. This caused the decline of zooplankton followed by an increase in the biomass
of the phytoplankton and the decline of periphyton after repeated treatments. The
decline of the periphyton has had little influence on the development of Rana syl-
vatica species because it has a short time of metamorphosis, but has strongly influ-
enced Rana pipiens larvae which have a longer time of metamorphosis with a high
mortality level. In conclusion, malathion did not directly kill amphibian larvae but
caused changes in the trophic chain and caused their mortality in an indirect way.

Toxicity caused by endosulfan (an organochlorine chemical compound used
as an insecticide in vegetable, fruit, cotton, and coffee) was studied on Bombina
orientalis, by Kang et al. [122]. They found a decrease in the survival rate of the tad-
poles in parallel with an increase in the toxic concentration. The surviving tadpoles
showed morphological changes consisting of tail dysplasia, presence of vesicles in
the pectoral and ventral side, tail bending, and cephalic dysplasia; the higher the
toxic concentration, the more significant the morphological changes.

Similar changes have also been reported in intoxication of larvae and Bombina
orientalis tadpoles with molinate, a thiocarbamate used as an herbicide [123]. The
change in survival rate was not significant until the blastula stage. A significant
decrease of this parameter was observed in the tadpole stage even in low doses of
molinate. The surviving tadpoles showed many malformations: trunk and tail bend-
ing, tail and eye dysplasia, and cephalic dysplasia. All these data suggest that the
molinate herbicide influenced the larval development of this species.

Relyea and Jones [124] set LC50 after 96 h for glyphosate (Roundup) for various
North American amphibian species. There were used nine species of larval anura
Groser 25 belonging to Raniidae, Bufonidae, and Hylidae families, as well as four
larval urodeles from two families: Salamandridae and Ambystomatidae. LC50 was
between 0.8 and 2 mg acid/l for the nine anura species after 96 h and ranged from
2.7 to 3.2 mg acid/l for the four larval urodele. This work brings new data on the
sensitivity of amphibians to the action of glyphosate.

Endosulfan insecticide appears to be highly toxic in low doses for amphib-
ian populations and also exhibits long-term toxic effects. Toxicological studies
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conducted by Jones et al. [125] established LC50 in 4 days (LC504-d) for endosul-
fan insecticide on tadpoles of nine amphibian species belonging to three families
(Bufonidae, Hylidae, and Ranidae). LC504-d value was between 1.3 and 120 ppb,
which places it in the category of highly toxic pesticides. At the end of the treatment,
experimental animals were kept in clean water for 4 more days. There has been a
significant increase in mortality depending on the family. Bufonides were the least
sensitive, hylides were moderately sensitive, and ranidae were the most sensitive.

Atrazine is a widely used herbicide for weed control in corn crops. Its residues
could be detected in the soil 1 year after application. Numerous studies have tracked
the effect of atrazine on embryonic development of amphibians in the environment
and reported its ability to induce an enzyme—aromatase, which appears to convert
testosterone to estrogen [126-132].

Some studies followed the effect of atrazine on juvenile and adult amphibians.
Storrs et al. [133] followed the effect of atrazine administered directly on the soil on
the behaviour of Bufo americanus species. They also studied various ways to absorb,
accumulate, and eliminate this toxic from the body using **C-labeled atrazine.
Their results have shown that amphibians do not avoid atrazine-enriched soils. This
pesticide is rapidly absorbed through the skin, and accumulated in the intestine,
especially in the gallbladder.

Small quantities of herbicides used in agriculture often affect the surface
of water and can become a stress factor for aquatic organisms. Williams and
Semlitsch [134] studied the effect of 4 herbicides (the active substance atrazine,
S-metolachlor and glyphosate) on the amphibian larvae of 3 species: Bufo america-
nus, Pseudacris triseriata and Hyla versicolor. The glyphosate under the trade name
Roundup WeatherMax (containing 572 ppb equivalent glyphosate acid) deter-
mines the increase in mortality of Pseudacris triseriata tadpoles, while Roundup
OriginalMax (containing 572 ppb equivalent glyphosate acid) determines the
extension of the larval period in Bufo americanus species.

Chronic exposure to atrazine and S-metolachlor has no side effects on survival,
metamorphosis, or larval period in the organisms. These results show the impor-
tance of adjuvants in the preparation of pesticides and their different effects on
organisms even in the case of similar products.

Budischak et al. [135] followed how some parasites of amphibians can influence
the toxicity of some pesticides. They used two batches of Rana palustris: tadpoles
infected with Echinostoma trivolvis trematode, then intoxicated with malathion and
uninfected tadpoles, and intoxicated with the same dose of malathion. It has been
shown that the parasite does not influence susceptibility to pesticide action.

The influence of six pesticides (Reldan 40EC, Actara 25WG, Tilt 250EC,
Champion 50WG, Fusilade Forte, and Dual Gold 960EC) on physiological indices
of Pelophylax ridibundus was studied by Paunescu et al. [136]. The chronic pesti-
cides exposure can lead to alteration of various indices (increased hepatosomatic
index, decrease in erythrocytes number, leucopenia, hyperglycaemia, and decrease
in cholesterol levels), as well as to hepatic lesion.

The fact that some species of amphibians survive in agroecosystems is due to
their special plasticity. Thus, irrigation canals represent new habitats that amphib-
ians colonize, and in the absence of predators, which are less mobile (fish), they
become metapopulations of altered landscapes [137-139].

5. Conclusions

As nontarget species for pesticides in the environment, ferns can be used in their
gametophyte stage, young or mature sporophyte in different biotests to evaluate
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the risk associated with these substances. The biochemical, hemathological, and
histopathological changes recorded in both fish and amphibians can be considered
biomarkers of pesticide pollution.
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Abstract

The biological systems are exposed to a complex environment in which the
contaminants can interact in a synergistic/antagonistic fashion and for this reason,
the study of “chemical cocktails™ is of great interest to fully understand the final
biological effect. To evaluate the final biological response of a pollutant, it is essen-
tial to have an adequate analytical methodology that allows the correct monitoring
of environmental systems in order to establish their quality, and, when appropriate,
the application of corrective measures. Undoubtedly, massive methods “the omics”
are among the most efficient current tools. To this end, transcriptomics, proteo-
mics, metabolomics and chemical speciation can provide very useful information,
mainly when they are combined. However, the combination of proteomics with
metabolomics has some drawbacks as the temporal space is different (i.e. meta-
bolomics gives information about what happens right now, but it can be related
with numerous post-translational modifications happened previously). In this
sense, it seems that the combination of genomics with metabolomics is easier. Thus,
when metabolomics data are interpreted in combination with genomic, trans-
criptomic and proteomic results, in the so-called systems biology approach, a
holistic knowledge of the organism/process under investigation can be achieved.

Keywords: pesticides, mammals, metabolomics, metals, speciation, omics

1. Introduction

The evaluation of the biological response in living organisms against environ-
mental pollution requires the use of environmental bioindicators or laboratory
models of increasing complexity (mollusks, crustaceans and rodents) [1, 2]. A
mammal should be always included to integrate the diverse biological filters present
in humans, like the digestive tract, which regulates the passage of contaminants to
be later distributed through the bloodstream to other parts of the body [3]. In
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addition, cell cultures are also important in these types of studies, especially to
translate the effects of pollutants to humans. The use of cell cultures also allows
performing many experiments without the difficulties of the experimentation with
animals [4].

Until now, there has been a great concern, mainly relying on individual envi-
ronmental pollutants, to study their potential risks. However, the evaluation of
health effects of chemicals by considering data obtained just from a single chemical,
leads to over or underestimates the joint toxicity. In this sense, studies concerning
the combined effects of pollutants better than the toxicity assessment of single
chemicals, reflect the realistic impact of environmental exposures [5]. Thus, the
experimentation with animal models to evaluate the biological response against
environmental pollutants, and their possible translation to the effects in humans,
should be carried out designing experiments that mimic as much as possible the
environment. To this end, controlled exposure experiments to “chemical cocktails”
that integrate several environmental pollutants of different chemical groups can be
a good approximation. Although the design of experiments is significantly more
complex, the obtained information is of great interest to evaluate the real effects of
contaminants in the environment [6].

On the other hand, the joint toxicity of chemical mixtures can be independent
one from each other (additive), stronger (synergistic) or weaker (antagonistic),
depending of on the sum of effects from individual exposures or not [7].

The biological response can be evaluated using model organisms, but also with
free-living species that can also serve as biomarkers of environmental pollution.
Although the use of free-living organisms allows evaluating the biological response
taking into account all the existing environmental factors and their interactions, and
for this reason is closer to the reality, the main pitfalls are related with the difficulty
to isolate the metabolic responses connected with a particular pollutant [8]. Other-
wise, the study with model organisms is easier and cheaper, but requires a qualified
technician to administrate single xenobiotics or their cocktails and the results can be
biased by the selected administration route (e.g., subcutaneous injection), model
organism used, etc., [10]. Nevertheless, the study of the biological response in free-
living animals is of great interest to validate the results obtained in the exposure
experiments with model organisms [11, 13].

2. Interactions of metals and chemical species through antagonistic and
synergistic mechanisms

As previously commented, biological systems are exposed to a complex envi-
ronment in which contaminants can interact by means of antagonistic or synergistic
mechanisms making mandatory global studies (i.e.,-omics) to evaluate the biologi-
cal response with an holistic view [14]. In connection to that, selenium has been
claimed as the most important element regarding its antagonistic protective action
against numerous contaminants (i.e., pesticides and metals). Likewise, it has been
stated that cardiovascular damages caused by mercury can be antagonized by sele-
nium [15], but also the neurotoxicity [16] and renal toxicity [17] caused by this
element. Moreover, selenium present also protective character against skin cancer
induced by arsenic exposure [18], chromosomal aberrations induced by cadmium
[19], oxidative stress and lipid peroxidation caused by organophosphorus pesticides
[20]. Moreover, the chemical form or specie of selenium is very important since the
essentiality or toxicity is directly related to that. Likewise, some of them, especially
selenoproteins are peroxidases or oxidoreductases, which protect against oxidative
stress [21-24, 26], while inorganic selenium is toxic at high levels [14]. Our research
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Mammal Interaction Biological effect References

Interactions of selenium- and arsenic containing species

Humans A Seioral/Astotal DNA hypomethylation/cancer [39]
Humans Se reduces the risk of As-related skin lesions and cancer [16, 40, 41]
Rats 2—A SeO3/iAs(III) As prevents lethal liver damage caused by Se [42]

Rats As prevents Se-induced cataracts [43]
Humans Skin lesion/skin cancer [44]

Mice As prevents carcinogenic effect of Se [45]

Rats As prevents carcinogenic effect of Se [46]

Rats As protects against the toxicity of Se (growth, [47-50]

mortality rate, pathological condition of the liver)

Rats As induces mucosal glutathione synthesis, explaining  [51]
its protective effect against Se

Dogs As antagonizes Se-induced subnormal growth and [52]
restricted food intake

Cattle As protects against Se toxicity [47, 53]
Hogs As protects against Se toxicity [48]
Steers As protects against Se toxicity [54]
Mice Se prevents As-induced cytotoxicity [55]
Mice 2 — 3—-A SeOs/ Se decreases the ratio of organic/inorganic As [56]
AsOy,
Hamsters Se decreases As methylation [14]
Rats S SeBet/iAs(III) Coadministration enhances the tumor-suppressive [13]
effect of Se

Interactions of selenium- and mercury-containing species

Humans A Setotal/Hgtotal ~Se prevents Hg induced cardiovascular diseases [15]
Humans A Setotal/MeHg"  Se inhibits Hg-induced neurotoxicity [571
Humans Se inhibits Hg-induced cardiovascular diseases [58]
Rats Se may alter the reproductive and developmental [59]
toxicity of MeHg+
Rats 2—/2+ A SeO3 Hg  Se antagonizes Hg-induced intestinal necrosis [60]
Rats Se prevents Hg renotoxicity [62]
Mice Se prolongs the half-lives of Hg-exposed animals [63]
Rats Se changes the subcellular Hg [64]
distribution
Mice 2—/+ A SeO,4 Se protects against Hg-induced neurotoxicity [65]
MeHg
Rats A SeMet/ ng+ Se inhibits the effects of Hg on organic activities [66]
Rats A SeMet/MeHg*  Se prevents Hg-induced porphyrinuria [67]
Humans A SeProt/ Hg® Se detoxifies Hg [68]
Mice A SeProt/MeHg"  Hg affects the activities of selenoenzymes [69]

Interactions of selenium and sulfur-containing species

Sheep A SeMet/sulfur More Se is incorporated into wool and plasma protein  [70]
compounds when dietary S is limiting
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Mammal Interaction Biological effect References

Interactions of selenium with species of elements

Rats A Se/Sb Sb has a partially protective effect against Se toxicity ~ [49, 52, 71]
Rats A Se/Bi Bi has a partially protective effect against Se toxicity [49, 71]
Human A Se/Cd Se protects against Cd toxicity [72]
cells
Rats A Se/Cd Se prevents Cd-induced oxidative stress [73]
A Se/Cd Se protects against Cd-induced nephrotoxicity and [74]
hepatotoxicity
Mice A Se/Cd Se protects against Cd-induced chromosomal [19]
aberrations
Monkeys A Se/Cd Se protects enzyme systems [75]
Rats S Se/Cd Se and Cd affect the hepatic gluconeogenic pathway [76]
A Se/Cd Se partially restores Cd-induced oxidative stress and [77]
decreased sperm count and motility
A Se/Cd Se antagonizes the Cd-induced inhibition of hepatic [78]
drug metabolism
A Se/Cd Se antagonizes Cd-induced testicular damage [79]
A Se/Cd Hepatoprotective effects of Se against Cd [80]
A Se/Ge Ge partially protects against Se toxicity [49, 71]
A Se/Ni Se may antagonize the deleterious effects of Ni during  [81, 82]
reproduction
Mice S Se/Ag Se protects against Ag-induced lipid peroxidation in [83, 84]
the liver
S Se/Te/Hg Hg retention is increased by pre-administration of Te  [85]
or Se
Rats A W/Se W partially protects against Se toxicity [49,71]

Table 1.
Main interaction of selenium species with other elements.

group has been working with Mus musculus mice exposed to the pesticide dichloro-
diphenyldichloroethylene (DDE) and selenium [27] to study the join effect in the
metabolome, as well as several exposure experiments to one or two metals (metal-
loids) in Mus musculus like Se-Cd [2], Hg-Se [28] and others.

Perhaps, the most studied interaction of selenium is with mercury, which was
first investigated in 1967 in rats exposed to mercury chloride and selenite [29]. One
of the proposed mechanism for this interaction is the formation of Hg-Se com-
plexes, which can result in an increased whole-body retention of Hg after the co-
exposure to both elements [29, 30]. However, although this interaction is well
known, the mechanisms related to that remain unsolved. It has been stated that
inorganic mercury can be incorporated to selenoproteins, peptides and prosthetic
groups of selenoenzymes, by reaction of mercury with the selenol group of
selenocysteine (SeCys) [31]. The lower pKa of SeCys makes it more reactive that
Cys and for this reason, the former reacts by means of -she with Hg with stronger
affinity than -SH groups. Mercury can be also incorporated into selenoproteins
which play important roles in the maintenance of cellular homeostasis [26, 32]. To
this end, Hg27 can react with Se?” (selenides), selenols or hydrogen selenide to
form ternary complexes Hg==Se==S together with glutathione that finally bond to
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selenoprotein P (SelP) [32-34]. The dysfunction of several proteins, like
selenoproteins is in the basis of several diseases like carcinogenesis. In this sense,
selenoprotein P accounts for the highest content of selenium in serum and can be
also present in other selenoenzymes such as thioredoxin reductase (ThxR), gluta-
thione peroxidase (GPx) and selenoprotein P [35, 36].

Previous studies carried out in our research group using Mus musculus mice as a
model organism exposed to mercury and selenium demonstrate that the levels of
selenoprotein P increase in the liver (extracts from hepatic cytosolic extracts) and
serum after Hg exposure, and that selenite supplementation increase the effect [28].
In this context, the synthesis of SelP from selenite increases after mercury exposure
since this protein serves as a vehicle for Hg detoxification [37]. This fact is also in
good agreement with the decrease observed in the selenometabolites found in
serum and the correlative increase in liver, where SelP synthesis takes places from
selenite to be later transferred to bloodstream [38]. Moreover, our studies demon-
strated that the accumulation of SelP in the liver is higher when the diet is
supplemented with selenium. On the other hand, the concentration of
selenoalbumin increase in liver and decrease in serum after Hg exposure to trans-
port selenium for the synthesis of SelP [38]. Thus, these results demonstrate the
interaction of mercury and selenium in the detoxification process induced by the
later, the accumulation of selenoproteins in liver and bloodstream and the homeo-
stasis of elements.

Table 1 shows the main selenium interactions with other metals in mammals.

3. Pesticides, metals and their impairments at molecular level

The joint effect induced by pesticides and metal ions increase, in general, the
toxicity (synergism) like DNA damage, mortality rate and reduction in the repro-
duction rate, as well as changes in enzyme activities [86]. The exposure to environ-
mental pollutants such as polychlorinated biphenyls (PCBs), organochlorine
pesticides and heavy metals, has been associated to immunotoxic effects in mam-
mals such as alterations of both the innate and adaptive arms of immune systems,
which include aspects of cellular and humoral immunity [87].

Metabolic impairments caused by the join exposure of the pesticide DDE and
selenium have been studied using a metabolomics approach [27]. In this study, we
conclude that about 70 metabolites are altered in the most metabolically active
organs, like liver and kidney, but also in brain, and that they are related with the
pathways of oxidative stress, degradation of phospholipidic membrane, -oxidation
and energy metabolism, which confirm the potential of combined metabolomic
platforms in environmental studies. Moreover, several metabolites present different
response (increase or decrease against the control group) in the organs studied
indicating a possible traffic between them. This is the case of liver and kidney,
which are the most metabolically active organs and present five metabolites altered
with the opposite tendency between them, namely: diacylglycerol (DAG) (18:2/
18:1) and ornithine and triacylglycerols (TAG) (18:4/18:4/20:4), TAG (16:0/18:1/
22:0) and TAG (18:4/18:4/22:6).

To deep insight into the protective effect of selenium against the toxic effect of
DDE, we can compare mice supplemented with DDE, DDE + selenium and sele-
nium against the control group. Selenium counteracts the effect of DDE on seven
metabolites because they show a different response among the studied groups when
they are compared against the control, which is illustrated in Figure 1. These
metabolites can be used a biomarkers of the antagonistic interaction between sele-
nium and DDE.
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Figure 1.
Different response of metabolites in Mus musculus mice exposed to: (A) selenium, (B) DDE, (C) selenium and
DDE. Red word: Increased; Green word: Decreased.

It is also remarkable that these antagonistic interactions between DDE and Se
usually take place in kidney, since the majority of metabolites that present different
response between the mice supplemented with DDE and DDE with Se occur in this
organ.

4. Pharmaceutical active compounds, metals and pesticides and their
impairments at molecular level

The high consumption of medicines, cosmetic products, as well as pesticides in
modern agriculture or plastics in the handling and conservation of food, among
others, has led to the appearance in the environment, mainly in soils and aquatic
environment, of a series of compounds harmful to the living organisms that inhabit it.
These are the well-known “organic micropollutants” (MCOs), a large group of sub-
stances that are continuously incorporated into the environment and that, in general,
are difficult to eliminate. These substances are classified into two main groups: priority
pollutants, and the so-called emerging pollutants (CE). Its detection in the environ-
ment has been possible, in many cases, thanks to the development of new and more
sensitive analytical technologies that have allowed the detection of these compounds
in all types of environmental samples, even in zones, apparently, not subjected to this
“contaminant pressure”. The analysis of “effluents of wastewater treatment plants”
(WWTPs), urban and industrial, has shown, unequivocally, in general, very poor
elimination of most of these substances, which is why an incorporation occurs con-
tinuously through this way to aquatic and terrestrial ecosystems [88].

Thus, besides metals and pesticides, pharmacologically active compounds
(PAC), is a group of emerging contaminants, which are receiving increasing
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attention because of their potential harmful effects for the environment and human
health. The prevention of the emission of priority and emerging pollutants through
wastewater treatment plants effluents into the aqueous environment requires the
development of new treatment technologies that ensure the quality of receiving
water bodies since the actual treatments are deficient and these substances are
continuously incorporated into the environment [89]. Actually, analytical method-
ologies allow determining these substances in almost all samples and at very low
levels [88, 90]. All the pollutants present in the aquatic and therefore terrestrial
systems, as well as the products that are originated from them by degradation or
metabolization, have an inevitable effect on the organisms that inhabit them, it can
be highlighted, for example, their presence in coastal sediments or American red
crab [90].

The studies related to the effect on biological responses by the presence of
chemical cocktails concerning mixtures of pesticides, PACs and metals are scarce
[91]. In this context, the effect that the presence of the antibiotic, ciprofloxacin has
on the toxicity, distribution and accumulation of copper has been studied in earth-
worm (Eisenia fetida) [92]. However, the study of the biological response of mam-
mals against “chemical cocktails” including metals, pesticides, and PACs has not
been performed until now.

5. Omic methodologies to assess health effects of pesticides and other
organic micropollutants

It is essential to have an adequate analytical methodology that allows the correct
monitoring of environmental systems in order to establish their quality, and, when
appropriate, the application of corrective measures. Undoubtedly, massive methods
“the omics” are among the most efficient current tools. In this sense, it has been
demonstrated that alterations of the homeostatic cycles are shown at the transcrip-
tional level (transcriptomics) [93], by overexpression or inhibition of proteins (pro-
teomics) [94] and by modifications of the metabolic cycles (metabolomics) [1, 95].
On the other hand, it has been stated that approximately 1/3 of proteins need the
presence of metals as cofactors to develop their function (metalloproteins) and that
metals influence on more than 50% of the proteins [96]. These metals play essential
roles due to their catalytic properties or influence the structure of proteins and
generally, the genome determines their presence in molecules [97]. Thus,
metallomics allows understanding the distribution of elements, concentration at
equilibrium of free metallic ions or free elements in a cellular compartment, cell or
organism [98] and refers to the identity and/or quantity of metals/metalloids and
their species [99]. Likewise, it has been proposed the integration of a global (holistic)
view, much more realistic of the processes that takes place in the environment [95].

To this end, genomics decipher the information that determines cell function
which is contained in the cellular core, transcriptomics reveals gene expression and
proteomics make possible the examination of protein synthesis and cell signaling.
On the other hand, in the establishment of transcriptional expression profiles that
explain the gene function is critical in environmental transcriptomics, and the
quantification of gene expression changes at the level of mRNA has proved to be an
interesting tool in environmental approaches [100]. The transcriptomes of M.
spretus mice captured in areas of high industrial and agricultural pollution such as
the Domingo Rubio estuary or the industrial pole of Punta del Sebo (Huelva) have
been determined, identifying a set of potential biomarkers of environmental con-
tamination [93]. Likewise, the transcriptional profile of contaminants such as the
DDE has been determined in controlled exposure studies in the laboratory [101].
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On the other hand, proteomics is of great importance to understand cell homeo-
stasis, to perform quantitative analysis and for the identification of potential bio-
markers of in vivo toxicity. However, the massive number of proteins and post-
translational modifications difficult the analysis. Proteomics can also assist genomic
and transcriptomic studies in the efficient sequencing of complete genomes and to
explain differences in susceptibility induced by polymorphisms. Nowadays is
accepted that alterations in gene expression do not always induce adverse health
effects due to post-translational modifications, as phosphorylation and glycosyla-
tion of proteins that determine their function, environmental factors or multigenic
processes (e.g., aging and disease). For this reason, environmental proteomics
allows understanding the mode of action of pollutants. Likewise, the use of 1st, 2nd
and 3rd generation proteomic methods have been used to compare M. spretus mice
from different areas within the Doflana National Park (PND) and surroundings, the
Estero de Domingo Rubio (EDR) and the Estuary of the Guadalquivir, in order to
evaluate the effects of the Aznalcéllar accident and the pesticides used around the
PND [102, 103]. The information obtained by this omic can be complemented by
oxidative stress and redox proteomics. The study of reactive oxygen species
(ROS) related to oxidative damage caused by contaminants is a valuable tool in
environmental studies [94]. Although most amino acids are sensitive to oxidation,
the thiol group of Cys affects them especially [95] so its analysis allows determining
the redox state of the thiol groups of proteins [104, 105], so its analysis allows
determining the redox state of the thiol groups of proteins.

Environmental metallomics and chemical speciation requires its own meth-
odology, generally based in the combined use of inorganic mass spectrometry
(inductively coupled plasma mass spectrometry, ICP-MS) and organic MS, using a
previous chromatographic separation step in order to preserve the integrity of the
metal in terms of its union and location in the molecule [106]. Our research group
have extensive experience in this field, especially in its projection to the environ-
mental studies [2], and the biological response, at the metallomic and metabolomic
levels of the Mus musculus mice exposed to As [99], Cd [2] and Hg [103]. In
addition, studies with free living animals in Doifiana National Park and surroundings
based on these methodologies have also been performed using the Mus spretus mice
[11] and the crab Procambarus clarkii.

In addition, in 1999, J. Nicholson defines metabonomics as “the quantitative
measurement of the dynamic multiparametric metabolic response of living systems
to pathophysiological stimuli or genetic modification” [104], and metabolomics as
the measurement of all the metabolites in a specified biological sample [104].
Likewise, metabonomics allows understanding the variation in low molecular mass
molecules, namely metabolites, which are the last action mechanism of the organ-
isms, but the additional mentioned “-omics” sciences are related to cellular macro-
molecules. Then, the last step in the omics, directly in connection with the
phenotype, environmental metabolomics allows obtaining a global view of the
metabolic fingerprint of the biological systems exposed to contaminants, providing
information at the same time that the interactions between the contaminants with
the living organisms [105]. Numerous studies have been carried out on different
rodents, and several exposure experiments on the Mus musculus laboratory mice can
be highlighted. As an example, several studies carried to study of the metabolomic
response of the mouse.

M. musculus exposed to inorganic As [99], Cd [95], Se-Cd [2], Hg [99],

Hg-Se [28], DDE-Se [27], As, Cd, Se, Hg, deltamethrin + acrolein.

One of the most critical aspects in metabolomics is sample treatment, to extract
as many metabolites as possible [10]. The analysis of biofluids for metabolomics in
simpler than the extraction of metabolites from tissues and allows obtaining global
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information about the state of the organism, but to obtain specific information on a
specific organ the direct analysis is mandatory [106].

Finally, metabolomics allows the simultaneous measurement of hundreds of
metabolites in vitro cell cultures, in vivo tissues and even in non-invasive blood and
urine biofluids. However, the current drawback of this omic is the standardization
of quenching, metabolite extraction procedures as well as the complexity of data
analysis and interpretation. Moreover, the influence of factors in the results is
important (e.g., age, gender, diet, stress, housing conditions, health status). To
overcome these limitations, combination of omics seems to be the best option.
However, the temporal space is different in metabolomics and proteomics (i.e.,
metabolomics gives information about what happens right now, but it can be
related with numerous post-translational modifications happened previously). In
this sense, it seems that the combination of genomics with metabolomics is easier.
Thus, when metabolomics data are interpreted in combination with genomic,
transcriptomic and proteomic results, in the so-called systems biology approach, a
holistic view of the organism or biological process under investigation can be
attained.

6. Concluding remarks

The evaluation of the real impact of a pollutant, and in particular of pesticides
can be performed in the different environmental compartments or preferably in
mammals to decipher the biological response. In this case, the study can be carried
out in free-living animals or in laboratory mice exposed to different pollutants that
should be combined to evaluate the biological response of the “chemical cocktail”
since they can interact in a synergistic or antagonistic fashion. On the other hand, it
is essential to have an adequate analytical methodology that allows the correct
monitoring of environmental systems in order to establish their quality, and, when
appropriate, the application of corrective measures. Undoubtedly, massive methods
“the omics” are among the most efficient current tools.
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Abstract

Adsorption, degradation, and movement are the key processes conditioning the
behavior and fate of pesticides in the soil. Six processes that can move pesticides are
leaching, diffusion, volatilization, erosion and run-off, assimilation by microorgan-
isms, and plant uptake. Leaching is the vertical downward displacement of pesti-
cides through the soil profile and the unsaturated zone, and finally to groundwater,
which is vulnerable to pollution. Pesticides are frequently leached through the soil
by the effect of rain or irrigation water. Pesticide leaching is highest for weakly
sorbing and/or persistent compounds, climates with high precipitation and low
temperatures, and soils with low organic matter and sandy texture. On the contrary,
for pesticides with a low persistence that disappear quickly, the risk of groundwater
pollution considerably decreases. Different and varied factors such as physical-
chemical properties of the pesticide, a permeability of the soil, texture and organic
matter content of the soil, volatilization, crop-root uptake, and method and dose of
pesticide application are responsible for the leaching rate of the pesticides. Soils that
are high in clays and organic matter will slow the movement of water, attach easily
to many pesticides, and generally have a higher diversity and population of soil
organisms that can metabolize the pesticides.

Keywords: aqueous/soil environment, groundwater vulnerability, pesticide
leaching, soil pollution

1. Introduction

Agriculture plays an important socioeconomic role in the European Union (EU).
The total agricultural area of the EU-28 was 184.6 million hectares in 2015, which
supposes 43.5% of its total land area with France and Spain being the countries with
greater cultivated land [1]. Therefore, to protect agricultural production and qual-
ity, the use of pesticides is widespread.

Pesticides have important benefits in crop protection, food and material preser-
vation, and disease control although unfortunately can pose undesirable effects on
human health and environmental ecosystems. The use of pesticides in agriculture is
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necessary to combat a variety of pests and diseases that could destroy crops and to
improve the quality of the food produced. The main estimated losses in crop yields
are due to insect pests (14%), plant pathogens (13% loss), and weeds (13%) [1].
Therefore, pesticides are necessary for agricultural production. Among the different
classes of pesticides, the highest percentages of an application are corresponding to
herbicides (49%), followed by fungicides and bactericides (27%), and insecticides
(19%) [2].

A pesticide also called plant protection product (PPP) is any “substance
intended for preventing, destroying, repelling, or mitigating any pest in crops either
before or after harvest to prevent deterioration during storage or transport.” A more
detailed definition can be found in the document by FAO [3]. The term includes
compounds such as antimicrobials, defoliants, disinfectants, fungicides, herbicides,
insecticides, insect growth regulators, molluscicides, and other minority groups.
Pesticide products include both active ingredients and inert ingredients. Active
ingredients are used to control pests, diseases, and weeds, while inert ingredients
(stabilizers, dyes, etc.) are important for product performance and usability.

Regulation (EC) No 1107/2009 [4] is the legislation concerning the placing of
PPPs on the market in the European Union. EFSA’s Pesticides Unit is responsible for
the EU of risk assessments of active substances used in PPPs, in close cooperation
with all EU Member States. The risk assessment of active substances evaluates
whether, when used correctly, these substances are likely to have any direct or
indirect harmful effects on human or animal health, groundwater quality, and
nontarget organisms.

Since the 1940s, synthetic pesticides have been widely applied worldwide to
protect agricultural crops from pests and diseases, and their use was increased
progressively as increased human population and crop production especially from
the Green Revolution. During 2016, the worldwide consumption of pesticides
reached 4.1 millions of tons of active ingredients, which 51.3% was consumed in
Asia, 33.3% in Americas (Northern, Central, and South), 11.8% in Europe, 2.2% in
Africa, and 1.4% in Oceania. This consumption originated a pesticide trade higher
than 60 billion of US $. Figure 1 shows the evolution in the use of pesticides during
the period 1990-2016 in the world, Europe, the United States of America, and the
least developed countries [2].

As can be observed, the consumption was ascending (increasing use) in the
worldwide and least developed countries and descending (reduced use) in the most
developed areas like EU and USA.

However, many of the pesticides used are chemical compounds that persist in
the environment being able to be bioaccumulated through the food web and
transported to long distances [5] adversely affecting human health and environ-
ment around the world, especially organochlorine pesticides [6]. Toxicity of the
compound, amount applied and formulation type, method and time of application
and, especially, its mobility and persistence are the main factors involved on the risk
when a pesticide is incorporated in the environment. In addition, many of them
have been identified as endocrine disruptors (EDs), compounds that alter function
(s) of the endocrine system and consequently cause adverse health effects in an
intact organism, or its progeny, or subpopulations [7-10]. Humans and wildlife
depend on the ability to reproduce and develop normally, which is not possible
without a healthy endocrine system. Since the beginning of this century, numerous
laboratory studies have added to our understanding of the impact of EDs on human
and wildlife health [11, 12] and confirmed the scientific complexity of this issue.

The pollution of soil and water bodies by pesticides used in agriculture can pose
an important threat to aquatic ecosystems and drinking water resources. Pesticides
can enter in water bodies via point sources or diffuse. Surface waters generally

46



Environmental Risk of Groundwater Pollution by Pesticide Leaching through the Soil Profile
DOI: http://dx.doi.org/10.5772 /intechopen.82418

4 5+l 50000

WORLD LEAST DEVELOPED COUNTRIES .
FT e #0005
35048 20005 |
§ §
g 3
3048 20005
25448 o 0003 |
20048 . . o
FE- ] EE ]
EU USA g
.
. %
A0ess 4 ® . - A Jeedh -
- L
-
;‘ A8e4s 4 F 40w l\
L] » L ]
£ £ ! :
2085 DS L ]
L]
.
28a48 4 . f TP 3
e
33098 45
= 1065 2000 2005 W 2015 1950 195 2000 2005 W w5
Yaar Ve
Figure 1.

Evolution of pesticide consumption from 1990 to 2016 (Data obtained from FAOSTAT [2]).

contain a much greater diversity of compounds compared to groundwater although
this may be simply a function of the limited amount of groundwater monitoring
rather than a surface occurrence. However, according to Directive 2006/118/EC
[13], groundwater is the largest body of fresh water in the EU. Concretely, Europe
confronts serious episodes of groundwater pollution with agriculture being the
biggest polluter. About 60% of European citizens rely on groundwater for drinking
water purposes, and its use is threatened by the leaching of pesticides and nitrates
due to agricultural practices. In addition, groundwater is used for drinking water by
more than 50% of the people in the USA, including almost everyone who lives in
rural areas.

Infiltration through riverbeds and riverbanks and leaching through the soil and
unsaturated zone are the main diffuse pesticide input paths into groundwater
[14, 15]. Therefore, groundwater resources are vulnerable to pollution [16].
Although no universally accepted definition has been contributed for groundwater
vulnerability, the National Research Council of USA [17] defines it as “the likeli-
hood for contaminants to reach a specified position in the groundwater system after
introduction at some location above the uppermost aquifer.” In this context, pesti-
cide residues have been detected in groundwater bodies in the EU [18] and USA
[19] at higher levels in some cases than the drinking water limit established by the
EU (0.1 mg L™ " for individual pesticide and 0.5 mg L ™" for Y pesticides). In this
way, the Directive 2009/128/EC [20] was named to protect human health and the
environment from possible risks associated with the use of pesticides. The aim of
this directive is to achieve a sustainable use of pesticides in the EU by reducing the
risks and impacts of pesticide use on human health and the environment and
promoting the use of Integrated Pest Management (IPM) and alternatives, such as
nonchemical techniques. When pesticides are used, appropriate risk management
measures should be established and low-risk pesticides, as well as biological control
measures, should be considered in the first place. According to FAO, integrated pest
management (IPM) is “an ecosystem approach to crop production and protection

47


http://dx.doi.org/10.5772/intechopen.82418

Pesticides - Use and Misuse and Their Impact in the Environment

that combines different management strategies and practices to grow healthy crops
and minimize the use of pesticides” [21]. Other definitions of IPM according to the
US EPA [22] involve “an effective and environmentally sensitive approach to pest
management that relies on a combination of common-sense practices.” IPM, there-
fore, utilizes the best mix of control tactics for a given pest problem such as host
resistance, chemical, biological, cultural, mechanical, sanitary, and mechanical
controls using each technique a different set of mechanisms for suppressing
populations [23].

2. Soil: fundamental concepts related to pesticide leaching

Defining soil is always a hard task due to its high heterogeneity, the complex
processes involved, and quite often its own use. The soil taxonomy defines the soil
as a natural body comprised of solids (minerals and organic matter), liquid, and gases
that occurs on the land surface, occupies space, and is characterized by one or both of the
following: horizons, or layers, that ave distinguishable from the initial material as a result
of additions, losses, transfers, and transformations of energy and matter or the ability to
support vooted plants in a natural environment [24]. Soil structure refers to units
composed of primary particles. Seven structural classes are recognized in soils:
platy, prismatic, columnar, blocky, granular, wedge, and lenticular.

2.1 Soil profile

A soil profile is a vertical section of a soil, showing horizons (layers running
parallel to the surface) and parent material. Figure 2 shows a drawing of a vertical
section of soil.

Soil horizons differ in different easily seen soil properties (color, texture, struc-
ture, and thickness) and other less visible (chemical and mineral content, consis-
tency, and reaction). The O horizon is the layer containing organic materials such as
surface organisms, twigs, and dead leaves. It has different levels of decomposition
(minimal, moderately, highly, and completely decomposed organic matter). This
horizon is often black or dark brown in color, because of its organic content. The
roots of small grass are found in this layer. The A horizon (also known as the root
zone) constitutes the topsoil. It is typically made of sand, silt, and clay with high
levels of organic matter and is highly vulnerable to erosion by wind and water. The
B horizon contains high concentrations of clay, iron, aluminum, and carbonates.
Other specific subhorizons will be mentioned, as needed. For example, a B horizon
may have several parts if their characteristics such as texture or color change with
depth (denoted as Bt1, Bt2, Btg). The C horizon is mainly made up of broken
bedrock without organic material. It contains geologic material and cemented sedi-
ment and there is little activity. The R horizon is bedrock (granite, basalt, and
limestone), a compacted and cemented material due to the weight of the overlying
horizons.

2.2 Soil composition

Although an infinite variety of substances may be found in soil, four basic
components constitute it: minerals (45%), organic matter (5%), air (25%), and
water (25%). The voids in the soil are known as pore space, and there are two kinds
of pores: matrix and nonmatrix pores. Matrix pores are typically smaller than
nonmatrix pores in fine- and medium-textured soils.
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Figure 2.
Schematic drawing of the soil profile.

Air and water are in the pores contained between the solid particles of the soil.
The pore sizes vary from very fine (<1 mm) to very coarse (>10 mm). The ratio of
air-/water-filled pore space vary seasonally, weekly, and even daily, depending on
water additions through precipitation, flow, groundwater discharge, and flooding.
According to suction and gravimetric water contents as defined by suction, three
water state classes can be defined: dry (>1500 kPa), moist (<1500 to >1.0 kPa),
and wet (<1.0 kPa). Natural drainage class refers to the frequency and duration of
wet periods. Different drainage classes include excessively drained, somewhat
excessively drained, well-drained, moderately well-drained, somewhat poorly
drained, poorly drained, very poorly drained, and subaqueous [24].

The mineral portion of soil is divided into a fine fraction (<2 mm in diameter)
and larger soil particles (>2 mm in diameter) known as rock fragments. Three
particle-size classes integrate the fine fraction: sand (2-0.05 mm), silt (0.05-

0.002 mm), and clay (<0.002 mm). These particles differ in their effects on soil
drainage and their relative capacity to available hold water for uptake by plants.
Texture can be defined as the relative combination of sand, silt, and clay in a soil.
Thereby, 12 soil textural classes are represented on the USDA soil texture triangle as
can be seen in Figure 3 [24].

On the other hand, soil organic matter (SOM) is a complex mixture of different
substances containing fresh deposits of plants and organisms and humus, a fraction
of stable organic compounds mainly humic and fulvic acids that are resistant to
further rapid decomposition. An important physical property of SOM is its ability to
absorb large quantities of water. The mass and volume of water that can be
absorbed by SOM often exceed the mass and volume of the SOM itself. In addition,
SOM has a much higher CEC than clays and can also form complexes with metals
and organic materials like pesticides, sometimes rendering them immobile [25, 26].
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Figure 3.
Possible textural classes of the soil.

3. Behavior and fate of pesticide residues in the soil

In addition to accidental or intentional discharges, the presences of pesticides in
agricultural soils mainly have two origins: (i) treatments applied to the aerial part of
crops to combat pests, when approximately 50% of the product (insecticides and
fungicides, and some herbicides) may reach the soil and (ii) the soil itself is directly
treated (insecticides, nematicides, disinfectants, and mainly herbicides), which will
obviously lead to a higher concentration in the same [27]. To understand the
behavior of a pesticide, it is essential to have the appropriate analytical tools capable
of determining residual concentrations in different media (plant, soil, and water)
and the main metabolites that can appear. Analytical procedures typically involve a
number of equally relevant steps for sampling, sample preparation, isolation of the
target compounds, identification, and quantification mainly by gas (GC-MS) and
liquid chromatography (LC-MS) coupled to mass spectrometry and other minority
techniques such as capillary electrophoresis (CE), immunochemical methods
(ICMs), electrochemical methods (EMs), chemiluminescence (CL) or ion mobility
spectrometry (IMS), and data processing [28, 29].

The fate of pesticides in the soil depends on many processes responsible for their
mobility and persistence [30, 31]. Persistence may be defined as the tendency of a
pesticide to conserve its molecular integrity and chemical, physical, and functional char-
acteristics for a certain time after being veleased into the soil. The half-life time (ts,) is
the term commonly used to assess persistence (i.e., the time required for a pesticide
to degrade to one-half of its initial amount in the soil). The typical half-life to
consider a pesticide as persistent is more than 100 days, while nonpersistent pesti-
cides have less than 30 days. Therefore, moderately persistent pesticides have ts,
ranged from 30 to 100 days [32]. From an environmental point of view, persistent
pesticides are undesirable because some of them are intrinsically toxic and
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deleteriously affect human, domesticated animals, agricultural crops, wildlife, fish
and other aquatic organisms, or microorganisms. Some recalcitrant (i.e., nonbiode-
gradable) pesticides are not toxic at the levels found in the soil, but they can reach
hazardous levels due to biomagnifications through the natural food chains. For this
reason, it is very important to know the process by which a pesticide is degraded in
order to determine whether it will accumulate in the soil or pass into groundwater
and whether it will persist in either.

Once a pesticide is applied to soil, it will most likely follow one of three path-
ways: (i) adhering to soil particles (mainly organic matter and clays), (ii) degrading
by organisms and/or free enzymes, and (iii) moving through the soil with water.
From the physical-chemical data of adsorption, mobility, and degradation obtained
in the laboratory, it is possible to predict with a high degree of reliability the
behavior of pesticides in the soil. For this, different guidelines have been proposed
by OECD to study adsorption [33], degradation [34], and leaching [35]. Figure 4
shows the schematic behavior of pesticides in the soil.

Adsorption that may be chemical (electrostatic interactions) or physical (van
der Waals forces) is the result of the electrical attraction between charged particles,
pesticide molecules (sorbate), and soil particles (adsorbent). Pesticide molecules
that are positively charged are attracted to negatively charged particles on clays and
organic matter. Chemical reactions between unaltered pesticides or their metabo-
lites often lead to the formation of strong bonds (chemisorption) resulting in an
increase in the persistence of the residues in the soil, while causing it to lose its
chemical identity.

Degradation generally happens gradually through the formation of one or more
metabolites and takes place through photochemical, chemical, and/or microbiolog-
ical processes. Photodegradation refers to the decomposition induced by radiant
energy (ultraviolet/visible light range) on pollutants and is only relevant at the soil
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Figure 4.

Behavior and fate of pesticides in the soil.
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surface. The solar light may be absorbed by the pollutant, resulting in the formation
of by-products, or does not have a direct effect on the pollutant but acts on other
substances (photosensitizers) that will promote the degradation of pesticides [36].
Chemical (hydrolysis, oxidation, aromatic hydroxylation, etc.) and biological pro-
cesses are closely linked and it is difficult to distinguish between them. For this, the
process is commonly called biochemical degradation.

The transformations that pesticides may suffer in the soil are many and varied.
Besides the characteristics of the pesticide, other factors such as the colloidal com-
position, texture and moisture content of the soil, the number of microorganisms
present (including bacteria and fungi), etc., play a key role. Biodegradation can be
defined as a process by which microbial ovganisms transform or alter, through metabolic
or engymatic action, the structure of pesticides present in the soil [37]. The metabolic
pathways from natural metabolic cycles have enabled the microorganisms to
degrade pesticides in the soil although many of them are recalcitrant pesticides.
Whereas biodegradable pesticides are broken down within days or weeks by soil
microorganisms, recalcitrant pesticides remain for long periods (years or even
decades) in the soil.

By a total degradation of a pesticide (mineralization), CO,, salts, and water are
formed, and parts of the chemical are built into new molecular structures in the soil
humus or in biomass (bound residues). The terms free and bound residues were
coined to indicate that the former can be readily extracted from soil without altering
their chemical structures, whereas the latter are resistant to such extraction [38].
However, the distinction between these two fractions is not always clear, because
while they are in the soil, even the extractable residues are not entirely free from
any form of binding because they may be adsorbed to the soil solid phases and,
therefore, show reduced bioavailability and degradation. According to Roberts [39],
bound residues are chemical species originating from pesticides, used according to good
agricultural practice, that is, unextracted by methods which do not significantly change
the chemical nature of these residues. Twelve years later, according to IUPAC, Fuhr
et al. [40] proposed a modification to the existing definition of bound residues:
Compounds in soils, plant or animals, which persist in the matrix in the form of the
parent substance or its metabolite(s) after extraction.

Knowledge of the kinetics of biochemical degradation is essential to the evaluation
of the persistence of pesticides. Pesticide degradation was described using simple first-
order (SFO) kinetics for much time, and it is still the most common mathematical
description of pesticide degradation in the scientific literature. However, in some
cases, this model is not appropriate. The FOCUS (FOrum for the Coordination of
pesticide fate models and their USe) degradation kinetic expert group, supported by
the European Commission, came up with two alternative equations for pesticide
degradation in soil. Both are based on first-order kinetics although composed of several
processes [41]. The alternative equations are the First Order Multi-Compartment
(FOMC) equation and the Double First Order in Parallel (DFOP) equation.

C; = Coe ™™ (SFO) (1)
Ci = Co (1 + %) ~ (FoMC) )
C, = Cre ™ + Cre™* (DFOP) (3)

where C, = amount of pesticide present at time ¢, k = rate constant for the
degradation process, C = amount of pesticide at time O (initial amount), f§ = param-
eter determined by the variation in k values, @ = positional parameter, C; = amount
of pesticide at time O in the first compartment, k; = rate constant for degradation in
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the first compartment, C, = amount of pesticide at time 0 in the second compart-
ment, and k; = rate constant for degradation in the second compartment.

Finally, pesticide transfer refers to the movement of pesticides from their site of
application. Five processes that can move pesticides are diffusion, volatilization,
leaching, erosion and runoff, assimilation by microorganisms, and absorption by
plants. Diffusion can be verified in the gaseous and liquid phases, or in the air of the
inter-solid phase. The pesticide is transferred through the soil from one zone where
it is more concentrated to another where it is less. The volatilization of pesticides
from the soil and their subsequent dispersion in the atmosphere is a common
occurrence and is perhaps the most important route by which pesticides dissipate.
Once volatilized, a pesticide can move in air currents away from the treated surface,
a phenomenon known as vapor drift. The soil can be act as a conveyor of the
pesticide when its particle is moved from one place to another through the effects of
wind or runoff, leading in certain cases to the contamination of surface waters
(rivers, seas, and lakes). Runoff determines the movement of water over a sloping
surface that occurs when water is applied faster than it enters the soil. Pesticides
carried by surface runoff from agricultural areas are a significant portion of the
pesticide pollutant loading rates to surface water bodies. Absorption of pesticides by
a target and nontarget organisms (bioaccumulation) is quite variable and it is
influenced by species characteristics, environmental conditions, and by the
chemical-physical properties of both the pesticide and the soil. Pesticide uptake by
plants depends on the environmental conditions and the physical-chemical proper-
ties of the soil and pesticides and it is influenced by plant species, growth stage, and
intended use. Leaching is the vertical downward displacement of pesticides through
the soil profile and the unsaturated zone, and finally to groundwater. Pesticide
leaching is highest for weakly sorbing and/or persistent compounds, climates with
high precipitation and low temperatures (which leads to high groundwater
recharge) and sandy-soils with low organic matter.

Figure 5 summarizes major factors (pesticide and soil properties, site conditions,
and management practices) affecting the fate of pesticides in the soil [32].

3.1 Leaching process

Nowadays, the study of pesticide leaching represents an important field of
research concerning environmental pollution. A large number of papers published
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Factors affecting the fate of pesticides in the soil.
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from the beginning of this century to the current moment confirm this interest. A
review to the literature extracted from The Web of Science™ (www.isiknowledge.c
om) managed by Thomson Reuters (Philadelphia, USA) using the keywords pesti-
cides AND leaching AND soil shows about 2500 papers in the period considered.

Leaching constitutes an environmental risk because they can reach the water
table and contaminate shallow groundwater and deeper aquifers. However, for
pesticides with a low persistence that disappear quickly, the risk of groundwater
pollution considerably decreases.

Two different types of flow are associated with pesticide leaching: (i) preferen-
tial flow, related to water that flows rapidly through large voids, root channels, and
cracks and (ii) matrix flow, due to the slow movement of pesticide/water through
the small pores of the soil having in this case more time to contact soil particles [42].

Pesticides are frequently leached through the soil by the effect of rain or irriga-
tion water but for this to happen, the product must be sufficiently soluble in water.
The pesticide may be displaced, dissolved, suspended, or simply emulsified in
water. Water movement concerns rates of flow into and within the soil and the
related amount of water that runs off and does not enter the soil. Infiltration is the
process of downward water entry into the soil. Three infiltration stages may be
differentiated: (i) steady ponded, (ii) preponded, and (iii) transient ponded. Water
that is moving at a high velocity can better carry pesticides of high molecular weight
and has the potential to move them farther.

3.1.1 Influential factors

The factors (chemical, physical, and biological) influencing the leaching rate of
the pesticides are varied including among others, physical-chemical properties of
the pesticide, permeability of the soil, texture and organic matter content of the soil,
volatilization, crop-root uptake, and method/dose of pesticide application. Also
important is climate change. Pesticide leaching can be affected directly by climate
change due to variations in temperature and precipitation patterns or indirectly by
any change in the agroecosystem caused by changes in land use, modified applica-
tion timings, or the use of different pesticides against new invasive pests, diseases,
or weeds [43]. Regarding direct effects, increased temperatures should in principle
increase pesticide degradation rates, which will, in turn, reduce the risk of leaching
although also increase desorption (endothermic process) favoring the liberation of
pesticides from soil colloids. On the other hand, an increase in rainfall leads to an
increased risk of pesticide leaching.

Different soil adsorption models have been developed for different pesticide
classes in order to identify the properties governing retention class-specific quanti-
tative structure-property relationship [44]. Table 1 summarizes the main physical-
chemical properties of a pesticide that can affect its leaching rates and the suggested
thresholds according to PPDB [45].

The relation between the concentrations of the compound in the solid and liquid
phases is known as the distribution coefficient and is directly proportional to the
solubility of the pesticide in water and inversely proportional to the organic matter
(OM) and clay content of the soil.

Ca
Ky=22 4
s (4)
where K4 = coefficient of partition between soil and water (V/M); C, = amount
of pesticide adsorbed per unit of adsorbent mass (M/M); and Cq4 = concentration of
pesticide dissolved (M/V).
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Parameter Thresholds
WS (mg L™ <50 = low; 50-500 = moderate; >500 = high
Log Kow <2.7 = low bioaccumulation; 2.7-3 = moderate; >3.0 = high

DTsosp (days) <30 = nonpersistent; 30-100 = moderately persistent; 100-365 = persistent;
>365 = very persistent

DTsoap (days) <1 = fast; 1-14 = moderately fast; 14-30 = slow; >30 = stable

DTsoan (days) <30 = nonpersistent; 30-100 = moderately persistent; 100-365 = persistent;
>365 = very persistent

GUS index >2.8 = high leachability; 2.8-1.8 = transition state; <1.8 = low leachability

VP (mPa) <5 = low volatility; 5-10 = moderately volatile; >10 = highly volatile

H (Pam®>mol™?) >100 = volatile; 0.1-100 = moderately volatile; <0.1 = nonvolatile

Log Koc <1.2 = very mobile; 1.2-1.9 = mobile; 1.9-2.7 = moderately mobile;
2.7-3.6 = slightly mobile; >3.6 = nonmobile

pKa pH < pKa neutral state; pH > pKa negative charge

WS: water solubility; Kow: octanol-water partition coefficient; DT: disappearance time; SD: soil degradation; AP:
aqueous photolysis; AH: aqueous hydrolysis; GUS: groundwater ubiquity score index; VP: vapor pressure; H: Henry’s
law constant; Koc: organic carbon normalized sorption coefficient; K,: acid dissociation constant.

Table 1.
Main physical-chemical properties influencing the leaching of pesticides.

Karickhoff et al. [46] demonstrated the existence of a linear correlation between
the coefficient of partition and the soil’s organic carbon content:

K
Koc = (O—é> % 100 (5)

where K, = soil organic partition coefficient and OC is the organic carbon
content (%).

For polar molecules and soils with low OM content and high clay content,
Hermosin and Cornejo [47] found a similar correlation:

K
Koc = (c_é) % 100 (6)

where K, = clay content partition coefficient and CC = clay content (%).

Both K, and K. are linearly correlated with the coefficient of partition between
octanol and water (K,,), which indicates the affinity degree of the pesticide for
water (low value) or for soil (high value).

Sorption and degradation processes, both influenced by chemical-physical
properties of the soils and compounds involved, and weather conditions, mainly
affect the movement of water and dissolved pesticides through the soil. According
to some authors, adsorption and desorption are the processes that regulate the
magnitude and speed of leaching, and a pesticide should not be affected by other
processes while it is adsorbed to the humic-argillic complex [48]. The use of clay
barriers modified with cationic surfactants has been demonstrated as an effective
method to increase the retention of pesticides in soil [49, 50]. The content of
organic carbon (OC) is considered as the single largest factor having maximum
influence on pesticide degradation, adsorption, and mobility in soil [51]. Therefore,
the soil organic adsorption coefficient (Koc) is generally used as a measure of the
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relative potential mobility of pesticides in soils to describe the partitioning of them
in the water/soil/air compartments.

Thus, a possible mitigation measure to reduce pesticide leaching through the soil
could be the increase of the OM content of the soil by agronomic practices like the
incorporation of crop residues or animal manures to increase sorption of nonionic
pesticides [52]. Another option to reduce leaching by matrix flow would be the use
of compounds with high/fast sorption. Addition of OC in the form of crop residues,
manure, or sludge is a common soil management practice followed in some areas of
the Mediterranean Basin. In this zone, high temperature and evapotranspiration,
adverse climatic conditions, and soil degradation are responsible for the decrease in
plant growth and consequent lack of organic compounds that would improve the
soil nutrient status since its addition contributes to enhancement of active humified
components (humic and fulvic acids) [53]. Soils of low OC content have a low
capacity to avoid pesticide mobility because humic substances are the primary
adsorbent materials for pesticides. Nowadays, the addition of organic amendment
(OA) to soils is being intensely studied to know its effect on pesticide sorption and
its movement through the soil profile in order to minimize the risk of water pollu-
tion associated with rapid runoff and leaching. Soil amended with sludge, urban
waste compost, composted straw, fly ash, olive oil mill wastes, spent mushroom
substrates, or wood residues has been shown to increase pesticide [54-64]. In
addition, recent studies have demonstrated the ability of biochar to decrease pesti-
cide leaching to groundwater. The concept to use biochar as a soil amendment is
recent but it really comes from the study of very ancient soils in the Basin of
Amazon. Biochar can be defined as a carbon-rich solid material produced by heating
biomass in an oxygen-limited environment [65]. Biochar is distinguished from
charcoal by its use as a soil amendment. Many and varied properties are attributed
to biochar such as C sequestration, reduction of N,O emissions from soil, bioenergy
generation, stimulation of soil microorganisms, sorption of pesticides and nutrients,
improvement of soil structure and retention of water, and control of soil-borne
pathogens [66-68].

The main benefit concerning the sorption of pesticides to OM is that it generally
decreases leaching, where it is due to the presence of additional OM in the amended
soil but also to the structural changes in the porosity induced by the presence of new
OC content [69]. As a part of the OA added, dissolved organic matter (DOM) is
incorporated to the soil, which affects movement and sorption of pesticides [70, 71].
Pesticide leaching may be enhanced by pesticide-DOM interactions and competi-
tion for sorption sites between pesticides/DOM molecules [72]. Polarity and molec-
ular weight of the pesticides are key factors on the extent and nature of this
behavior [73]. Moreover, the microbiological activity is increased by addition of OA
to soil, which enhances the biodegradation of pesticides in polluted soils. Therefore,
pesticide behavior in amended soil has reported different results because diverse
effects have been pointed [74].

3.1.2 Methodology for leaching studies

In addition to thin-layer chromatography (TLC) and reverse-phase LC, other
methods are commonly used to assess the potential leaching of pesticides through the
soil. These methods include soil columns, outdoor lysimeters, and field studies [75].

The use of the packed column is a valuable tool to analyze pesticide displace-
ment through the soil. OECD [35] and USEPA [76] have standardized methods to
study the leaching process. These studies are generally carried out using disturbed
soil columns filled with sieved soil (<2 mm). The use of disturbed soil columns
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has the advantage of obtaining more reproducible results than other methods.
Pesticides are applied on the top of the column followed by percolation with a
pesticide-free solution after 24-48 h with distilled or deionized water, and prefera-
bly with electrolytes as 0.01 M CaCl, to minimize colloidal dispersion [77].

Outdoor lysimeters were developed to avoid or at least decrease the differences
obtained between laboratory and field conditions [78]. In addition, lysimeters hav-
ing a large surface area can be used to plant crops to assess pesticide behavior under
simulated natural conditions and being the water easily collected from the bottom
of them. An additional advantage of the lysimeters over laboratory columns is that
the seasonal effect of an application on leaching can be evaluated. For contrast,
outdoor lysimeter studies may require many replicates to obtain accurate results on
pesticide transport due to the variability of profiles. At field scale, groundwater
monitoring and terrestrial field dissipation studies can be considered methods that
are more realistic to assess the potential risk of the leaching process.

3.1.3 Indexes for pesticide leaching

Many authors have proposed various indices to predict the mobility of pesticides
in the soil. The Koc value, obtained by using the batch equilibrium method, is
simple and one of the most useful indexes for nonionic pesticides for which the
leaching potential is indicated by a mobility classification of immobile to very
mobile. They are simple index-based screening tools, which use both the physical-
chemical properties of pesticides and soil to make a quick evaluation of pesticide
leaching potential considering setting threshold values. Table 2 summarizes some
of the main indices published during the last four decades.

Index/ Parameters/equation/interpretation criteria
reference

Hamakers R
RF [79]

_ 1
F = 14 (Koc o+ (0°7 1) }
Rp = 0.64-1: high; Rr = 0.35-0.64: moderate; R = 0.1-0.35: low; Rp < 0.1: very low

McCall’s Koc
[80] 0-50, very high; 50-150, high; 150-500, medium; 500-2000, low; 2000-5000, slight; >
5000, immobile

Briggss RF  Log(1/r —1) = Log(Kow) + Log(OM) —1.33
(81] Ry = 0.90-1.0: class 5 (very high); Rp = 0.89-0.65: class 4 (high); Ry = 0.64-0.35: class 3
(moderate); Rp = 0.34-0.10: class 2 (low); Rp = 0-0.09: class 1 (very low)

LEACH LEACH = ‘fw:I?gc
r

[82] Comparison (lower values; lower leaching potential)
Cohen’s Soil DTso > 2-3 weeks; hydrolysis DTso > 25 weeks; aqueous photolysis DTso > 1 week;
[83] soil Koc < 300; soil Ky < 5; Kz < 107% WS > 30 mg L or field leaching at >75-90 cm

High leaching potential

Hornsby HI — <%) £10
index [84] # .
HI < 10: high; HI > 2000: low

AF [85] RF — |:1+ﬂb*f%(;:Kac+9g*KH] AF = exp [70,693*,1*1217*9;6

Orc qty,
AF = 0to — 1: high; AF = —1to — 2: moderate; AF = —2 to — 3: low; AF = —3to — 4: very
low; AF < — 4: nonleachable

GUS [86] GUS = [4 — log (Kocﬂ * log (1)
GUS > 2.8: leachable; GUS = 1.8-2.8: intermediate; GUS < 1.8: nonleachable
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Index/ Parameters/equation/interpretation criteria

reference

LPI [87] _ Py *foc *Koc | g *Ku 1000ty xq
RE = |14+ 20—+ 50 |LPI = 653, 7F 7

LPI > 90: very high; LPI = 75-89: high; LPI = 50—74: moderate; LPI = 25-49: low;
LPI = 0-24: very low

SNV [88] 1. Water solubility greater than 3 ppm; 2. Organic carbon normalized soil sorption
coefficient (Koc) < 1900 mL g’l; 3. Hydrolysis DTso > 14 days; 4. Aerobic soil
metabolism DTsq > 610 days; 5. Anaerobic soil metabolism DTsq > 9 days.

If the Boolean expression “(1or 2) and (3 or 4 or 5)” is TRUE = potential leacher

PLP index PLPualue = Rzzt% PLPindex = (lOgPLPualue)(14'3) +57
(89] PLP;y4ex = 90-100: very high; PLP;y 4, = 70-89: high; PLP;y, 4. = 50-69: moderate; PLP;,4..
= 30-49: low; PLP;... = 0-29: very low

GWCP [90] GWCP = w
GWCP > 150: high; GWCP = 75-150: moderate; GWCP < 75: low

AFT & AFR AFT = InAF/(—0.693)AFR = InAFT +
[91] Comparison (lower values; lower leaching potential)

LIX [92] LIX = exp (—k+Koc)or LIX = exp ( 0693 *Koc>

LIX = 1: high leachable; LIX = 0.1-1: lmchable, LIX = 0-0.1: transition; LIX = 0:
nonleachable

LIN [93] LIN = —0.531 log Kow + 0.518 logS,, — 0.495log Koc — 0.0231log V,, — 0.452 log Ky
Comparison (lower values; lower leaching potential)

M.LEACH M.LEACH = w*"/z
oc
[94]

Comparison (i lower values; lower leaching potential)

GLI [94] GLI = 0.579 LIN + 0.558 GUS + 0.595 M. LEACH
GLI > 1: high; GLI = —0.5 to 1: medium; GLI < —0.5: low

DTK [95]  DTK = e %" (alnty,, — bInKoc)
Leaching value > 0 = potential leacher; leaching value 0 = nonleacher

VI [16 _ 200k 6y
[16] VI = 35, = @onn * (Koc) *Fpew

Comparison (lower values; lower leaching potential)

tyo: half-life (days); O: volumetric soil wuter content; Z or d: depth to groundwater (m); q: net groundwater recharge
rate (m/day); py: soil bulk density (kg/m>; OM: organic matter; S, water solubility (mg/L); Vp: vapor pressure (mm
Hg); Opc: volumetric water content at fzeld capacity; F: fraction of pesticide reaching the soil during application; Ky:
Henry constant; K,,,: octanol/water partition coefficient; K,.: organic carbon normalized soil sorption coefficient (mL/
g organic carbon); Oy gas content; RF: retardation factor; V: volatility (bar); f,.: ovganic carbon fraction; R: vate of
pesticide application (kg/ha).

Table 2.
Main indices published during the last four decades about the risk potential of pesticide leaching for
groundwater pollution.

Thus, a pesticide screening can be estimated with relatively few input data need,
and therefore, these index-based methods are easy to apply, unlike other models
that require very intensive field-based data that are very difficult to obtain in many
cases as summarized in the next section.

4. Vulnerability risk of groundwater to pesticide pollution

Groundwater can be defined as the water located beneath the earth’s surface in soil
pore spaces and in the fractuves of rock formations [96]. The alteration of the chemical
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equilibrium established between groundwater and the surface through which it
circulates, reflected in the appearance of foreign substances or compounds to which
they constitute natural quality, serves as an indicator of human activity. When this
alteration constitutes a negative impact on the water bodies or affects the potential
of the resource for its subsequent use, it can be called pollution. Unlike what
happens in surface waters, the detection of pollution and the evaluation of its
effects on groundwater resources present serious difficulties. In the groundwater,
degradation of quality is often noticed when the polluting process has affected large
areas of the aquifer. The adoption of corrective measures, which are expensive and
not always effective, is difficult due to the evolution of the contaminant in the
medium and the consequent difficulty in establishing a diagnosis of the cause-effect
relationships. Therefore, the vulnerability of an aquifer to pollution indicates the
sensitivity of groundwater to an alteration in its quality caused by human activities.
In addition to the influence exerted by the unsaturated zone, the vulnerability of
groundwater as a consequence of a pollution episode is also conditioned by clima-
tological factors (rainfall and temperature), and others related to the polluting load
such as method and place of penetration, mobility, and persistence of the pesticide
(Figure 6).

In 1996, the EPA developed SCI-GROW (Screening Concentration in Ground-
water) as a screening-level tool to estimate drinking water exposure concentrations
in groundwater resulting from pesticide use [97]. As a screening tool, SCI-GROW
provides conservative estimates of pesticides in groundwater, but it does not have
the capability to consider variability in leaching potential of different soils, weather
(including rainfall), cumulative yearly applications, or depth to aquifer. In 2004,
concurrently, the EPA Office of Pesticide Programs (OPP) and Canada’s Pesticide
Management Regulatory Authority (PMRA) initiated a project to develop a harmo-
nized approach to modeling pesticide concentrations in groundwater called the
Pesticide Root Zone Model (PRZM). After this project was completed, the two
agencies recommended PRZM-GW as the harmonized tool for assessing pesticide
concentrations in groundwater, which was implemented as an exposure model in
2012 [98].

In addition to these models, there are three traditional methods for assessing
groundwater vulnerability to pollution with pesticides and other pollutants: (i)
process-based, involving numerical modeling, (ii) statistical, involving correlating
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Figure 6.

Schematic drawing of the properties and factors affecting groundwater vulnerability.
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water quality data to spatial variables, and (iii) overlay and index, involving
obtaining and combining maps of the parameters that affect the transport of con-
taminants from the surface to groundwater.

Different groundwater models such as MODFLOW (1984), DRASTIC (1987),
GOD (1987), AVI (1993), SINTACS (1994), SEEPAGE (1996), EPIK (1999),
HAZARD-PATHWAY-TARGET (2002), INDICATOR KRIGING (2002), GLA &
PI (2005), ISIS (2007) GSFLOW (2008), GWM-2005 (2009), or VULPES
(2015) among others have been used to evaluate groundwater vulnerability,
although these models require significant input data to run, and for most users,
it is not easy to use them [99-103]. The most commonly used model is DRAS-
TIC in the framework of GIS environment (GIS-based DRASTIC model), an
overlay and index method developed by US EPA [104]. GIS is a system of
hardware and software used for storage, retrieval, mapping, and analysis of
geographic data showing one of the leading tools in the field of hydrogeological
science that helps in assessing, monitoring, and conserving groundwater
resources, while DRASTIC provides a basis for evaluating the vulnerability to
pollution of groundwater resources based on hydrogeological parameters. The
DRASTIC model uses seven environmental parameters (Depth to water, net
Recharge, Aquifer media, Soil media, Topography, Impact of the vadose zone,
and hydraulic Conductivity) to characterize the hydrogeological setting and
evaluate aquifer vulnerability, which helps prioritize areas with respect to
groundwater contamination vulnerability. Each parameter has assigned a rate
and a weight (Table 3).

DRASTIC index = (Dr x Dw) + (Rr x Rw) + (Ar x Aw) + (Sr x Sw)

+ (Tr x Tw) + (Ir x Iw) + (Cr x Cw) @
Ratings Weights
Topography (% slope) Impact of the vadose
zone media
Range Rating Media type Rating Parameter Weight
0-2 10 Confining layer 1 Depth to water 5
2-6 9 Silt/clay 3 Net recharge 4
6-12 5 Shale 3 Aquifer media 3
12-18 3 3 Limestone 6 Soil media 2
>18 1 Sandstone 6 Topography 1
Bedded limestone/ 6 Impact of the vadose 5
sandstone/shale zone media
Sand and gravel with 6 Hydraulic conductivity 3
clay/silt of the aquifer
Metamorphic/igneous 4 Net recharge 4
Sand and gravel 8
Basalt 9
Karst limestone 10
Table 3

Ratings and weights of each parameter in DRASTIC index.
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where 7 is the rating for the parameter and w is an assigned weight for each
parameter.
Thus, according to them, the governing equation becomes:

DRASTIC index = 5Dr + 4Rr + 3Ar + 2Sr + Tr + 5Ir + 3Cr (8)

Depending on this model, five categories for groundwater vulnerability are
established: very low, low, moderate, high, and very high. Two DRASTIC models
(Pesticide DRASTIC GIS-based models) have been developed to predict generic
groundwater vulnerability and pesticide groundwater vulnerability. They differ in
weights, which are used as key factors to determine the DRASTIC vulnerability
index. In the last decade, several authors have used this model to study the effect of
different pesticides to groundwater vulnerability [105-107]. In other cases, a
Bayesian methodology has been used to calculate the vulnerability of groundwater
to pesticide contamination directly from monitoring data [108]. In this regard,
passive samplers like polar organic chemical integrative samplers (POCIS) have
shown to be suitable for the monitoring of pesticides with a wide range of physical-
chemical properties in groundwater [109]. Many monitoring studies carried out
worldwide in different countries of all continents have demonstrated the occur-
rence of pesticide residues in groundwater since the beginning of the actual century
[18, 19, 110-112]. Among others, herbicides such as triazines (atrazine, simazine,
terbuthylazine, propazine, cyanazine, terbutryn, prometryn), phenylureas (diuron,
linuron, isoproturon, chlortoluron) and anilides (alachlor, acetochlor, metolachlor)
and insecticides such as organophosphorus (malathion, chlorfenvinphos, dimetho-
ate, parathion-methyl, azinphos-ethyl, chlorpyrifos, fenitrothion) and organochlo-
rine (lindane and DDTs) and some of its transformation products (metabolites) are
the most common pesticides found in groundwater.

5. Conclusions

Pesticides have important benefits in crop protection because they combat a
variety of pests and diseases that could destroy crops increasing the quality of the
harvested products. However, due to the heavy use of phytosanitary products (the
worldwide consumption of pesticides reached 4.1 millions of tons of active ingredi-
ents in 2016), the occurrence of pesticide residues in the groundwater resources
(water located beneath the soil’s surface) constitutes a global problem worldwide,
especially in the least developed countries where the use of plant protection prod-
ucts is very high. Herbicides, mainly triazine and urea compounds, have been the
most detected pesticides since the beginning of this century. The pollution of soil
and water bodies by pesticides used in agriculture can pose an important threat to
aquatic ecosystems and drinking water resources because groundwater is the largest
body of fresh water in many areas of the world. Diffuse pesticide input paths into
groundwater are caused by leaching through the soil and unsaturated zone and
infiltration through riverbanks and riverbeds. Therefore, the groundwater
resources are vulnerable to pollution, which indicates the sensitivity of groundwater
to an alteration in its quality caused by human activities. Adsorption, degradation,
and movement processes are key processes to know the persistence of a pesticide
and its ability to contaminate groundwater bodies. The main factors affecting the
fate of pesticides are their physicochemical properties (water solubility, vapor
pressure, adsorption coefficient, etc.), soil characteristics (texture, organic matter
content, etc.), site (hydrogeological conditions), and management practices
(method of application and dosage).
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Abbreviations

CE

CEC
DFOP
DOM
DRASTIC

DTK

EDs
EFSA
EM
EPA
EPIK

EU
FAO
FOCUS

FOMC
GC

GIS
GLA&PI

GOD

GSFLOW
GWM-2005
ICMs

IMS

IPM

LC
MODFLOW

MS

OA

oC

OECE

OPP

OM

PMRA
POCIS
PPDB

PPP
PRZM-GW
SCI-GROW
SEEPAGE

SFO
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capillary electrophoresis

cation exchange capacity

double first order in parallel equation

dissolved organic matter

Depth to Water, Net Recharge, Aquifer Media, Soil Media,
Topography, Impact of Vadose Zone, and Hydraulic Conductivity
depth, half-life (t;/,), and organic carbon normalized sorption
coefficient (Koc)

endocrine disruptors

European Food Safety Agency

electrochemical method

Environmental Protection Agency

development of the Epikarst, Effectiveness of the Protective
Cover, Conditions of Infiltration, Development of the Karst
Network

European Union

Food Agriculture Organization

FOrum for the Coordination of Pesticide Fate Models and their
USe

First-Order Multi-Compartment

gas chromatography

Geographic Information System

Geologische LAndesamter, Protection Cover, Infiltration
Conditions

Groundwater Occurrence, Overlying Lithology and Depth to the
Aquifer

Coupled Ground-Water and Surface-Water FLOW Model
GroundWater Management process for MODFLOW-2005
immunochemical methods

ion mobility spectrometry

Integrated Pest Management

liquid chromatography

MODular three-dimensional finite-difference groundwater
FLOW model

mass spectrometry

organic amendment

organic carbon

Organization for Economic Co-operation and Development
Office of Pesticide Programs

organic matter

Pesticide Management Regulatory Authority

Polar Organic Chemical Integrative Samplers

Pesticide Properties Database

plant protection product

pesticide root zone model-groundwater

screening concentration in groundwater

System for Early Evaluation of Pollution Potential of Agricultural
Groundwater Environments

simple first order
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SINTACS depth to water (S), net infiltration (I), unsaturated zone (N), soil
media (T), aquifer media (A), hydraulic conductivity (C), slope (S)

SNV specific numerical value

SOM soil organic matter

US EPA United States Environmental Protection Agency

USA United States of America

USDA United States Department of Agriculture

VULPES VULnerability to PESticides
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Chapter 4

Pesticides, Anthropogenic
Activities, and the Health of Our
Environment Safety

Mona Saud AL-Ahmadi

Abstract

Mankind depends on agricultural products for food consumption. Increasing
population (more than 7 billion) requires significant growth in crop yield to meet
essential demand. This aim was achieved through the use of pesticides to protect crops
from diseases. Pesticides are toxic by design for organisms that can threaten food
products. Their mode of action is by targeting systems or enzymes in the pests that
may be similar to human system and therefore pose risks to human health and the
environment as well. The WHO recommended classifying pesticides according to their
toxicity and chemicals according to their chronic health and environmental hazards.

Keywords: pesticides, classification of pesticides, pesticide hazards, future of pesticides

1. Introduction

Agriculture is the primary source for human food; it provides different kinds of
crop production. Most common crops include wheat, rice, corn, beans, different
vegetables, and season fruits.

In 2015, 7.4 billion people call earth their home. Population is projected to reach
9.7 billion by 2050 and 11.2 billion by 2100 [1]. Optimizing crop yields becomes
even a more critical factor affecting the availability and affordability of food to
meet increasing population demand.

Plant diseases are major factors that affect crop production. Al-Sadi [2] reported
that plant diseases can affect plants by interfering with several processes such as the
absorbance and translocation of water and nutrients, photosynthesis, and flower and
fruit development. Infection of plants by pathogens can have serious consequences
on plant health which consequently affect human health. Viruses, bacteria, and fungi
that infect plants do not usually cause infection in humans [3]. The ultimate conse-
quences of different plant diseases are reduction in crop production, reducing food
availability which may lead starvation in some areas. The famous incident of plant
pathology is potato disease caused by Phytophthora infestans fungi, which destroyed
potatoes that were the main crop in Ireland during 1845-1850, where about 1 million
people died and another million immigrated to other countries [4].

This disaster and other similar ones resulted from plant pathogens. Minimizing
this risk requires efficient methods and practices to control pests (insects, bacteria,
fungi, viruses, etc.). The term “pesticide” indicates any substance or mixture of
substance used to kill, “repel,” or otherwise control a “pest,” including insects,
snails, rodents, fungi, bacteria, and weeds [5].
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The early methods used were simple and depended on traditional ways in specific
places; however, these traditional practices were insufficient to control pests effi-
ciently. Improvement of pest control gradually started to show satisfactory results for
farmers and food manufacturing by the nineteenth century through the introduction
of two natural pesticides (pyrethrum and rodent). In 1939 Muller discovered that DDT
was a very effective insecticide and quickly became the most widely used pesticide in
the world. Not until the 1960s when the harmful side effects of the application of DDT
was discovered [6]. Despite the harmful effects of DDT, demand for pesticides con-
tinued to increase throughout the world. This is due to the many benefits attributed to
pesticides; the most obvious benefits are economic, protection of commodity yield and
quality, and the reduction of other costly inputs such as labor and fuel [7]. Pesticides
play an essential role in farm profitability, providing reliable supplies of agricultural
product, improving the quality of the product [8]. Notwithstanding pesticide benefits,
there is plenty of evidence of both direct and indirect dangers involved in the use of
these chemical substances both for humans and the environment [8].

For example, the contamination of pesticides may happen in several ways during
manufacturing, storing, shipping, application in fields, warehouses, and wrong use
by peoples. Several accidents have occurred in different parts of the world: India
(1986), Italy (1976), Germany (1953), and Ethiopia (2017) [9]. Maksymiv [10]
grouped the side effects of the excessive use of pesticides into diseases of ecospe-
cies such as erosion, loss of soil fertility, pollution of water system, and biological
community impact including loss of crop, animal genetic resources, elimination of
natural enemies, genetic resistance to pesticides, contamination, and changes to
natural control mechanisms.

Due the undesirable side effects of synthetic pesticides, search for safer analogue
pesticides of natural origin is one of the most important goals. Potential alternatives
to pesticides are available and include specific methods of plant cultivation, use
of biological pest control, plant genetic engineering, and methods of interfering
with insect breeding [11]. The most common alternative to synthetic pesticide pest
control is biopesticides.

Biopesticides are a certain type of pesticides derived from natural material such
as animal, plants, bacteria, and certain minerals. As of April 2016, there were 299
registered biopesticide active ingredients and 1401 active biopesticide product
registration (US Environmental Protection Agency EPA).

Biopesticide offers a more sustainable solution to pest control than synthetic
alternative. Botanical pesticides do not present the residue problems [12]. Microbial
pesticides contain a microorganism as the active ingredient; they can control many
different kinds of pest, although each separate active ingredient is relatively specific
for its target pest(s). Biochemical pesticides are naturally occurring substance that
interferes with growth or mating such as plant growth regulators or substances that
repel or attract pests, such as pheromone [13]. Even with the satisfactory results of
biopesticides on pest management, the efficacy at different geographical conditions
and slow pest control makes them less desirable by farmers [14]. The science of
biopesticides is still considered to be young and evolving. Some of the biopesticides
are under development; this may prove to be excellent alternatives to chemical
pesticides. Further research is needed in several areas such as production, formula-
tion, delivery, and commercialization of the products [15].

In recent years, a new technology that provided a sustainable solution is nano-
technology through the development of nanopesticides for conventional agricul-
tural use [16, 17]. Nanopesticides are small engineered structures that provide
pesticide properties or formulation of active ingredient of pesticides in nanoform;
these nanostructures show slow degradation and controlled release of nanopesti-
cides which make them environmentally safer and less toxic compared to chemical
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pesticides [14]. The nanosystems have shown great capability of controlled release
pattern of active ingredient (AI) making them more efficient for long time period
usability that can solve eutrophication and residual pesticide accumulation problem
[18]. In spite of the excellent results of this nanotechnology in the agriculture field,
further and deep studies should be conducted to ensure application safety.

2. Plant pathology and impacts of pesticide usage

A plant disease is usually defined as abnormal growth and/or dysfunction of a
plant resulting from disturbance in normal life process or infections of living organ-
isms (biotic) and nonliving environmental conditions (abiotic) [19].

Plant disease is best managed through an integrated approach, which includes a
combination of:

1. Cultural management that utilize plant performance in the local climate, use of
disease-resistant varieties when possible, and plant-certified seeds or seed pieces.

2.Mechanical management includes rototilling in the fall, which exposes patho-
gens, insect eggs, and weed seeds to cold winter temperatures. This action
speeds the decomposition of crop residues, improving soil organic matter.

3. Biological control, depending on the use of compost, compost teas, and
hyperparasite products that may reduce pathogens by introducing beneficial
microbes. Planting flowering plants attracts beneficial insects to all stages of
development.

4. Chemical control, depending on the effect of different types of pesticides
to manage the problem; this will be efficient after identifying the cause of a
plant problem first and applying it in the correct time using the recommended
method [19].

It has been reported that field losses from pest’s average 35% from the world’s
main food crops. Direct yield losses caused by pathogens, animals, and weeds are
altogether responsible for losses ranging between 20 and 40% of global agricultural
productivity [20-22].

Although weeds are the major cause of crop loss on a global scale, significant
losses are suffered by agricultural crops due to insect damage and plant diseases;
estimated worldwide annual production tonnage (%) age loses attributed to pests
at the start of the twenty-first century are 18%, due to animal pests, 16% microbial
diseases (of which 70-80% caused by fungi), and 34% weeds, totaling 68% average
annual loss of crop production tonnage [22].

Oerke [23] reported that the total global potential loss due to pests are estimated
at26-30% for sugar beet, barley, soybean, wheat, and cotton and 35, 39, and 40% for
maize, potatoes, and rice. Plant protection in general and protection of crops against plant
diseases in particular have an obvious role to play in meeting the growing demand for food
quality and quantity [24]. It involves physical, biological, and chemical methods [25].

The only way to reduce crop losses is integrated pest management. Integrated
pest management (IPM) is a system approach that combines different crop protec-
tion practices with careful monitoring of pest and their natural enemies [26, 27].
The primary IPM method includes synthetic chemical pesticides that are classed
by regulators as low-risk compounds and have high levels of selectivity, such as
synthetic insect growth regulators.
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1. Crop cultivars bred with total or partial pest resistance.
2. Cultivation practices, such as crop rotation intercropping or under sowing.
3. Physical methods, such as mechanical welders:
* Natural products, such as semichemical or biocidal plant extracts
* Biological control with natural enemies, including different pathogens of plants

* Decision support tools to inform when it is economically beneficial to apply
pesticides and other controls

Ghandler et al [28] reported that although pesticides act similarly despite their
chemical active group. When applied to crops or directly to the soil, for example,
systemic insecticides, organophosphates, and carbamates generally persist from
only a few hours to several months. However, they have been fatal to large num-
bers of birds on turf and in agriculture and negatively impacted breeding success
in birds [29]. Nanopesticides or nanoplant protection products represent an
emerging technological development that, in relation to pesticide use, could offer
a range of benefits including increased efficacy, durability, and a reduction in the
amount of active ingredients that need to be used [30].

Biopesticides are natural products that can be considered as sufficient alterna-
tive of synthetic pesticide in pest management.

3. Pesticides in agriculture and their benefits

The farmers around the world had used different methods and ways to fight
the causes that lead to reducing crop yield, most of these methods were simple and
traditional, and the result were not satisfactory until the use of pesticide application
started.

Pesticides include natural and synthetic substances used to control harmful
pests such as insects, plant disease organisms, and weed, as well as many other
living organisms that endanger the food supply, health, or comfort [8].

The word “pesticides” is a term for all insecticides, herbicides, fungicides,
rodenticides, wood preservatives, garden chemicals, and household disinfectants
that may be used to kill some pests [31].

A pesticide controls any pest including vectors of human or animal diseases
and unwanted species of plants or animals causing harm or interfering with the
production, processing, storage, or marketing of food and agricultural com-
modities [32].

Pesticides are a chemical group widely used by humans, both to protect the
production from harmful organisms and quality of crops and for control of vectors
and pests of public health [33]. In the last decade, pesticide sales have been roughly
stable worldwide with an overall budget of $40 billion, with the US market account-
ing for 31.6% of the total [34]. In the last decade, the most significant increase in
demand for pesticides has occurred in Central and South America (6.7% annual
increase from 2004 to 2014). Followed by the Asian market (4% annual increase
from 2004 to 2014); the latter is the second largest after North America. Even the
small African market, accounting for 3.5% of global pesticide expenditure in 2004,
has shown a sharp 6.4% annual increase during the same period. An annual increase
has also been observed in Europe [35].
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The use of pesticides in agriculture has led to significant improvement in
crop yield per hectare of land [36]. The economy was boosted, crop yields were
tremendously increased, and so were the decreases in fatalities insect-borne
diseases [31]. Cooper and Dobson [37] demonstrate the three main effects of
pesticides:

1. Controlling agriculture pests (including disease and weeds).
2. Controlling human and livestock disease vector nuisance organisms.

3. Preventing or controlling organisms that harm other human activities and
structures.

The other strategy of protecting crops is to utilize biorational pesticides, such
as biopesticides as alternative to synthetic chemicals. As synthetic pesticides are
withdrawn owing to resistance problems or because they are no longer commer-
cially viable, biopesticides are used as a replacement especially since they do not
feature residue problems, which are a matter of significant concern for consumers.
Currently, biopesticides comprise a small share of the total crop protection market
globally, with a value of about $ 3 billion worldwide, accounting for just 5% of the
total crop protection market [38, 39].

The most important characteristics that distinguish biopesticides are (a) short
RELSs (most are 4 hours), (b) zero-day preharvest intervals (PHI), (c) generally
safer to plants, (d) low-risk to environmental, (e) quicker to market at lower overall
cost—3 years and $5 million to develop vs. 10 years and $200 million, (f) complex
modes of action [40].

Despite synthetic pesticides’ significant effectiveness on pest and crop diseases,
their harmful side effects on plants, soil, and the environment require safer prod-
ucts. Biopesticides clearly have a potential role to play in the development of future
integrated pest management strategies, and it is very likely that in the future their
role will be more significant in agriculture and forestry [41].

New technology that depends on nanosize of different materials started to
spread around the world, because of various and efficient application results.
Among nanotechnology sections, pesticides are receiving increasing interest with
the development of a range of plant protection products that termed “nanopesti-
cides” [42, 43]. Nanopesticides involve either very small practices of a pesticide
active ingredient or other small engineered structures with useful pesticide proper-
ties [44]. Dubey et al. [45] reported that there is very limited knowledge about the
nanoparticle’s long-term adverse effects on soil, plants, and ultimately humans;
an intelligent use of nanotechnology may help to achieve food security with the
qualitative and sustainable environment.

4. Classification of agrochemical pesticides
4.1 Synthetic pesticides

Synthetic pesticides are classified based on various ways depending on the
needs; the three most popular ways to classifying pesticides are the mode of action,
the targeted pest species, and the chemical composition of the pesticides [46]. The
World Health Organization (WHO) proposed a classification of synthetic pesti-
cides based on their health risks and estimating the median lethal dose (LD50) that
produces death in 50% of exposed animals [47].
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Pesticide formulation includes emulsifiable concentrates (EC) which are
fine suspensions of oil droplets in water and appears milky in color. Wet table
powders (WP) are suspensions of fine particles suspended in water. Granules
(G) are prepared by mixing the active ingredient with clay for outdoor use. Baits
are obtained by mixing the active ingredient with food base especially used for
the control of rodents. Dusts (D) must be applied dry and cannot be mixed with
water. Fumigants are gaseous insecticides usually packaged under pressure and
stored as liquids. Some are tablets or pellets that release gas when mixed with
water [31].

Pesticide’s mode of action can be classified as contact (non-systemic) and
systemic pesticides [31].

Garcia et al. [33] describe that pesticides are classified by target organism
(e.g., insecticides, herbicides, fungicides, miticides, nematicides, molluscicides,
and rodenticides) and chemical structure (organochlorines (OCs), organophos-
phates (OPs), carbamates, and pyrethroids).

Organochlorines are organic compounds with five or more chlorine atoms. They
were the first synthetic organic pesticides to be used in agriculture and in public
health; they were widely used as insecticides for the control of insects.

4.1.1 Organophosphates

Organophosphates are phosphate acid esters or thiophosphoric acid esters their
original compounds were highly toxic to mammals. Organophosphates are the
general name for organic derivatives of phosphorus. They are the most commonly
used insecticides in the world because their unstable chemical structure leads
to rapid hydrolysis and little long-term accumulation in the environment [48].
Organophosphate manufactured since then is less toxic to mammals but toxic to
target organism, such as insects. Some examples of organophosphate pesticides
are malathion, parathion, diazinon and dichlorvos, tribufos (DEF), vamidothion,
thiometon, and oxydemeton methyl.

4.1.2 Carbamates

Carbamates are a class of insecticides structurally and mechanistically similar to
organophosphate (OP) insecticides. Carbamates are N-methyl Carbamates derived
from a carbamic acid and cause carbamylation of acetylcholinesterase at neuronal
synapses and neuromuscular junctions, some of the carbamates are aldicarb,
carbaryl, oxamyl and terbucarb [49].

4.1.3 Pyrethroids

Pyrethroids are among the most frequently used pesticides and account for
more than one-third of the insecticides currently marketed in the world [50].
Pyrethroids are known for their fast knocking down effect against insect pests, low
mammalian toxicity, and facile biodegradation [51]. The synthetic pyrethroids with
the basic structure of cyclopropane carboxylic ester are called type I pyrethroids.
The pyrethroid insecticides were enhanced further by the addition of a cyano group
at the benzylic carbon to give a-cyano are called type Il, e.g., cyphenothrin and
cypermethrin, tefluthrin.

The other major practice to pest management is biopesticides that are also
a type of integrated pest management (IPM): biopesticides generally perform
particularly well in IPM systems. With their lower toxicity profile, they are
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compatible with the use of classical biological control agents. Because they
often are most effective at low pest pressures, they are well suited to be used
in combination with scouting and monitoring activities, which detect pest
problems before they are out of control. As well, IPM programs which include
the rotation of biopesticides with conventional chemical pesticides can reduce
reliance on single chemistries and delay the development of resistance within
pest populations [52].

4.2 Biopesticides fall into three major classes

1. Biochemicals are naturally occurring substances (semichemical, plant extracts,
minerals, PGRs, and organic acids) that control pests by nontoxic mechanism.
Biochemical pesticides include substances that interfere with mating, such as
insect sex pheromones. For example, neem (Azadirachta indica), garlic (Allium
sativum), eucalyptus (Eucalyptus globulus), turmeric (Curcuma longa), tobacco
(Nicotiana tabacum), and ginger (Zingiber officinale) have been successfully
used for the management of several plant diseases [53].

2. Microbial pesticides consist of microorganism (e.g., a bacterium, fungus,
protozoan). Microbial pesticides can control many different kinds of pests.
The most widely used microbial pesticides are subspecies and strain of Bacillus
thuringiensis (Bt). Almost 90% of the microbial biopesticides currently
available on the market are derived from only onetime pathogenic bacterium,
Bacillus thuringiensis (Bt) [54].

3. Plant-incorporated protectants (PIPs) are pesticide substances that plants
produce from genetic material which has been added to the plant. A scientist
can take the gene for the Bt pesticide protein and introduce the gene into the
plant’s own genetic material. Then, the plant manufactures the protein that
destroys the pest. Pest resistance is one of the most widely targeted traits in
plant genetic modification [55]; in Arizona (2010) cotton genetically modified
by inserting Bt toxin from (Bacillus thuringiensis) to fight the pink bollworm
moth (Pectinophora gossypiella) combined the release of sterile moth with
growing genetically modified Bt cotton. This combined strategy reduced the
need for insecticide spray and reduced pink bollworm abundance by 99%,
with no increase in resistance to Bt cotton [55].

Tri-State Greenhouse IPM Workshop [6] reported that, recently, new substance
has been reported as promising compounds for use as biopesticides. Extract of the
Saponaria officinalis root and the nanoparticles showed a very good acaricidal efficacy
[571, the fungus strains of Talaromyces flavus SAYY-94-01 [58], the fungus Trichoderma
harzianum, fermentation products of the bacterium Lactobacillus casei strain LPT-111
[6], stilbenes accumulated in grape canes [50], and olive mill wastes [51].

In recent years, a new technology began to take place in IPM program; it could
contribute to the development of less toxic biopesticides with favorable safety
profiles and increased stability of the active agent, enhanced activity on target pest,
and increased adoption by the end-users [43, 59]. Nanotechnology will contribute
to making agriculture eco-friendlier and more profitable by reducing the usage of
crop protection chemicals. Intelligent delivery of fertilizers, pesticides, and growth
regulators, including nanosensors for real-time monitoring of soil conditions, crop
growth, and pest and disease attack, is made possible through the development of
nanodevices and products [60].
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4.3 Nanopesticides

New practice that is increasing in the field of agriculture took the place for the
potential to reduce the impact of other agrochemicals on human health and in the
environment; the application sector of these nanomaterials is “nanopesticides” (ISO
TC 299 “International standards for nanotechnology”). The European Commission
(2011) based on the JRC report [61] defines that nanomaterials means “a natural,
incidental or manufactured material containing particles, in an unbound state or as
an aggregate or as an agglomerate and where, for 50% or more of the particles in the
number size distribution, one or more external dimensions is in the size range 1 nm
to 100 nm. In specific cases, and where warranted by concerns for the environment,
health, safety or competitiveness, the number size distribution threshold of 50%
may be replaced by a threshold between 1 and 50%.”

ISO TC229 has published six technical specifications on nanotechnology termi-
nology so far, namely:

ISO/TS 27687: 2008 Nanoobjects—Nanoparticle, nanofiber, and nanoplate.

ISO/TS 80004-1: 2010 Core terms.

ISO/TS 80004-2: 2010 Carbon nanoobjects.

ISO/TS 8004-3: 2011 Nanostructured materials.

ISO/TS 8004-4: 2011 Nano-/biointerface.

ISO/TS 8004-7: 2011 Diagnostics and therapeutics for healthcare [62].

Nanoscale material helps to reduce degradation of pesticide and fungicide and
increase the effectiveness of application with reduced amount [45].

5. Toxicology of pesticides

Widespread use of pesticides is a significant source of air, water, and soil
pollution causing risk to human health as a result of misuse or accident as well as
leaving lasting harmful chemicals in the environment [63]. Also, effects of agri-
cultural pesticides on nontarget organisms continue to become a major problem.
Indiscriminate and injudicious use of chemical pesticide in agriculture has resulted
in several associated adverse effects as environmental pollution, ecological imbal-
ance, and pesticide residues in food, fruit, vegetable, fodder, soil, and water pest
resurgence [64].

The WHO [46] grouped pesticides according to the potential risks to humans
caused by accidental contact to human being to five classes:

Class Ia. Extremely dangerous parathion, dieldrin.

Class Ib. Highly dangerous eldrin, dichlorvos.

Class II. Moderately hazardous DDT, chlordane.

Class I1I. Slightly hazardous malathion.

Class IV. Products unlikely to present acute hazard in normal use.

The majority of pesticides are not specifically targeting the pest, during the
application nontarget plants and animals are also affected, only about 0.1% pesti-
cides reach the target organism, and the remaining applied pesticides contaminate
the surrounding environment [63, 65].

Toxicity can be either acute or chronic:

a.Acute toxicity is the capability of a substance to cause harmful effects rapidly
following exposure (few hours to a day).

b.Chronic toxicity is the capability of a substance to cause undesirable health
effects resulting from long-term exposure [66].
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5.1 Effects on humans

The main purpose of IPM is to reduce the effects of pests on crop product and
help meet the increasing demand of larger population around the world. Although
the application of pesticides achieves the goals of its usage, but at the same time,
side effects also appear because of this practice.

Application of pesticides is a major threat to human health. It can taint food, water,
soil, and air, causing headaches, drowsiness, fertility issues, and life-threatening
illness; hundreds of thousands of known deaths occur each year due to pesticide poi-
soning [67]. Pesticide use has contributed toward improving agricultural production,
in both yield and quality. Pesticides are also widely used in a variety of other settings,
some of which most of the general public are not aware of [68]. It is evident that
workers who are involved in mixing, loading, transport, and application of pesticide
are at the highest risk of pesticide injury [69]. Pesticides can enter into the human
body in three ways: (a) through the mouth (oral administration), (b) by adsorption
through the skin or eyes (dermal adsorption), and (c) by breathing (inhalation) [70].

Also, atmospheric pesticides can cause hazards to humans. Atmospheric move-
ment may cause transportation of pesticides from application sites to sensitive areas
and accumulation of pesticides in the environment [71].

Risk related to pesticide poisoning can be defined as the extent of getting
exposed to pesticide with a certain degree of toxicity. These can be expressed as
Risk = Toxicity x Exposure [70].

5.1.1 Organochlorine pesticides (OCPs)

Organochlorine pesticides (OCPs) show multiple effects on the major physiologi-
cal systems of the body including nervous, circulatory, and reproductive system and,
also at some critical growth periods, may generate severe health disturbances [72].

Organophosphorus compounds are commonly used as insecticides.
Organophosphate inhibits AChE, an enzyme located in the postsynaptic membrane
that degrades AChE into choline and acetic acid [73]. The enzyme is classified as a
B esterase whose function is the hydrolysis of acetylcholine which is a major neu-
rotransmitter in the peripheral and central nervous system. The inhibition disturbs the
capability of the enzyme to bind to its normal substrate with the subsequent accumula-
tion of AChE at the nerve ending [74, 75]. The systematic investigation of the relation-
ship between chemical structure and inhibition of AChE is the single most important
feature required in an organophosphate for anticholinesterase activity and chemical
reactivity; it has revealed a direct relationship between anticholinesterase activity and
reactivity of the phosphorus atom [76]. Also, OPs can cause a type of toxicity called
organophosphate-induced delayed polyneuropathy (OPIDP). It is characterized by
deterioration of the long axons in the central and peripheral nervous system and
ends with ataxia and paralysis which appear about 2-3 weeks after exposure [74].
Another side effect of Ops is oxidative stress and apoptosis. The damage is generated
by the imbalance between reactive oxygen species (ROS) production and elimination
[77]. Another side effect of Ops on human health is the disruption of estrogen func-
tion by acting as a ligand for receptor, converting other steroids to active estrogen or
increasing the expression of estrogen-responsive genes [78]. Other Ops are capable of
interfering with the endocrine function by inhibiting the binding of thyroid hormones
to their corresponding receptors [78, 79]. Reiss [80] found out that the critical expo-
sure period to PO insecticides for human neurological development is, by definition,
the only relevant exposure for birth outcomes. Naksen et al. [81] reported that the
birth outcomes as a result of OP exposure suggest a decrease in birth weight and head
circumference in newborns born from mothers with low PONI activity.
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5.1.2 Carbamates

Carbamates are hepatically metabolized via hydrolysis, hydroxylation,
and conjugation, and 90% is renally excreted in a matter of days. The data of
carbamates on central nervous system (CNS) and cerebrospinal fluid penetra-
tion, adults tend to have less CNS toxicity, whereas, in pediatric exposures, CNS
depression is often a predominant symptom. Carbamates do not undergo aging
that occurs during the phosphorylation of organophosphate to acetylcholines-
terase and the carbamate-cholinesterase hydrolysis spontaneously within hours
[82]. Fukuto [76] found out that insecticide carbamate causes AChE inhibition
by identical mechanism to that of Ops. Unlike Ops poisoning, carbamate poi-
soning tends to be of shorter duration because the inhibition of nervous tissue
acetylcholinesterase is reversible, and carbamates are more rapidly metabolism
[83]. Forde [84] studied the effects of pregnant women exposure to carbamate;
the results appear to show that carbamate when associated with other pesticides
is typically used as OPs and pyrethroids. The result obtained is often related to
OPs and pyrethroids. Carbamates are usually considered to be of limited acute
toxicity.

5.1.3 Pyrethroids

The toxic effects of pyrethroids include neurotoxicity, skin contact, and respi-
ratory and reproductive system toxicities [77]. Type I pyrethroid typical effects
include rapid onset of aggressive behavior and increased sensitivity to external
stimuli, followed by fine tremor, prostration with coarse whole-body tremor,
elevated body temperature, coma, and death [85]. Type II pyrethroid effects are
typically characterized by pawing and burrowing behaviors, followed by profuse
salivation, increased startled response, abnormal hindlimb movement, and coarse
whole-body tremors that progress to sinuous writhing. Clonic seizures may be
observed prior to death; the term CS-syndrome (from choreoathetosis and saliva-
tion) has been applied to type II responses [85]. Gliga et al. [86] assessed the effects
of three major herbicides, three insecticides, and three fungicides on three human
cell lines (HepG2, HEK294, and JEG3); they found that fungicides were the most
toxic from concentration 300-600 times lower than agricultural dilution, followed
by herbicides and then insecticides, with very similar profiles in all cell types. LEG3
was the most sensitive cell line.

Nonoccupational low-dose exposure of any pesticides causes chronic disease in
humans and can be considered as a silent killer; almost every crop faces a number
of applications of different pesticides which results into multi-residue exposure of
these pesticides that could be more in causing toxicity effects [87].

5.2 Effects on plants

Plants are the primary source of food for humans through crop production; crop
safety and crop productivity are of paramount importance to ensure providing
sufficient and healthy food for peoples.

Plants were the main reasons for pesticide application and practices, but in
the early days of chemical pesticide applications, there were little concern about
the side effects of this practice until illness started to appear on farmers and farm
workers who are directly exposed to pesticides and using crop products that are
treated with chemical pesticides. These effects alarmed governments, agriculture
intuitions, and scientists around the world to pay a greater attention to these chemi-
cal pesticides used for crop protections.
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Anonymous [88] found that absorption is the take-in of chemical substance into
plants or microorganism. Most chemical pesticides break down once they are absorbed;
pesticide residues may separate into simpler substances or remain inside the plant or
animals and be released into the environment when the animal dies or plant decays.

A result of the study of Nishisaka et al. [89] to assess the genotoxicity effect of
nanoparticles containing the paraquat herbicide indicated less chromosome damage
than conventional paraquat herbicide. Saha and Gupta [90] found out that metal-
lic nanoparticle, e.g., Ag NPs, causes significant toxic effects in animal cell culture
and animal models; the impact of (Ag NPs) on plant species is related to oxidative
stress-related gene expression, genotoxicity, seed germination, and root elongation;
and genotoxic city studies revealed different types of chromosomal abnormalities
and DNA damages which ultimately lead to cell death and disintegration of plant
cell exposed to different coated and uncoated Ag NPs present in the environment.
Toxicity of nanoparticles depends upon various factors like plant species, size, and
concentration of nanoparticles in different stages of crops; it also depends on their
composition and size. Small-sized nanoparticles are more reactive and toxic than
the large-sized ones and affect the respiration or photosynthesis process [91]. For
example, AL,0; NPs showed phytotoxicity only on corn, reducing the root elongation
by 35%. All improved root growth of grape and radish and inhibited root elongation
of ryegrass and lettuce but had no effect on cucumber [92]. Boonyanitipong et al. [93]
assess the effect of ZnO NPs on rice plant; the result shows adverse effect on rice from
100 mg/L and fully inhabit root growth and biomass at 500-1000 mg/L concentra-
tion. In a study of the effect of TiO, nanoparticle on aquatic life, the result raveled that
TiO, reduced the light to entrap the algal cell and thus reduce the growth [94].

5.3 Effects on environment

The Environment Protection Act (EPA) (1986) defined the term environment
under Section 2(a) of “to include water, air, land and inter-relationship between
water, air, land and human being, other living creatures, plants, microorganisms
and property.” The definition includes complex relationship between environment
parts; these parts must be in balance to insure healthy and accurate relationship.

Any disturbance in these relationships may lead to undesirable result. One of
the most effected factors that play great roll in this disturbance is the application of
different types of pesticides.

The potential for misapplication and accidental exposure is great [64]. It is
found that only a very small part of the total amount of pesticides applied for weed
and pest control (<0.1%) actually reaches the sites of action [95]. The runoff from
agriculture and urban land, and rain precipitation and dry disposition from the
atmosphere, can transport pesticides to streams and groundwater [96]. Mahmood
etal. [97] reported that excessive use of pesticides may lead to the destruction of
biodiversity. Birds, aquatic organism, and animals are under the threat of harmful
pesticides. The soil is an important part of the environment and plays an effective
role in other parts. The application of pesticides results into two ways: positive way
by destroying the specific target and negative way by transferring to another non-
specific target. In a study of Cessna et al. [98], they found that pesticides enter to
the atmosphere by application drift, post-application vapor losses, or wind erosion
of pesticide-treated soil; also, their photodegradation may be transported in long
distances before the removal processes of atmospheric wet and dry deposition return
them to the earth surface. Pesticides that were detected in the atmosphere are (I)
organochlorine insecticides (resistant to environmental degradation), (II) organo-
phosphate insecticides (not long lived in the environment), (III) atrazine herbicides
(heavily used herbicides, persistent in the environment), (IV) acetanilide herbicides
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(used heavily, but not as persistent as atrazine) [71]. Mobility may result in redis-
tribution within the application site and sometimes off-site. After application, a
pesticide may (I) attach to soil particles, vegetation, or other surfaces and remain
near the site; (II) attach to soil particles and move with eroded soil in runoff or wind,;
(IIT) dissolve in water and be absorbed by plants, overflow, or leach; (IV) pass off

in vapor or erode from foliage or soil with wind and become airborne [99]. Also,

the mobility of pesticides can be affected by several factors of pesticide sorption,
water solubility, vapor pressure, and other environmental and site characteristics
including weather, topography, canopy, ground cover, soil organic matter, texture,
and structure [99]. The persistence of pesticide is expressed in terms of half-life that
can help estimate whether or not a pesticide tends to build up in the environment.
Pesticide half-lives are classified into three groups: low (less than 16-day half-life),
moderate (16-59 days), and high (over 60 days). Pesticides with shorter half-lives
tend to build up less and less likely to persist in the environment, while pesticides
with longer half-lives are more likely to build up after repeated application. Higher
persistence increases the risk of contamination of nearby surface water, groundwa-
ter, plants, and animals. Anonymous [88] reported that some pesticides stay in the
soil long enough to be absorbed by plants grown in the field years later. The behavior
of pesticides in soil is governed by a variety of complex dynamic physical, chemical,
and biological processes, including sorption-desorption, volatilization, chemical and
biological degradation, uptake by plants, runoff, and leaching [100, 101].

Biopesticides have benefits and limitation effects on the environment, human life,
or agricultural product. They are highly effective in managing pests and diseases,
without creating negative impacts on the environment, and their active and inert
ingredients are generally recognized as safe. Besides the microbial content, carrier
media for formulating biopesticide were consisted of several organic materials, such
as animal broth, organic materials, or organic waste product. The media is a biode-
gradable material. In addition, biopesticides support stability and sustainability of
agroecosystem because they did not affect negatively on the environment [102].

The nanoagrochemical is crucial to modern agriculture, and due to their direct
and intentional application in the environment, nanoagrochemical may be regarded
as particularly critical in terms of possible environmental impact, as they would
represent the only intentional diffuse source of engineered nanoparticles in the
environment [103]. There is harmful chemical reaction and contamination by
nanoparticles to soil ecosystem and change in soil structure due to their large surface
area and Brownian motion [45]. Kah et al. [104] assess the environmental fate of
nanopesticides; the result suggests that the photodegradation and sorption behavior
of clothianidin may have a greater impact on the environmental fate of pesticide Al
than commercial formulations. Al clothianidin was rapidly released from the nano-
carrier systems and that the durability of three nanoformulations would be short in
water as well as in soil. Nanoparticles can easily be released in the water body or air,
and uptake by living organisms creates toxic effect for humans and animals [43].

Bai et al. [105] found that CU nanoparticles caused damage in the central nervous
system. Gliga et al. [86] study the effects of Ag nanoparticles, and the results show
that Ag particles of size 10 nm were found more cytotoxic than other sizes.

6. The future

Pesticides are essential to improve the production of crops. The quantity of pes-
ticides will continue to increase as long as the use of pesticides increases. Despite the
tremendous benefits of pesticides for human beings especially in agriculture fields,
side effects and undesirable results of pest managements such as pesticide residue
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crop products that are used in feed lead to several human illnesses in soil and water,
microflora in soil, and ecosystem in general. Not until the year 1962 when biologist
Carson published her book Silent Spring when dichlorodiphenyltrichloroethane
(DDT) was at its high production 82 million Kg/year in the United States, it was
initially used with great effect to combat malaria, typhus, and the other insect-borne
human diseases among both military and civilian populations. The book inspired
public concern about the toxicity in wildlife, contamination, and the increasing
pest resistance. Control of regulated or quarantined pests is typically done through
prevention of entry to a country or an area, eradication and containment, and use
of tools such as biological control, pesticides and biopesticides, plant resistance,
cultural methods, and natural enemy encouragement. In 2016 a review suggested
that classical biological control has provided and should continue to provide many
positive outcomes for dealing with damaging invasive alien insect pests [106].

Genetically modified (GM) food is a new type of potentially safer food without
the use of pesticides; crops producing pesticides substance from genetic material
that has been added to the plant. To insure safety, the EFSA Panel on Genetically
Modified Organisms (GMO) require scientific risk assessment on the possible risk
they might present for humans, animal health, and the environment before being
authorized for market placement [107]. Also, the OECD Working Group for the
Safety of Novel Foods and Feeds (WG-SNFF) addresses aspects of the safety assess-
ment of food and feeds derived from genetically engineered crops. Their primary
aim is promoting the use of consistent methods and data elements used in the risk/
safety assessments among countries. The approach is to compare transgenic crops
and derived products with similar conventional ones that are already known and
considered safe for use, based on recognized practices, harmonized methods, and
data sharing facilitated through the WG-SNFF [108].

Maximizing pesticide efficiency requires the use of radiolabeled pesticides to
study pesticide metabolism, fate, residues, and formulation [109]. An increasing
number of countries started to develop control strategies for the use of pesticides.
The Danish National Action Plans on pesticide (2017-2021) strategy were
(1) authorization of pesticides, (2) targeted inspection efforts, (3) collection of knowl-
edge via the pesticide research program, and (4) information, advice, and guidance.

The Report of the OECD Workshop on Sustainable Pest Management in Practice:
Anticipating and Adapting to Changes in the Pesticides Regulatory Landscape
status and subsequent availability of agricultural pesticide products are necessary
for sustainable pest management, including the use of registered agricultural pesti-
cides. In general, the consequences of regulatory decision and the entailing process
of adaptation of the agricultural production are not widely considered within the
registration process. Regulators, pesticide manufactures, and pesticide users in
OECD member countries have had to adapt their practices to ensure that sustain-
able and effective pest management options remain possible. These changes reduce
risk to human health and the environment while promoting sustainable agriculture
[110]. The Secretariat 2017 [111] in their 34 sessions includes recommendation that:

1. The international community must work on the development of a comprehen-
sive, binding treaty to regulate hazardous pesticides throughout their life cycle.
It should cover standardization among countries, policies to reduce pesticide use
worldwide, and development of a framework for the banning and phasing-out
of highly hazardous pesticides, as well as strict liability on pesticide producers.

2.Development of comprehensive national action plans to support alternatives to

hazardous pesticides along with binding and measurable reduction targets and
time frames.
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While pesticides proved effective in mitigation of harmful bugs, the risk associ-
ated with their use has exceeded their beneficial effects. Nonselective pesticides can
harm nontarget plants and animals along with the targeted ones; also with repeated
use, some pests develop genetic resistance to pesticides [97].

To control the use of pesticides and reduce their effects, registration is an impor-
tant aspect of pesticide management to ensure that the pesticide products released
in the market are authorized and used only for their planned purpose. It will also
enable authorities to implement controls for the price, packaging, labeling, safety,
and advertisement of pesticides to ascertain protection of the user’s interests [112].

To reduce pesticide impact on the environment, minimize contamination, and
ensure the safety of human sources of food and water (surface and groundwater),
users should be:

1. Practicing IPM
2. Using only pesticides that are labeled for their intended crop and pest

3. Considering application site characteristics and location of wells, ponds, and
other water bodies

4.Maintaining application equipment, measuring, and calibrating accurately

5.Preventing back siphoning and spills, leaving buffer zone around sensitive
areas, and reducing off-target drift

6. Considering the impact of weather/irrigation
7.Storing pesticides and disposing of wastes securely and safely [98-113]

Biopesticides have attracted attention in pest management in recent decades and
have long promoted as prospective alternative to synthetic pesticides [68]. Although
biopesticide use at a global scale is increasing by almost 10% every year [114], the
global market must increase further in the future if these pesticides are to play a
visible role in substituting for chemical pesticides and reducing the current over-
reliance on them [115]. It is expected that biopesticides will equalize with synthetics
in terms of market size, between the late 2040s and the early 2050s [116]. Also,
Soesanto [101] The conclusion of biopesticides was that biopesticides are the best
way to control plant pathogens because of their beneficial effects; though there are
still many limitations to be reduced, biopesticides supported stability and sustain-
ability of agroecosystem because they did affect negatively on the environment.

Nanotechnology is the new type of IPM providing a promising future in the direc-
tion of formulation that can be used to improve the stability and effectiveness of natural
product [117, 118]; it provides controlled release of the molecules at the site of action,
can minimize potential toxic effects on nontarget organisms, and can prevent degrada-
tion of the active agent by microorganisms [118, 119]. Nanotechnology that includes
nanopesticides seems to have a promising future in IPM. The potential toxicity of these
nanoparticles is not standardized and not well understood yet explored by international
and national safety regulators [60, 120-122]. Athanassious et al. [60] report that safer
nanopesticides as alternative methods and practice should take the following into
consideration: (a) The process of nanomaterial synthesis may cause changes in dimen-
sions and shape; therefore, risk assessment studies are essential before the use of such
materials. (b) Specific guidelines explain how to use these formulations on nanomateri-
als. (c) The toxic nature of these compounds to plants and insects needs to be analyzed.
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(d) Working on nanopesticide formulation before they become more popular in pest
management by combining analytical techniques that can detect, characterize, and
quantify the active ingredient and adjuvants emanating from the formulation.

Emerging pesticide nanoformulations are not only increasingly complex and
biologically active but may also exhibit a potential change in the physicochemical
properties and/or biological effects at a size range that is larger than the nanoscale
(>100 nm) [30].

-Tool and techniques to characterize properties (particle shape, size range,
surface properties) of complex formulations of nanopesticides are lacking.
Nanopesticides are more complex products by design and therefore pose greater
challenges to analysts [30].

7. Conclusion

Continuous growth in population around the world leads to increase the demand
for higher crop production. The quality and quantity of crops provided to people
must be satisfactory, which can be achieved by using specific methods to control
pests that play a great role in crop losses and poor product. The main method used
for this purpose is synthetic pesticides, with other methods: biopesticides and
nanopesticides. Despite the harmful side effects especially of synthetic pesticide
compared to the other methods with less harmful effects on humans, plants, and
the environment, still the synthetic pesticides play an important part of IPM. This
requires intensive work of scientists, institutions of agriculture around the world,
environment studies to assess and evaluate the side effects of these different meth-
ods, and provide good training for safer application of pesticides and also continues
studies for every new chemical production and methods used in the agriculture
field, to decrease and minimize the harmful effects on humans, animals, plants,
nontarget organisms, and the environment, including aquatic environment.
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Chapter 5

Uses and Misuses of Agricultural
Pesticides in Africa: Neglected

Public Health Threats for Workers
and Population

Pouokam Guy Bertrand

Abstract

Pesticides are use in agriculture for their capacity to reduce pest and protect
foods. Since their introduction in Africa by colonial masters, the use of these
chemicals is constantly growing. Herbicides and insecticides are the two dominant
categories. Although they are used in small quantities by farmers who own small
exploitation, the frequency of their use, as well as overuses and misuses, consti-
tutes serious factors of exposure and health risks. Farm workers are more vulner-
able to occupational effects from pesticide inhalation and skin contacts. Failure
to wear protective equipment and observe good agricultural practices explained
health symptoms that are frequently experienced: eye and skin irritation, nausea,
vomiting, and headache. Population is subject to chronic health effects due to
repeated dietary intake of pesticides. Most consumed staple foods on the continent
(cereals, vegetables, and fruits) have been found to be contaminated by one or
multiple residues of pesticides. The level of residues is often higher than regula-
tory limits. Organization of surveillance programs to monitor concentration of
pesticide residues remains inexistent in most countries, same for toxicovigilance
systems to documented poisoning cases. Current data underline the need to carry
out pesticide health risk assessment in order to appreciate the threats they pose for
public health.

Keywords: pesticide, exposure, poisoning, residues, misuses

1. Introduction

Synthetic pesticides have been used in Africa since more than eight decades.
They were probably introduced in the continent by colonial masters. From a histori-
cal point of view, the Public Health Act of the British government legislation, to
protect human beings and regulate the use of pesticides by farmers in Kenya, was
enacted in 1921 [1]. From that period till date, African countries continue to import
pesticides from more advanced economies, mainly from European countries and
recently from China.

The FAO statistical (FAOSTAT) database estimated that Africa have imported
in 2016 pesticides for a value of 1590160.326 USD [2]. However, since few years,
pesticides importation from China is constantly growing.
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According to the export statistics from China Customs, export volume of
pesticides (under HS code 29 and 38) during January to November in 2015, African
markets represented 13.9% of the total export of pesticides from China and con-
cerned 44 countries. Top 10 countries by export value are Nigeria, South Africa,
Ghana, Ivory Coast, Egypt, Kenya, Cameroon, Tanzania, Ethiopia, and Guinea.
The amount of export value for these top 10 countries constitutes 85.9% of the total
export value to Africa from China, as shown in Figure 1 [3].

Thousands of pesticides are imported, but the top 10 of most imported formula-
tion products and active ingredients can be seen in Table 1.

Top 10 of most imported pesticides are mostly herbicides, followed by next 10
others products formulations which are mainly insecticides (chlorpyrifos, dichlor-
vos, dimethoate, abamectin, and cypermethrin).

It should be noted that in almost all countries, before their importation,
pesticide products have to be homologated and authorized. Information are also
provided to users on the purposes to which the products should be used, the dos-
age, their toxicological classes, first aid action to be taken in case of exposure, and
even antidote in case of swallowed. Despite these precautions, Pouokam et al. [4]
have reported several misuses in many countries and in particular in Cameroon.
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Figure 1.
Top 10 of pesticides export in Africa by export values (adapted from Agronews).

Formulation products Export value (million USD) Export volume (000 tons)
Glyphosate IPA 41% SL 93.82 50.82
Paraquat 200 g/L SL 62.53 2597
Glyphosate 30% 20.07 10.44
Lambda-cyhalothrin 25 g/L EC 16.97 5.68
Mancozeb 80% WP 16.69 5.08
Glyphosate-monoammonium 75.7% SG 16.33 4.84
2,4-D-dimethylammonium 720 g/L SL 14.78 729
Mancozeb 64% + Metalaxyl 8% WP 1161 1.80
Atrazine 80% WP 10.19 3.13
Imidacloprid 20% SL 8.13 191
Total 27112 111.69
Table 1.

Top 10 of most imported formulation products and active ingredients (adapted from Agronews)
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2. Uses and misuses of agricultural pesticides in Africa

Pesticide homologation procedures are established in all African countries.
Procedures differ from one country to another, and the majority of pesticides
formulations are homologated for uses in agriculture. In this chapter, we recall some
key information concerning the number of pesticides formulations in distribution
in the top 10 pesticides importers as indicated above.

In Cameroon, the official database from the Ministry of Agriculture counted up
to 610 [4]. de Vos et al. reported 500 pesticide formulations used in South Africa
Republic [5]. In 2011, the volume of imported pesticides in Ghana was 20,747
tons (9216 tons of insecticides, 8986 tons of herbicides, 2545 tons of fungicides)
[6]. Ivory Coast and 13 other countries of the Permanent Interstate committee for
Drought Control in the Sahel (CILLS), namely, Benin, Burkina Faso, Cap-Vert,
Guinea, Gambie, Guinee-Bissau, Mali, Mauritania, Niger, Senegal, Tchad, and
Togo, had adopted a common homologation procedures. The actual homologated
list contains 438 pesticides formulations [7]. In 2016, Egypt consumed up to 10,600
metric tons of pesticides formulations [8]. Between July 2013 and June 2014, a total
of 1182 different types of pesticides were registered in Tanzania, of which 11.2%
were provisionally registered [9]. In 2017, 117 pesticide formulations were found to
be homologated for used in Ethiopia, among which were 68 insecticides, 45 herbi-
cides, and 4 fungicides [10].

Major uses of pesticides include agriculture, livestock development, and disease
vectors control. Choice of pesticides depends on farmers’ perception of its efficacy
on pests, type and intensity of pests, crops growth stage and availability of pests,
crops growth, and the availability of pesticide [11].

Supply channels of pesticides are both formal and informal and include:

* Authorized retail outlets of agricultural supply companies
* Government extension services

* Small-scale informal traders operating via local shops

¢ Itinerant peddlers visiting villages and weekly markets

* Bulk supplies from general markets in larger cities

A lot of misuses have also been reported in field farms because of (i) absence of
clear instructions, (ii) illiteracy of farmers, (iii) lack of knowledge on risks from
bad uses, (iv) uses of pesticides on crops for which the product was not homolo-
gated, and (v) difficulties to properly prepare the solution to be used, and poor
respect of dosage [12].

In Benin Republic, previous studies, for example, revealed that farmers have
been found to use insecticides registered for cotton protection on vegetables [12].
Moreover, Pouokam et al. observed the reuses of pesticides empty containers for
drinking water and traditional wine. Other containers are washed and rinsed in
rivers were populations fetch water for domestic uses [4].

Pesticide applications also vary with the type of crops and the type of equip-
ment used, most farmers used knapsack and therefore carry the equipment on their
back; others used atomizer, especially cocoa farmers. Because they did respect wind
direction, they often received pesticides vapor in their eyes and bodies part.

A detail analysis of all these practices gives insight on potential risk factors of
pesticide exposures both for workers and nearby populations.

99


http://dx.doi.org/10.5772/intechopen.84566

Pesticides - Use and Misuse and Their Impact in the Environment

3. Use of predictive pesticides exposure models for occupational and
para-occupational scenarios

Practice of agriculture in Africa is dominated by small farmers and family
farmers whose one characteristic is that they operate in the informal sector. They
are not registered and most of the time remains unknown by local authorities. This
absence of clear statute for agricultural workers makes it difficult to organized and
regulate the sector. Another consequence is the poor identification of exposure and
poisoning cases.

Naveen Kumar et al. defined pesticides exposures as the contact of the pesticides with
a surface or an organism. For a human, it means getting pesticides in or on the body [13].

Occupational and para-occupational exposures to agricultural pesticides
in Africa remain as key concern that are unfortunately poorly addressed.
Occupational exposure occurred in work places and concerned workers, while the
definition of para-occupational exposure refers to exposure of people who may not
formally work on farms but live on or near sprayed areas or participate in unpaid
farmwork [14].

Several studies have found that farmers in their majority did not respect good
practices recommended by international agencies and local authorities. Exposure
to pesticides therefore often occurs while preparing the spray solutions, loading in
the spray tank, and applying the pesticide [15]. Circumstances of poisoning vary:
27% during spraying, 20% by ingestion (drinking, food contaminated by hands that
have been used to manipulate pesticides), 13% occurred at home, 7% in the kitchen,
and 3% during fishing [4].

Occupational exposure concerned up to 30% of poisoning cases. Common
occupational risk factors include (i) absence of personal protective equipment,

(ii) spraying in a direction opposite to wind, (iii) aerial sprayed, (iv) pesticides
pouring on the skin, (v) pesticides entering in the eyes, noise, and mouth, and (vi)
respect of the indicated dosage.

Putting together these risk factors can help develop an occupational and para-
occupational exposure model, in order to estimate exposure circumstances for a
rapid and adequate case management.

The gravity and the seriousness of exposures will also depend on the toxicologi-
cal class of the pesticides, the quantity of pesticides exposed, the frequency, and
other vulnerability factors.

In many country of the continent, diseases causes by pesticides are not recog-
nized as professional diseases and include in security health assessment measures to
be carried out at workplaces, especially where agriculture mainly depends on family
farmers and small exploitations.

There are many different pesticide exposure scenarios. Operator exposure moni-
toring is of great concern, because it is known that operators receive more pesticide
exposure than any other type of worker due to their close proximity and amount of
pesticide handled.

Models give the possibilities to estimate the exposure to an active substance or to
rank exposure of one pesticide to others used in similar conditions. Model devel-
opment required a clear formulation of the problem, as well as proper selection
of key variables and indicators. First pesticide exposures models were developed
around 1980, and since then, these models had been constantly refined. It should be
recalled that models proposed are only as accurate as the input values fed into them.
These models in some extend are complementary as they deal with various aspect
and routes of pesticides exposures. Table 2 is a summary of some exposure models
involving human monitoring.
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Models Exposure predicts Reference
SHEDS Post-application residential exposure (https://www.epa.gov/pesticide-
science-and-assessing-pesticide-risks/
models-pesticide-risk-assessment)
EPA residential ~ Adult applicator, adult and child US EPA 2012 (https://www.epa.gov/pesticide-
post-application indoors and science-and-assessing-pesticide-risks/
outdoors oral, dermal, and inhalation standard-operating-procedures-residential-pesticide)
EUROPOEMII  European predictive operator Van Hemmen, 2001 (https://academic.oup.com/
exposure model based on underlying annweh/article-abstract/37/5/541/167727)
operator exposure studies
AHETF Mixer/loader and applicator dermal  (https://archive.epa.gov/pesticides/news/web/html/
and inhalation exposure under long  occ-exposure-data.html)
pants and long sleeve shirt with
protective gloves
AOEM Predictive model for estimating Guidance on the assessment for exposure for operators,
operator exposure proposed foruse ~ workers, residents, and bystanders in risk assessment for
inthe EU plant protection products (https://www.efsa.europa.eu/
fr/efsajournal/pub/3874)
OPPED Occupational post-application (https://www.epa.gov/pesticide-
exposure (e.g., harvesting, weeding, science-and-assessing-pesticide-risks/
etc.) models-pesticide-risk-assessment)
Calendex™ Aggregated exposure that USEPA
incorporated the probability of
simultaneous exposures across
multiple pathways
CARES© Dietary and residential (surface, (http://caresng.org/)
hand to mouth, air)
CONSEXPO Exposure to substances from (https://www.rivm.nl/en/consexpo)
consumers products that are used
indoors
Lifeline Cumulative and aggregate exposure  (https://www:thelifelinegroup.org/)
to pesticides in foods, drinking
water, and residential use
Table 2.

Summary of some pesticides exposure models involving human monitoring (adapted from [16]).

Assumptions and parameters used to build these models are often based on
pesticide uses in European and North American models, which do not properly
correspond to various exposure scenarios found in Africa. Agricultural pesticides
in Africa is mostly used in family farming, and some related features of expo-
sures remains to be taken into account to fit existing models to ongoing practices
on the continent.

4. Farmers perceptions and experience of harmful effects of pesticides

Pesticides toxicity varies from one molecule to another. Classification by the
World Health Organization (WHO) is done according to pesticides lethal dose 50
(LD50). LD50 varies from slightly toxic (LD50 > 5000 mg/kg) to extremely toxic
(LD50 < 50 mg/kg). Depending on circumstances, exposure can be done through
breathing, eating, or drinking or by contact with the skin or eyes. During an
investigation by Cheke et al., a medical examination was done on farmers in Ekiti

101


http://dx.doi.org/10.5772/intechopen.84566

Pesticides - Use and Misuse and Their Impact in the Environment

100 7 913 -
9 | i 86 833
. 80
E 70
2 6] 58
2 50
240 4
E 30
& 20
10
0 ; ; . ;

Eyeirritation Skin irritation Nausea Headache Vomiting
W% responding "Yes'

Figure 2.
Pesticide health symptoms experienced by farmers.

State, Nigeria, after taking their perceptions on any harmful effects they had expe-
rienced [17]. More than 91% of farmers reported to had suffered from pesticide-
related health symptoms during or after applications. Symptoms were nausea,
headache, vomiting, eye irritation, and skin problems, as shown in Figure 2.

In 2011, Mokhele determined the perceptions and awareness of farmwork-
ers in Lesotho in South African Republic regarding the use of pesticides and the
potential effects on their health. A total of 30 farmers from 6 farms participated
[18]. The majority (85%) of farmworkers terminated their educational studies at
the end of primary school. About 93% of farmworkers had received no training
in the use of pesticides. A total of 52% of the farmworkers never wore rubber
gloves when using or handling pesticides. All farmworkers in this study used a
knapsack sprayer.

In the East African Rift (Ethiopia, Kenya, Tanzania, Uganda), Jacob de Boer
et al. review literature about import, disposal, and health impacts of pesticides.
They found out that in Ethiopia, few cases of poisoning have been reported [19].
Documented cases reported 81 pest control workers who were exposed to organo-
chlorine pesticides (OCPs) (chlorpyrifos and profenofos) had lower cholinesterase
levels after pesticide spraying. In Tanzania, data revealed that more than 50% of
farmers have experienced headaches, excessive salivation, nausea, vomiting, and
skin or eye irritation. Over 40% experienced dizziness, blurred vision, sleepless-
ness, and breathing difficulties, and over 20% reported tremors, diarrhea, chest
pain, pain when urinating, fever, wheezing, or nosebleed.

In Kenya, Tsimbiri et al. testified that the main health impact of pesticides on
residents and workers at Lake Naivasha in Kenya were headache and miserableness,
followed by respiratory symptoms [20].

Apart from occupational and para-occupational exposures, pesticide dietary
intake appears to be an overneglected issue. Even when good agricultural practices
are followed, it is recognized that residues of pesticides remain on treated foods and
agricultural products. The level of residues can be much higher in scenarios where
pesticide misuses are numerous like in Africa.

5. Levels of pesticide residues in some highly consumed foods
In most African countries, pesticide residues are not of concerns in agricultural

products sold at local markets, on the contrary to export products, which raises
more attention. Residues on produce resulting from the inappropriate use of
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pesticides are however one of the most important food safety concerns. Table 3
gives a snapshot of pesticide residue levels in foods from the 10 countries identi-
fied as main importers.

Table 3 shows just a quick example of the type of pesticide residues that can
be found in foods sold in market places of the continent. In all countries cited in
the table, we have not been able to find any database of pesticide residues in foods.
We focus on top 10 African countries importing pesticides from China. Others
pesticide residues have been detected in African food products during their export
into the European markets and notified on the Rapid Alert System for Food and
Feed (RASFF) portal; an example of ethephon is found in pineapples coming from
South Africa. In that specific case, the level of ethephon detected was 7.2 mg/kg
and was treated as serious [31].

Although herbicides are massively used, residues most often found in food items
are insecticides. This can be due to their late uses in the production or during food
conservation, especially in grains and cereals. Residues in most consumed foods are
a clear indication of the level of exposure of the population.

Vegetables and grains appeared to be more frequently contaminated with residues.

In addition, multiple contaminations by 2-10 different pesticide active ingredi-
ents are also frequent, raising an issue of cocktail effects for a mixture of pesticides.
Pesticides in combination may be far more dangerous and more serious threats for
public health. Previous studies done on animal models showed various cocktail
effects. Many chemical families of compound are involved specifically in synergy,
addition, potentiation, and antagonism when combined.

Regulations of residues differ with countries; some countries had set their own
maximum residue limits (MRLs) for certain pesticides in selected foods, and others
have decided to adopt Codex alimentarius MRL. In both cases, actual levels of
residues are found often to exceed national and/or international set MRLs.

6. Implications for pesticides dietary exposures and health risks

Pesticide residues refer to the pesticides that may remain on or in food after they
are applied to food crops. Exposure of the general population to these residues most
commonly occurs through consumption of treated commodities. Many food com-
modities are concerned with the exposure to several pesticide chemicals, especially
staple foods, making it complex to estimate the dietary intake of residues.

To more accurately appreciate the health risk of pesticide residue intake, many
approaches can be used. All of them are based on the assessment of level of residues
in food commodities and the quantity of food consumed. Apart from being used as
a starting point for estimating consumer exposures, MRLs are used also as reference
points to decide misuses and as trade standards.

The use of food commodity MRL is a convenient way to assess the theoreti-
cal maximum daily intake (TMDI). This approach considered the set MRL as the
contamination level assuming that farmers applied good agricultural practices.
Unfortunately, from previous reading, we have seen that a huge number of farmers
do not respect good agricultural practices, suggesting a higher level of residues and
a higher risk for consumers.

In the example of Table 3, we observed that certain residue levels are higher
than the set MRLs.

In South African Republic, Dalvie and London investigated the presence of
pesticide residues in wheat produced and imported in the country and their health
risks. Eight different pesticides were detected in total. The most frequently detected
pesticides were mercaptothion (99%), permethrin (19%), and chlorpyrifos (17%).
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Nine (11%) samples exceeded the EU wheat. Risk index calculated was found to be
lower in more than half of cases [32].

Determining exposure values based on pesticide residue levels and the food con-
sumption is also possible using either the deterministic or probabilistic approach.
The deterministic approach is simpler and based on single-point estimates for each
variable in the model. On the other hands, probabilistic approach allows using all
possible values for each variable to be taken into account, and each possible model
outcome is weighted by the probability of its occurrence. Probabilistic is therefore
advantageous in that all available data are used, the exposure estimate is presented
as a distribution, and variability and uncertainty can be quantified. The determin-
istic approach may be used as a screening tool to identify problematic pesticides,
followed by the probabilistic approach to see if the point estimate actually gives rise
to concerns.

In Tanzania, Kimanya et al., in 2016, estimated deterministically the dietary
pesticide exposure of population to three pesticides through consumption of fresh
tomato. Pesticide levels were detected for permethrin (mean, 5.2899 mg/kg),
chlorpyrifos (mean, 7.5281 mg/kg), and ridomil (mean, 2854.279 mg/kg) in 18% of
samples. Health risk indices, determined as ratio of estimated daily intake to accept-
able daily exposure, for chlorpyrifos, permethrin, and ridomil were greater than
one, which implies that lifetime consumption of fresh tomatoes can pose health risk
for chlorpyrifos, permethrin, and ridomil for population of Meru District [33].

7. Conclusion and perspectives

Synthetic pesticides have been used in Africa since they were introduced by
colonial masters. Over the years, the quantities of pesticides used especially in
agriculture have exponentially increased. These products are not manufactured in
African countries, but mainly imported from developing economies. Products were
previously imported from Europe but, since few years, are growingly coming from
China. Herbicides and insecticides constitute the top 20 of imported pesticides.

Although pesticides are homologated before they can be used, their supply to
farmers followed many channels among which some that are illegal, particularly
when it comes to supply products in rural settings.

Moreover, a lot of misuses are still observed on the field. Good agricultural prac-
tices are not known by a great number of farmers and workers, increasing therefore
risk factors of exposures and poisoning.

Farmers are frequently subjected to multiple exposures at workplace (inhala-
tion, skin contact), while populations are exposed to pesticide residues found in
the environment and accumulated in foods commodities. Estimating the level of
human exposure for occupational and non-occupational scenarios remains a real
challenge for risk assessors. A number of tools and techniques exist but do not fit to
all situations, particularly in cases of misuses of pesticide applications. Predictive
models have been designed to quickly capture and assess exposure cases, but these
models remain to be improved to fit unusual practices by small farmers in rural
areas of Africa.

Farmers are all aware of risks that pesticides can cause to their health; however,
they remain reluctant in using protective equipment and to adopt preventive behav-
ior. Most of them have reported to experience at workplaces symptoms of pesticide
poisoning (eye irritation, skin irritation, nausea, headache, and vomiting).

Because of the absence of toxicovigilance systems, as well as surveillance and
monitoring program, very few cases of pesticides poisoning have been docu-
mented. Epidemiological data are not known. Actual risk assessment is based on
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the estimation of dietary intake of pesticides. These calculations showed frequent
contamination of food items by pesticide residues, especially insecticides. The level
of residues is often higher than national and international maximum residue limits,

suggesting real public health threats for the whole population. In addition, cocktail
and cumulative effects of multiple residues remain to be investigated.

Author details
Pouokam Guy Bertrand">**
1 Nutrition and Food Safety and Wholesomeness, Cameroon

2 Laboratory of Biochemistry, Faculty of Medicine and Biomedical Sciences,
University of Yaoundé 1, Cameroon

*Address all correspondence to: guy.pouokam@noodlesonlus.org

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

107


http://creativecommons.org/licenses
mailto:guy.pouokam@noodlesonlus.org
http://dx.doi.org/10.5772/intechopen.84566

Pesticides - Use and Misuse and Their Impact in the Environment

References

[1] Wandiga SO. Use and distribution of
organochlorine pesticides. The future

in Africa. Pure and Applied Chemistry.
2001;73(7):1147-1155

[2] FAOSTAT: Pesticides Trade Database.
Available from: http://www.fao.
org/faostat/en/#data/RT [Accesed:
December 17, 2018]

[3] Erwin X. Briefing on Export of
Pesticides to Africa From China in 2015.
Available from: http://news.agropages.
com/News/NewsDetail---17241.htm
[Accessed: November 11, 2018]

[4] Pouokam GB, Lemnyuy Album W,
Ndikontar AS, MEH S. Pilot study in
Cameroon to understand safe uses of
pesticides in agriculture, risk factors for
farmers’ exposure and management of
accidental cases. Toxics. 2017;5(4):E30.
DOI: 10.3390/toxics5040030

[5] Quinn LP, de Vos BJ, Fernandes-
Whaley M, Roos C, Bouwman H,

Kylin H, et al. Pesticide use in South
Africa: One of the largest importers

of pesticides in Africa. In: Stoytcheva

M, editor. Pesticides in the Modern
World - Pesticides Use and Management.
InTech; 2011. ISBN: 978-953-307- 459-7.
Available from: http://www.intechopen.
com/books/pesticides-in-the-modern-
world-pesticidesuse-and-management/
pesticide-use-in-south-africa-one-of-the-
largest-importers-of-pesticides-in-africa

[6] Van den Brink PJ, Kwakye

MO, Mengistie B, Ofosu-Anim J,

Nuer ATK. Pesticide registration,
distribution and use practices in
Ghana. Environment, Development
and Sustainability. 2018. DOI: 10.1007/
s10668-018-0154-7

[7]1 CILSS: Liste Globale des Pesticides
Autorisés par le Comité Sahélien des
Pesticides dans les pays Membres du
CILSS en Novembre 2017. Available
from: https://www.csan-niger.com/

108

pesticides-homologues-novembre-2017.
php [Accessed: November 20, 2018]

[8] Megeed MA. Pesticides Management
in Egypt. Agricultural Pesticide
Committee (APC), Ministry of
Agriculture and Land Reclamation;
Published online 24 Mar 2017. DOI:
10.3390/ijerph14040340

[9] Tanzanian National Audit Office.

A Report on the Performance Audit
Report on the Management of Pesticides
in Agriculture. The United Republic

of Tanzania National Audit Office.
Available from: http://www.nao.
go.tz/?wpfb_dl=264; 2018

[10] USAID task order AID #663-
C-17-00001: Pesticide Evaluation
Report and Safer Use Action Plan
(PERSUAP). Available from: https://
ecd.usaid.gov/repository/doc/50680.
docx; 2017. p. 38

[11] AU-TAPSC/Flaubert Nana Sani.
Pesticides utilization in Africa: Status
and trends. In: Presentation During

a Workshop on Harmonization of
Pesticides Regulations in Africa; 17-19
April 2016; Cairo, Egypt; 2000

[12] Bon H, Huat ], Parrot L, Sinzogan A,
Martin T, Malezieux E, et al. Pesticides
risks from fruits and vegetable pest
management by small farmers in sub-
saharan Africa. A review. Agronomy

for Sustainable Development. 2015,
2014;34(4):723-736

[13] Kumar N, Pathera AK, Saini P,
Kumar M. Harmful effects of pesticides
on human health. Annals of Agri Bio
Research. 2012;17(2):125-127

[14] Blewett C, Nicol A-M. Para-
occupational exposure to pesticides

in agricultural families: Developing
models for risk assessment.
Occupational Environmental Medicine.
2011;68(Suppl):A107-A


https://ecd.usaid.gov/repository/doc/50680
http://www.nao
https://www.csan-niger.com
http://www.intechopen
http://news.agropages
http://www.fao

Uses and Misuses of Agricultural Pesticides in Africa: Neglected Public Health Threats...

DOI: http://dx.doi.org/10.5772/intechopen.84566

[15] Dahab AA, Jallow MFA, Albaho

MS. Evaluation of pesticides residues in
some Egyptian fruits. In: Environmental
and Human Health Impacts of Pesticide
Use in Agriculture. International Journal
of Environmental Research and Public
Health; Aug 2017;14(8):833

[16] Ross ], Driver J, Lunchick C,
O'Mahony C. Models for estimating
human exposure to pesticides. Outlooks
on Pest Management. 2015;26(1):33-37.
DOI: 10.1564/v26_feb_09

[17] Cheke RA, Oluwole O. Health and
environmental impacts of pesticide
use practices: A case study of farmers
in Ekiti State, Nigeria. International
Journal in Agricultural Sustainability.
2009;3:153-163

[18] Mokhele TA. Potential health
effects of pesticide use on farmworkers
in Lesotho. South African Journal of
Science. 2011;107(7-8)

[19] de Boer J, MuluLoha K, Lamoree
M, Weiss JM. Import, disposal, and
health impacts of pesticides in the East
Africa Rift(EAR) zone: A review on
management and policy analysis. Crop
Protection. 2018;112:322-331

[20] Tsimbiri PF, Moturi WN, Sawe J,
Henley P, Bend JR. Health impact of
pesticides on residents and horticultural
workers in the Lake Naivasha

Region. Occupational Diseases and
Environmental Medicine. 2015;3:24-34.
DOI: 10.4236/0dem.2015.32004

[21] Crentsil BK, Buah-Kwofie A,
Enimil E, Agyei-Martey G. Residues
of organochlorine pesticides in
vegetables marketed in greater
Accra region—Ghana. Food Control.
2012;25(2):537-542

[22] Benson N, Olufunke A. Assessment
of contamination by organochlorine
pesticides in Solanum lycopersicum L.
and Capsicum annuum L.: A market
survey in Nigeria. African Journal of

109

Environmental Science and Technology.
2011;5(6):437-442

[23] Gad Alla SA, Almaz MM, Thabet
WM, Nabil MM. Evaluation of pesticide
residues in some Egyptian fruits.

International Journal of Environment.
2015;04(01):87-97

[24] Victoria K, Kassim N, Kimanya
M. Risk of exposures of pesticide
residues from tomato in Tanzania.
African Journal of Food Sciences.
2017;11(8):255-262

[25] Korsten L, Thomas M, Chidamba
L. Monitoring pesticide residues in
fruits and vegetables at two of the
biggest fresh produce markets in
Africa. Journal of Food Protection.

2016;79(11):1938-1945

[26] Gwary OM, Hati SS, Dimariand
GA, Ogugbuaja VO. Pesticide residues
in bean samples from Northeastern
Nigeria. ARPN Journal of Science and
Technology. 2012;2(2):79-84

[27] Akinneye Joseph O, Adedolapo

AO, Adesina Femi P. Quantification of
organophosphate and carbamate residue
on stored grains in Ondo State, Nigeria.
Journal of Biology and Medicine.
2018;2(1):001-006. DOI: 10.17352/
aur.000003

[28] Akpagana K, Kanda M, Djaneye-
Boundjou G, Wala K, Gnandi K, Batawila
K, et al. Assessment of pesticide residues
and trace element contamination

in market gardens of Togo. African
Journal of Environmental Science and
Technology. October 2012;6(10):380-390

[29] Mekonen S, Ambelu A, Spanoghe
P. Pesticide residue evaluation in major
staple food items of Ethiopia using

the Quechers method: A case study
from the Jimma zone. Environmental
Toxicology and Chemistry.
2014;33(6):1294-1302

[30] Sonchieu J, Benoit Ngassoum M,
Bosco Tchatchueng ], Srivastava AK,


http://dx.doi.org/10.5772/intechopen.84566

Pesticides - Use and Misuse and Their Impact in the Environment

Srivastava LP. Survey of pesticide
residues in maize, cowpea and millet
from northern Cameroon: Part I. Food
Additives and Contaminants: Part B.
2010;3(3):178-184

[31] RASFF Portal. Available from: https://
webgate.ec.europa.eu/rasff-window/
portal/?event=notificationDetail &NO
TIF_REFERENCE=2014.0800

[32] Dalvie MA, London L. Risk
assessment of pesticide residues
in South African raw wheat. Crop
Protection. 2009;28(10):864-869

(33] Kimanya M, Kariathi V, Kassim

N. Pesticide exposure from fresh
tomatoes and its relationship with
pesticide application practices in Meru
district. Cogent Food & Agriculture.
2016;2:1196808

110



Chapter 6

Pesticides, Anthropogenic
Activities, History and the Health
of Our Environment: Lessons from

Africa

Wilbert Bunini Manyilizu

Abstract

This chapter describes the historical events related to pesticide use. The description
of events focuses on human activities that necessitated the use of chemical agents for
pest control to protect crops, and animals including humans in African countries. The
description covers the common pests in Africa and the need for pest control using pes-
ticides. History of pesticide use in Africa and the ban of organochlorines are covered.
Controversies under discussion in Africa and the current trend of pesticide use in
Africa are part of the chapter as well as pesticide import and supply. Hazard and risk
of exposure of biological organisms including humans to pesticides due to anthropo-
genic activities in Africa and pros and cons of pesticide use in Africa are covered.

Keywords: anthropogenic activities, history of pesticides, humans, environment,
health, Africa

1. Introduction

This chapter describes the historical events related to pesticide use and the pros
and cons of pesticide use in Africa. Description for pesticide as any chemical used to
prevent, destroy, or repel pests and also the description of pest as any species that
interferes with human activities, properties, or health have been provided with
examples. In Africa, rapid population growth, illiteracy, food insecurity, weak con-
trol systems, and poverty have accelerated the use and misuse of pesticides. Based
on the latest, 2018, United Nations estimates the current population of Africa is now
estimated at 1.3 billion, that is, 16.6% of the total global population. A large part of
African population lives in tropical and subtropical climate with high temperatures
[1] and moisture favorable for insects’ population growth, as well as movement,
agricultural and animal husbandry activities throughout the year [2]. Through these
dynamics, humans modify the components of disease agents, including moisture to
promote disease occurrence and spread. Hunger and malnutrition, as a result, are
affecting many regions in Africa. In 2016, FAO estimated that 27.4% of the popula-
tion in Africa is affected by severe food insecurity. Since food insecurity is on the
rise, especially in sub-Saharan Africa, the need for increase of food productivity
and use of pesticides are unavoidable. Over the past decades, the history of pesti-
cides for agriculture, public health, and construction industry in Africa has gone
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through milestones with several challenges. These challenges range from limited
control in import, distribution, use, storage, and disposal of pesticides. As a result,
the risk of exposure and health impact to humans and environment has become
another challenge. This chapter not only describes the trend of pesticide use and
the negative consequences experienced in the past and the current status but also
predicts the future implications for environment and health. Controversies regard-
ing the benefits of pesticide use and the disadvantages that are magnified by lack of
knowledge, protection, and malpractice with pesticides are highlighted.

2. Anthropogenic activities

Human activities are a part of struggle for meeting basic needs of life. In order
for humans to sustain life, they must discover better means for addressing the
development challenges including those relating food security and safety for a
peaceful and secure life. In order to sustain productivity, food security, and safety
for survival and growth, humans have to control the environmental challenges due
to anthropogenic activity including nuisance and threats.

Since before 2000 BC, humans have been utilizing pesticides to protect crops.

In Mesopotamia, about 4500 years ago, they used elemental sulfur dusting as
pesticide for their crops. In other places, they used poisonous plants for pest control
[3]. Other methods of pest control included burning grasses not only to kill insects
and to control plant diseases but also to inhibit the growth of unwanted weeds. The
serious use of pesticides in the agriculture started in the nineteenth century and
expanded in the twentieth century [4]. Pesticides were used to control various pests
and disease carriers, such as mosquitoes, fleas, ticks, mice, and rats.

Use of pesticides to control pests of importance in public health and agriculture
including animal husbandry and poultry has been necessary for improving health as
well as quantity and quality of yield for feeding the growing population. As a result,
these pesticides reach the untargeted organisms through direct contact, polluted water
sources, air, soil, and the food chain due to weak control systems for importation,
supply, use, and disposal. In general, human activities that involve application of pes-
ticides pollute and destroy habitats, untargeted animals, and some plant species. Thus,
as unwanted effect, exposure of pests to pesticides leads to pest resistance problem,
loss of many untargeted species, and also biological magnification through food chain.

3. Pests in Africa

Despite the fact that poorly controlled human activities threaten different untar-
geted species, agriculture in Africa is threatened by pests, including insects. The
insects can either be endemic or epidemic. The endemic insects in Africa include cereal
stalk borers that destroy different kinds of cereal crops and crop-eating fall army-
worms that destroy a wide variety of crops and also whiteflies that destroy root/tuber
crops (e.g., cassava is one of main sources of carbohydrates). Bean flies, aphids, thrips,
leafhoppers, whiteflies, and leaf beetles are also among common and endemic insects
that destroy legume crops’ source of protein and many more insects in Africa [5].

Epidemic insect attacks in Africa include locust outbreaks (e.g., Madagascar in
1997) that inflicted severe damage to crops and cattle pastures around the country.
In this locust outbreak control, fipronil (insecticide) was donated by developed
countries, later impact evaluation reported detrimental fipronil effects, ranging
from genotoxicity and cytotoxicity, and impaired immune function, to reduced
growth and reproductive success of vertebrates, often at concentrations below that
which is associated with mortality [6].
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Other pests include fungi, virus, and bacteria. There are substantial estimated
losses caused by these pests per year. For example, in Tanzania, economic damage
due to the other pests on crop productivity is estimated at 50% (Controller and
Auditor General established that in 2015).

Human life in Africa is also threatened by vector-borne diseases. Such vectors
(pests) transmitting diseases include female anopheles mosquito that transmits
Plasmodium falciparum causing malaria. Culex and other mosquito species transmit
Wuchereria bancrofti (mostly) causing elephantiasis leading to permanent disability.
Fleas harbored by rats transmit Yersinia pestis causing plague and tsetse flies transmit
Trypanosoma brucei rhodesiense and Trypanosoma brucei gambiense to cause sleeping
sickness. Fresh water snails transmit schistosomes causing intestinal and urinary
schistosomiasis [7-9]. All these cause a lot of socioeconomic losses due to diseases and
deaths they cause to humans. Other pests like ticks cause health problems to animals.

4. Need for pest control

In order to achieve human and animal health and other social and economic
targets, humans need to control pests, so that they can reduce nuisance to increase
quantity and quality of crop harvest, the value of harvested crops for sale, and live-
stock. Not only pest control is necessary for decreasing human and animal diseases
and deaths but also for decreasing nuisance, direct destructions of properties as
well as promoting peace for social and economic activities to occur.

5. Pesticides used in Africa

Pesticides that are mostly used in Africa include insecticides (insects), fungi-
cides (fungi), acaricide (ticks, mites), antibiotics (bacteria), molluscicide (snails),
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Figure 1.
Pesticides and other agrochemicals used in Africa.
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nematicide (nematodes), ovicide (birds), repellents (vectors), rodenticides
(rodents), and herbicides (weeds) (Figure1).

6. General history of pesticides

Initial history of pesticides is well documented in countries outside Africa. For
example, the first generation of pesticides contained naturally occurring metal
elements. These inorganic metals included lead, calcium, arsenic, and mercury.
These pesticides were mainly discovered and used in European countries and the
USA. Later, they were found to be less effective for insect control and they were
highly toxic to plants and animals [10]. No data are available on the use of first
generation of pesticides in Africa.

Data available for pesticide use in Africa are on second generation of pesticides
(organochlorines). Second-generation (synthetic) pesticides were organochlorines
such as dichlorodiphenyltrichloroethane (DDT). DDT was first synthesized in
1874 by the young Austrian chemist Othmar Zeidler (as a doctoral student), but in
1939, the DDT's insecticidal action was first discovered by the Swiss chemist Paul
Hermann Miiller [11]. These organochlorines replaced inorganic pesticides (first
generation). Then, a third generation of pesticides included organophosphates,
carbamates, pyrethroids, etc. These are the currently used pesticides in Africa and
elsewhere, they were introduced between 1960s and 1980s [12, 13].

7. History of pesticide use in Africa

In Africa, data on pesticide use [14] are available from when (1939-1960s)
the second-generation organochlorines were reported. In Tanzania, DDT was
introduced during WWII for malaria and typhus and later, after WWII, it was
available for public health and farm vector control. In 1945, DDT was introduced in
Monrovia, Liberia, for indoor residual spraying (IRS) for controlling malaria vector
[15]. After WWII, there was effective worldwide marketing and from 1950s and
after that, there came introduction of lindane, dieldrin, chlordane, and endosulfan.
DDT brought happiness to many countries because it was a broad-spectrum pesti-
cide effective at killing pests and could be used by inexperienced people, improved
crop yields, and needed no re-application—so, it was a cost-saving pesticide.

8. Advantages of DDT

During WW II, DDT was applied to control lice (typhus) that caused typhus
fever [16], and to control mosquito that caused malaria [17]. Significant decline of
malaria transmission and deaths after use of DDT was reported in different African
countries from 1940s to 1950s on.

9. Negative effects of DDT

Later, research showed that DDT had a negative effect on the environment and
biodiversity. Rachel Carson published the book, namely, Silent Spring in 1962 and
the message from this book was an eye opener. She reported that DDT thinned bird
egg shells, and, that, eggs were not able to support the weight of incubating birds,
so not able to hatch. The reason was that the egg shells lacked enough calcium due
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to DDT. In addition, DDT had estrogenic effect, thus affecting reproduction. DDT
was affecting the nervous system and it also affected immunity leading to failure
to resist against infections in animals. So, it was a threat to extinction of birds

and other wild creatures [18]. A number of studies have revealed DDT residues in
many kinds of samples in several African countries like Nigeria, Tunisia, Ethiopia,
Burundi, South Africa, etc., in plants, animal feed, livestock and wild animals,
birds including chicken, fish, and humans [19].

In the food chain, plants might have low DDT residues, and they are eaten by
chicken, fish, and animals; the DDT concentration levels increase in the tissues, and
high up in the chain to reach even innocent newborns via contaminated breast milk
(i.e., highest DDT concentration level in the food chain).

As aresult, examples of literature about negative effects of DDT in humans
in Africa include those in breast milk. Organochlorine pesticides (OCPs) were
reported to be present in human breast milk, thus causing health risk to nursing
infants in northern Tanzania in 2017 by Miiller et al. [20]; in South Africa in
2006 by Bouwman et al. [21]; and also reported in milk and serum of Ghanaian
farmers [22]. Furthermore, long-term effects of DDT exposure not only affected
semen, fertility, and sexual function of farm workers in South Africa [23], but
also caused DDT genotoxicity to cultured lymphocytes in Tunisia [24] and
reduced half-life of paracetamol in highly exposed mothers in Zimbabwe [25].
Paracetamol is useful for fever and different kinds of pains in humans, its half-
life is 1-3 h (prescription is after minimum of 6 h). Say the half-life is reduced to
30 min due to DDT residues in the body, then, the interval of taking paracetamol
must be less than 6 h. Thus, paracetamol toxicity to liver is increased due to
increased frequency or it becomes a useless drug in places where DDT is applied.

10. Ban of organochlorines (OCs or OCPs)

The negative effects of OCs to the environment and humans outweighed their
benefits, leading to ban of OC pesticides; reasons included resistance to degradation
in nature and living organisms, its toxicity to biodiversity including humans but
also pests developed resistance. So, it was banned in developed countries in 1970s
(Europe and the USA).

10.1 Stockholm convention

A worldwide ban on production and use was formalized under the Stockholm
Convention on Persistent Organic Pollutants (POPs) signed in 2001 and effected in
May 2004. The ban included DDT and other 11 persistent organic pollutants (POPs),
namely the dirty dozen. The dirty dozen are characterized by persistence due to
slow degradation, they are lipophilic (i.e., high affinity for fatty tissue); so, they
accumulate in fatty tissues of living organisms (bioaccumulation), and then there is
an increase of concentration in food chain (biomagnification). Due to long (persis-
tence) half-life, they can be transported far from the point of application via air [26].
DDT may be transported from tropical countries to polar regions via evaporation,
then, condensed and in summer, again, they can evaporate (grasshopper effect).

11. Controversy under discussion

DDT is the most effective pesticide for malaria control. Following the ban of the
dirty dozen, should DDT be banned for every activity? In 1990, African countries tried

115


http://dx.doi.org/10.5772/intechopen.82600

Pesticides - Use and Misuse and Their Impact in the Environment

- "l'HI T i -

Figure 2.
Decline of malaria parasite rates in Africa after use of DDT.
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Mortality due to malaria in Africa from 1980 to 2016 (90% contribution to global mortality). Figure based on
data from UNICEF and WHO.

to substitute DDT with pyrethroids. The result was the rebound of malaria morbid-
ity and mortality. So, the WHO allowed reintroduction of DDT in 2004. After 2004,
mortality decreased. DDT use is reported to have led to decline of malaria morbidity
and mortality in Africa. The challenge now for Africa is to rely on DDT use for malaria
control despite the negative consequences, including the potential pest resistance.

Figure 2 has been adapted from European Journal TMIH by Musawenkosi et al.,
2004. Historical review of malarial control in southern Africa with emphasis on the
use of indoor residual house-spraying is given in Figure 3.

12. Trend of pesticide use in Africa

The organization currently known as African Union launched a program for self-
sufficiency in agricultural food production in 1983. It was a 10-year program up to
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1993. Example of Tanzania as one of the program implementers in Africa removed
restrictions on imports of different pesticides including the banned pesticides; from
there, was an observed rapid increase of pesticide imports. In addition to that, there
was another increase of pesticide imports from 2000 to 2003 (about 5 times) [27].

13. Pesticide import and supply

On top of increased imports for self-reliance on food production through direct
purchase, Africa also received donations from Europe (EU, UK), the USA, Asia
(China and India), etc. [28]. Within the country, there are suppliers and distribu-
tors, that is registered companies and small-scale traders operating via local shops
and also vendors.

14. Historical burden in African countries

As aresult of donations and poorly planned imports, many countries in Africa
have remained with obsolete pesticides accumulated over the past decades. These
persistent organochlorine pesticides were stocked for use, but no longer useful, they
required disposal because they have become a source of pollution to the environ-
ment and food chain and direct threat to human health.

15. Why did these stockpiles of pesticides end up in Africa?

Organochlorine pesticides were banned in developed countries in 1970s. At
that time, many African countries received large donations of DDT and malathion
for malaria control programs. Additional description was that the donations were
for preparedness against locust outbreaks. This was an act of disposal and smart
donation to solve environmental problems in donor countries. In addition, in 1991,
during implementation of self-reliance program on food production, 1900 tons of
banned pesticides manufactured in the USA were shipped to Africa. In some cases,
there were even excessive donations without examining the actual need for these
products in the recipient country. There were no prior arrangements for distribu-
tion and storage of these pesticides.

This was reported in Pesticides and agrochemical industry in sub-Saharan
Africa, July 1994 (Contractual work prepared for division of food, agriculture
and resource analysis-office of analysis, research and technical support bureau for
Africa).

16. Is this a hazard to human health and environment?

Despite the cleanup program, there are still high levels of DDT and HCHs that
were found in soil and water around. Although the visible remains of pesticides
were removed, the soil is itself hazardous waste. For example, in Vikuge, in
Tanzania, concentrations of DDT in grasses from nearby Vikuge were far above the
acceptable limits for animal feed. Even at 6-km distance from Vikuge, DDT con-
centrations in grasses (animal feed) were still two times higher than the acceptable
limits [29].
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17. Africa stockpiles program funded by World Bank and non-bank
sources

Other areas under the same cleanup program in 2013-2015 included Mali, Ethiopia,
Morocco, Tunisia, and South Africa. Example of operations in Tanzania identified
14 sites of obsolete stockpiles. Three hundred tons of DDT of contaminated soils in
Morogoro Region (one of the regions in Tanzania) were collected for destruction and
200 tons of DDT collected from the government-owned livestock farm at Vikuge [30].
Recent findings of pesticides (2016) in chicken eggs from Arusha, in Tanzania,
by Polder et al. report that there are POPs including pesticides from free-ranging
chicken eggs (free-ranging chicken are common in Africa for family use and for
sale). They collect food from soil around the homes and come back during sunset.
These findings from Arusha revealed extremely high levels of dieldrin in eggs
from one specific urban farmer. This finding may reflect a possible source from an
obsolete stockpile that was situated on that site before the town expanded.

18. Current pesticide use in Africa

Third generation of pesticides came in between 1960s and 1980s: these included
organophosphates, carbamates, etc. These are the rapidly degraded pesticides, so they
are less persistent in environment. They are acutely toxic to pests and more lethal in
low dose compared to the banned organochlorines. The current global consumption
of pesticides is at 2 million tons per year; of these, 25% (500,000 tons) is consumed in
developing countries and 4% (80,000 tons) of global consumption is from Africa [31].

19. What is the problem of Africa with use of pesticides?

A survey report named Pesticides and Poverty [28] showed a number of prob-
lems noted in Africa; these include weak government organs for pesticide control
systems, in particular, planning imports (imports may be in excess of requirements,
so there is lack of efficiency). There are also weaknesses in supply and distribution
(farmers accessed late and sometimes not according to needs). There is poor control
(illegal entry of 2% pesticides, loop holes for misuse) and poor disposal plans of the
remains. There is illegal trading (unwanted pesticides including WHO class I and
unknown ingredients).

There are problems by users. These include not only improper practices (no per-
sonal protective equipment, contaminated water sources during pesticide applications)
but also improper storage and disposal (throwing and burying containers in fields). In
addition, users have low knowledge (on safe use and the associated health risks, also
users cannot diagnose the plant disease and prescribe accurately), skills, and capacity.
Some pesticide users have never attended formal education in school, these are the
majority of that improperly use, store and dispose the pesticides.

20. Human exposure to pesticides in Africa

Common human exposure is through spraying (including mixing and loading),
weeding, pruning, harvesting, etc., but also drift near the areas of pesticide applica-
tions, indoor spaying of mosquitoes, cockroaches, flies, ants, etc. Direct contact
with contaminated materials (at farm/home) and ingestion (poor hygiene) are
common exposure pathways.
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21. What has been done with the problems?

African countries are taking some steps to address the described problems, these
steps include the following: African member states have ratified the UN pesticide
conventions and protocols as described by Flaubert Nana Sani (AU-IAPSC). Most
African member states at the moment have Pesticide Evaluation Report & Safer Use
Action Plans. At the moment, there are subregional regulatory bodies in Africa,
these include: Central Africa Inter-State Pesticides Committee, the South East
Africa Regulatory Committee on Harmonization, and another one for the west
African member states. Among the activities that have been done by these member
states at different levels include establishing harmonized pesticide registration,
procedures, and evaluation criteria.

22. Pros and cons of pesticide use in Africa
22.1 Pros of pesticide use

Pesticides are important for economic development, food security (enough
food, to avoid hunger), food production (able to conduct agricultural activities
for food availability without pest disturbance), food safety (preventing biological
harm to consumers), food quality (nutrients, appearance, texture, flavor, chemical,
physical, microbial properties, etc.), vector disease control, improving human and
animal health, decreasing morbidities and mortalities, insect nuisance control, and
increased life quality. All these lead to peace.

Not only have controlled vector-related diseases (acute and chronic) includ-
ing malaria morbidity and mortality been significantly reduced but also threat of
elephantiasis and bilharziasis has gone down among many pest and vector-borne/
related diseases. The same controlled picture is observed in animal health and
zoonotic diseases.

22.2 Cons of pesticide use

Pesticides contaminate water, air, and soil, leading to damage of ecosystems
(some organisms and habitats are destroyed and no longer exist in their natural habi-
tat). Thus, pesticides diminish biodiversity (some biological species become extinct)
and affect natural biological equilibrium. In affected systems of living organisms,
some biological species are forced to live in new environment; thus, they adapt and
may become pests. Some pests prevail in excess or less where not expected.

Other problems due to pesticides include pesticide resistance and costs to
controlling resistance. Human and animal exposure to pesticides end into health
problems and also it is reported that efficacy of the vaccine is reduced due to
exposure to pesticides. Pesticides are threats to human health by directly causing
diseases. Diseases due to pesticides can be divided into two kinds of manifestations:
acute and chronic poisoning.

In acute poisoning (high dose), the body reacts to present with diarrhea, vomiting,
coughing, difficult breathing, skin irritation, rashes, fasciculation, headache, dizzi-
ness, etc. When humans are exposed to low dose, chronic symptoms manifest includ-
ing slow onset of symptoms. Pesticides are neurotoxicants, so they affect the central
nervous system and manifest through loss of memory, orientation to time and space,
etc., and on the peripheral nervous system, numbness of feet and hands manifest
among other symptoms. Pesticides also have effects on reproductive system because
they are endocrine disruptors (they affect reproduction, e.g., lead to abortions, etc.).
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On immune system, they disturb body function, so resistance to infections is reduced.
Cancers, for example, lymphomas, sarcoma, etc., are also reported to occur more in
populations exposed to pesticides (cause effect not established). In addition, more
than 40% of the health care professionals interviewed could not recognize pesticide
poisoning cases; this reflects that the recognition for chronic manifestation of low-
dose occupational exposure to pesticides may be worse [14].

Contamination of water threatens aquatic organisms, frogs, and fish, leading to
extinction of aquatic biodiversity. Contamination of soil may lead to extinction of
fertilizing organisms, whereas air pollution leads to population decline of pollina-
tors (honey bees). The persistent organic pollutants are transported far away from
the area of application and they end up in biomagnification that threatens human
health.

In addition, environmental contamination causes lack of safe water supply for
human consumption, which threatens human health. Contaminated water and
grass lead to wildlife poisoning and extinction of wildlife including birds, leading to
loss of small mammals, bird species, and insects.

Pesticides are expensive. Since pesticide use is a solution for temporary protec-
tion, it forces frequent use that in turn increases risk of exposures. As a result,
pesticide resistance occurs. Pest resistance is a big challenge. When the pests do not
die following pesticide application, the users increase the dose. At the same time, the
natural enemies for pests are killed by pesticides during applications, leading to pest
resurgence. Pests come back stronger than before because there is no natural enemy.
To control pest resurgence, the users increase quantity and frequency for spraying.
As aresult, secondary pest outbreak occurs, in which, normal species become pests
because natural enemy is destroyed. This kind of new pest is sprayed like target pest.

23. Conclusions and recommendations

Human struggle for survival has led to increased use of pesticides. Loopholes in
controlling use and disposal of pesticides have threatened the human and environ-
ment health over decades. As a result, morbidities and mortalities and other negative
consequences to untargeted biological organisms need serious considerations and
adequate actions. Recommendations may not be limited to adjustment of the laws
and regulations to be in harmony with international conventions and standards
but also strengthening implementation and enforcement of the existing rules and
regulations, registration and quality controls. Having infrastructure for handling
sewage systems and proper disposal systems for pesticides and other chemicals and
development of alternative for sustainable food production is important. Education
and training on safe pesticide use, storage, disposition of pesticides and training
in schools on environmental, occupational and dietary-related non-communicable
diseases are necessary.
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