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Preface

Insecticides are products that help to minimise the damage to plants, animals and human
beings by controlling pest insects. From the point of view of protecting cultivated or wild-
growing plants, insects are the most important group of pests because theyrepresent the
most abundant animal group. Of the approximately 1.2 million known insect species, 5,000
to 10,000 are economically noxious,and their influence on reduced quantity and quality of
plants depends on numerous abiotic and biotic factors. The most important biotic factor is
the role of humans, who with appropriate control measures for pest insects can achieve the
desired result — the reduction of individual abundance under the economic threshold of
damage. However,with unsuitable control measures, humans can also demolish the natural
balance in agroecosystems,resulting in larger noxiousness of harmful organisms or a de-
creased production economy.

Until the Second World War, only some insecticides were known. Some inorganic substan-
ces (arsenious, leaden, baric) were used to control biting insects;on smaller scales, plant ex-
tracts (tobacco, rotenone) were used against sucking insects; and carbolines or mineral oils
were usedfor thewinter spraying of fruit trees. Close to and after the Second World War,
organic insecticides were chemically synthesised, and this method spread worldwide in the
fifties.These synthesised insecticides were chlorinate carbon hydrogen (DDT, lindane, en-
drine) and organic phosphor esters, which control biting and sucking insects.The develop-
ment ofcarbamates, synthetic pyretroids, neonicotinoids, octadiazyonids, antifeedants, and
inhibitors and regulators of insect development followed.The last two groups along with
natural and plant insecticides are an important part of integrated plant protection and other
forms of environmentally friendly production of food, ornamental plants or forage feed.
Their efficacies, when compared to the groups of insecticidesfirst mentioned,areseveral
times smaller but they can offer protection measures (usage of pheromone traps, colored
sticky boards, natural enemies, usage of resistant plant varieties, plant hygiene, etc.)when
combined with other plants to attain better synergy and consequently reduce the abundance
of pest insects.

Experts and users of insecticides are aware of the great importance of this group of plant
protection products in providing sufficient quantities of food for the fast-growing human
population and feed for livestock, which isan important food source for the majority of the
human population.Still, many negative examples of improper usage of insecticides from the
past and present warn us about the great attention necessary when using insecticides. The
application of insecticides, especially the improper application, can cause many negative
outcomes. The number of selective insecticide products is relatively small; thus, many insec-
ticides demonstrate a non-targeted influence on other insect species includingbeneficialspe-
cies. A smaller number of natural enemies can also influence the larger abundance and
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noxiousness of other species of insects, which before the usage of nonselective insecticides
did not have any important economical meaning in agroecosystems.The second difficulty
when unsuitable usage of insecticide occursis the phenomenon of resistance and the fact
that,until now, more than 500 species of insects and mites were documented. Althoughthe
price of insecticides is quite low when compared to natural enemies, the cost of insecticides
increases due to the appearance of secondary pests, the appearance of resistance, govern-
ment measures and the legal procedures obliged to healthy and integrated food and envi-
ronment influence.

In this book, experts from different continents present the advantages and problems when
applying insecticides and the possibilities for using other measures. The aim of this book is
to educateresearchers, scientists, students and end users (farmers, hobby producers)about
insecticides and their usage.

This book is dedicated to my family, my wife Milena, daughtersSpela, Neza and Urska, and
sons, Gasper, Miha and Peter, who assisted me in many ways. I extend to them my love and
appreciation.

Stanislav Trdan

Head of the Chair of Phytomedicine,
Agricultural Engineering, Crop Production,
Pasture and Grassland Management

Dept. of Agronomy, Biotechnical Faculty,
University of Ljubljana, Slovenia
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Chapter 13

Impact of Systemic Insecticides on Organisms and
Ecosystems

Francisco Sanchez-Bayo, Henk A. Tennekes and
Koichi Goka

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52831

1. Introduction

Systemic insecticides were first developed in the 1950s, with the introduction of soluble or-
ganophosphorus (OP) compounds such as dimethoate, demeton-S-methyl, mevinphos and
phorate. They were valuable in controlling sucking pests and burrowing larvae in many
crops, their main advantage being their translocation to all tissues of the treated plant. Sys-
temic carbamates followed in the 1960s with aldicarb and carbofuran. Since then, both insec-
ticidal classes comprise a large number of broad-spectrum insecticides used in agriculture
all over the world. Nowadays, OPs are the most common pesticides used in tropical, devel-
oping countries such as the Philippines and Vietnam, where 22 and 17% of the respective
agrochemicals are ‘extremely hazardous’ [126], i.e. classified as WHO class I. Systemic insect
growth regulators were developed during the 1980-90s, and comprise only a handful of
compounds, which are more selective than their predecessors. Since 1990 onwards, cartap,
fipronil and neonicotinoids are replacing the old hazardous chemicals in most developed
and developing countries alike [137].

Through seed coatings and granular applications, systemic insecticides pose minimal risk of
pesticide drift or worker exposure in agricultural, nurseries and urban settings. Neonicoti-
noids and fipronil are also preferred because they appear to be less toxic to fish and terres-
trial vertebrates. Initially proposed as environmentally friendly agrochemicals [129], their
use in Integrated Pest Management (IPM) programs has been questioned by recent research
that shows their negative impact on predatory and parasitic agents [221, 258, 299]. New for-
mulations have been developed to optimize the bioavailability of neonicotinoids, as well as
combined formulations with pyrethroids and other insecticides with the aim of broadening
the insecticidal spectrum and avoid resistance by pests [83]. Indeed, as with any other chem-

I m EC H © 2013 Sanchez-Bayo et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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ical used in pest control, resistance to imidacloprid by whitefly (Bemisia tabaci), cotton
aphids (Aphis gossypii) and other pests is rendering ineffective this and other neonicotinoids
such as acetamiprid, thiacloprid and nitenpyram [247, 269].

This chapter examines the negative impacts that systemic insecticides have on organisms,
populations and ecosystems. The efficacy of these products in controlling the target pests is
assumed and not dealt with here — only the effects on non-target organisms and communi-
ties are considered.

2. Exposure to systemic insecticides

Unlike typical contact insecticides, that are usually taken up through the arthropod’s cuticle
or skin of animals, systemic insecticides get into the organisms mainly through feeding on
the treated plants or contaminated soil. Thus, monocrotophos and imidacloprid are more le-
thal to honey bees (Apis mellifera) through feeding than contact exposure [143]. Residual or
contact exposure affects also some pests and non-target species alike.

Systemic insecticides are applied directly to the crop soil and seedlings in glasshouses using
flowable solutions or granules, and often as seed-dressings, with foliar applications and
drenching being less common. Being quite water soluble (Table 1), these insecticides are
readily taken up by the plant roots or incorporated into the tissues of the growing plants as
they develop, so the pests that come to eat them ingest a lethal dose and die. Sucking insects
in particular are fatally exposed to systemic insecticides, as sap carries the most concentrat-
ed fraction of the poisonous chemical for a few weeks [124], whereas leaf-eating species such
as citrus thrips and red mites may not be affected [30]. Systemic insecticides contaminate all
plant tissues, from the roots to leaves and flowers, where active residues can be found up to
45-90 days [175, 187], lasting as long as in soil. Thus, pollen and nectar of the flowers get
contaminated [33], and residues of imidacloprid and aldicarb have been found at levels
above 1 mg/kg in the United States [200]. Guttation drops, in particular, can be contaminat-
ed with residues as high as 100-345 mg/L of neonicotinoids during 10-15 days following ap-
plication [272]. Because these insecticides are incorporated in the flesh of fruits, the highly
poisonous aldicarb is prohibited in edible crops such as watermelons, as it has caused hu-
man poisoning [106].

As with all poisonous chemicals spread in the environment, not only the target insect pests
get affected: any other organism that feeds on the treated plants receives a dose as well, and
may die or suffer sublethal effects. For example, uptake of aldicarb by plants and worms re-
sults in contamination of the vertebrate fauna up to 90 days after application [41], and honey
bees may collect pollen contaminated with neonicotinoids to feed their larvae, which are
thus poisoned and die [125]. Newly emerged worker bees are most susceptible to insecti-
cides, followed by foraging workers, while nursery workers are the least susceptible within
72 h of treatment [80]. Insects and mites can negatively be affected by systemic insecticides
whenever they feed on:
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1. pollen, nectar, plant tissue, sap or guttation drops contaminated with the active ingredi-
ent (primary poisoning);

2. prey or hosts that have consumed leaves contaminated with the active ingredient (sec-
ondary poisoning).

Parasitoids may be indirectly affected because foliar, drench or granular applications may
decrease host population to levels that are not enough to sustain them. Furthermore, host
quality may be unacceptable for egg laying by parasitoid females [54]. Small insectivorous
animals (e.g. amphibians, reptiles, birds, shrews and bats) can also suffer from primary poi-
soning if the residual insecticide or its metabolites in the prey are still active. It should be
noticed that some metabolites of imidacloprid, thiamethoxam, fipronil and 50% of carba-
mates are as toxic as the parent compounds [29]. Thus, two species of predatory miridbugs
were negatively affected by residues and metabolites of fipronil applied to rice crops [159].
However, since systemic insecticides do not bioaccumulate in organisms, there is little risk
of secondary poisoning through the food chain.

Apart from feeding, direct contact exposure may also occur when the systemic insecticides
are sprayed on foliage. In these cases, using a silicone adjuvant (Sylgard 309) reduces the
contact exposure of honey bees to carbofuran, methomyl and imidacloprid, but increases it
for fipronil [184]. In general the susceptibility of bees to a range of insecticides is: wild bees >
honey bee > bumble bee [185]. In reality a combination of both contact and feeding exposure
occurs, which is more deadly than either route of exposure alone [152, 218].

In soil, residues of acephate and methomyl account for most of the cholinesterase inhibition
activity found in mixtures of insecticides [233]. Fortunately, repeated applications of these
insecticides induces microbial adaptation, which degrade the active compounds faster over
time [250]. Degradation of carbamates and OPs in tropical soils or vegetation is also faster
than on temperate regions, due mainly to microbial activity [46]. Some neonicotinoids are
degraded by soil microbes [172], and the yeast Rhodotorula mucilaginosa can degrade acet-
amiprid but none of the other neonicotinoids [63], which are quite persistent in this media
(Table 2).

Chemical Group  Vapour Pressure Solubilityin Log Kowi# GUS Leaching potential
(mPa, 25°C) water (mg/L) index*
aldicarb C 3.87 4930 1.15 2.52 moderate
bendiocarb C 4.6 280 1.72 0.77 low
butocarboxim C 10.6 35000 1.1 132 low
butoxycarboxim C 0.266 209000 -0.81 4.87 high
carbofuran C 0.08 322 1.8 3.02 high
ethiofencarb C 0.5 1900 2.04 3.58 high
methomyl C 0.72 55000 0.09 2.20 marginal
oxamyl C 0.051 148100 -0.44 2.36 moderate
pirimicarb C 0.43 3100 1.7 2.73 moderate
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Chemical Group  Vapour Pressure Solubilityin Log Kowi# GUS Leaching potential
(mPa, 25°C) water (mg/L) index*
thiodicarb C 5.7 22.2 1.62 -0.24 low
thiofanox C 22.6 5200 2.16 1.67 low
triazamate C 0.13 433 2.59 -0.9 low
cartap D 1.0x 1010 200000 -0.95 - high
halofenozide IGR <0.013 12.3 3.34 3.75 high
hexaflumuron IGR 0.059 0.027 5.68 -0.03 unlikely to leach
novaluron IGR 0.016 0.003 4.3 0.03 low
teflubenzuron IGR 0.000013 0.01 4.3 -0.82 low
acetamiprid N 0.000173 2950 0.8 0.94 low
clothianidin N 2.8x10% 340 0.905 4.91 high
dinotefuran N 0.0017 39830 -0.549 4.95 high
imidacloprid N 0.0000004 610 0.57 3.76 high
nitenpyram N 0.0011 590000 -0.66 2.01 moderate
thiacloprid N 0.0000003 184 1.26 1.44 unlikely to leach
thiamethoxam N 0.0000066 4100 -0.13 3.82 high
acephate OopP 0.226 790000 -0.85 1.14 low
demeton-S-methyl oP 40 22000 1.32 0.88 low
dicrotophos oP 9.3 1000000 -0.5 3.08 high
dimethoate opP 0.25 39800 0.704 1.06 low
disulfoton opP 7.2 25 3.95 1.29 low
fenamiphos oP 0.12 345 33 -0.11 low
fosthiazate opP 0.56 9000 1.68 2.48 moderate
heptenophos oP 65 2200 2.32 0.26 low
methamidophos oP 2.3 200000 -0.79 2.18 moderate
mevinphos opP 17 600000 0.127 0.19 low
monocrotophos op 0.29 818000 -0.22 2.3 moderate
omethoate OopP 33 10000 -0.74 2.73 moderate
oxydemeton-methyl ~ OP 2.0 1200000 -0.74 0.0 low
phorate OoP 112 50 3.86 1.4 low
phosphamidon oP 293 1000000 0.79 2.39 moderate
thiometon oP 39.9 200 3.15 0.37 low
vamidothion oP 1.0x 107 4000000 -4.21 0.55 low
fipronil PP 0.002 3.78 3.75 2.45 moderate

Table 1. Physicochemical properties of systemic insecticides. C = carbamates; D = dithiol; IGR = Insect growth
regulator; N = neonicotinoid; OP = organophosphate; PP = phenylpyrazole

# Partition coefficients between n-octanol and water (Kow) indicate bioaccumulation potential when Log Kow > 4.
*The Groundwater Ubiquity Score (GUS) is calculated using soil half-life (DT50) and organic-carbon sorption constant
(Koc) as follows: GUS = log(DT50) x (4-log Koc). A compound is likely to leach if GUS > 2.8 and unlikely to leach when
GUS < 1.8; other values in between indicate that leaching potential is marginal.
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Chemical Group  Water Field

Photolysis (pH 7)  Hydrolysis (pH 5-7) Water-sediment  Soil (range)
aldicarb @ 8 189 6 10 (1-60)
bendiocarb C 13 25 2 4(3-20
butocarboxim C Sta ble stable - 4(1-8)
butoxycarboxim C Stable 18(510-16) - 42
carbofuran C 71 37 (46-0.1) 9.7 14 (1-60)
ethiofencarb C - 16 52 37 (34-131)
methomyl C Stable stable 4 7 (5-30)
oxamyl C 7 8 <1 11
pirimicarb C 6 stable 195 9 (5-13)
thiodicarb C 9 30(69-0.3) <1 18 (1-45)
thiofanox C 1 30 - 4(2-6)
triazamate C 301 2 <1 <1
cartap D - - - 3
halofenozide IGR 10 stable - 219 (60-219)
hexaflumuron IGR 6 stable - 170
novaluron IGR Stable stable 18 97 (33-160)
teflubenzuron IGR 10 stable 16 14 (9-16)
acetamiprid N 34 420° - 3(2-20)
clothianidin N 0.1 142 56 545 (13-1386)
dinotefuran N 0.2 stable - 82 (50-100)
imidacloprid N 0.2 ~365° 129 191 (104-228)
nitenpyram N NA 292 - 8
thiacloprid N stable stable 28 16 (9-27)
thiamethoxam N 2.7 1152 40 50 (7-72)
acephate oP 2 50 - 3
demeton-S-methyl OP - 56 (63-8) - 2.7
dicrotophos oP - - - 28
dimethoate opP 175 68 (156-4) 15 7(5-10)
disulfoton opP 4 300 15 30
fenamiphos oP <1 304 60 2 (1-50)
fosthiazate OoP Stable 104 (178-3) 51 13(9-17)
heptenophos oP - 13 7 1
methamidophos OoP 90 5 24 4(2-6)
mevinphos OP 27 17 21 1(1-12)
monocrotophos OP 26 134 - 30 (1-35)
omethoate oP Stable 17 5 14
oxydemeton-methyl  OP 222 73 (96-41) 3 5
phorate oP 1 3 - 63 (14-90)

369



370

Insecticides - Development of Safer and More Effective Technologies

Chemical Group  Water Field

phosphamidon OoP - 36 (60-12) 13 12(9-17)
thiometon OoP - 22 - 2(2-7)
vamidothion OoP - 119 7 1(<1-2)
fipronil PP 0.33 stable 68 65 (6-135)

Table 2. Degradation of systemic insecticides expressed as half-lives in days. Compounds with half-lives longer than
100 days are considered persistent (Sources: Footprint database & [284]. @ for pH 9C = carbamates; D = dithiol; IGR =
Insect growth regulator; N = neonicotinoid; OP = organophosphate; PP = phenylpyrazole

Aquatic organisms take up easily whatever residues reach the waterbodies, through runoff
from treated fields or contaminated groundwater. Some 20% systemic insecticides are prone
to leaching, and 45% are mobile in wet soils (Table 1). For example, acephate leaches more
easily than methamidophos [305], and so acephate should be restricted or avoided in tropi-
cal areas and rice crops [46]. Residues of aldicarb and methomyl in groundwater can have
sublethal effects in mammals [215]. Even if residue levels of systemic insecticides in rivers
and lakes are usually at ppb levels (ug/L), persistent compounds such as fipronil, neonicoti-
noids and growth regulators can have chronic effects due to their constant presence
throughout several months in the agricultural season [123]. For example, about 1-2% of imi-
dacloprid in treated soil moves into runoff after rainfall events, with the highest concentra-
tions recorded at 0.49 mg/L [12]. Systemic carbamates and OPs do not last long in water
because they breakdown through photolysis or hydrolysis in a few days, or are taken up
and degraded by aquatic plants [100]. In any case, their presence and frequency of detection
in water depends on local usage patterns [39, 171]. The acute toxicity of most systemic com-

pounds is enhanced in aquatic insects and shrimp under saline stress [22, 253].

A characteristic feature of most systemic insecticides —except carbamates- is their increased
toxicity with exposure time, which results from a constant or chronic uptake through either
feeding or aquatic exposure (Figure 1). Effects are more pronounced some time after the ini-
tial application [16], and could last up to eight months [286]. Also, as a result of chronic in-
toxication, there may not be limiting toxic concentrations (e.g. NOEC or NOEL) in
compounds that have irreversible mechanism of toxicity, since any concentration will pro-
duce an effect as long as there is sufficient exposure during the life of the organism [274].
This is precisely their main advantage for pest control: any concentration of imidacloprid in
the range 0.2-1.6 ml/L can reduce the population of mango hoppers (Idioscopus spp.) to zero
within three weeks [291]. However, it is also the greatest danger for all non-target species
affected, e.g. predators, pollinators and parasitoids. By contrast, contact insecticides act usu-
ally in single exposures (e.g. spray droplets, pulse contamination after spraying, etc.) and

have the highest effects immediately after application.
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Figure 1. Increasing toxicity of several systemic insecticides with time of exposure. LD50 for acephate to Episyrphus
bateatus and for methomyl to Bombus terrestris [75]; LC50 for imidacloprid to Cypridopsis vidua [234] and thiacloprid
to Sympetrum striolatum [28].

3. Modes of action of systemic insecticides

Before describing their impacts on organisms and ecosystems, a description of the mecha-
nisms of toxicity of systemic insecticides is briefly outlined.

3.1. Acetylcholinesterase inhibitors

Carbamates and organophosphorus compounds are inhibitors of the acetylcholinesterase
enzyme (AChE), thus blocking the transmission of the nervous impulse through the neuro-
nal synapses. The binding of carbamates to the enzyme is slowly reversible and temporary,
i.e. <24 h [197], whereas that of alkyl OPs is irreversible. The binding of methyl-OPs does
not last as long as that of alkyl-OPs, and this feature is compound specific [182]. Given their
mode of action, all these compounds are broad-spectrum insecticides, extremely toxic to
most animal taxa, from worms to mammalian vertebrates. Avian species are often more sus-
ceptible to these compounds due to relatively low levels of detoxifying enzymes in birds
[207, 297]. Thus, recovery of ducklings exposed to a range of carbamate and OP insecticides
occurred within eight days after being depressed 25-58% following dosing [91].

3.2. Insecticides acting on nicotinic acetylcholine receptors (nAChR)

Neonicotinoids are derived from nicotine, which is found in the nightshade family of plants
(Solanaceae), and particularly in tobacco (Nicotiana tabacum). They all are agonists of the nic-
otinic acetylcholinesterase receptor (nAChR), which mediate fast cholinergic synaptic trans-
mission and play roles in many sensory and cognitive processes in invertebrates. Binding of
neonicotinoids to these receptors is irreversible in arthropods [40, 307]. Given that nAChRs
are embedded in the membrane at the neuronal synapses, their regeneration seems unlikely
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because neurons do not grow. The lower affinity of neonicotinoids for mammalian nAChRs
has been attributed to the different ionic structure of the vertebrate subtypes [283]. The high
toxicity of neonicotinoids to insects and worms is comparable to that of pyrethroids, but
aquatic crustaceans, particularly waterfleas, are more tolerant [119, 136].

Cartap is a dithiol pro-insecticide that converts to nereistoxin, a natural toxin found in ma-
rine Nereis molluscs. Both cartap and nereistoxin are antagonists of the nAChR in insects and
other arthropods [164], blocking irreversibly the neuronal functions of these receptors. Un-
like neonicotinoids, cartap appears to be very toxic to fish and amphibians [235].

3.3. GABA-R antagonists (fipronil)

Fipronil is a phenylpyrazole antagonist of the y-aminobutyric acid (GABA)-gated chlor-
ide channel, binding irreversibly to this receptor and impeding the nervous transmission
[56]. Its mode of action, therefore, appears to be identical to that of cyclodiene organochlor-
ins (e.g. endosulfan), but fipronil is mostly systemic whereas all cyclodienes are insecti-
cides with contact activity. Interestingly, while aquatic organisms (e.g. cladocerans, fish)
are quite tolerant of fipronil, vertebrates are more susceptible to this compound than to
the old organochlorins [235].

3.4. Insect growth regulators (IGR)

Hexaflumuron, novaluron and teflubenzuron are the only systemic benzoylureas in the mar-
ket. They are chitin inhibitors, blocking the biosynthesis of this essential component of the
arthropod’s exoskeleton. As a consequence, insects and other arthropods cannot moult and
die during their development. Since their mode of action is restricted to arthropods, benzoy-
lureas are not very toxic to any other animal taxa, e.g. molluscs, vertebrates, etc. [235].

Halofenozide is the only systemic compound among the hydrazines, a group of chemicals
that mimic the steroidal hormone ecdysone, which promotes moulting in arthropods [71].
The premature moulting in larvae of some insect taxa, particularly in Lepidoptera, prevents
them from reaching the adult stage. Toxicity of halofenozide is selective to insects only.

4. Effects on organisms and ecosystems

4.1. Direct effects on organisms

Mortality of non-target organisms exposed to insecticides is mostly due to acute toxicity,
particularly in the case of carbamates. However, with systemic compounds there are many
observations of long-term suppression of populations that suggest a chronic lethal impact
over time. The latter impacts are likely due to persistence of residual activity in the soil, foli-
age or water in the case of reversible toxicants (i.e. carbamates), or to irreversible and persis-
tent binding in other cases. (note: all application rates and concentrations here refer to the
active ingredient).
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4.1.1. Acetylcholinesterase inhibitors

These compounds can have serious impacts on soil organisms of various taxa. Aldicarb and
phorate applied to a cotton crop soil at 0.5 and 1 kg/ha, respectively, eliminated or reduced
significantly non-target mesofauna, including mites and springtails. Populations of the latter
taxa were reduced for more than 60 days (phorate) and 114 days (aldicarb) [17, 225], with
the highest effects peaking after 18 days [16]. Granular applications of phorate (250 mg/kg
dry soil) killed almost all earthworms, Collembola, Acarina, free-living saprophytic and par-
asitic nematodes and Protozoa, with populations of Collembola recovering only when resi-
dues went below 2 mg/kg [300]. After a single aldicarb application to soil at 2.5 g/m?
Gamasina predatory mites went to extinction within a year [148]. Bendiocarb impacts on
predaceous arthropods and oribatid mites were less severe and temporary compared to the
impacts of non-systemic OPs, but increased trap catches of ants two weeks after application
[55], possibly as a result of a longer-term effect. Many soil arthropods, in particular mites
and springtails, were the most affected by dimethoate —and its metabolite omethoate— resi-
dues in soil after sprays of 1-2 ml/L in the farms of the Zendan valley, Yemen [4]. Similar
observations were made when dimethoate was sprayed on vegetation of arable fields [85] or
in soil microcosms [180]; the springtail populations recovered but attained lower densities a
year later, while their dominance structure had changed. However, dimethoate or phospha-
midon applied in mustard fields produced only a temporary decline, compared to the long-
lasting effect of monocrotophos [141]. Collembola populations do not seem to be affected by
pirimicarb applications on cereal crops [95].

Earthworm populations were affected initially after application of phorate and carbofuran
to turfgrass, but not thiofanox, and their numbers recovered subsequently [53]. Reduction of
earthworm populations by bendiocarb was the highest (99% in one week) among 17 insecti-
cides applied at label rates on turfgrass, with significant effects lasting up to 20 weeks [216].
Juveniles and species living in the surface layers or coming to the soil surface to feed (e.g.,
Lumbricus terrestris) are most affected, since a high degree of exposure is usually found in
the first 2.5 cm of soil [288]. However, systemic carbamates can be selective to plant-parasitic
nematodes without affecting fungal or microbial communities [296]. Thus, cholinesterase in-
hibitors do not have significant impacts on bacteria, fungi and protozoa in soil [133], and
consequently do not alter the soil biochemical processes [79]. Nevertheless, a combined di-
methoate-carbofuran application reduced active hyphal lengths and the number of active
bacteria in a treated forest soil [58].

Populations of beneficial predators can be decimated initially as much as the target pests,
but they usually recover quickly. For example, thiodicarb or its degradation product, me-
thomyl, applied at 0.5 kg/ha on soybean crops, significantly reduced populations of the
predatory bugs Tropiconabis capsiformis and Nabis roseipennis within two days after treatment
only [25]. Demeton-S-methyl reduced populations of predatory insects on strawberry patch-
es, whereas pirimicarb and heptenophos had no significant effect on spiders, staphylinids
and anthocorids, or on hymenopteran parasitoids [76]. While populations of web spiders
and carabid beetles are severely reduced by dimethoate applied to cabbage fields and cereal
crops [144], pirimicarb does not seem to have much impact on these taxa [97, 195], affecting
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mainly aphids [131]. Pirimicarb on wheat crops does not impact on ladybirds, but larvae of
Episyrphus balteatus are affected [135]. By contrast, longer impacts have been observed with
acephate applied at 0.5 kg/ha on rice paddies, which reduced populations of predatory bugs
(Cyrtorrhinus lividipennis and Paederus fuscipes) for at least 10 days [155]. Similar rates of ace-
phate on rice and soybean crops reduced spiders populations for three weeks, but they re-
covered afterwards [181]. In addition, acephate is deadly to three species of whitefly
parasitoid species [267].

Direct mortality of bumble bees (Bombus terrestris) in short exposures to dimethoate is much
higher than for heptenophos or ethiofencarb [132]. However, what matters most is the
chronic toxicity to the entire bee colony not just the workers. For example, methamidophos
contaminated syrup (2 mg/L) produced significant losses of eggs and larvae of honey bees
without any appreciable loss of workers after one week of exposure; the colonies would re-
cover completely within 13 weeks if the insecticide was applied only once [301], indicating a
long-term impact on the colony. Similarly, the mortality of non-target adult chrysomelid
beetles (Gastrophysa polygoni) after foliar treatment with dimethoate on the host plants was
low (1.9-7.6%), but because this insecticide was most toxic to the egg stage, the overall beetle
population decreased over time due to hatching failure [146].

Primary poisoning of birds and mammals by ingestion of OP and carbamate granules or
coated seeds is still a problem despite the many attempts to reduce these impacts [189, 190].
For example, mortality of birds that ingested granules of carbofuran in a corn field was ex-
tensive, affecting waterfowl, small songbirds and mice within 24 hours. Residues up to 17
mg/kg body weight (b.w.) were found in the dead animals [19]. The granular formulation of
this carbamate was banned in the mid-1990s by the US EPA after numerous cases of direct
poisoning by animals; however, the liquid formulation applied to alfalfa and corn is just as
deadly to bees, because this systemic insecticide is present in the pollen of those plants [208].
Phosphamidon sprayed at 1 kg/ha to larch forests in Switzerland caused many bird deaths
[243]; large bird mortality was also observed in Canadian spruce forests sprayed with phos-
phamidon (0.55 kg/ha), particularly among insectivorous warblers. There was good evi-
dence that birds picked up the insecticide from sprayed foliage within a few hours of
application [94]. Carbofuran and phosphamidon were the most common pesticides implicat-
ed in deaths of wild birds in Korea between 1998-2002 [157], and ducklings died in large
numbers when phorate was applied to South Dakota wetlands [73]. Usually birds die when
their brain AChE depression is over 75% [92, 114]. Thus, 11 out of 15 blue jays (Cyanocitta
cristata) which had depression levels ranging 32-72% after disulfoton was sprayed to pecan
groves would die [302], but their carcasses would probably not be found. In orchards
sprayed with methomyl, oxamyl or dimethoate, the daily survival rates for nests of Pennsyl-
vania mourning dove (Zenaida macroura) and American robin (Turdus migratorius) were sig-
nificantly lower than in non-treated orchards, and the species diversity was also lower.
Repeated applications of these and other insecticides reduced the reproductive success of
doves and robins and may have lowered avian species diversity [93].

Secondary poisoning with bendiocarb was attributed to 22 birds that had depressed AChE
activity after eating contaminated mole crickets and other soil organisms on the applied
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turfgrass [224]. Several species of raptors were killed or debilitated after consuming water-
fowl contaminated with phorate — the fowl had ingested granules of the insecticide that
were applied to potato fields a few months earlier [84]. Equally, ladybugs (Hippodamia unde-
cimnotata) fed upon Aphis fabae, which were reared on bean plants treated with carbofuran,
experienced a 67% population reduction due to secondary poisoning [206]. Pirimicarb
caused 30-40% mortality of Tasmanian brown lacewing (Micromus tasmaniae) larvae when
feeding on contaminated 1st instar lettuce aphid (Nasonovia ribisnigri) for three days [298].

Impacts on aquatic organisms usually do not last more than a month. For example, thiodi-
carb applied at 0.25-1.0 kg/ha had severe impacts on copepods, mayflies and chironomids in
experimental ponds for three weeks, but not so much on aquatic beetle’s larvae; eventually
there was recovery of all populations [7]. Pirimicarb can be lethal to common frog (Rana tem-
poraria) tadpoles, but does not appear to have chronic effects [139]. However, vamidothion
and acephate are most lethal to non-target organisms in rice crops, and are not recommend-
ed in IPM programs [153]. Carbofuran and phorate are very toxic to aquatic invertebrates
[140], particularly amphipods and chironomids but not so much to snails, leeches or ostra-
cods [72, 249]. Small negative effects in zooplankton communities (cladocerans copepods
and rotifers) were observed in rice paddies treated with carbofuran at recommended appli-
cation rates, but fish were not affected [107]. Carbofuran should not be used in rice paddies,
whether in foliar or granular formulations: not only induces resurgence of the brown plan-
thoppers (Nilaparvata lugens) [122], but it is also more toxic to the freshwater flagellate Eugle-
na gracilis than the non-systemic malation [15]. It reduces populations of coccinellid beetles,
carabid beetles, dragonfly and damselfly nymphs, but does not impact much on spiders
[255]. However, it appears that carbofuran at 0.2% per ha can double the densities of Steno-
cypris major ostracods in rice paddies, whereas other insecticides had negative effects on this
species [168]. Repeated applications of carbofuran can also have a significant stimulation of
the rhizosphere associated nitrogenase activity, with populations of nitrogen-fixing Azospir-
illum sp., Azotobacter sp. and anaerobic nitrogen-fixing bacteria increasing progressively up
to the third application of this insecticide [142].

4.1.2. Insecticides acting on nAChR

Direct toxicity of cartap to fish species is not as high as that of other neurotoxic insecticides,
with 3-h LC50s between 0.02 and 6.8 mg/L [161, 308]. However, cartap affects negatively
several species of Hymenoptera and aphid parasitoids used to control a number of crop
pests [14, 77, 147, 270]. This insecticide also inhibits hatching of eggs of the nematode Aga-
mermis unka, a parasite of the rice pest Nilaparvata lugens [50], and reduces significantly the
populations of ladybugs and other predatory insects in cotton crops when applied at the rec-
ommended rates, i.e. 20 g/ha [109, 169]. In rice paddies, cartap hydrochloride reduced popu-
lations of coccinellid beetles, carabid beetles, dragonflies and damselflies by 20-50% [255].
Pollinators such as honey bees and bumble bees can also be seriously reduced in numbers
when feeding on crops treated with cartap hydrochloride, which is included among the
most toxic insecticides to bees after neonicotinoids and pyrethroids [179, 278]. For all its neg-
ative impacts on parasitoids and predatory insects it is hard to understand why cartap was
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the third most common insecticide (19% of all applications) used in IPM programs in Viet-
nam a decade ago [31], and is still among the most widely used in rice farms in China [308].

Cumulative toxicity of neonicotinoids over time of exposure results in long-term pest con-
trol compared to the impact of cholinesterase inhibitor insecticides. For example, soil treated
with clothianidin at 0.05-0.15% caused increasing mortality in several species of wireworms
(Coleoptera: Elateridae), reaching 30-65% after 70 days, whereas chlorpyrifos at 0.15% pro-
duced 35% mortality within 30 days but no more afterwards [292]. Soil application of imida-
cloprid did not eliminate rapidly Asian citrus psyllid (Diaphorina citri) and leafminer
(Phyllocnistis citrella) populations, but resulted in chronic residues in leaf tissue and long-
term suppression of both pests [245]. Also, soil applications of neonicotinoids are very effec-
tive in controlling soil grubs and berry moths (Paralobesia viteana) in vineyards provided
there is no irrigation or rain that washes off the insecticide [289]. For the same reason, how-
ever, the impact of neonicotinoids on non-target organisms is long-lasting. For example, re-
peated corn-seed treatement with imidacloprid caused a significant reduction in species
richness of rove beetles in three years, even though the abundance of the main species was
not affected [88]. In addition to long-term toxicity, acute toxicity of acetamiprid, imidaclo-
prid and thiomethoxam to planthopper and aphid species is similar to that of synthetic pyr-
ethroids, and higher than that of endosulfan or acetylcholinesterease inhibitors [219, 246].
Thus, combinations of pyrethroid-neonicotinoid have been hailed as the panacea for most
pest problems as it suppresses all insect resistance [70]. Mixtures of imidacloprid and thia-
cloprid had additive effects on the toxicity to the nematode Caenorhabditis elegans but not on
the earthworm Eisenia fetida [108].

Acute toxicity of imidacloprid, thiamethoxam, clothianidin, dinotefuran and nitenpyram to
honey bees is higher than that of pyrethroids, while toxicity of acetamiprid and thiacloprid
is increased by synergism with ergosterol-inhibiting fungicides [134, 242] and antibiotics
[116]. Thus, neonicotinoids can pose a high risk to honey bees, bumble bees [176, 263] and
wasps [90]. Bees can be killed immediately by direct contact with neonicotinoid droplets
ejected from seed drilling machines. Thus, numerous worker bees were killed when seed
was coated with clothianidin during drilling of corn in the Upper Rhine Valley (Germany)
in spring 2008 [102]. The same problem happened in Italy with thiamethoxam, imidacloprid
and clothianidin [105, 285], leading to the banning of this application method on sunflower,
canola and corn during 2008-09 [20]. However, most of the time bee colonies are intoxicated
by feeding on contaminated pollen and nectar [9, 228]. It has been observed that bee forag-
ing was notably reduced when Indian mustard was treated with 178 mg/ha imidacloprid
[10]. Imidacloprid residues in sunflowers are below the no-adverse-effect concentration to
honey bees of 20 pg/kg at 48-h [241], with surveys in France showing residue levels in pol-
len from treated crops in the range 0.1-10 pg/kg and average in nectar of 1.9 ug/kg [33].
However, bees feeding on such contaminated pollen or nectar will reach first sublethal and
later lethal levels, with 50% mortality occurring within 1-2 weeks [228, 266]. Such data was
disputed [89, 240] as it was in conflict with some long-term field observations of honey bees
feeding on sunflowers grown from imidacloprid-treated seeds at 0.24 mg/seed [256]. How-
ever, recent evidence suggest that chronic lethality by imidacloprid is implicated in the colo-
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ny collapse disorder (CCD) that affects honey bees [174]. Based on the fast degradation of
imidacloprid in bees (4-5 hours), it is assumed that honey bees which consume higher
amounts of imidacloprid die already outside of the hive, before the colony’s demise and be-
fore samples are taken, though residues of imidacloprid in bees at 5-8 ug/kg have been
found in some cases [111]. Clothianidin residues of 6 pg/kg in pollen from canola fields re-
duced the number of bumble bee (Bombus impatients) workers slightly (~20%) [96], but expo-
sure to clothianidin-treated canola for three weeks appeared not to have affected honey bee
colonies in Canada [61]. Thiamethoxam applied to tomatoes (~150 g/ha) through irrigation
water does not have impacts on bumble bees (Bombus terrestris) [244], whereas pollen conta-
minated with this insecticide causes high mortality and homing failure [125].

Negative impacts of neonicotinoids on non-target soil arthropods are well documented. A
single imidacloprid application to soil reduced the abundance of soil mesofauna as well as
predation on eggs of Japanese beetle (Popillia japonica) by 28-76%, with impacts lasting four
weeks. The same level of impact was observed with single applications of clothianidin,
dinotefuran and thiamethoxam, so the intended pest control at the time of beetle oviposi-
tion runs into conflict with unintended effects — disruption of egg predation by non-target
predators [210]. Among several insecticides applied to home lawns, only imidacloprid sup-
pressed the abundance of Collembola, Thysanoptera and Coleoptera adults, non-oribatid
mites, Hymenoptera, Hemiptera, Coleoptera larvae or Diptera taxonomic groups by 54-62%
[209]. Imidacloprid applied to the root of eggplants (10 mg/plant) greatly reduced most
arthropod communities and the species diversity during the first month. Small amounts of
soil residues that moved into the surrounding pasture affected also some species; howev-
er, non-target ground arthropods both inside and outside the crop showed significant im-
pacts only in the two weeks after planting [238], probably due to compensatory immigration
from nearby grounds.

Foliar applications of thiamethoxam and imidacloprid on soybean crops are preferred to
seed treatments, as neonicotinoids appear to have lesser impacts on non-target communities
than pyrethroids [204]. However, a foliar application of thiacloprid (0.2 kg/ha) to apple trees
reduced the population of earwigs (Forficula auricularia), an important predator of psyllids
and woolly apple aphid, by 60% in two weeks, while remaining below 50% after six weeks
[294]. Branchlets of hemlock (Tsuga canadensis) treated with systemic imidacloprid (1-100
mg/kg) reduced the populations of two non-target predators of the hemlock woolly adelgid
(Adelges tsugae) and had both lethal and sublethal effects on them [78]. Clothianidin, thiame-
thoxam and acetamiprid were as damaging to cotton crop predators as other broad-spec-
trum insecticides and cartap [169]. All neonicotinoids are lethal to the predatory mirid
Pilophorus typicus, a biological control agent against the whitefly Bemisia tabaci, since their re-
sidual activity can last for 35 days on the treated plants [201]. The ladybug Serangium japoni-
cum, also a predator of the whitefly, is killed in large numbers when exposed to residues of
imidacloprid on cotton leaves applied at the recommended rate (40 ppm) or lower; appa-
rently, the predator was not affected when imidacloprid was applied as systemic insecticide
[120]. Clothianidin is 35 times more toxic to the predatory green miridbug (Cyrtorhinus lividi-
pennis 48-h LC50 = 6 pg/L) than to the main pest of rice (Nilaparvata lugens 48-h LC50 = 211
ug/L), thus questioning seriously its application in such crops [221]. Not surprisingly, popu-
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lations of predatory miridbugs and spiders suffered an initial set back when rice paddies
were treated with a mixture of ethiproletimidacloprid (125 g/ha), and their recovery was
slow and never attained the densities of the control plots [154]. Mixtures of ethiprole+imida-
cloprid and thiamethoxam+] A-cyhalothrin on rice paddies are also highly toxic to mirid and
veliid natural enemies of rice pests, with 100% mortalities recorded in 24 h [159].

Secondary poisoning with neonicotinoids reduces or eliminates eventually all predatory
ladybirds in the treated areas, compromising biological control in IPM programs. Indeed,
exposure of larval stages of Adalia bipunctata to imidacloprid, thiamethoxam, and acetami-
prid, and adult stages to imidacloprid and thiamethoxam, significantly reduced all the dem-
ographic parameters in comparison with a control —except for the mean generation time-,
thus resulting in a reduced coccinellid population; adult exposures produced a significant
population delay [162]. Eighty percent of 3rd and 4th instar larvae of the ladybug Harmonia
axyridis died after feeding for 6 hours on corn seedlings grown from seeds treated with clo-
thianidin, compared to 53% mortality caused by a similar treatment with thiamethoxam; re-
covery occurred only in 7% of cases [196]. Survival of the ladybird Coleomegilla maculata
among flower plants treated with imidacloprid at the label rate was reduced by 62% [251],
and Hippodamia undecimnotata fed upon aphids reared on bean plants treated with imidaclo-
prid, experienced a 52% population reduction [206]. Equally, 96% of Tasmanian brown la-
cewing (Micromus tasmaniae) larvae died after feeding on 1st instar lettuce aphid (Nasonovia
ribisnigri) for three days. Low doses did not increase mortality but from days 3 to 8, lacew-
ing larvae showed significant evidence of delayed developmental rate into pupae [298].
Grafton-Cardwell and Wu [110] demonstrated that IGRs, neonicotinoid insecticides, and
pyrethroid insecticides have a significant, negative impact on vedalia beetles (Rodolia cardi-
nalis), which are essential to control scale pests in citrus; neonicotinoids were toxic to vedalia
larvae feeding on cottony cushion scale that had ingested these insecticides, and survival of
adult beetles was also affected but to a lesser extent than other insecticides.

Recent evidence of the negative impacts of neonicotinoids on parasitoids reinforces that these
insecticides are not suitable for IPM [271]. All neonicotinoids are deadly to three whitefly
parasitoid species (Eretmocerus spp. and Encarsia formosa), with mortality of adults usually
greater than the pupae [267]. Thiamethoxam appears to be less toxic to whitefly parasitoids
compared to imidacloprid [202]. Imidacloprid, thiamethoxam and nitenpyram appeared to be
the most toxic to the egg parasitoids Trichogramma spp. [231, 299]. For example, the acute
toxicity of thiomethoxam and imidacloprid to Trichogramma chilonis, an egg parasitoid of leaf
folders widely used in cotton IPM, is about 2000 times higher than that of other insecticides
used in rice crops in India, such as acephate or endosulfan [220]. Acute toxicity of imidaclo-
prid is more pronounced on Braconidae parasitoids than on T. chilonis, whereas thiacloprid
only reduced the parasitization on Microplitis mediator [192]. Thiacloprid is as toxic to the
cabbage aphid Brevicoryne brassicae as to its parasitoid (Diaeretiella rapae), whereas pirimicarb
and cypermethrin are more toxic to the aphid and are, therefore, preferred in IPM [3].

Neonicotinoids pose also risks to aquatic taxa. The synergistic toxicity of imidacloprid+thia-
cloprid on Daphnia magna [173] implies the combined effect of neonicotinoids on aquatic
arthropods would be higher than expected, even if Daphnia is very tolerant of neonicoti-
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noids [119]. Other contaminants, such as the nonylphenol polyethoxylate (R-11) act also
synergistically with imidacloprid [49]. Thiacloprid causes delayed lethal and sublethal ef-
fects in aquatic arthropods, which can be observed after 4 to 12 d following exposure to single
24-h pulses [28]. Thus, its 5% hazardous concentration (0.72 pg/L) is one order of magnitude
lower than predicted environmental concentrations in water [35]. Also, thiacloprid LC50 for
survival of midges (Chironomus riparius) is only 1.6 pg/L, and EC50 for emergence 0.54 pg/L
[160], so both acute and chronic toxicity reduce the survival and growth of C. fentans and
Hyalella azteca [265]. Acute toxicity of neonicotinoids to red swamp crayfish (Procambarus clarkii)
is 2-3 orders of magnitude lower than that of pyrethroids [23]; comparative data such as this
gives the neonicotinoids an apparent better environmental profile. However, experimental
rice mesocosms treated with imidacloprid at label rates (15 kg/ha) eliminated all zooplank-
ton communities for two months, and their recovery did not reach the control population levels
four months later. Equally, mayflies, coleoptera larvae and dragonfly nymphs were signifi-
cantly reduced while residues of imidacloprid in water were above 1 ug/L [117, 237]. Similar-
ly, streams contaminated with a pulse of thiacloprid (0.1-100 ug/L) resulted in long-term (7
months)alteration of the overallinvertebrate community structure [27]. However, while aquatic
arthropods with low sensitivity to thiacloprid showed only transient effects at 100 ug/L, the
most sensitive univoltine species were affected at 0.1 ug/L and did not recover during one
year [167].

4.1.3. Fipronil

Fipronil is very efficient in controlling locust outbreaks, but causes more hazards than chlor-
pyrifos and deltamethrin to non-target insects in the sprayed areas, although it is more se-
lective to specific taxa [214, 252]. Thus, abundance, diversity and activity of termites and
ants were all reduced in northern Australia after spraying several areas with fipronil for lo-
cust control [262], and 45% of the termite colonies died within 10 months of a spraying oper-
ation with fipronil for controlling locusts in Madagascar [214]. Reducing the recommended
application rates by seven times (0.6-2 g/ha) still achieves 91% elimination of locusts while
having lesser impacts on non-target organisms, comparable to those inflicted by carbamate
and OP insecticides [18].

Despite its selectivity, fipronil in maize crops reduced the abundance of arthropod popula-
tions of the soil mesofauna more significantly than other systemic insecticides, i.e. carbofur-
an [59], although springtails are little affected as they avoid feeding on litter contaminated
with fipronil and are more tolerant of this insecticide [232]. When applied to citrus or-
chards, fipronil was among the most detrimental insecticides affecting two Euseius spp. of
predatory mites [112]. In rice crops, the effectiveness of fipronil in controlling pests was
overshadowed by its negative impact on the predatory miridbugs Cyrtorhinus lividipennis
and Tytthus parviceps [159].

Of greater concern is the impact of this systemic chemical on honey bees and wild bee polli-
nators. With an acute contact LD50 of 3.5 ng/bee [166] and acute oral LD50 of 3.7-6.0 ng/bee
[2], fipronil is among the most toxic insecticides to bees ever developed. Even more worry-
ing is the finding that the adjuvant Sylgard, used to reduce the toxicity of most insecticidal
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products on bees, increases the toxic effects of fipronil [184]. The systemic nature of this
chemical implies that chronic feeding of the bees on nectar contaminated with fipronil
caused 100% honey bee mortality after 7 days, even if the residue concentration was about
50 times lower than the acute lethal dose [8]. Residues of fipronil in pollen have been meas-
ured as 0.3-0.4 ng/g, which are 30-40 times higher than the concentration inducing signifi-
cant mortality of bees by chronic intoxication [33]. Unlike neonicotinoids, no residues of
fipronil have been found in guttation drops [272].

The acute toxicity of fipronil to cladocerans is similar to the toxicity to estuarine copepods,
with 48-h LC50 in the range 3.5-15.6 ug/L [47, 259], but the chronic toxicity with time of ex-
posure is what determines the fate of the populations exposed. For example, populations of
Daphnia pulex went to extinction after exposure to 80 pg/L for 10 days, equivalent to LC75
[259], and 40% of a population of grass shrimps (Palaemonetes pugio) died in 28 days after
being exposed to fipronil concentrations of 0.35 ug/L in marsh mesocosms, and none of the
shrimps survived when exposed to 5 mg/L during the same period [303]. Such impacts on
zooplankton are likely to occur in estuaries, where waters have been found to contain 0.2-16
ug/L of fipronil residues [45, 163], even if no apparent effect on amphipods, mussels nor fish
has been observed [37, 303]. Fipronil sprays on water surfaces to control mosquito larvae
have negative impacts not only on cladocerans but also on chironomid larvae exposed to
chronic feeding on contaminated residues [183, 264]. Studies on rice mesocosms have shown
that significant population reductions due to fipronil application at the recommended rates
(50 g per seedling box) are not restricted to zooplankton and benthic species, but affect most
species of aquatic insects. Moreover, fipronil impacts on aquatic arthropods were more pro-
nounced after a second application in the following year [118], indicating persistence of this
insecticide in rice paddies. Chronic toxicity over time explains the long-term toxicity of this
systemic compound, so it is not surprising that concentrations of 1.3 pg/L in paddy water
were sufficient to kill 100% of dragonfly (Sympetrum infuscatum) nymphs in nine days [138].

4.1.4. Insect growth regulators

There is little information about the effect of systemic chitin inhibitors on non-target organ-
isms. Obviously these compounds are harmless to fish at levels above 1 mg/L for a week-
long exposures [290], and to all vertebrates in general. IGRs affect mainly the larval stages of
Lepidoptera, Coleoptera and Hymenoptera, and their activity last longer than that of other
pest control products [178]. The effectiveness of these compounds in controlling target pests
is demonstrated by comparing the dietary LC50 of hexaflumuron (0.31 mg/L) to the target
cotton worm (Helicoverpa sp.), which is 35 times lower than that of the systemic carbamate
thiodicarb and less damaging to non-target predators [64]. Aquatic communities of non-tar-
get arthropods in rice fields (e.g. Cladocera, Copepoda, Odonata, Notonectidae, Coleoptera
and Chironomidae taxa) were not affected by teflubenzuron applied at rates to control mos-
quitoes (5.6 mg/ha), even though this IGR remained active for several weeks during autumn
and winter periods [239].

After application of IGRs to a crop, affected insect pests are prey to many species of spiders,
some of which are also susceptible to the toxicity of these products, in particular the ground
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hunter spiders [211]. Larvae and eggs of pests contaminated with systemic IGR are con-
sumed by a number of predators, including earwigs, which undergo secondary poisoning
and stop growing beyond the nymph stage [226]. Chitin inhibitors only show effects on the
larvae of predatory insects that had consumed treated-prey, not on the adult insects. As a
consequence, predatory populations collapse, as it happened with the ladybeetle Chilocorus
nigritus that fed on citrus red scales (Aonidiella aurantii) in African orchards that had been
treated with teflubenzuron [177]. Teflubenzuron sprayed at 16.4 g/ha for locust control in
Mali did not affect the non-target arthropods in the herb layer, whereas ground-living Col-
lembola, Thysanura, Coleoptera and Lepidoptera larvae were reduced by about 50% [151].
Moreover, teflubenzuron has multigenerational impacts: experiments with springtails ex-
posed to artificial soil contaminated with this IGR showed that the F2 generation suffered
significantly from its effects even when only the FO generation had been exposed for 10 days
[42]. Secondary poisoning with chitin inhibitors can be detrimental also to parasitoids such
as Diadegma semiclausum, which may fail to produce enough cocoons in the treated hosts,
but do not seem to affect the parasitism of other Hymenoptera [98]. For instance, novaluron
did not affect the parasitisation of Trichogramma pretiosum on mill moth’s caterpillars, a pest
of tomato crops [44]. On the other hand, teflubenzuron appears to be harmless to predatory
mites [32]. IPM programs must always consider the implications of using systemic chitin in-
hibitors to control specific pests without destroying their natural predators in the first place.

Halofenozide does not appear to cause any acute, adverse effects through topical, residual,
or dietary exposure of the ground beetle Harpalus pennsylvanicus. In contrast to the negative
effects of other systemic insecticides (i.e. imidacloprid), the viability of eggs laid by females
fed halofenozide-treated food once, or continuously for 30 days, was not reduced [156].

4.2. Sublethal effects

Very often, sublethal effects of systemic insecticides are a first step towards mortality, as
they are caused by the same neurotoxic mechanisms. Apart from these, there may be other
effects on reproduction, growth, longevity, etc. when organisms are exposed to low, suble-
thal doses or concentrations. These effects are only observable in individuals that survive
the initial exposure, or in species that are tolerant to insecticides. For a review see [69].

4.2.1. Acetylcholinesterase inhibitors

Longevity of the parasitoid Microplitis croceipes that fed on nectar from cotton treated with
aldicarb was affected for at least 10 days after application, and its foraging ability of the par-
asitoid’s host was severely impaired for 18 days [257]. Carbofuran caused a significant re-
duction of adult weight and longevity of the predator ladybug Hippodamia undecimnotata, as
well as a 55% reduction in fecundity when fed on aphids contaminated with this insecticide
[206]. Longevity and survival of Aphidius ervi, an important parasitoid of the pea aphid
(Acyrthosiphon pisum), were significantly reduced after treating with LC25 concentrations of
dimethoate or pirimicarb [11]. A significant reduction in body size of females of the predator
carabid Pterostichus melas italicus and altered sexual dimorphism were observed after long-
term exposure in olives groves treated with dimethoate at a rate that caused 10% mortality
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after three days [104]. Unlike other insecticides, no behavioural effects of dimethoate or tria-
zamate on honey bees were recorded [67].

Earthworms (Lumbricus terrestris) experienced significant reduction in growth rate and total
protein content after soil applications of aldicarb at LC10 or LC25, but only small amounts
of residues were detected in the worms [198]. Aldicarb and phorate can also increase infec-
tions by Rhizoctonia stem canker in potato fields [280].

A typical pattern of sublethal intoxication was revealed when red-winged blackbirds (Age-
laius phoeniceus) were exposed to increasing doses of dimethoate: 2 mg/kg b.w. doses pro-
duced ataraxia, defecation and diarrhoea; neuromuscular dysfunctions and breathing
complications appeared at 3 mg/kg, and by 5 mg/kg muscle paralysis and death occurred.
The estimated LC50 was 9.9 mg/kg, and all birds died at doses above 28 mg/kg [38]. Al-
though sublethal AChE depression by acephate (25% brain) did not affect the attack behav-
iour in American kestrels (Falco sparverius) [229], nor did alter breeding behaviour in
American robins (Turdus migratorius) [65], exposure to 256 mg/kg b.w. acephate impaired
the migratory orientation of the white-throated sparrow (Zonotrichia albicollis) [295]. Similar-
ly, low doses of demeton-S-methyl did not affect starlings (Sturnus vulgaris) behaviour
[279], but doses of 2.5 mg/kg b.w. of dicrotophos administered to female starlings signifi-
cantly reduced their parental care and feeding of nestlings [113]. Carbofuran orally adminis-
tered to pigeons (Columba livia) had profound effects on flight time, with pigeons falling off
the pace of the flock when doses were between 0.5 and 1.0 mg/kg b.w. [36].

ACHhE activities in adductor muscle were depressed in freshwater mussels (Elliptio complana-
ta) exposed for 96 h at concentrations as low as 0.1 mg/L and 1.3 mg/L of aldicarb and ace-
phate respectively, while increasing the water temperature from 21 to 30 °C resulted in
mortality [199]. High AChE inhibition (70%) by acephate was not associated with immobili-
ty of Daphnia magna, but increasing the concentration of acephate further had a strong detri-
mental effect on mobility, suggesting that binding sites other than AChE may be involved in
acephate toxicity [222].

Exposure of bluegill fish (Lepomis macrochirus) to 30 pg/L carbofuran decreased significantly
adenylate parameters in gill, liver, muscle and stomach tissues after 10 days, and then re-
turned to normal [128]. Also, concentrations of carbofuran at half the LC50 dose for fathead
minnow (Pimephales promelas) larvae caused reductions in swimming capacity, increased
sensitivity to electric shocks, and a reduction in upper lethal temperature [121]. Enzymes of
protein and carbohydrate metabolism were altered (some increased, others decreased) in
liver and muscle tissues of the freshwater fish, Clarias batrachus when exposed to 7.7 mg/L of
carbofuran for six days, recovering later to normal levels [26]. Exposure of guppies (Brachy-
danio rerio) to half the recommended dose for dimethoate (0.025 ul/L) caused morphological
changes in hepatocytes within three days, as well as necrosis and other abnormalities [227].
When exposed to a range of monocrotophos concentrations (0.01-1.0 mg/L), male goldfish
(Carassius auratus) showed higher levels of 17-B-estradiol and vitollogenin and lower levels
of testosterone than normal, interfering with gonadotropin synthesis at the pituitary gland
[281]. Eggs of the toad Bufo melanostictus exposed to acephate hatched normally, but the tad-
poles exhibited deformities such as tail distortions and crooked trunk; decreased pigmenta-
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tion, peeling of the skin, inactivity, delay in emergence of limbs and completion of
metamorphosis were also apparent [103].

Insecticide mixtures can enhance not only the acute but also the sublethal effects. For exam-
ple, disulfoton together with endosulfan caused cytological and biochemical changes in liver
of rainbow trout (Oncorrhynchus mykiss), independently of their respective modes of action
[13]. Mixtures of aldicarb and other insecticides enhanced significantly the establishment of
parasitic lungworm nematodes (Rhandias ranae) in leopard frogs (Rana pipiens) some 21 days
after infection [101], as the frog’s immune response was suppressed or altered [51]. Similar-
ly, laboratory rats exposed to sublethal mixtures of aldicarb, methomyl and a herbicide
(metribuzin) showed learning impairment, immune response and endocrine changes [215].

4.2.2. Insecticides acting on nAChR

Laboratory experiments have shown a number of abnormalities such as less melanin pig-
mentation, wavy notochord, crooked trunk, fuzzy somites, neurogenesis defects and vascu-
lature defects in zebrafish (Danio rerio) embryos exposed to a range of cartap concentrations.
The most sensitive organ was the notochord, which displayed defects at concentrations as
low as 25 ug/L [308]. It is obvious that essential enzymatic processes are disturbed during
embryo development, among which the inhibition of lysyl oxidase is responsible for the no-
tochord undulations observed.

Imidacloprid does not cause high mortality among eggs or adults of the preparasite nema-
tode Agamermis unka, but impairs the ability of the nematode to infect nymphs of the host
brown planthopper (Nilaparvata lugens) [50]. Contrary to this, a synergistic effect of imida-
cloprid on reproduction of entomopathogenic nematodes against scarab grubs may increase
the likelihood of infection by subsequent generations of nematodes, thereby improving their
field persistence and biological potential to control grubs. Acetamiprid and thiamethoxam,
however, do not show synergist interactions with nematodes [149]. Imidacloprid at 0.1-0.5
mg/kg dry soil disturbs the burrowing ability of Allolobophora spp. earthworms [43], and the
highest concentration can also induce sperm deformities in the earthworm Eisenia fetida
[306]. Reduction in body mass (7-39%) and cast production (42-97%) in Allolobophora spp.
and Lumbricus terrestris have also been observed after 7 days exposure to relevant environ-
mental concentrations of imidacloprid [74]. Residues of imidacloprid in maple leaves from
treated forests (3—11 mg/kg) did not affect survival of aquatic leaf-shredding insects or litter-
dwelling earthworms. However, feeding rates by aquatic insects and earthworms were re-
duced, leaf decomposition (mass loss) was decreased, measurable weight losses occurred
among earthworms, and aquatic and terrestrial microbial decomposition activity was signif-
icantly inhibited, thus reducing the natural decomposition processes in aquatic and terrestri-
al environments [150].

The dispersal ability of the seven-spotted ladybirds (Coccinella septempunctata) sprayed with
imidacloprid was compromised, and this may have critical consequences for biological con-
trol in IPM schemes [21]. A significant reduction of adult weight and longevity of the lady-
bug Hippodamia undecimnotata, as well as 33% reduction in fecundity were observed when
this predatory bug fed on aphids contaminated with imidacloprid [206]. Imidacloprid and
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fipronil had adverse effects on the immune response of the wolf-spider Pardosa pseudoannu-
lata, reducing significantly its phenoloxidase activity, the total number of hemocytes and en-
capsulation rate [282]; the implications of such effects on this natural enemy of rice pests are
unknown. When applied in the egg-larval or pupal stages, acetamiprid or imidacloprid re-
duced the parasitisation capacity of F1 and F2 generation females of Trichogramma pretiosum
on mill moth’s caterpillars (Anagasta kuehniella), a pest of tomato crops [44]. Longevity of fe-
males of the parasitoid Microplitis croceipes that fed on nectar from imidacloprid-treated cot-
ton was affected for at least 10 days after application, while the parasitoid's host foraging
ability was severely affected from day 2 onwards [257]. Exposure of western subterranean
termites (Reticulitermes hesperus) to acetamiprid (1 mg/kg sand) or imidacloprid also im-
paired locomotion of termites within 1 hour [230].

Bumble bees (Bombus terrestris) interrupt their activity for several hours when exposed to
imidacloprid sprayed on plants [132], and soil treatment at the highest recommended doses
extended the handling times of B. impatiens on the complex flowers [194]. Such an impair-
ment affects the bees foraging behaviour and can result in a decreased pollination, lower re-
production and finally in colony mortality due to a lack of food [193]. Although Franklin et
al. [96] found that clothianidin residues of 6 ug/kg in canola pollen reduced the production
of queens and increased the number of males in B. impatients, their study did not find signif-
icant differences with controls due to a high variability in the results. Larval development in
wild bees (Osmia lignaria and Megachile rotundata) was delayed significantly when fed pollen
contaminated with either imidacloprid or clothianidin at 30 or 300 ug/kg [1]. Honey bees are
more sensitive to neonicotinoids than bumble bees: at 6 ug/kg, imidacloprid clearly induced
a decrease in the proportion of active bees [57], and 50-500 pg/L affect significantly their ac-
tivity, with bees spending more time near the food source [273]. Other authors found that
lower activity of honey bees during the hours following oral exposure to 100-500 ug/L imi-
dacloprid in syrup is transitory [186]. In any case, that may explain the delayed homing be-
haviour of honey bees exposed to 100 pg/L imidacloprid in syrup and their disappearance at
higher doses [34, 304]. Honey bees fed on syrup contaminated with acetamiprid increased
their sensitivity to antennal stimulation by sucrose solutions at doses of 1 pg/bee and had
impaired long-term retention of olfactory learning at 0.1 pg/bee. Contact exposure at 0.1 and
0.5 pg/bee increased locomotor activity and water-induced proboscis extension reflex but
had no effect on behaviour [82]. Similar response was obtained with honey bees exposed to
thiomethoxam by contact, having impaired long-term retention of olfactory learning at 1
ng/bee [8]. Winter bees surviving chronic treatment with imidacloprid and its metabolite (5-
OH-imidacloprid) had reduced learning performances than in summer: the lowest-effect
concentration of imidacloprid was lower in summer bees (12 ug/kg) than in winter bees (48
ug/kg), indicating a greater sensitivity of honey bees behaviour in summer bees compared
to winter bees [68].

Honey bees infected with the microsporidian Nosema ceranae experienced 7 or 5 times higher
mortality than normal when fed syrup contaminated with sublethal doses of thiacloprid (5
mg/L) or fipronil (1 ug/L), respectively [293). N. ceranae is a key factor in the CCD in honey
bees [127], and the synergistic effect of these systemic insecticides on Nosema is probably its



Impact of Systemic Insecticides on Organisms and Ecosystems
http://dx.doi.org/10.5772/52831

underlying cause [213]. Suppression of the immune system is not restricted to bees, as a
massive infection of medaka fish by a protozoan ectoparasite (Trichodina spp.) when ex-
posed to imidacloprid in rice mesocosms has been documented [236].

Imidacloprid residues in water as low as 0.1 ug/L are sufficient to reduce head and torax
length in mayfly nymphs of Baetis and Epeorus, whether applied as pulses or in continuous
exposures for 20 days [6]. At 1 ug/L the insecticides caused feeding inhibition. However, 12-
h pulses induced emergence because of stress, whereas constant exposure reduced survivor-
ship progressively. Also, the aquatic worm Lumbriculus variegatus experienced immobility
during 4 days when exposed to 0.1-10 ug/L imidacloprid [5].

4.2.3. Fipronil

Apart from the extreme acute toxicity of this insecticide to bees, honey bees fed on sucrose
syrup contaminated with fipronil (2 ug/kg) reduced significantly their attendance to the
feeder [57]. It has also been demonstrated that sublethal concentrations of this insecticide as
low as 0.5 ng/bee, whether orally or topically applied, reduce the learning performance of
honey bees and impair their olfactory memory but not their locomotor activity [67, 82]. Fur-
thermore, chronic feeding exposure at 1 pg/kg or 0.01 ng/bee reduced learning and orienta-
tion, whilst oral treatment of 0.3 ng/bee reduced the number of foraging trips among the
exposed workers [66]. In addition to their activity, honey bees fed with sucrose syrup con-
taining 1 ug/L fipronil increased significantly the mortality of bees infected with the endo-
parasite Nosema ceranae, suggesting a synergistic effect between the insecticide and the
pathogen [293]. All these sublethal effects reduce the performance of the hive and help ex-
plain the decline in honey bee and wild bee pollinators in many countries [205], although
fipronil is not alone in causing this demise — neonicotinoids are equally implicated.

Female zebra finches (Taeniopygia guttata) fed with single sublethal doses of fipronil (1, 5,
and 10 mg/kg b.w.) failed to hatch 6 out of 7 eggs laid. The only chick born was underde-
veloped and had fiprole residues in the brain, liver and adipose tissues. By contrast, 12-
day-old chicken eggs injected with fipronil (5.5 to 37.5 mg/kg egg weight) hatched normally
although the chicks from the highest dose group showed behavioural and developmental
abnormalities [145].

Low residues of fipronil in estuary waters (0.63 pg/L) inhibited reproduction of the copepod
Amphiascus tenuiremis by 73-89%, and this effect seems to be more prevalent on males than
on females [45]. Even lower residue levels (0.22 pg/L) halted egg extrusion by 71%, whereas
exposure to 0.42 pg/L nearly eliminated reproduction (94% failure) on this species. Based on
these results from chronic and sublethal toxicity, a three-generation Leslie matrix model pre-
dicted a 62% decline in population size of A. tenuiremis at only 0.16 ug/L [47]. Unlike other
insecticides, the stress on Ceriodaphnia dubia caused by predatory cues of bluegill fish (Lepo-
mis macrochirus) was significantly exacerbated when the cladocerans were exposed to 80-160
ug/L of fipronil [223]; however, these concentrations are much higher than the residue levels
usually found in waters [99, 163].
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While fipronil applied at the recommended rates in rice fields induces biochemical altera-
tions in carp (Cyprinus carpio), such metabolic disturbances do not appear to have any effect
on growth nor mortality of this fish after 90 days exposure at <0.65 ug/L [52]. However,
similar residue levels (<1 ug/L) reduced significantly the growth of adult medaka fish
(Oryzias latipes) after two weeks of exposure, as well as growth of their offspring in the
first 35 days, even if residues of fipronil by that time were below the analytical detection
limit (0.01 pg/L) [117].

4.2.4. Insect growth regulators

Longevity of predatory bug Podisus maculiventris was reduced after preying on Colorado po-
tato beetles that fed on foliage treated with novaluron at 85 g/ha. Females produced fewer
eggs and their hatching was significantly suppressed, while 5th instars that also preyed on
the beetles failed to moult into adults [62]. Novaluron and hexaflumuron significantly de-
crease (<30%) the total protists population in the guts of termites (Reticultermes flavipes), thus
upsetting their digestive homeostasis [165].

4.3. Indirect effects on populations and communities

Indirect effects result from the dynamics of ecosystems. Thus, applications of granular pho-
rate to soil eliminate most soil invertebrates (see 4.1) except for Enchytraeidae worms, which
increase in large numbers and take over the leaf-litter decomposition function carried out by
the eliminated springtails [300].

Resurgence or induction of pests by altering the prey-predator relationships in favour of the
herbivore species is most common. When carbofuran was applied to corn plantations in Ni-
caragua, the population levels of the noctuid pest Spodoptera frugiperda increased because of
lesser foraging activity by predatory ants [212]. Methomyl eliminated the phytoseiid preda-
tory mite Metaseiulus occidentalis for 10 days, thus causing an increase in Pacific spider mites
(Tetranychus pacificus) and leafthopper (Eotetranychus willamettei) populations in the treated
vineyards [130]. Unexpected outbreaks of a formerly innocuous herbivore mite (Tetranychus
schoenei) were observed after imidacloprid applications to elms in Central Park, New York.
A three-year investigation on the outbreaks showed that elimination of its predators and the
enhanced fecundity of T. schoenei by this insecticide were responsible for that outcome [268].

The widespread use of insecticides usually tips the ecological balance in favour of herbivore
species. For example, dimethoate sprayed on clover fields indirectly reduced the popula-
tions of house mice (Mus musculus) in the treated areas as the insect food source was deplet-
ed. However, herbivore species such as prairie voles (Microtus ochrogaster) and prairie deer
mouse (Peromyscus maniculatus) increased in density levels [24], since they had more clover
available due to either higher clover yields or through less competition with the house mice
or both.

A reduction in arthropod populations often implies starvation of insectivorous animals. For
example, densities of two species of lizards and hedgehogs in Madagascar were reduced
45-53% after spraying with fipronil to control a locust outbreak, because their favourite ter-
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mite prey was almost eliminated (80-91%) by this chemical [214]. However, this type of indi-
rect impact is difficult to observe and measure in birds, since they can move to other areas or
change their resource diet. For example, hemlock forests treated with imidacloprid to con-
trol hemlock woolly adelgid (Adelges tsugae) reduced significantly Hemiptera and larval
Lepidoptera, but not other insect taxa. Although larval Lepidoptera are the primary prey for
insectivorous foliage-gleaning birds, many birds were able to find other food resources in
the mixed hemlock-deciduous stands that were not treated [87]. Similarly, post-treatment
with fipronil for grasshopper control in Wyoming did not affect bird densities, perhaps due
to the large initial insect populations; fipronil plots generally had higher avian population
densities (nongregarious, insectivores and total birds) than other areas treated with carbaryl
[203]. Although some early studies found that fipronil did not have much impact on aquatic
communities of Sahelian ponds [158], nor in predatory invertebrates in the Camargue
marshes, herons in the latter region avoid rice fields treated with fipronil because of the
scarcity of invertebrate food in there [188].

Food aversion to pesticide-treated seeds or plants is a mechanism that may indirectly ameli-
orate the toxic effects of systemic insecticides such as carbofuran in mice and other small ro-
dents [170]. Some Collembola species (i.e. Folsomia fimetaria) avoid dimethoate sprayed areas
[86], and female parasitoids (Cofesia vestalis) are discouraged from getting to their host —the
diamond-back month (Plutella xylostella) — in turnip plants treated with methomyl, whereas
clothianidin does not produce aversion [248]. Equally, dimethoate and oxydemeton-methyl
sprayed on peach trees discourage honey bees from visiting in the first two days after appli-
cation, while treatments with imidacloprid, acetamiprid and thiamethoxam allow honey
bees visits [246]. This helps explain the high long-term impact of neonicotinoids on bees
compared to the effect of OP insecticides, even if imidacloprid at high experimental concen-
trations in syrup (>0.5 mg/L) may also have repellent effect on honey bees [34].

5. Risk assessment of systemic insecticides

All systemic compounds have effects with time of exposure. However, only the persistent
chemicals (fipronil, neonicotinoids, cartap and some OPs) have cumulative effects over time,
since the non-persistent compounds are quickly degraded in soil and water.

For risk assessment of these compounds it is important to understand their chronic impacts.
Unlike traditional protocols based on acute toxicity, the persistent activity of the parent and
toxic metabolites requires that exposure time must be taken into consideration [115]. Con-
cerns about the impacts of dietary feeding on honey bees and other non-target organisms
are thus justified [9, 60, 228], because the accumulation of small residue levels ingested re-
peatedly over time will eventually produce a delayed toxic effect [276]. For example, bees
that feed on contaminated nectar and pollen from the treated crops are exposed to residues
of imidacloprid and fipronil in the range 0.7-10 pg/kg and 0.3-0.4 pg/kg respectively [33],
which appear in 11% and 48% of the pollen surveyed in France [48]. Based on those findings
an estimate of the predicted environmental concentrations that bees are ingesting in that
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country can be made for each insecticide. Since there is a log-to-log linear relationship be-
tween concentration and time of exposure [234], the critical levels of residue and time of ex-
posure can be determined.

The declining populations of predatory and parasitic arthropods after exposure to recom-
mended applications of most systemic insecticides are worrying. In view of the above, it not
so much the small concentrations they are exposed to but the time of exposure that makes
the population decline progressively over weeks, months and even years of treatment, as
described in this chapter. Lethal and sublethal effects on reproduction are equally implicat-
ed. This is the reason why systemic insecticides should be evaluated very carefully before
using them in IPM schemes. Obviously, recovery rates are essential for the populations af-
fected to come back, and this usually occurs by recolonisation and immigration of individu-
als from non-affected areas. For example, modelling based on recovery data after
dimethoate application to wheat fields [277] demonstrates that a non-target organism that is
reduced by only 20% but is unable to recover is likely to be far more at risk from exposure to
a pesticide than an organism that is reduced 99% for a short period but has a higher recov-
ery potential.

The above is also relevant to the impact of small residues of those systemic insecticides that
have cumulative effects (e.g. neonicotinoids, fipronil and cartap) on aquatic ecosystems. Be-
cause of the short life-cycle of many zooplankton species, the negative population parame-
ters that result from sublethal and chronic effects on such organisms can lead their local
populations to extinction [260]. Immediate reductions in populations and species may not
always be apparent due to the small residue concentrations and the delayed effects they
cause. For example, in recent surveys of pesticide residues in freshwaters of six metropolitan
areas of USA, fipronil appears regularly in certain states [254]. Fipronil and its desulfinyl,
sulfide, and sulfone degradates were detected at low levels (< 0.18-16 pg/L) in estuary wa-
ters of Southern California [163], and make some 35% of the residues found in urban waters,
with a median level of 0.2-0.44 ug/L, most frequently during the spring-summer season [99].
Imidacloprid was detected in 89% of water samples in agricultural areas of California, with
19% exceeding the US Environmental Protection Agency’s chronic invertebrate Aquatic Life
Benchmark of 1.05 ug/L [261]. In the Netherlands, imidacloprid appeared in measurable
quantities in 30% of the 4,852 water samples collected between 1998 and 2007 [287]. These
figures indicate there is already a widespread contamination of waterways and estuaries
with persistent systemic insecticides.

The first consequence of such contamination is the progressive reduction, and possible elim-
ination, of entire populations of aquatic arthropods from the affected areas. As time is a crit-
ical variable in this type of assessment, it is envisaged that should this contamination
continue at the current pace over the years to come the biodiversity and functionality of
many aquatic ecosystems will be seriously compromised [191]. Secondly, as these organisms
are a primary food source of a large number of vertebrates (e.g. fish, frogs and birds), the
depletion of their main food resource will inevitably have indirect impacts on the animal
populations that depend on them for their own survival. The case of the partridge in Eng-
land is an example of how a combination of herbicides and insecticides can bring the demise
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of a non-target species by indirectly suppressing its food requirements [217]. Therefore,
warnings about the possible role of environmental contamination with neonicotinoids in
steeply declining populations of birds, frogs, hedgehogs, bats and other insectivorous ani-
mals are not far fetched and should be taken seriously [275].

6. Conclusions

This review has brought some light on the direct, sublethal and indirect effects that systemic
insecticides have on species populations and ecosystems. Some long-term impacts have
been known for some time (e.g. carbofuran, phorate), but it is the rapid increase in the usage
of neonicotinoids and other systemic products that poses a new challenge to the ecological
risk assessment of agrochemicals. Indeed, current risk protocols, based on acute, short-term
toxic effects are inadequate to cope with the chronic exposure and cumulative, delayed im-
pacts of the new compounds. Awareness of the increasing contamination of the environ-
ment with active residues of these chemicals should help regulators and managers to
implement new approaches for risk assessment of these substances.
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1. Introduction

The discovery of thiamethoxam has opened new perspectives for the Brazilian agriculture,
mainly in seed treatment. The molecule was the center of studies by a group of researchers
from official agencies and universities, in order to evaluate its mechanism of action.

Researches were made to establish the activity of the active ingredient on the physiology of
the plant, when applied the soybean seed treatment. It was observed that seed germination
index and seedling vigor were higher than those of plants in plots without seed treatment. It
was also found that, under water stress conditions soybean plants from seed treated with
thiamethoxam showed better growth, such as increased length and root volume, faster ini-
tial development, higher leaf area, height, number of pods and green colored more intense.

The various pesticides used today can be classified into different classes (CASTRO, 2006),
such as:

a. Regulatory Plant or Bio-regulators - organic compounds, non-nutrient, which applied
to the plants, at low concentrations promotes, inhibits or modifies some morphological
or physiological plant process. The term regulator is restricted to natural or synthetic
compounds, applied externally in plants (named exogenous).

b. Plant Hormones - substances produced by plants, which at low concentrations regulate
morphological and physiological processes of the plant. Hormones can move within the
plant from the generated to the action site, or be produced at the action site. The term
hormone is restricted to products that occur naturally in plants (named endogenous).
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Belonging to both the previous classes, there are: auxins, gibberellins, cytokinins, absci-
sic acid and ethylene. It is considered, for the bio-regulator acts, that it must primarily
bind to a receptor on the plasmatic membrane of the cell.

¢.  Plants Stimulants or bio-stimulants - mixtures of plant regulators, occasionally along to-
gether nutrients, vitamins, amino acids or miscellaneous debris. They exhibit a different
stimulatory effect than if application isolated, creating a synergistic effect between regu-
lators. Some examples of bio-stimulants the Stimulate are Promalin and e mixture GA; +
2,4-D.

d. Bioactivators - complex organic substances, that modify the morphology and physiolo-
gy of plants and are capable of acting in the synthesis and action of endogenous hor-
mones, leading to increase in productivity. In this class some insecticides fit, such as
aldicarb and thiamethoxam, besides of the hydrogen cyanamide.

 BIOACTIVATOR |

e . Greater enzymatic activation |

Hormones

| Greater germination |

Greater root development and vigor

l e . Greater levels of cytokinin ‘

Greater absorption of water and mineral nutrients |

D . Greater stomatal resistance |

Greater primary and secondary metabolism |

U 1" Greater resistance to stress |

| GREATER PRODUCTIVITY |

Figure 1. Sequence of events promoted by thiamethoxam (CASTRO, 2006)

Castro (2008), found that the molecule of thiamethoxam is capable of inducing physiological
changes in plants. In function of the results obtained, it is concluded that the bioactivator
can act in two ways: the first one, is to enable transport proteins from the cell membranes
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allowing a greater ionic transport, increasing the mineral nutrition of the plant. This increase
in the availability of mineral salts promote positive responses in the development and plant
productivity (Figure 1). The second one is related to the higher enzymatic activity caused by
thiamethoxam, as the seed level or as the plant one. The highest enzymatic activity would
increase both the primary and the secondary metabolism. It would increase the synthesis of
amino acids, precursors of new proteins. The plant response to these proteins and hormone
biosynthesis could be related to important increases in production (Figure 2).

The bioactivators are organic substances, potentially modifying the morphology and physi-
ology of plants, by acting on the synthesis and action of endogenous hormones and may
lead to increases in productivity.

In general, insecticides and fungicides are used to control insects and fungi, respectively.
However, it has been found that certain chemicals may also exert actions modifying the
morphology and metabolism of plants.

| THIAMETHOXAM |

l

| Transcription factors |

l

| Gene expression |

| Protein of membranes | Metabolic enzymes |

| l

| Ionic transport Primary and secondary metabolism |

l ,,

| Mineral nutrition | Amino acids and precursors of plant hormones |

A
Plant hormones |

PLANT RESPONSES

Figure 2. Action mode of thiamethoxam in plants (CASTRO, 2006)
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Certain insecticides like aldicarb, carbofuran and thiamethoxam, may cause a physiological
effect promoting changes in certain processes in plant physiology, such as growth, morphol-
ogy or plant biochemistry.

The thiamethoxam can be applied in seed treatment, by spraying on leaves of plants or by
soil application, being absorbed by the roots. Applied as a seed treatment, the thiamethox-
am can promote the expression of the effect by stimulating root growth and increasing ger-
mination rate, consequently, reducing the time for field crop establishment.

2. Physiological changes in rice seeds exposed to low temperature at
germination

Rice is grown in diverse environmental conditions, but when compared to other cereals
such as oats or wheat, is much more sensitive to low temperatures (Mertz et al., 2009). The
occurrence of cold weather is one of the major problems when irrigated rice in Rio Grande
do Sul - Brazil, is cultivated since the most of the cultivars in use are from tropical origin.
The occurrence of low temperatures, together with the susceptibility of the materials used
can cause serious damage to the establishment of the crop, reducing the initial stand and
consequently favoring the establishment of weeds. The productivity of irrigated rice in Rio
Grande do Sul has suffered strong oscillations over the years, caused in part by climatic con-
ditions, where the occurrence of low temperatures has been one of the major determinants
factors of this variability at the productivity levels (Mertz et al., 2009).

On the other hand, hormone controllers have received increasingly more attention in agri-
culture as the crop techniques develop, especially in high value crops. The bioactivators are
complex organic substances that can alter the growth, capable to act on the transcription of
DNA in plant, gene expression, membrane proteins, metabolic enzymes and mineral nutri-
tion (Castro and Pereira, 2008). The thiamethoxam insecticide has shown positive effects
such vigor expression increase, biomass accumulation, high photosynthetic rate and deeper
roots (Cataneo, 2008).

The aim of this work was to evaluate the influence of thiamethoxam in the rice crop and the
potential benefits that treatment can provide, when rice seeds are subjected to low tempera-
ture during germination and emergence.

3. Material and methods

Three rice cultivars where used: two conventional (BR IRGA 417, BR IRGA 424) and one
hybrid (Avax R.). The cultivars had the same physiological quality and were evaluated
for tolerance to low temperature through the germination test. The seeds were treated
with a commercial product containing 35 grams of thiamethoxam active ingredient per li-
ter of product. The treatments were: Treatment 1 - untreated seeds; Treatment 2 - 100ml
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of product/100kg of seed; Treatment 3 - 200 ml of product/100kg of seed; Treatment 4 -
300 ml of product/100kg of seed and Treatment 5 - 400 ml of product/100kg of seed, pri-
or to sowing.

The germination test was performed in three replications, eight sub-samples of 50 seeds (400
seeds per replicate) for each cultivar. The seeds were placed to germinate in paper rolls
moistened with water equivalent to 2,5 times the weight of the substrate, following the crite-
ria established by the Rules for Seed Testing (Brazil, 2009). Five germination temperatures
were used: 25, 20, 18, 15 and 13°C. The germination test at temperatures of 25 and 20°C were
performed in the germinator, and at temperatures 18, 15 and 13°C held in BOD. The count-
ing of normal seedlings was performed seven days after sowing for temperatures of 25, 20
and 18°C and at 21 days for temperatures of 15 and 13°C.

4. Results and discussion

According to the results, the rice seeds cultivars BR IRGA 417, BR IRGA 424 and Avax R.
treated with thiamethoxam, were superior in all tested temperatures, when compared to the
values obtained in the zero dose (without application of thiamethoxam), varying only the
intensity of this difference due to the dose used and the temperature.

By observing the data shown in Figure 3, it is found that the treated seeds showed signifi-
cant increases in germination at different temperatures.

The temperatures of 15°C and 13°C were the most adverse ones, but when the seeds are
treated independent from the dose, they showed germination over the zero dose. At the
dose of 200 mL/100 kg of seeds at a temperature of 15°C, there was an increase of 21 percent-
age points, whereas at 13°C this increase was 37 percentage points. At temperatures of 25, 20
and 18°C this increase was on average 7 percentage points when compared with the zero
dose.

Figure 4 shows that seeds treated with thiamethoxam at different temperatures had posi-
tive additions in relation to the zero dose. The results of this study confirm those ob-
tained by Castro et al. (2007), working with soybeans, and those by Clavijo (2008)
working with rice, when claiming that seeds treated with thiamethoxam had their germi-
nation accelerated by stimulating the enzymes activity, besides of showing more uniform
emergency and stand more uniform and better initial impulse. Also in soybean seeds,
Cataneo (2008) observed that thiamethoxam accelerates germination, and induces further
development of the embryonic axis. According to the results, rice seeds, cultivars BR IR-
GA 417, BR IRGA 424 and Avax R. treated with thiamethoxam, were superior in all the
tested temperatures, when compared to the values obtained at the zero dose (without ap-
plication of thiamethoxam), varying only the intensity of this difference due to the dose
used and temperature.
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ml of thiamethoxan /100kg of seeds

y=-045898 ¥* +21.8 »- 1705 R*=993
y=-0.0378%" +362x - 1354 RE=77.7
y=-00727%% +5.01x - 1496 RE=737
y=-0.0769x% +5,17x - 150.7 R* =826
y=-0.0642 +457x - 1435 R* =862

Figure 3. Germination (%) rice seeds, cultivar BR IRGA 417, treated with thiamethoxam at different temperatures.

ml of thiamethoxan f100kg of seeds

o0  ¢=-0488% +23.014x - 180.63 R =0.9245
mi00  ¢=-0.2508 +11.833x - 43.947 A2 =0.9638
200 =.0.236: + 11,137 - 34.601 R2 =0.9652
300 =.0.2224%2 +10.52% - 29.737 R2 =0.9606
®ADD = 02787 +12.938x - 57.928 R*= 0.9699

Figure 4. Germination (%) rice seeds, cultivar BR IRGA 424, treated with thiamethoxam at different temperatures.
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According to Figure 5, the results of cultivar AVAXI R, hybrid rice seeds when treated with
thiamethoxam showed increases in relation to the dose zero. The dose 100mL/100 kg of
seeds showed higher increases when compared with other doses at all studied tempera-
tures, being of 28 percentage points at a temperature of 13°C which is the most drastic one,
comparing the doses 100mL/100kg of seeds with the zero dose.

ml of thiamethoxan / 100kg of seeds

o0 y=-06198x2 + 27.598x - 217.18 R2=0.988

=-0.3541:2 + 15.644x - 73484 R2= 002584

y=-0.3976x2 + 17.497x - B2.831 R2=0823
y=-0.3565x2 + 15,74« - 76.582 R2=0.8914

y=-04161:2 + 17912 - 87.853 R2=0.8533

Figure 5. Germination (%) rice seeds, cultivar Avax R., treated with thiamethoxam at different temperatures.

It was observed that at all temperatures studied with product addition there was an increase
in germination of the seeds (Figure 6). In average there were increases reaching up to 8 per-
cent germination at 25 ¢ C, 12 percentage points at 20 © C, 17 percentage points at 18 ¢ C and
34 percentage points in the germination test with temperatures of 15 and 13 ° C when com-
pared with seedlings from untreated seeds. Besides increasing the percentage of germina-
tion, there is also the activating effect of the product, with the increase in size of roots and
shoots (Figure 7). This increase may provide a more rapid and uniform establishment of the
crop. According to Clavijo (2008), the thiamethoxam is transported inside the plant through
its cells and activates several physiological reactions like protein expression. These proteins
interact with various mechanisms of defense related to the plant stresses, allowing to a bet-
ter deal with adverse conditions such as drought, low pH, high soil salinity, free radicals,
stress by high or low temperature, toxic effects of high levels of aluminum injury caused by
pests, winds, hail, attack of viruses and nutrient deficiency
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Figure 6. Average germination, cultivar BR IRGA 417, under different doses of thiamethoxam.

TEMPERATURE 132C TEMPERATURE 252C

mL/100 kg de seeds ‘

Figure 7. Growth of rice seedlings exposed to different doses of thiamethoxam temperatures of 13 and 25°C
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5. Conclusion

The rice seed treatment with thiamethoxam positively favors the physiological quality of

seeds.

The doses of 100 and 200 mL of product per 100 kg of rice seed are more effective to im-
prove the physiological performance of rice seeds, in temperatures between 13 and 25 °C.
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1. Introduction

Organochlorine pesticides (OCPs) are one of the most important persistent organic pollu-
tants (POPs) which pose threats to ecosystems and human health. The twelve so-called
POPs; nine of which are organochlorine pesticides. The two organochlorine pesticides
(HCH and dieldrin) were used in or arise from industry mainly for agriculture purposes.
Sediments serve as both a source and a removal mechanisms for contaminants to and
from rivers and streams and as a means of contaminant transport downstream. Sediment
also provides habitat for benthic biota and can be in the food web around rivers and
stream, and some organisms such as fish are consumed by people and birds (Brasher &
Anthony, 1998; Laabs et al., 2002). Although the residue levels of the chlorinated com-
pounds in the environments have considerable declined in the past 20 years, recent work
has depicted that chlorinated pesticides could be detected in the range of 0.03-25.17 ngg™
(dry weight) (Chang & Doong, 2006, Zhou et al., 1994).

Some OCPs such as DDT and endosulfan are still used in some countries around the tropical
and subtropical regions for agricultural and medicinal purposes. These compounds can be
deposited into the sediments through long-range atmospheric transport, resulting in a high
exposure to OCPs in the area near the pollution source (Tanabe et al., 1994; Doong et al., 2002;
Fabricius, 2005). River bed sediments and fish tissues contain higher concentrations of
organochlorine compounds than the surrounding water, so analysis of sediment increases the
likelihood of detecting compounds that are present in the river.

I m EC H © 2013 Imo et al,; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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1.1. A brief history of organochlorine pesticides (OCPs)

A beginning of the twentieth century, early research and studies with chemical pesticides led
to the widespread use of inorganic compounds within agriculture containing elements such
as sulphur, arsenic, mercury, lead and other metals (Turnbull, 1998). For some natural products
such as pyrethrum were also known to be effective pesticides at the time, but were considered
to expensive for widespread use (Awofolu and Fatoki, 2003). Between the world wars, the
development of the chlor-alkali industry provided the raw material for the mass production
of synthetic chlorinated organic molecules. The first and early chlorinated phenoxy acid
herbicide (2,4-D) was first discovered in 1932 (Burton and Bennett, 1987). Although this
chemical rapidly breaks down in the environment, the seed fungicide hexachlorobenzene
(HCB) were introduced in 1933 was found to be far more persistent (Carlsen et al., 1995). The
structurally similar insecticides hexachlorocyclohexane or HCH or BHC (also known as
benzene hexachloride-BHC) also emerged at this time. The outbreak of war in 1939 and the
need to administer malaria and typhus amongst soldiers and civilians has led to the uncover-
ing, unravelling and application of DDT across the world within four and half years from
19430. Related research about the nerve gas agents in Germany led to the discovery of the
associated organophosphorus pesticides (Carlsen et al., 1995). Towards the end of the world
war, a clear new future for the agrochemical control using these organochlorine chemicals was
contemplated. After the world was, the British government considered a practical need to
improve agricultural activity and increase food production by the admittance of more complex
machinery creation of larger fields, use of chemical fertilizers and the new synthetic pesticides.
By 1953, two insecticidal seed dressings, dieldrin and aldrin were being introduced into the
UK (Burton and Bennett, 1987). In America, toxaphene was first produced in 1945 as an
effective insecticide for cotton plants. This mixture of over 170 chlorinated derivatives known
as camphachlor in Europe was recommended as an alternative to DDT before it was banned
in the 1980s due to its environmental toxicity (Carlsen et al., 1995). Coupled with other
persistent organochlorines such as chlorofluorocarbons, chlorinated biphenyls, dibenzodiox-
ins and dibenzofurans (Doong et al., 2002) the chlorinated pesticides have the potential to cause
significant damage to the natural ecosystem by interfering with reproductive processes, this
influencing the biodiversity of non-target organisms (Forget et al., 1995). Some aspects of this
impairment are now well researched and documented. Whether from past application in
developing countries or from continuing current use, these compounds can now be detected
in the most remote regions of the planet.

1.2. Definition and importance of organochlorinepesticides (OCPs)

Organochlorines are carbon-based chemicals that contain bound chlorine. These compounds
are hydrophobic and lipophilic to varying degrees, meaning their solubility in water is very
low, whereas their solubility in fats and oils is relatively high (Cheevaporn etal., 2005). They are
noted for their persistence and bioaccumulation characteristics. Some substances may be very
persistent in the environment (i.e. with half-lives (t,,) greater than 6 months). The nature of this
persistence needs to be clarified- it is the length of time the compound will remain in the envi-
ronment before being broken down or degraded into other and less hazardous substances (For-
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get et al., 1995). The widespread use of these compounds over the past half century has led to
their detection in many hydrologic systems world-wide from agricultural and non-agricultural
purposes (Monirith et al., 2003). Organochlorine pesticides (OCPs) are considered to be danger-
ousnot only for the environment but for animals and human beings as well. They are very stable
substances and it has been cited that the degradation of DDT in soil in 75-100% in 4-30 years
(Doong et al., 2002). Other chlorinated pesticides such as Aldrin, Dieldrin, Endrin and Isodrin
remain stable in water for many years after their use (Cheevapornetal., 2005).

1.3. Chemistry

Organochlorine pesticides (OCPs) are organic compounds that highly resistant to degradation
by biological, photolytic or chemical means. OCPs are mostly chlorinated. The carbon-chlorine
bond is very stable towards hydrolysis and the greater number of chlorine substituted and
functional groups, the greater the resistance to biological and photolytic degradation (Doong
et al,, 2002). Chlorine attached to an aromatic (benzene) ring is more stable to hydrolysis than
chlorine in aliphatic structures (Forget et al., 1995). As a result, OCPs are typically ring
structures with a chain or branched chain framework. By virtue of their solubility leading their
propensity to pass readily through the phospholipids structure of biological membranes and
accumulate in fat deposits.

1.4. Human health

Asnoted forenvironmental effects, it is also most difficult to establish cause and effects relation-
ships for human exposure of OCPs and incident diseases. As with wildlife species, human en-
counter a broad range of environmental exposures and frequently to a mixture of chemicals at
any time. Much work remains to be done on the study of the human health impact of exposure to
OCPs, particularly in view of the broad range of concomitant exposing experienced by humans
(Vagi et al., 2005). Previous and present scientific evidences suggest that some OCPs have the
potential to cause significant adverse effects to human health at the local level and at the region-
al and global levels through long-range transport (Doong et al., 2002). For some OCPs, occupa-
tional and accidental high-level exposure is of concern for both acute and chronic worker
exposure. The risk is greatest in developing countries where the OCPs in tropical agriculture
haveresulted in alarge number of deaths and injuries (Fu etal., 2003). In addition, to other expo-
sure courses, workers exposure to OCPs during waste management is a significant source of
high concentration of certain OCP which resulted in illness and death (Doong et al., 2002). For
example, a study in the Philippines showed that in 1990, endosulfan became the number one
cause of pesticide-related acute poisoning among subsistence rive-farmers and mango sprayers
(Forget et al., 1995). Earliest reports of exposures to OCPs related to human health impact in-
clude an episode of HCB poisoning of food in south-east Turkey, resulting in the death of 90% of
those affected and in other exposure related incidences of hepatic cirrhois, porphyria and urina-
ry arthriticand neurological disorders (Barakat, 2004). Occupational, bystanders and near field
exposure to toxic chemicals is often difficult to minimize in developing countries (WHO, 2004).
Laboratory and field observations on animals as well as clinical demonstrate that over exposure
to certain OCPs may be associated with a wide range of biological effects. These adverse effects
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may include immune dysfunction, neurological deficits, reproductive anomalies, behavioural
adnormalities and carcinogenesis (Forget et al., 1995). The scientific evidence demonstrating a
link between chronic exposure to sub lethal concentrations of OCPs (such as that which could
occur as aresult of long range-transport) and human health impacts is more difficult to establish
but gives cause for serious concern (Doong et al., 2002).

1.5. Organochlorine pesticides production and use

The nine OCPs out of twelve POPs compounds were used in or arise from industry, agriculture
crops and disease vector control of public health (Chang and Doong, 2006). By the late 1970
all eight OCPs has been either banned or subjected to severe use restriction in the developed
world but the major release of these compounds were mostly used by developing countries
especially Asia (Hung and Thiemann, 2003), South/Central America (Falco et al., 2003) and
Africa (Mwevura et al., 2002). Although the statistics on the use in many areas remained
unclear (FAO, 1989). Previous studies revealed that some HCH remains a common compound
used in large quantities in India, China, Africa and South America (Turnbull, 1995). It was also
recorded that India consumed 25,000 tons of HCH annually over recent years (Davis et al.,
1992) and one factory in China was thought to have an annual product of 20,000 tons (Zhang
et al, 2002). In Japan, the using of these OCPs has been prohibited in the field in the 1970-1980
(Nakai et al., 2004). It was estimated that the pesticide used in the United States was 550,000
tons during 1995 (Golfinopoulos et al., 2003). In addition, Greece consumed approximately
3500 tons per year of OCPs in the form of insecticides and pesticide (Miliadis, 1993). In Vietnam,
approximately 15,000 tons was used from 1957-1972 (Quyen et al., 1995) and 50 tons from the
year 1999 (Hung and Thiemann, 2003). In Germany, 36,000 tons was consumed in the year
1991 (Statistisches Bundesamt, 1993, Hung and Thiemann, 2003).

1.6. Characteristics of hexachlorocyclohexane (HCH)

Hexachlorocyclohexane (HCH) is an insecticide that exists in eight different forms. One of its
form is known as gamma-HCH (y-HCH) or commonly called Lindane is produced and used
as an insecticide on fruit, vegetables and forest crops. It is a white solid that turns into a vapour
when released into the air with a melting point varied with isomeric composition. Its vapour
pressure at 4.2 mm Hg at 20°C. (US EPA, 2012).
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Figure 1. Chemical structure of hexachlorocyclohexane
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1.7. Characteristics of dieldrin

Dieldrin is an insecticide which is closely related to aldrin, which reacts further to form
dieldrin. It used principally to control textile pests and insects living in agricultural soils. It is
a white crystals with a melting point of 175-176°C. Its solubility in water is 140 ugL™! at 25°C
with a vapour pressure of 1.78 x 107 mm Hg at 20°C (US EPA, 2012).

Cl
Cl cl

Figure 2. Chemical structure of dieldrin

2. Environmental impact to estuaries

Organochlorine pesticides are carbon-based chemicals that contain bound chlorine. These
compounds are hydrophobic and lipophilic to varying degrees, meaning their solubility in
water is very low, whereas their solubility in fats and oils is relatively high (Cheevaporn et
al., 2005).They are noted for their persistence and bioaccumulation characteristics. The
widespread use of these compounds over the past half century has led to their detection in
many hydrologic systems world-wide from agricultural and non-agricultural purposes
(Monirith et al., 2003). The presence of HCH and dieldrin pesticides in the environment may
be related to both past and present land use in a watershed. It enters the aquatic environment
from a variety of sources, including the atmosphere, industrial and municipal effluents and
agricultural and urban non-point source run-off. HCH and dieldrin are mostly associated with
bottom sediments, which can be ingested by benthic organisms. These organisms are then
eaten by fish and birds, which can result in higher concentrations through aquatic and
terrestrial food chains. Due to the long residence time of these substances in the environment,
it is important to examine the pollution they cause not only the environment but also for the
lower invertebrates such as corals. Since the ocean is the receiving basin for terrigenous
freshwater run-off and its entrained materials, some fractions of these compounds that are
used in upland eventually reach the marine ecosystems.

The Manko and Okukubi estuaries are protected wetlands located in a subtropical climate on
Okinawa Island. These estuaries are very famous host for migrating birds from South East
Asia and mainland Japan. It also plays a great role of species conservation and it was added
to the RAMSAR Convention register of wetlands. However, estrogenic activities were detected
in sediment samples from these estuaries (Tashiro et al., 2007). Previous studies showed that
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the coral reef ecosystems and their adjacent environments in and around the Okinawa Island
are contaminated with OCPs, OTCs and PCBs (Tashiro et al., 2003; Imo et al., 2007; Sheikh et
al., 2002). However, very little is known about the behaviour of HCH and dieldrin in estuarine
sediments of subtropical areas. The main objective of this chapter is provide crucial informa-
tion on the distribution and behaviour of HCH and dieldrin compounds in protected sub-
tropical estuaries in the Okinawa Island.

3. Experimental

3.1. Sample processing

Surface sediment samples were collected with a stainless steel grab. The upper 1-3 cm of the
sample were carefully removed and stored in acid rinsed polyethylene 250 mL glass bottles.
Samples were transferred to the laboratory and were stored at -20°C until sample extractions.
Details of sampling areas is shown in Table 1 and description of samples as shown in Table
2. Sampling location is shown in Figure 3.

1000km

Figure 3. Sampling locations
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Estuary Transect

Sample

Location

Activities

Manko ™1

K-26s-05

K-27s-05

Upstream

Residential area

K-28s-05

™2

K-29s-05

K-30s-05

Mid —stream

Residential area

K-31s-05

™3

K-325-05

K-335-05

Mid-stream

Residential area

K-34s-05

™4

K-35s-05

K-36s-05

River mouth

Residential and fishing port

K-37s-05

TM5

K-38s-05

K-39s-05

Naha port

Commercial port

K-40s-05

Okukubi TO1

0-26s-05

0-27s-05

Upstream

Agriculture

0-28s-05

TO2

0-29s-05

0-30s-05

Mid-stream

Agriculture

0-31s-05

TO3

0-325-05

0-335-05

Mid-stream

Agriculture

0-34s-05

TO4

0-35s-05

0-365-05

Mid-stream

Fishing area

0-37s-05

TO5

0-38s-05

0-39s-05

River mouth

Residential, public area

0-40s-05

Table 1. Details of sampling areas.

431



432 Insecticides - Development of Safer and More Effective Technologies

Surface river sediments

Sample
Sample sketch

K-26s-05 mud
K-27s-05 mud
K-28s-05 mud
K-29s-05 mud
K-30s-05 mud
K-31s-05 mud
K-32s-05 mud
K-33s-05 mud
K-34s-05 mud-sandy
K-35s-05 sandy
K-36s-05 sandy
K-37s5-05 sandy
K-38s-05 sandy
K-39s-05 sandy
K-40s-05 sandy
0-265-05 sandy
0-275-05 sandy
0-28s-05 sandy
0-29s-05 sandy
0-30s-05 sandy
0-31s-05 sandy
0-325-05 sandy
0-33s-05 sandy
0-34s-05 sandy
0-35s-05 sandy
0-365-05 sandy
0-37s-05 sandy
0-38s-05 sandy
0-39s-05 sandy
0-40s-05 sandy

Table 2. Description of surface sediment samples
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3.2. Sample extraction

Prior to extraction, surface sediments were freeze-dried, homogenized with a stainless spatula
and passed through a 63 um sieve followed by mixing with anhydrous Na,SO,. The sediment
samples were extracted by ultrasonication technique as described by (Vagi et al., 2005). The
surrogate standard of 5 ugL" was added to 40 g of sediments. Portion of this amount was used
for QC analysis (i.e. each batch contained 1 sample, 1 blank, 4 spiked). For the spiked samples,
various concentration of Chlorinated Mix (5, 10, 50 ugL™) were added to each spiked sample.
The samples were extracted by ultra wave sonication for 15 minutes with 10 mL of dichloro-
methane. The extracts were then filtered using WHATMAN filters (0.45 um) followed by
centrifugation at 3000 rpm for 15 minutes. The clear organic supernants were removed then
the combine extracts were evaporated on a rotary evaporator at 30-35°C near to dryness. A 1
mL of hexane was added to the dried residues. For further cleanup, the samples were then
added to the florisil ENVI Carb and the samples were eluted with hexane. The residues were
dissolved in 1 mL hexane. A ImL of Internal Standard (Pentachloronitrobenzene, 50 ugL?) in
the amount extracted before GC-MS analysis.

3.3. Environmental parameters

3.3.1. Total Organic Carbon (TOC) in sediments

Approximately 3g sediment sample was weighed (+ 0.002 g) and HCI (2M) was added to the
sample and left over night to remove all carbonates. Milli Q water was added to rinse the acid
from the sediments. To ensure that all the acid was removed from the samples, a 6M of HCl
was added. The acid from the sample was removed by adding 2 mL of distilled water followed
by centrifugation. The sediments were then dried at 60°C over night and ready for analysis
(US EPA, 2012). The Total Organic Carbon (TOC) was determined using the CHNS analyser
(JM 10 Model from J-Science Lab, Co. Ltd, Japan0. Calibration was performed using Antipyrine
as Standard with the following compositions: CsH,NO = 135.17 (C = 70.19%, H = 6.43%, O =
8.50% and N =14.88 %).

33.2.pH

The pH was measured using a portable pH meter at room temperature in the laboratory using
PHM 95/ion meter, Radiometer model (+ 0.001 pH).

4. Results and discussion

The highest concentration of HCH was found in the sampling month of October (213 ng/g)
(Manko estuary) and Dieldrin (98 ng/g) (Okukubi estuary) followed by the month of Novem-
ber (HCH-199 ng/g) (Manko estuary) and (Dieldrin-90 ng/g) (Okukubi estuary). The status of
HCH and dieldrin in sediments in this study was compared with those in other rivers. The
levels of OCPs in this study are lower than that of Er-jen river, Taiwan (80-8200 ng/g (dw))
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(Zhang et al., 2002). River Mataniko, Solomon Island (140 ng/g (dw)) (Iwata et al., 1995) but
higher in some rivers in Japan (2.5-12 ng/g (dw)) (Sakar et al., 1997).The basic physico-chemical
parameters of sediments such as TOC were also measured. The TOC contents ranged from
nd-3.96% (Table 3 and Table 4). Figure 4-Figure 5 shows a positive correlation with the
concentration of HCH especially in the Manko estuary. No correlation was shown between
HCH and TOC from the Okukubi estuary. It is clear that sediments from the Okukubi estuary
were composed of fine particles. This observation is consistent with other studies which
demonstrated that fine particles can retain large amounts of organic compound and pose a
high pollution potency (Hong et al., 1995). Since HCH and dieldrin exhibit carcinogenic
activities, the contamination levels detected may pose a high ecotoxicity for aquatic and marine

organisms.

Sample Temperature (°C) pH Total Organic Carbon (%)
K-26s 26.5 8.01 3.13
K-27s 27.4 7.86 2.74
K-28s 284 7.81 1.29
K-29s 279 7.43 0.24
K-30s 27.6 7.56 nd
K-31s 27.6 7.66 nd
K-32s 289 7.74 nd
K-33s 289 7.65 nd
K-34s 282 7.55 nd
K-35s 28.2 7.64 nd
K-36s 28.6 7.62 nd
K-37s 28.6 7.58 nd
K-38s 289 7.56 nd
K-39s 289 7.58 nd
K-40s 289 7.56 nd

nd: not detected

Table 3. Summary of Environmental Parameters — Manko Estuary
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Sample Temperature (°C) pH Total Organic Carbon (%)
0-26s 254 8.06 3.96
0-27s 259 8.00 2.82
0-28s 26.0 7.99 2.1
0-29s 26.2 7.99 1.76
0-30s 26.5 7.78 0.54
0-31s 269 7.56 nd
0-32s 27.0 7.69 nd
0-33s 27.2 7.69 nd
0O-34s 27.0 7.72 nd
0-35s 27.1 7.71 nd
0-365 271 7.60 nd
0-37s 26.8 7.64 nd
0-38s 26.9 7.64 nd
0-39s 26.9 7.58 nd
0-40s 26.9 7.54 nd

nd: not detected
Table 4. Summary of Environmental Parameters — Okukubi Estuary
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Figure 4. Correlation of HCH with TOC [Manko estuary]
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Figure 5. Correlation of Dieldrin with TOC [Okukubi estuary]

4.1. Spatial distribution of HCH and dieldrin in sediments

The highest concentrations of HCH was found in sample K-26s — 213 ng/g (dw) (Manko
estuary) and the highest dieldrin concentration was found in sample O-26s — 98 ng/g (dw)
(Okukubi estuary). Most samples in the Okukubi estuary had relatively low levels of HCH
compared to Manko estuary, where the sediments mainly composed of sand. It may be due to
the similar historical input and deposit indicating important sources of these organochlorine
pesticides in these areas. The second highest concentration of HCH in the Manko estuary, 99
ng/g (dw) followed by 90 ng/g (dw). The second highest concentration of dieldrin in the
Okukubi estuary was 199 ng/g (dw) followed by 95.5ng/g (dw). Thelevels of HCH and dieldrin
in this study are higher in those found in the sediments of the Mingjiang River Estuary, China
(2.99-16.21 ng/g, with a mean value of 8.62 ng/g dw (Kennicutt et al., 1994). the Wushi Estuary,
Taiwan (0.99-14.5 ng/g, with a mean value of 3.78 ng/g dw (Iwata et al., 1995) Xiamen Harbor,
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China (0.14-1.12 ng/g, with a mean value of 0.45 ng/g dw, Hong et al., 1995) and Casco Bay,
USA (<0.25- 0.48 ng/g) dw, but lower than the Matanico River and Solomon Islands (140
ng/g) (Walker et al., 1999).

4.2. Monthly variations of HCH and dieldrin in sediments

It clearly revealed that the HCH and dieldrin pesticides residues in October were higher
compared to other sampling months. This means that some organochlorine pesticides could
be released from the run-off effluents to waters with much rainfall during the rainy season and
typhoon season in Okinawa during the summer. In all sampling months, the highest concen-
tration of organochlorine pesticides in the Manko estuary was 213 ng/g (dw) in October and
for the Okukubi estuary, the highest concentration of organochlorine pesticides was also
detected in the month of October, 213 ng/g (dw). The second highest concentration of HCH
was detected in the month of November (199 ng/g (dw)) followed by the month of December
(99 ng/g (dw)) for the Manko estuaries. The second highest concentration of dieldrin was
detected in the month of October (90 ng/g (dw)), followed by 89.5 ng/g (dw) in the month of
November for the Okukubi estuaries.

4.3. Composition analyses in sediments

Composition difference of HCH in the environment could indicate contamination sources (Wu
et al., 1999). Technical HCH has been used as broad spectrum pesticides for agricultural
purposes, which has been banned in the 1970’s in Japan. Technical-grade HCH consists
principally of four isomers, a-HCH, 3-HCH, y-HCH and 5-HCH. The physiochemical
properties of these HCH isomers are different. The 3-HCH has the lowest water solubility and
vapour pressure which is the most stable and relatively resistant to microbial degradation
(Strandberg et al., 1998). Also it should be noted that a-HCH can be converted to 3-HCH in
the environment (Lee et al., 2001). The results showed that a high percentage of HCH isomer
was recorded in the sampling months December, January and February. It is possible that HCH
may be re-absorbed to surface sediments. There was no strong evidence to prove the recent
usage of HCH in Okinawa; however Manko estuary was contaminated with HCH.

5. Conclusion

Generally the distribution of organochlorine pesticides were associated with land use practices
including agriculture and urbanization and the sediments from estuary have higher contents
of organic matter such as TOC and organochlorine pesticides residues. The concentration and
compositions of organochlorine pesticides varied significantly with different sampling sites.
The HCH in the surface sediments were well correlated with TOC content. The organochlorine
pesticides residues (HCH and dieldrin) were detected due to re-absorption in sediments due
to previous deposition. The possible sources of these organochlorine pesticides are still
unknown but they may come from residential areas, commercial and naval ports and agricul-
ture activities.
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1. Introduction

Baits are a preferred type of formulation used in urban pest management, especially for the
control of cockroaches, ants, and increasingly termites. With precise placement in areas
away from contact with human population, especially children, and a reduced rate of active
ingredient (AI) application in a given structure area, baits are more economical and pose
less risk for consumers and the environment than other formulations. However, baits are
very difficult to evaluate for efficacy. For baits, pest acceptance and horizontal transfer of
bait are essential in order to control pest populations.

Baits are composed of one or more insecticide active ingredients incorporated into an attrac-
tive food matrix, which varies according to the type of target pest, and even according to
species within a certain pest type. Although commercial development of species-specific
baits may represent a serious commercial problem due to limited market, this has been done
in the past, for instance with imported fire ant baits in the USA. However, typically, baits
are developed to target a group of similar insects, e.g., cockroaches, which may vary in their
response to the bait formulation, resulting in varying degrees of control depending on the
pest population composition.

In order to perform successfully, baits must attract the target insect and be ingested in suffi-
cient amount that will cause the desirable level of control in the pest population. For non-
social insects, such as cockroaches, transfer of the active ingredient among different
segments of the pest population (e.g., adults and immature forms, reproductives, etc) is de-
sirable but not necessarily an essential characteristic of the baits. However, in social insects
(ants and termites) the transfer of the active ingredients between the foragers and the re-
maining of the population, and specially the reproductive caste, is essential in providing ad-
equate control of the pest population within reasonable time.

I m EC H © 2013 Jordan et al,; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Cockroach bait evaluations

Cockroach consumption of a bait and subsequent control can be complex. More than one of
these cockroach pests may occur at a location with each having its own food requirements
[1], susceptibility to insecticides [2], and aversion to certain bait formulations [3, 4]. Addi-
tionally, within each species, feeding patterns [5] and insecticide susceptibility [6] can vary
among stadia.

When cockroach baits are placed close to harborage, they are usually in direct competition
with other food and water resources. Therefore, baits, which are often gels with 40-60%
moisture [7, 8], need to out-compete other sources of dry food as well as other moisture
sources so cockroaches will consume them. Although cockroach control by baits is primarily
due to bait consumption, not all insects within a population are actively seeking food, so not
all individuals may consume a bait. Besides consumption, cockroaches are exposed to insec-
ticidal active ingredients by contacting baits with antennae or palps. Contact exposure re-
sults in some toxicant transfer and mortality [9]. Also, cockroaches can be affected by
contact with small amounts of translocated active ingredient (trampling), or when they con-
sume contaminated feces (coprophagy), dead or dying cockroaches (cannibalism), or vomit
(emetophagy) [10, 11, 12, 13]. These effects can result in secondary and sometimes even terti-
ary mortality [14].

The combination of consumption, contact, and secondary exposure results in mortality of
various cockroach species and stadia (Figure 1).

Therefore, it is important to consider the consumption of insecticidal baits and the conse-
quent ingestion of active ingredients, the mortality of different life stages within the pest
cockroach population, and any possible effect of indirect to the active ingredient in the bait
without actual bait consumption.

Consumption. In testing consumption in the laboratory, the use of mixed-age cockroach
populations (adults of both sex and nymphs all in the same arena) is important to simulate
bait consumption in natural infestations (Figure 2).

Weight-change controls, which are protected from consumption by the insects but otherwise
under the same conditions as the bait being tested, must be used so adjustments can be
made due to moisture change in bait and any other used in the experiments. To better un-
derstand potential differences between different products when consumed by different in-
sect populations, it is important to estimate the consumption of bait in relation to the size of
the insect consuming it. Bait consumption (B,,,) per g of insect can calculated as using the
following equation:

Consumption (mg)/g cockroach = ((Fy- {Fy .[(WCy- WC,) / WC,]}-F,) /W)

where Fy is the weight of bait (mg) available to cockroaches at the start of the experiment,
WC; is the weight of weight-change control bait (mg) before the experiment, WC, is the
weight of weight-change control bait (mg) at the end of the experiment, F is the weight of
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bait (mg) remaining after the experiment and consumption by the cockroaches, and W, is the
total weight of cockroaches placed in the arena.

Contact Ingestion

Primary Kill

Emetophagy or
Trophallaxis

Necrophagy or
Cannibalism

Coprophagy Grooming

- i q‘ ﬁ‘ \‘ Secondary Kill
Emetophagy or . Necrophagy or
Trophallaxis /\ copmphagA /\Gﬂmmlng /\:annlhalﬁm

SREERERE R

Figure 1. Cockroach baits can control populations in several ways, including primary kill, secondary kill, and terti-

ary kill.

Precise measurement of gel bait consumption by cockroaches is complicated by several fac-

tors:

a.

Cockroaches are likely to remove and spread bait that is never eaten, especially in small
arenas with large insect populations. Although the contact with the bait without con-
sumption can be an important element in producing the total cockroach mortality, it
can cause the measurement of bait consumption to be very unreliable and variable
among the different experimental replicates. The use of larger arenas with smaller cock-
roach populations and plenty of harborage areas away from the bait can help in mini-
mize this effect.

Rapid water loss cause gel bait especially, but also other bait forms, to change weight
even in the absence of any consumptions. This factor is most severe on baits with very
high water content, and formulations that do not limit water loss. Unless changes in
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water content can be estimated precisely, consumption can be overestimated. Any other
calculations that result from the bait consumption (active ingredient consumption, bait
preference in relation to alternative food, etc) can be greatly affected by over or under-
estimation of the bait. Also, an estimate of the amount of bait necessary for control of a
population of cockroaches will be greatly affected by any miscalculations due to imper-
fect water loss estimates. Rapid water loss can also affect the palatability and nutritional
content of the baits, which will greatly affect the bait’s effectiveness as well as any
measurements associated with its consumption.

c. Differential consumption of food by different cockroach life stadia can vary over short
periods of time. For experimentation, strict selection of insects within specific age
groups can minimize any problems associated with the inclusion of insects that will not
consume any bait, or any other food, for some time into the experimental period.

One solution to minimize some of the effects on measurements of consumption is to limit
the measurement to a specific time period (e.g., 24 h following the initial exposure). Al-
though water loss and trampling may be more severe during the initial hours after applica-
tion, some of these problems can be resolved by using weight-loss controls. Limitations on
how the cockroaches can reach the bait may be used to limit trampling on the baits but re-
searchers must be careful in not limiting access to the bait, especially if bait stations are
crowded.

Figure 2. Cockroach arena set up for bait evaluations. Harborage and water vials are on left, bait and untreated food
is in center, and protected water controls are on right.



Bait Evaluation Methods for Urban Pest Management
http://dx.doi.org/10.5772/53421

Active Ingredient Consumption. Because mortality is dependent on the actual amount of
active ingredient consumed by the insects, it is important to determine that consumption
(Figure 3).

Figure 3. Cockroaches leave harborages in choice tests and can choose to ingest either bait or untreated food, like
laboratory chow.

Baits with lower active ingredient content may be more palatable to the insect and be con-
sumed in relatively high amounts, while a bait with high active ingredient content may par-
tially deter consumption by the pest population. The active ingredient (AI) consumption/g
cockroach can be calculated as follows:

Al/ g cockroach (ug) =B,,.* C,;* 1000

where B, is bait consumption (mg)/g cockroach, and C, is the percentage of active ingredi-
ent in the formulated bait.

From the point of view of pest control, the delivery of the active ingredients is the most criti-
cal factor when using baits. Different active ingredient concentrations combined with vary-
ing bait palatability determine the total amount of active ingredient ingested by the pests
and their consequent mortality (Figure 4).

In general, when consuming baits, individual cockroaches will consume more active ingre-
dient than necessary to cause death. Depending on the bait product and the cockroach spe-
cies, the quantity of active ingredient ingested can vary from just above what is needed kill
the insect to more than 1000 times the LDj,. This excess consumption of Al may be impor-
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tant in avoiding or delaying development of insecticide resistance by killing virtually all
cockroaches exposed to these baits [15].
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Figure 4. Number of adult cockroaches that could potentially consume and be killed by a 30-g tube of gel bait based
on the consumption/g cockroach and the weights of average adult cockroaches from 5 different species (German:
56.7 + 0.83 mg; brownbanded: 82.8 + 0.49 mg, American: 959.4 + 8.44 mg, smokeybrown 679.6 + 19.02 mg, oriental
499.6 +9.51 mq).

Speed of kill is another aspect associated with the amount of active ingredient ingested by
the cockroach. Although a quick kill can be advantageous in eliminating the pest problem
within short time after the control action, other aspects, such as the possibility of transfer-
ring the active ingredient to other insects, can be maximized by limiting the amount of ac-
tive ingredient that any individual cockroach will consume. Thus, understanding the
different factors affecting the amount of active ingredient likely to be consumed by the aver-
age cockroach will help in the development of baits with greatest chances for success. Differ-
ences in susceptibility to insecticides [2, 6] and in feeding patterns [5] for different life stages
of the pest, may also affect how fast bait materials will act. Adult males and non-gravid fe-
males are more likely to encounter and consume bait due to more consistent feeding pat-
terns than nymphs.

Percent Bait Consumption. In the development of bait product, it is important that the bait
competes well against other preferred food that the insect may find in their habitat. Thus,
some measurement of bait preference over other foods is important in the development of
baits. An important indication of how well a bait product will perform is the percentage of
the total food consumption that is actually represented by the bait. The greater the percent-
age of bait in the total food consumption, the greater and faster mortality can be expected in
the pest population. Percentage bait selection over an alternative preferred food can be de-
termined by calculating the percentage of bait in the total food consumption, as follows:

% Bait Selection =[B_,,/ (B.,t+ AF )] * 100

con/ con
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where, B, is the bait consumption (mg) and + AF_,, is alternative food consumption (mg).

Cockroach baits have been optimized for some of the most common pest species, and minor
pest species may be much less attracted to the commercial baits. Preference for the baits may
be due to a balanced mixture of moisture and nutrients specially given the high water need
by most cockroach species. However, different species of cockroaches have different water
needs and this will be reflected in the percent of bait consumed when alternative foods vary
widely in water content in relation to the bait. With high water losses [16], high cuticular
permeability [17], high metabolic rate [17], cockroaches need to balance moisture and nutri-
tional needs [18] in order to survive and reproduce at optimal levels.

Secondary Effects. Secondary effects to the consumption of bait may be very important, es-
pecially in relation to the portion of the cockroach population that may not consume any of
the bait. Gravid females and nymphs during the ecdysis may not consume the bait before
dries up or is consume by more aggressive bait consumers. The only way to affect the cock-
roaches that do not consume the bait directly is through secondary effects that result from
consumption or other contact with bait contaminated debris, feces, and other materials.

To test these secondary effects, the arenas used in primary consumption studies should
be set aside and remain unchanged except for the removal of live and dead cockroaches
and any unused bait. Any remaining alternative food as well as harborages, water vials,
containers, frass and any debris can be left in the arenas. These arenas can then be sup-
plied with fresh food and water and a new population of cockroaches. Secondary effects
(mortality) due to the contact with an environment contaminated by cockroaches con-
suming insecticidal baits can be evaluated against separate populations of cockroaches
which are added to the contaminated arenas immediately after the primary consumption
experiment and at different time intervals. A mixed population of cockroaches should al-
so be used for these secondary effect experiments so that mortality in natural infestations
can be simulated. Data similar to that collected in primary consumption experiments can
be obtained in these experiments.

To reach the portion of the cockroach population that will not consume the bait, perhaps the
best solution is the design of baits that offers greater opportunity for secondary mortality
through contact with either dying insects or debris moved by insect that visit and consume
the baits. The development of baits with these characteristics requires testing under condi-
tions that maximize transfer of the material between segments of the cockroach populations.

Contact Effects With No Consumption. The effect of direct contact with bait without con-
sumption can also provide better understand on how different baits can affect cockroach
populations. These experiments are difficult because they require the sealing of mouthparts
in cockroaches so they cannot consume the bait. These experiments produce better results
when the insect life stage used is sufficiently resistant to lack of water, or is placed in an am-
bient environment were water loss does not cause serious mortality in the test population.
Adult male German cockroaches have been used in such experiment due to superior surviv-
ability without feeding.
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Once their mouthparts are sealed using a droplet of melted paraffin wax or other non-lethal
method, the cockroaches are placed into arenas containing pre-weighed portion of a bait
and other materials used for the direct consumption experiments. Mortality and other pa-
rameters can be observed during a short period of time (2-5 days) while the insects survive
despite the lack of food and water consumption. These experiments have short durations
due to the need to evaluate treatment mortalities within the time period when mortality in
the control insects is still within reasonable levels. Beyond 3-5 days, mortality in the control
insects will increase rapidly, mostly due to the lack of water in insects with their mouthparts
sealed, and any results will be heavily influenced by that the control mortality.

Contact mortality with baits, besides being difficult to document, may be of lesser impor-
tance in population control, especially because cockroaches cannot survive long without
ingesting food or water. Contact mortality relies on cockroaches investigating the bait
without consuming it as would occur with bait-averse populations [19, 20]. Certain ac-
tive ingredients, such as fipronil, are more likely to cause higher contact mortality than
others; however, differences in bait matrices may also cause varying levels of contact
mortality [19], and some formulations may have the potential for killing high propor-
tions of cockroaches by contact alone.

Although different pest cockroach species have varying food preferences and, within the
same species, there is great variability in the amount of bait individual cockroaches may
consume, baits remain the most efficient method for control of cockroaches. Although maxi-
mization of bait consumption must take priority in bait product development, other factors
that enhance secondary mortality and contact toxicity must be considered. Evaluation of
these bait products in relation to direct mortality, by bait consumption, as well indirect mor-
tality, by secondary and even tertiary contact with the active ingredient in the bait, are also
important in development and evaluation of cockroach baits.

3. Ant bait evaluations

The control of social insects using baits relies greatly on the fact that in these social colonies,
mortality of the individual workers has little effect on the survival of the colony. It is only by
removing the reproductives, or at least a sufficient number of workers and juveniles to di-
rectly affect the reproductive potential of the colony, that an pest ant colony can be eliminat-
ed. Some of the active ingredients used in baits formulated for ant control completely
bypass any effect on the worker, and concentrate their power with specific chemicals that
interfere with the reproductive potential of the queen or queens. Because the reproductive
individuals in ant colonies do not normally gather food or consume material that has not
been somehow prepared by other colony individuals, reaching the reproductives is the
greatest obstacle for any active ingredient formulated in an ant bait.

Because ant workers do not ingest large solid particles, ant bait formulations that target
most urban ant pests must contain a liquid component. An ant head dissected shows the
structures that prevent solids larger than 0.5 microns from being ingested (Figure 5). Food
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enters through the mouth and passes into the infrabuccal pocket. The infrabuccal pocket is a
location for food particles too large to swallow. Food in the infrabuccal pocket passes
through the buccal tube that is lined with setae that serve as filters. Particles too large to
pass through this filtering mechanism remain in the infrabuccal pocket. These food particles
can later be transferred to larvae for that ingest and digest these particles. Liquids that are
ingested pass through the buccal tube into the pharynx and down the esophagus to the crop
and midgut for storage and digestion. For baits to be ingested by urban pest ants they are
usually liquids or granules that are soaked with liquid baits.

Esophagus

A

919876 6.8 kV=X6as

——

Figure 5. Cross section of an carpenter ant head showing the structures associated with ingestion of food.

Baits that target fungus-gardening ants target ants in a very different way, and are therefore
develop following a completely different model. Most urban ant baits come in liquid, gel or
granular formulations, but the granular formulation consists of a matrix containing a liquid
that can the removed by the ants. Gel baits are only appropriate for indoor use or other spe-
cial situations where protection from the climatic conditions is possible. Liquid baits nor-
mally require application into a holding device which the ants will have access to the bait.
Granular baits are more practical for application outdoors, although they are also conven-
ient for indoor applications.

Baits work by taking advantage of ant biology and behavior such as social grooming and
trophallaxis. Once the bait is discovered, the foraging ants pick of the bait and transport it
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back to the colony. The brood, especially late instars, may be important in the digestion sol-
id bait particles into a liquified form that can the transferred to workers and reproductives
in the colony. The amount of brood in the colonies, in the laboratory and field, could be re-
sponsible for the foraging preference. Fourth instar larvae do most of the protein digestion
in the ant colony [21, 22] and their presence in a colony can change ant foraging preference
to proteinaceous materials.

It is through food sharing that the toxicant in the bait can be transferred to the rest of the
colony. Because the bait is picked up directly by the ant workers and is later shared within
the colony, relatively low amounts of the toxicant can be used in targeting a pest ant popula-
tion [23]. Ant foragers are usually the older workers that first pick up or consume the bait.
They share the toxicant with other workers and queen tenders, and eventually after 3-4 days
the toxicant reaches the queen, which affects reproduction in the colony. Even if the queen
dies, eggs may hatch, larvae may pupate and develop into workers. Eventual control of a
large colony may take 1-5 months.

The current baits out on the market for ant control include gel baits, liquid baits, and solid
granular baits. A liquid or gel bait is usually one that requires a bait station and constant
reapplication due to the elements and are usually used with ants that display mass recruit-
ment to food sources.

In many cases there is little distinction between liquid and solid baits in terms of what the
ants actually harvest in the field, as in the instance of popular fire ant baits. Fire ant baits
consist of oil placed on a carrier. Foraging worker ants only feed from liquids so workers
only remove oil off the bait granule. Thus the granule serves as a vehicle for the toxicant and
attractant but it may not be carried into the nest at all. The active ingredient will enter the
colony as a liquid.

Because granular baits can be broadcast over larger areas, this is the preferred formulation
to reach most of the ant species. Granular baits take advantage of foraging patterns of differ-
ent ant species. Granular baits consist of attractants, a carrier and active ingredients [24].
Four characteristics are important in a granular bait: 1) delayed toxicity, 2) easy transfer
among individuals in the colony, 3) non-repellent active ingredient, and 4) attractive formu-
lation for the target ant species [25, 23].

1. Delayed toxicity: In most ants, only a small percentage of the worker population active-
ly forages outside of the nest. The use of active ingredient with delayed toxicity can
guarantee maximum distribution of the bait within the colony before the ants start
showing signs of toxicity. If there is enough delay, the active ingredient will be fed to
larvae and reproductives before foraging and food sharing activities are shut down in
the colony. This guarantees mortality of different castes within the nest, and the elimi-
nation of immatures.

2. Easy transfer: This should be applied both to the bait itself, so that it can be handled by
a maximum number of individuals within the colony, but especially to the active ingre-
dient. With fast and easy active ingredient transfer, most of the colony can receive a le-
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thal dose of the active ingredient before initial gatherers are affected and start showing
toxicity effects.

3. Non-repellency: Because baits rely on the pick up and transfer by workers in the ant
colony, non-repellent materials will be more easily masked within the bait formulation.
Repellent active ingredients could also be used if they could be sufficiently masked by
formulations components so not to prevent rejection of the bait by foragers.

4. Attractive formulation: The first step in the bait use process is attracting foragers so
they are enticed to seek the bait and carry it back to the nest. Attractants added to the
bait can overcome other deterrent characteristics of the bait or avoid any defense behav-
ior that would normally prevent ants from returning toxic components to the nest. A
great deal of work is dedicated to examining ant preferences to bait components so for-
mulations can be picked up preferentially by the ants in an environment that will likely
have many other food sources.

Several aspects of the granular bait formulation should be considered during the develop-
ment of new products, including granule composition and size, attractive additives, and ac-
tive ingredient.

The ideal granular bait should contain granules of similar size that can be easily applied to
areas when needed. The carrier of the active ingredient is the most important part of the
granular formulation because both the particle size and the materials and components used
determine the spreading characteristics, the effectiveness of recruitment and removal of the
bait, and the residual life of the active ingredient [26].

Size of the granular carrier may determine the size of ants that can be targeted with a partic-
ular formulation (Figure 6). In general, smaller ant species prefer smaller particle sizes to
larger ones when given a choice [27]. If the particle size can be matched to a particular target
pest ant species, this can increase the efficacy of the granular bait. Ants can normally carry
granules with size that roughly match the size of head of foraging workers, but in some spe-
cies, ant workers may collaborate in carrying larger pieces. Also, ants may subdivide larger
bait particles before carrying the bait back to the nest. However, for baits developed for dif-
ferent ant species, this size matching may not be a preferred option.

A large granule size is more convenient because more active ingredient can be added to a
larger particle size, allowing more active ingredient to be introduced into the colony with
fewer particles collected by the foragers. Ant foraging normally fits what has been described
as the optimal foraging theory [28, 29], which states that ants should take the biggest pieces
of food particles that they can carry, in order to increase their net energy intake per unit of
effort (Figure 7).

However, the difficulty in transport by the ants navigating the larger granular bait into the
nest must be considered, especially for ant species that do not cooperate during foraging.
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1.18 mm

Figure 6. Workers head, Nylanderia fulva, in comparison with dog food granules used in size preference experiments.

Because different ants have different requirements for protein, lipids and sugar, and these
requirements are likely to vary throughout the year or the life of the ant colony, the compo-
sition of the granule can be critical in bait development. Two approaches have been used in
the formulation of granular baits for ants: a) use of non-nutritious granule to which food at-
tractants are added, b) use of food particles as the granule matrix to which the active ingre-
dient is added. With either approach, the quality of the food attractant determines which
ants are attracted to the bait. Although several bait compositions use sugars as the only at-
tractant, some products have been formulated with protein and lipid attractants, and even

insect tissue.

A non-nutritious granule normally used in formulating ant baits is de-fatted corncob, a
byproduct from corn processing [30, 24]. It is capable to absorbing relatively large
amounts of the liquid additives such as the oil used in many fire ant baits. Fine granules
from dog food or other animal diets serve as a nutritious granule for ant baits because it
fulfills ant nutrient requirements, is easy to prepare in a uniform granular size and it

readily absorbs additives.
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Figure 7. Nylanderia fulva foraging in a laboratory setting on 1.00-mm (Top) and 1.40-mm (Bottom) dog food gran-
ules used in size preference experiments.

The addition of insect tissue [31], which attempts to mimic the natural diet of many ant spe-
cies, adds complexity to the bait but also to the production process, with inevitable cost con-
sequences. The use of a readily available byproduct, such as silkworm pupae can facilitate
production and cut costs. Other insects that can be mass reared at low costs, such as crickets
or waxmoth larvae, are also interesting alternatives. Laboratory reared crickets ground into
a slurry with addition of small quantity of water have been used in our laboratory to be add-
ed to dog food granules tested as a bait to tawny crazy ant (Nylanderia fulva).
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Traditional baits for S. invicta, consist of oil (attractant) on corn cob matrix (carrier) [30, 24].
On the other hand, baits that contain proteins and carbohydrates are very attractive to spe-
cies such as L. humile and Paratrechina spp. that are not attracted to the lipid-based fire ant
baits [24].

In order to enhance a carrier, it is important to know the ant species food preferences, based
on field observations, laboratory experiments, and reports in the literature on similar ant
species. Observations of feeding habits such as ants feeding on honeydew from aphids,
plant nectaries and insect tissue [32], tending to aphids and mealy bugs [33] can serve as
clues in the development of ant baits. Preference studies indicating the balance between
components in the ant diets and other aspects of ant nutrition [21, 34, 35, 36, 37, 38, 39] also
offer valuable clues that can help the development of new ant baits.

Ant Bait development. Bait development should be initiated with preference tests in the
laboratory (Figure 8), but should quickly move into field tests due to the great variabili-
ty food preference and gathering between laboratory and field populations of the same
ant. Laboratory colonies are usually fed a constant diet that is rich in all nutrients need
by the ants, while field ant populations are more likely to go through periods when their
diet is relatively low in certain nutrients or components such as live insects or sugars.
Differences between controlled environment in the laboratory and more variable environ-
ment in the field lead to differences in foraging behaviors preference to bait components
[40, 41, 42, 43]. Differences in the presence and proportion of different developmental life
stages in the colony [44] can also be important factors in determining differences be-
tween laboratory and field results.

Field tests should also be conducted at different times of the year in order to characterize the
bait preference and effect given different levels of foraging on a specific formulation
throughout the season. Because foragers need to move very little between the nest and the
foraging arena in laboratory colonies, food choices may be different from those for field ants
which usually will travel much further from the nest both in scouting for new food sources
and in foraging trails. Distance between the nest and food source can affect choice and quan-
tify of food gathered by an ant colony.

In the laboratory, arena preference tests with multiple bait choices can be used in the elimi-
nation of candidate formulations. Later tests with limited choices can be used later to further
define preference for specific formulations. Careful design of the foraging arena will avoid
preference biases for baits that are found more readily.

If using colony fragments in foraging experiments, careful attention to the size and composi-
tion of these experimental colonies is important to preserve the foraging behavior and other
characteristics that match those of the full colonies (Figure 9). For instance, foraging of dif-
ferent baits can be drastically affected by the presence or absence of brood, and the brood
age structure in an ant colony.
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Figure 8. Testing arena used for experiments on Nylanderia fulva using granular bait matrix applied with active ingre-
dient.

Figure 9. Colony fragments of Pharaoh ants are set up in cells containing brood, workers and queens.
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Eventually, bait development must include field experiments to determine the fate and effi-
cacy of the material when applied in situations for which the bait is designed. Careful obser-
vations on ant behaviors associated with finding, gathering, and moving the bait material to
the ant colony are useful in understanding potential shortcomings of the developed prod-
ucts. Use of fields in different locations that represent the variety of situations where the ant
baits can be used is essential in defining clearly the effects of different parameters and fac-
tors on the performance on the ant bait.

The data collected from the different experiments will vary, and should be adjusted for each
ant species and situation. However, at minimum, the data should allow estimation of the
quantity of material necessary to eliminate pest ant colonies, and the total mortality after dif-
ferent periods of time. Of particular importance, is the effect that bait may have on repro-
ductive individuals. In polygyne colonies, it is especially important that the bait achieves
maximum distribution within the colony, so that reproductive individuals throughout the
colony can be effectively controlled.

4. Termite bait evaluations

Methods of subterranean termite exclusion and prevention of structural infestations have
broadened from soil termiticides and barrier treatments to include monitoring and baiting
systems. Baiting systems have increased in registration and use since the introduction of the
first bait 18 years ago (tradename Recruit, Dow AgroSciences LLC, Indianopolis). The spe-
cificity and mode of action of these active ingredients requires much less product to be ap-
plied to the environment. Hexaflumeron was the first active ingredient (Al) registered in the
United States to be used in a termite bait formulation and there are currently several other
Al in use, all of which fall into two classes: insect growth regulators (IGR) and energy pro-
duction inhibitors. Both classes are considered to be slow-acting and rely on foraging ter-
mites to transfer small amounts of consumed bait material thoughout the colony though
contact, trophallaxis, grooming, fecal consumption and cannibalism. Baiting systems using
IGRs are intended to be used as stand alone treatments. Bait formulations with Al affecting
energy production are used in conjunction with soil treatments. There are baits designed to
be used in-ground to prevent structural infestation and others for use above-ground in areas
with known termite activity. A successful baiting system should be proven to affect termite
populations (Figure 10).

Active ingredient evaluation. A non-repellent, lethal and slow-acting active ingredient is
required for a termite bait to be effective. When evaluating a potential bait toxicant one must
first determine the toxicity of it towards the termite species it will be used againt. For exam-
ple, at what concentration will it kill 90% of exposed termites (LCyy)? How long does it take
for that 90% to die (LCty)? Termites are highly social and do not fare well when kept in
small numbers so great numbers of exposed termites should be placed together
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3. Protects wood from damage

2. Reduces termite
numbers and
consumption in monitor

1. Kills termites

Affects termite population

Figure 10. Termite bait efficacy data can document termite populations are affected in 3 ways.

Once the ideal bait toxicant concentration has been determined it must be tested to deter-
mine whether it will be readily consumed or show a feeding deterrent effect when adhered
to wood or other cellulose containing matrix.

Bait formulation evaluation. The formulation of a palatable bait matrix is essential to the
success of a baiting program. In the natural environment of subterranean temites there are a
lot of potential food sources providing competition for baits. If there is no preference shown
towards a bait it will not be very successful when installed below ground. Above ground
baits must be more palatable because the termites present already have a source of wood
that they are consuming. Impregnating wood or another cellulose containing material with
active ingredient is the most common formulation method for commercially available baits.

Choice tests can be used to determine termite feeding preferences and any foraging bias-
es. In a laboratory setting one can prepare a trial arena filled with moistened soil (10%
wt:wt). Each dish will contain one piece of untreated wood and one piece of bait matrix,
both of which have the same moisture content, dimensions and orientation within the
arena. One thousand subterranean termites are introduced in a Petri dish with a small
opening covered by a piece of filter paper at the end. Once the filter paper has been con-
sumed the termites will be free to tunnel and forage throughout the arena. Locations of
food choices should be randomized to eliminate any directional biases. Repeating this ex-
periment multiple times with multiple colonies will show which food is preferred by ter-
mites. Which source did the termites consume the most of by weight? Was the first food
source contacted the only one consumed or was there cross over between both food
sources? Statistical analysis will indicate if termites prefer the bait matrix to untreated
wood. This simple assay can be repeated and altered to include multiple wood and bait
choices, different soil types and moisture levels.
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Baiting system evaluation. Using a baiting program to prevent structural infestation may
take considerably longer to be effective than soil treatments and thus the methods used to
evaluate them are different. In order to gain registration, evaluations of termite baits must
ultimately fulfill requirements set forth by state government guidelines (Florida: 5E-2.0311
Performance Standards and Acceptable Test Conditions for Preventive Termite Treatments for New
Construction). Stand-alone baiting systems must be tested and meet specific requirements in
field plot and building tests.

Independent Monitors Building Monitoring Reinfestation of Buildings

*>90% reduction in termite activity ¢ Cessation of live termite activity ¢ Visual inspection showing no

reinfestation within 2 years

* >90% of test biuldings protected * >90% of test biuldings protected e Research and visual inspection

showing no reinfestation within 1 year

e Protection within 12 months of e Protection within 12 months of
initiation of feeding on bait active initiation of feeding on the formulated
ingredient bait

Table 1. Performance standards for stand-alone termite baits in structures with existing infestations.

Evaluation of below-ground baits: field plot tests. Once it has been determined that feed-
ing on bait has started, infested field plot tests require a reduction in each termite popula-
tion by at least 50% or a reduction of wood consumption at independent monitors by a
minimum of 50% in at least 75% of baited population colonies within one year.

The minimum required thresholds must be maintained for at least 6 months. In order to
meet this requirement one can place monitoring stations, which have the same shape, ap-
pearance and moisture levels of a baiting station but contain untreated wood instead of bait,
throughout a field plot or around a structure known to contain termites. Monitoring stations
containing untreated wood are installed in the ground in augered holes at consistent inter-
vals (every 10-20 feet).

Monthly inspections of monitoring stations will continue until live termites are found. Mon-
itoring stations without termites are not switched to bait stations until live termites are
found. When live termites are found monitoring stations are deemed ‘active’, wood will be
replaced by a bait tube containing active ingredient and termites contained in the wood will
be placed in the bait station. Plastic bucket traps (with uniform holes allowing for termite
entry) containing wooden blocks may be placed around these stations and checked monthly.
The purpose of these bucket traps is to be able to count and assess the nature of termite ac-
tivity and chart differences over time. Commercially available bait stations require different
monitoring intervals but for evaluation it is recommended to be conducted monthly to bet-
ter determine when control has been achieved.
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During monthly inspections, the number of termites present and the amount of bait con-
sumed will be recorded. Bait matrix consumption is typically a visual estimate of the percent
consumed as bait weights can be misleading. If baits are completely consumed, compro-
mised or damaged they will be replaced with new bait. Once termite presence and bait con-
sumption ceases monitoring resumes and monthly inspections will continue for at least 6
months. If monitoring stations are found to be active a new bait tube till be installed. The
amount of active ingredient consumed can be measured at the end of the study by drying
the bait and comparing initial and post-treatment weights using the percentage of active in-
gredient by weight in the matrix formulation.

The question of whether a colony has been eliminated of merely suppressed can be difficult
to answer and may require months to years of monitoring before and after a baiting system
is put in place. A suppressed colony will exhibit a period of inactivity in which no termites
will be found in monitoring stations yet eventually recover and continue foraging [45]. To
better determine the level of control achieved it is recommended to use cuticular dyes and
genetic markers as detailed below.

Detecting presence of multiple colonies and foraging areas. Once a monitoring station is
attacked by termites they will be collected and keyed to species level. If one is interested in
determining the number of colonies present and their respective foraging areas in a field site
there are two options: mark-release-recapture or cuticular dyes. Mark-release-recapture in-
volves collecting live termites at monitoring stations, bringing them into the laboratory and
feeding them filter paper impregnated with fat-soluble cuticular dyes such as Nile Blue A,
Sudan Red 7B, or Neutral Red (Fisher,Pittsburgh, PA) [46]. Once termites are dyed they are
placed back into the stations from which they are collected. Mark-release-recapture will also
help in estimating population sizes.

A less obtrusive method involves placing a cellulose matrix impregnated with cuticular
dyes, Nile Blue A or Neutral Red, in bait tubes which will allow for long-term tracking of
termites from station to station. This eliminates the need for termites to be handled. Once
the termites are dyed and back in test site the procedure is the same. During monthly moni-
toring of stations the locations and numbers of dyed termites can be recorded and a map of
foraging activities produced [47]. Both methods can be enhanced though the use of genetic
markers to help differentiate between colonies [48, 49, 50].

Evaluation of above-ground baits: building tests. Evaluation of above-ground baits can on-
ly be conducted in buildings with active subterranean termite infestations. Mud tubes are
broken and both monitoring and bait stations are installed in line with the disturbed tube.
Weekly monitoring is recommended because bait toxicants are introduced to the colony
very quickly. Bait consumption will be visually estimated as a percentage and should be re-
placed if too much has been consumed or the bait has been compromised. If baits are too
dry water may be added but too much water will become a deterrent to consumption. Ter-
mites will be counted in monitoring stations but not removed. Once feeding on bait and
monitoring stations has ceased, baits will be replaced with monitoring stations.
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Above-ground baiting programs must show > 90% reduction in termite activity in > 90% of
test buildings within one year from the initiation of bait consumption. A successful above-
ground baiting program must show that there has been no re-infestation within one year af-
ter activity has ceased. This must be verified by combining a visual inspection with termite
detecting tools including infrared devices, moisture meters, radar, chemical detection, bath
trap inspection ports, canine detection or fiber optics. The alternative is to wait until two
years after the last evidence of termite presence and conduct a visual inspection of the site.

5. Summary

Baits have many advantages for use in urban environments. The advantages extend from
use in IPM programs, to non-impact of humans who are living and living or working amid
infestations, and to advantages associated with controlling the pests (Table 2).

IPM Human Pest Control

o Preserve beneficial organisms ¢ No odor e Slow acting

involved in biological control

o Reduced risk e Lower exposure to pesticides ¢ Non-repellent

¢ Can be used in sensitive areas ¢ No mixing needed e Attractives and phagostimulants to

enhance consumption

¢ Long lasting e Less preparation prior to pesticide ¢ Secondary mortality by transfer
application

¢ Application as point sources e Long lasting

e Less active ingredient e Transfer of Al within pest population

o Narrow spectrum of insects e Translocation

controlled e Overcome insecticide resistance

Table 2. Advantages of baits in pest management in urban environments in relations to IPM principles, humans and
pest control.

Insecticides used in urban environments are almost always in proximity to people, pets, and
food. As a result, the safety of products used and efficacy of the formulation in urban pest
control are of extreme importance. People can be affected by the use of a wrong formulation,
or buildings can be destroyed when ineffective products are used. As a result of screening
active ingredients and formulation, a variety of insecticides have been developed for urban
pest management (Table 3). Most of the active ingredients are listed by the USEPA as re-
duced risk products. As reduced risk, there is an expedited registration process for baits
containing these actives.
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Type/Active Ingredient Mode of Action Pest Groups
¢ Oxadiazine ¢ Sodium channel blockage ¢ Cockroaches, ants
Indoxacarb
* Neonicotinoid ¢ Acetylcholine receptor stimulation e Cockroaches, ants, flies
Imidacloprid

Dinotefuran

® Spinosins ¢ Acetylcholine receptor stimulation e Flies

Spinosad

¢ Phenylpyrazoles * GABA receptor blockage e Cockroaches, ants
Fipronil

* Avermectins ¢ Glutamate receptor stimulation e Cockroaches, ants
Abamectin

Emamectin

e Chitin synthesis inhibitors e Block chitin formation e Termites

Hexaflumuron
Noviflumuron

Diflubenzuron

¢ Amidinohydrazone e Inhibit energy production ¢ Cockroaches, ants
Hydramethylnon

e Pyrroles e Inhibit energy production e Termites
Chlorfenapyr

* Borates ¢ Non-specific metabolic disruption e Cockroaches, ants, flies
Boric acid

Sodium borate

Disodium octaborate

tetrahydrate

Table 3. Active ingredients, modes of action, and pests controlled with baits used for pest management in urban
environments.

Baits have become one of the most popular formulations used by pest management pro-
fessionals for use against cockroaches, ants, and termites. One of the advantages of bait
formulations is that they are usually ready to use, in low concentrations, and can be
placed only where and when needed. Hazards of using baits is minimized by using
child-resistant bait stations or careful placement directly into harborages. The use of baits
requires more time than spraying and costs may be higher because of the use of food-
grade ingredients in the formulation.

Opverall, baits are a very effective and successful insecticide formulation for urban pest con-
trol. As a result, the industry has been expanding testing and screening programs for label
expansions so insects other than ants, cockroaches, and termites can be controlled.
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1. Introduction

Bark beetles (Coleoptera: Curculionidae, Scolytinae), a large and diverse group of insects
consisting of ~550 species in North America and >6,000 species worldwide, are primary dis-
turbance agents in coniferous forests of the western U.S. Population levels of a number of
species (<1%) oscillate periodically, often reaching densities that result in extensive tree mor-
tality when favorable climatic (e.g., droughts) and forest conditions (e.g., dense stands of
susceptible hosts) coincide (Table 1). The genera Dendroctonus, Ips and Scolytus are well rec-
ognized in this regard. In recent decades, billions of conifers across millions of hectares have
been killed by native bark beetles in forests ranging from Alaska to New Mexico, and sever-
al recent outbreaks are considered the largest and most severe in recorded history.

Host selection and colonization behavior by bark beetles are complex processes. Following
initial attacks and subsequent mating, adults lay eggs in the phloem and larvae excavate
feeding tunnels in this tissue and/or the outer bark. Depending on the bark beetle species
and the location and severity of feeding, among other factors, this process may result in
mortality of the host tree. Top-kill and/or branch mortality are not uncommon. Following
pupation, adult beetles of the next generation tunnel outward through the bark and initiate
flight in search of new hosts. The lifecycle may be repeated once every several years or sev-
eral times a year depending on the bark beetle species, geographic location and associated
climatic conditions. Extensive levels of tree mortality may result in host replacement by oth-
er tree species and plant associations, and may impact timber and fiber production, water

I m EC H © 2013 Fettig et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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quality and quantity, fish and wildlife populations, aesthetics, recreation, grazing capacity,
real estate values, biodiversity, carbon storage, endangered species and cultural resources.

Common name

Scientific name

Primary host(s)

Arizona fivespined ips

Ips lecontei

Pinus ponderosa

California fivespined ips

I. paraconfusus

P. contorta, P. jeffreyi, P.

lambertiana, P. ponderosa

Douglas-fir beetle

Dendroctonus pseudotsugae

Pseudotsuga menziesii

eastern larch beetle

D. simplex

Larix laricina

fir engraver

Scolytus ventralis

Abies concolor, A. grandis, A.

magnifica

Jeffrey pine beetle

D. jeffreyi

P. jeffreyi

mountain pine beetle*

D. ponderosae

P. albicaulis, P. contorta, P.
flexilis, P. lambertiana, P.

monticola, P. ponderosa

northern spruce engraver

|. perturbatus

Picea glauca, Pi. x lutzii

pine engraver I. pini P. contorta, P. jeffreyi, P.
lambertiana
pinyon ips I. confusus P. edulis, P. monophylla

roundheaded pine beetle

D. adjunctus

P. arizonica, P. engelmannii, P.
flexilis, P. leiophylla, P.
ponderosa, P. strobiformis

southern pine beetle D. frontalis P.engelmannii, P. leiophylla, P.
ponderosa
spruce beetle* D. rufipennis Pi. engelmannii, Pi. glauca, Pi.

pungens, Pi. sitchensis

western balsam bark beetle

Dryocoetes confusus

A. lasiocarpa

western pine beetle*

D. brevicomis

P. coulteri, P. ponderosa

*Species for which preventative insecticide treatments have been well studied.

Table 1. Bark beetle species that cause significant amounts of tree mortality in coniferous forests of the western U.S.

While native bark beetles are a natural part of the ecology of forests, the economic and social
impacts of outbreaks can be substantial. Several tactics are available to manage bark beetle
infestations and to reduce associated levels of tree mortality. While these vary by bark beetle
species, current tactics include tree removals that reduce stand density (thinning) and pre-
sumably host susceptibility [1]; sanitation harvests [1]; applications of semiochemicals (i.e.,
chemicals produced by one organism that elicit a response, usually behavioral, in another
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organism) to protect individual trees or small-scale stands (e.g., <10 ha) [2]; and preventative
applications of insecticides to individual trees. The purpose of this chapter is to synthesize
information on the efficacy, residual activity, and environmental safety of insecticides com-
monly used to protect trees from bark beetle attack so that informed, judicious decisions can
be made concerning their use.

2. Types and use of preventative applications of insecticides

Preventative applications of insecticides involve topical sprays to the tree bole (bole sprays)
or systemic insecticides injected directly into the tree (tree injections) [3]. Systemic insecti-
cides applied to the soil are generally ineffective. In an operational context, only high-value,
individual trees growing in unique environments or under unique circumstances are treat-
ed. These may include trees in residential (Fig. 1), recreational (e.g., campgrounds) (Fig. 2)
or administrative sites. Tree losses in these environments result in undesirable impacts such
as reduced shade, screening, aesthetics, and increased fire risk. Dead trees also pose poten-
tial hazards to public safety requiring routine inspection, maintenance and eventual remov-
al [4], and property values may be negatively impacted [5]. In addition, trees growing in
progeny tests, seed orchards, or those genetically resistant to forest diseases may be consid-
ered for preventative treatments, especially if epidemic populations of bark beetles exist in
the area. During large-scale outbreaks, hundreds of thousands of trees may be treated annu-
ally in the western U.S., however once an outbreak subsides (i.e., generally after one to sev-
eral years) preventative treatments are often no longer necessary.

Figure 1. Tree mortality attributed to western pine beetle in San Bernardino County, California, U.S. In the wildland
urban interface, tree losses pose potential hazards to public safety and costs associated with hazard tree removals can
be substantial. Furthermore, property values may be significantly reduced. The value of these trees, cost of removal
and loss of aesthetic value often justify the use of insecticides to protect trees from bark beetle attack during an out-
break. Photos: C.J. Fettig, Pacific Southwest Research Station, USDA Forest Service.

473



474

Insecticides - Development of Safer and More Effective Technologies

Figure 2. Conditions before (left) and after (right) a spruce beetle outbreak impacted the Navajo Lake Campground
on the Dixie National Forest, Utah, U.S. Daily use decreased substantially due to reductions in shade, screening and
aesthetics associated with mortality and removal of large diameter overstory trees. Photos: A.S. Munson, Forest Health
Protection, USDA Forest Service.

Although once common, insecticides are rarely used today for direct or remedial control
(i.e., subsequent treatment of previously infested trees or logs to kill developing and/or
emerging brood). While remedial applications have been demonstrated to increase mortality
of brood in treated hosts, there is limited evidence of any impact to adjacent levels of tree
mortality. Furthermore, there are concerns about the effects of remedial treatments on non-
target invertebrates, specifically natural enemy communities. Many of these species respond
kairomonally to bark beetle pheromones and host volatiles, and their richness increases over
time [6], suggesting that the later remedial treatments are applied the more likely non-target
organisms will be negatively impacted.

3. Insecticide registrations

Insecticide sales and use in the U.S. are regulated by federal (U.S. Environmental Protection
Agency, EPA) and state (e.g., California Department of Pesticide Regulation in California)
agencies. Therefore, product availability and use vary by state. EPA regulates all pesticides
under broad authority granted in two statutes, (1) the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) that requires all pesticides sold or distributed in the U.S. to be reg-
istered; and (2) the Federal Food, Drug and Cosmetic Act that requires EPA to set pesticide
tolerances for those used in or on food. EPA may authorize limited use of unregistered pes-
ticides or pesticides registered for other uses under certain circumstances. Under Section 5
of FIFRA, EPA may issue experimental use permits that allow for field testing of new pesti-
cides or uses. Section 18 of FIFRA permits the unregistered use of a pesticide in a specific
geographic area for a limited time if an emergency pest condition exists. Under Section 24(c)
of FIFRA, states may register a new pesticide for any use, or a federally-registered product
for an additional use, as long as a "special local need" is demonstrated.

A complete list of active ingredients and products used for protecting trees from bark beetle
attack is beyond our scope as availability changes due to cancellations, voluntary with-
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draws, non-payment of annual registration maintenance fees, and registration of new prod-
ucts at federal and state levels. Several studies have been published on the efficacy of
various classes, active ingredients, and formulations that are no longer registered [e.g., ben-
zene hexachloride (Lindane®)]. Therefore, we limit much of our discussion to the most com-
monly used and/or extensively-studied products (Fig. 3). A list of products registered for
protecting trees from bark beetle attack can be obtained online from state regulatory agen-
cies and/or cooperative extension offices, and should be consulted prior to implementing
any treatment. Furthermore, all insecticides registered and sold in the U.S. must carry a la-
bel. It is a violation of federal law to use any product inconsistent with its labeling. The label
contains abundant information concerning the safe and appropriate use of insecticides (e.g.,
signal words, first aid and precautionary statements, proper mixing, etc.). For tree protec-
tion, it is important to note whether the product is registered for ornamental and/or forest
settings, and to limit applications to appropriate sites using suitable application rates.

Figure 3. The carbamate carbaryl and pyrethroids bifenthrin and permethrin are commonly used to protect trees from
bark beetle attack in the western U.S. Several formulations are available and effective if properly applied. Residual ac-
tivity varies with active ingredient, bark beetle species, tree species, geographic location, and associated climatic con-
ditions. Photos: C.J. Fettig, Pacific Southwest Research Station, USDA Forest Service.

4. Experimental designs for evaluating preventative treatments

When evaluating preventative treatments one of three experimental designs is generally
used. Each has its own advantages and disadvantages. Laboratory assays require trap-
ping and/or rearing of live bark beetles for inclusion in experiments. Captured individu-
als are immediately transported to the laboratory, identified and sorted. Damaged (e.g.,
loss of any appendages), weakened, or beetles not assayed within 48 h after collection
should be discarded. Generally, serial dilutions of each insecticide are prepared, and tox-
icity is determined in filter paper or topic assays [7]. The life-table method is used to es-
timate the survival probability of test subjects to different doses of each insecticide [7].
Filter paper assays more closely approximate conditions under which toxicants are en-
countered by bark beetles during host colonization, especially for products other than
contact insecticides [7], but both methods ignore important environmental factors (e.g.,
temperature, humidity and sunlight) and host tree factors (e.g., architecture) that influ-
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ence efficacy. However, results are rapidly obtained with limited risk and loss of scientif-
ic infrastructure compared to field studies.

A second design involves field assays in which insecticides are applied to an experimen-
tal population of ~25-35 uninfested trees [8]. Trees are often baited with a bark beetle
species-specific attractant to increase beetle “pressure” and challenge the treatment fol-
lowing application. Efficacy is based on tree mortality and established statistical parame-
ters [8]. This design is accepted as the standard for evaluating preventative treatments
for tree protection in the western U.S., and provides a very conservative test of efficacy
[9]. However, it is laborious, time-consuming (i.e., generally efficacy is observed for at
least two field seasons) and expensive. Experimental trees may be lost to woodcutting or
wildfire, and >60% of the untreated control trees must die from bark beetle attack to
demonstrate that significant bark beetle pressure exists in the area or the experiment fails
and results are inconclusive [8]. Some have argued that the design is perhaps too conser-
vative as under natural conditions aggregation pheromone components would not be re-
leased for such extended periods of time as often occurs with baiting. Finally, bark
beetles may initiate undesirable infestations near experimental trees as a result of baiting,
which may be unacceptable under some circumstances.

The "hanging bolt” assay [10], “small-bolt” assay [11] and similar variants have received
limited attention in the western U.S. Typically, insecticides are applied to individual, unin-
fested trees that are later harvested and cut into bolts for inclusion in laboratory and/or field
experiments. Alternatively, freshly-cut bolts may be treated directly in the laboratory. Effica-
cy is often based on measures of attack density or gallery construction by adult beetles.
Compared to [8], these methods allow for rapid acquisition of data; reduced risk of loss to
scientific infrasture; and increased probability that a rigorous test will be achieved as bolts
are transported to active infestations or brought into the laboratory and exposed to beetles.
While these methods account for some host factors (e.g., bark architecture), others such as
host defenses and environmental factors are ignored. Furthermore, the hanging bolt and
small bolt assays do not provide an estimate of tree mortality, while the effectiveness of any
preventative treatment is defined by reductions in tree mortality.

5. Topical applications to the tree bole

Topical applications to protect trees from bark beetle species such as western pine beetle,
Dendroctonus brevicomis LeConte, mountain pine beetle, D. ponderosae Hopkins, and spruce
beetle, D. rufipennis (Kirby), are applied with ground-based sprayers at high pressure [e.g.,
>2,241 kPa] to the tree bole. Insecticides are applied on all bole surfaces up to a height of
~10.6 to 15.2 m until runoff generally from the root collar to mid-crown (Fig. 4). For engraver
beetles, Ips spp., that typically colonize smaller diameter hosts branches >5 cm diameter
should also be treated. The amount of material (product + water) applied varies with bark
and tree architecture, tree size, equipment and applicator, among other factors, but ranges
from ~15 to 30 L per tree under most circumstances [12-14]. Application efficiency, the per-
centage of material applied that is retained on trees, ranges from ~80 to 90% [14].
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Figure 4. A common method of protecting trees from bark beetle attack is to saturate all surfaces of the tree bole
using a ground-based sprayer at high pressure. Photos: C.J. Fettig, Pacific Southwest Research Station, USDA Forest
Service.

Bole sprays are typically applied in late spring prior to initiation of the adult flight period
for the target bark beetle species. However, bole sprays require transporting sprayers and
other large equipment, which can be problematic in high-elevation forests where snow drifts
and poor road conditions often limit access. Additionally, many recreation sites (e.g., camp-
grounds) where bole sprays are frequently applied occur near intermittent or ephemeral
streams that are associated with spring runoff, limiting applications in late spring due to re-
strictions concerning the use of no-spray buffers to protect non-target aquatic organisms.
For these and other reasons, researchers are evaluating alternative timings of bole sprays
and less laborious delivery methods.

5.1. Carbaryl

Carbaryl is an acetylcholinesterase inhibitor that prevents the cholinesterase enzyme from
breaking down acetylcholine, increasing both the level and duration of action of the neuro-
transmitter acetylcholine, which leads to rapid twitching, paralysis and ultimately death.
Carbaryl is considered essentially nontoxic to birds, moderately toxic to mammals, fish and
amphibians, and highly toxic to honey bees, Apis mellifera L., and several aquatic insects [15].
However, carbaryl is reported to pose little or no threat to warm-blooded animals. Several
experts report that carbaryl is still the most effective, economically-viable, and ecologically-
compatible insecticide available for protecting individual trees from mortality due to bark
beetle attack in the western U.S. [9,16]. Today, carbaryl (e.g., Sevin® SL and Sevin® XLR Plus,
among others) is commonly used to protect trees from bark beetle attack, and is the most-
extensively studied active ingredient registered for use. Failures in efficacy are rare and typ-
ically associated with inadequate coverage, improper mixing (e.g., using an alkaline water
source with pH >8) [17] or inaccurate mixing resulting in solutions of reduced concentration,
improper storage, and/or improper timing (e.g., applying treatments to trees already suc-
cessfully attacked by bark beetles).

477



478

Insecticides - Development of Safer and More Effective Technologies

Mountain and western pine beetles. Several rates and formulations of carbaryl have been
evaluated, and most research indicates two field seasons of protection can be expected with
a single application. The effectiveness of 1.0% and 2.0% Sevimol® was demonstrated in the
early 1980s [18-22]. This and other research [23-24] led to the registration of 2.0% Sevimol® as
a preventative spray, which was voluntarily canceled in 2006. [22] evaluated the efficacy of
0.5%, 1.0% and 2.0% Sevimol® and Sevin® XLR and found all concentrations and formula-
tions were effective for protecting lodgepole pine, P. contorta Dougl. ex Loud., from mortali-
ty due to mountain pine beetle attack for one year. The 1.0% and 2.0% rates were efficacious
for two years. [9] reported 2.0% Sevin® SL protected ponderosa pine, Pinus ponderosa Dougl.
ex Laws., from western pine beetle attack in California; ponderosa pine from mountain pine
beetle attack in South Dakota; and lodgepole pine from mountain pine beetle attack in Mon-
tana (two separate studies) for two field seasons. Similar results have been obtained else-
where [12]. Ongoing research is evaluating the efficacy of fall versus spring applications of
2.0% Sevin® SL for protecting lodgepole pine from mountain pine beetle attack in Wyoming.
Both treatments provided 100% tree protection during the first field season while 93% mor-
tality was observed in the untreated control (C.J.F. and A.S.M., unpublished data). A similar
study is being conducted for mountain pine beetle in ponderosa pine in Idaho.

Southern pine beetle. Southern pine beetle, D. frontalis Zimmerman, occurs in a generally
continuous distribution across the southern U.S., roughly coinciding with the distribution of
loblolly pine, P. taeda L. However, southern pine beetle also occurs in portions of Arizona
and New Mexico where it colonizes several pine species, and is therefore considered here.
While preventative treatments have not been evaluated in western forests, carbaryl is inef-
fective for protecting loblolly pine from mortality due to southern pine beetle attack in the
southern U.S. [25-26]. This was later linked to insecticide tolerance in southern pine beetle
associated with an efficient conversion of carbaryl into metabolites, and a rapid rate of ex-
cretion [27-29]. Therefore, despite important environmental differences between the south-
ern and western U.S., carbaryl is regarded as ineffective for preventing southern pine beetle
attacks and subsequent tree mortality in the western U.S. [30].

Spruce beetle. Most research suggests that three field seasons of protection can be expected
with a single application of carbaryl. In south-central Alaska, [31] reported that 1.0% and
2.0% Sevin® SL protected white spruce, Picea glauca (Moench) Voss, and Lutz spruce, P. glau-
ca X lutzii Little, from attack by spruce beetle for three field seasons, despite early work indi-
cating carbaryl was ineffective in topical assays [32]. One and 2.0% Sevimol® were effective
for protecting Engelmann spruce, P. engelmannii Parry ex. Engelm., from spruce beetle attack
for two field seasons in Utah [33], which agrees with results from [9] for 2.0% Sevin® SL.
However, the two latter studies were concluded after two field seasons. In the case of [9], all
Sevin® SL-treated trees were alive at the end of the study.

Red turpentine beetle. Red turpentine beetle, D. valens LeConte, usually colonizes the basal
portions of stressed, weakened, or dead and dying trees. Therefore, the species is not consid-
ered an important source of tree mortality in the western U.S., and limited work has occur-
red regarding the development of tree protection tools. [34] reported that 2.0% Sevin® XLR
and 4.0% Sevimol® 4 were effective for protecting ponderosa pine in California. Several for-
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mulations of carbaryl are effective for protecting Monterey pine, P. radiata D. Don, [35], but
residual activity is generally short-lived (<1 yr).

Engraver beetles. A single application of 2.0% Sevin® SL was effective for protecting single-
leaf pinyon, P. monophylla Torr. & Frem., from mortality due to pinyon ips, I. confusus (Le-
Conte), for two field seasons in Nevada [9]. A similar study in pinyon pine, P. edulis
Engelm., on the Southern Ute Reservation in Colorado found 2.0% Sevin® SL was efficacious
for one field season, but bark beetle pressure was insufficient the second year of the study to
make definitive conclusions regarding efficacy [9]. [9] also evaluated the efficacy of 2.0%
Sevin® SL for protecting ponderosa pine from pine engraver, I. pini (Say), but very few trees
were attacked during the experiment. Approximately one year later, trees in this study were
harvested and cut into bolts that were then laid on the ground in areas containing slash piles
infested with pine engraver, sixspined ips, I. calligraphus (Germar), and Arizona five-spined
ips, I. lecontei Swain [13]. From this and related research, the authors concluded 1.0% and
2.0% Sevin® SL were effective for protecting ponderosa pine from engraver beetle attacks for
one entire flight season in Arizona. [36] reached similar conclusions for 2.0% Sevin® 80 WSP
for a complex of engraver beetles, including sixspined ips, that colonize loblolly pine in the
southeastern U.S.

5.2. Pyrethroids

Pyrethroids are synthesized from petroleum-based chemicals and related to the potent in-
secticidal properties of flowering plants in the genus Chrysanthemum. They are axonic poi-
sons and cause paralysis by keeping the sodium channels open in the neuronal membranes
[37]. First generation pyrethroids were developed in the 1960s, but are unstable in sunlight.
By the mid-1970s, a second generation was developed (e.g., permethrin, cypermethrin and
deltamethrin) that were more resistant to photodegradation, but have substantially higher
mammalian toxicities. Third generation pyrethroids (e.g., bifenthrin, cyfluthrin and lambda-
cyhalothrin) have even greater photostability and insecticidal activity compared to previous
generations. Pyrethroids are one of the least acutely toxic insecticides to mammals, essential-
ly nontoxic to birds, but are highly toxic to fish, amphibians and honey bees [38]. Today,
permethrin (e.g., Astro® and Dragnet®, among others) and bifenthrin (e.g., Onyx™) are com-
monly used to protect trees from bark beetle attack, and following carbaryl are the most-ex-
tensively studied active ingredients registered for use.

Mountain and western pine beetles. Several active ingredients and formulations of pyreth-
roids have been evaluated as preventative treatments, and most research indicates at least
one field season of protection can be expected with a single application. [8] evaluated 0.1%,
0.2% and 0.4% permethrin (Pounce®) for protecting ponderosa pine from mortality due to
western pine beetle attack, and reported that 0.2% and 0.4% provided control for four
months. Permethrin plus-C (Masterline®), a unique formulation containing methyl cellulose
(i.e., “plus-C”) thought to increase efficacy and stability by reducing photo-, chemical- and
biological-degradation of the permethrin molecule, exhibits efficacy similar to that of other
formulations of permethrin [12]. [39] examined several rates of esfenvalerate (Asana® XL)
and cyfluthrin (Tempo® 20 WP) as preventative treatments. In California, 0.025% and 0.05%
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Asana® XL protected ponderosa pine for western pine beetle attack for one field season, but
not a second. In Montana, 0.006% and 0.012% Asana® XL were ineffective for protecting
lodgepole pine from mountain pine beetle, but 0.025% was effective for one field season.
Tempo® 20 WP applied at 0.025% provided protection of ponderosa pine from western pine
beetle for one field season in Idaho, but not California [39]. Surprisingly, 0.025%, 0.05% and
0.1% Tempo® 20 WP were effective for protecting lodgepole pine from mountain pine beetle
attack for two field seasons [39]. [9] evaluated 0.03%, 0.06% and 0.12% bifenthrin (Onyx™)
reporting at minimum one field season of protection for mountain pine beetle in lodgepole
pine and two field seasons of protection for western pine beetle in ponderosa pine. This
study and related research led to the registration of 0.06% Onyx™ as a preventative spray in
the mid-2000s. [40] reported 0.06% Onyx" failed to provide three field seasons of protection
for western pine beetle in ponderosa pine, confirming Onyx™ is only effective for two field
seasons in that system.

Southern pine beetle. While limited research has occurred, permethrin (Astro®) appears to

™

have longer residual activity than bifenthrin (Onyx™) at least in small-bolt assays [11].

Spruce beetle. Most research suggests that at least one field season of protection can be ex-
pected. [9] reported 0.03%, 0.06% and 0.12% bifenthrin (Onyx™) would likely provide pro-
tection for two field seasons in Utah. However, 0.025% cyfluthrin (Tempo® 2) and 0.025%
and 0.05% esfenvalerate (Asana® XL) only provided one field season of protection in Utah
[33]. Protection of Lutz spruce in Alaska is possible for two field seasons with a single appli-
cation of 0.25% permethrin (formulation unreported) [41].

Red turpentine beetle. [35] reported 0.5% permethrin (Dragnet®) was effective for protect-
ing Monterey pine, and that it had longer residual activity than carbaryl. [34] reported 0.1%,
0.2% and 0.4% permethrin (formulation unreported) were ineffective for protecting ponder-
osa pine from red turpentine beetle.

Engraver beetles. Most research suggests that at least one field season of protection can be
expected with a single application; however, [9] reported 0.03%, 0.06% and 0.12% bifenthrin
(Onyx™) protected single-leaf pinyon from pinyon ips for two field seasons in Nevada. A
similar study on the Southern Ute Reservation in Colorado found 0.12% Onyx™ protected
pinyon pine for one field season, but bark beetle pressure was insufficient the second year of
the study to make conclusions regarding efficacy at that rate. Both 0.03% and 0.06% Onyx"™
were ineffective [9]. [13] reported that 0.19% permethrin plus-C (Masterline®) and 0.06% bi-
fenthrin (Onyx™) were effective for protecting ponderosa pine bolts from engraver beetle at-
tack in Arizona. [36] reported 0.06% bifenthrin (Onyx") significantly reduced colonization of
trees by bark and woodboring beetles, including sixspined ips, in the southeastern U.S.

6. Systemic injections to the tree bole

Researchers attempting to find safer, more portable and longer-lasting alternatives to
bole sprays have evaluated the effectiveness of injecting small quantities of systemic in-
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secticides directly into the lower bole. Early work indicated that several methods, active
ingredients and formulations were ineffective [e.g., 13,42-44]. In recent years, the efficacy
of phloem-mobile active ingredients injected with pressurized systems (e.g., Sidewinder®
Tree Injector, Tree 1.V. micro infusion® and Wedgle® Direct-Inject™) capable of maintain-
ing >275 kPA have been evaluated for engraver beetles, mountain pine beetle, southern
pine beetle, spruce beetle, and western pine beetle (Fig. 5). These systems push adequate
volumes of product (i.e., generally less than several hundred ml for even large trees) in-
to the small vesicles of the sapwood [45]. Applications take <15 minutes per tree under
most circumstances. Following injection, the product is transported throughout the tree

™

to the target tissue (i.e., the phloem where bark beetle feeding occurs). Injections can be
applied at any time of year when the tree is actively translocating, but time is needed to
allow for full distribution of the active ingredient within the tree prior to the tree being
attacked by bark beetles. Under optimal conditions (e.g., adequate soil moisture, moder-
ate temperatures and good overall tree health) this takes ~4 weeks [46], but may take
much longer, particularly in high-elevation forests. Tree injections represent essentially
closed systems that eliminate drift, and reduce non-target effects and applicator expo-
sure, but efficacy is often less than that observed for bole sprays in high-elevation forests
[40]. Significant advancements in the development of this technology have been made in
recent years, but tree injections are still rarely used in comparison to bole sprays in the
western U.S. With the advent of designer formulations of insecticides specific for tree in-
jection, we suspect that tree injections will become a more common tool for protecting
trees from bark beetle attack in the near future, particularly in areas where bole sprays
are not practical (e.g., along property lines or within no-spray buffers).

Figure 5. Experimental injections of emamectin benzoate for protecting trees from western pine beetle attack in Cala-
veras County, California, U.S. (left), and mountain pine beetle attack in the Uinta-Wasatch-Cache National Forest,
Utah, U.S. (right). Photos: C.J. Fettig, Pacific Southwest Research Station, USDA Forest Service (left) and D.M. Grosman,
Texas A&M Forest Service (right).
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6.1. Emamectin benzoate

Emamectin benzoate is a macrycyclic lactone derived from avermectin Bl (= abamectin) by
fermentation of the soil actinomycete Streptomyces avermitilis that disrupts neurotransmitters
causing irreversible paralysis. Emamectin benzoate is highly toxic to fish and honey bees,
and very highly toxic to aquatic invertebrates. It is highly toxic to mammals and birds as
well on an acute oral basis, but is dermally benign to mammals. In recent years, emamectin
benzoate has received the most attention among systemic injections for protecting trees from
bark beetle attack in the western U.S. [40].

Mountain and western pine beetles. [40] evaluated an experimental formulation of 4.0%
emamectin benzoate mixed 1:1 with methanol for protecting ponderosa pine from mortality
due to western pine beetle attack in California. Results of this study indicate three field sea-
sons of protection can be expected with a single application. To our knowledge, this was the
first demonstration of a successful application of a systemic insecticide for protecting indi-
vidual trees from mortality due to bark beetle attack in the western U.S. This and other re-
search led to the registration of emamectin benzoate (TREE-age™) in 2010 for protecting
individual trees from bark beetle attack.

The experimental formulation of emamectin benzoate was ineffective for protecting lodge-
pole pine from mountain pine beetle attack in Idaho [40], which agrees with field studies
conducted in British Columbia and Colorado (D.M.G., unpublished data). Site conditions
such as ambient temperatures, soil temperatures and soil moistures may help explain the
lack of efficacy observed in these studies as these factors may slow product uptake and
translocation within trees in high-elevation forests [40]. As such, failures for protecting
lodgepole pine from mountain pine beetle attack were initially attributed to inadequate dis-
tribution of the active ingredient following injections made ~5 weeks prior to trees coming
under attack by mountain pine beetle [40]. The authors commented that injecting trees in the
fall and/or increasing the number of injection points per tree could perhaps increase efficacy.
Currently, spring and fall applications of TREE-age™ are being evaluated for protecting
lodgepole pine from mortality due to mountain pine beetle attack in Utah. Results for fall
treatments are very promising (Table 2).

Southern pine beetle. Several studies have evaluated the efficacy of emamectin benzoate for
protecting loblolly pine from mortality due to southern pine beetle attack in the southern
U.S. [47, D.G.M., unpublished data]. Most have demonstrated a reduction in tree mortality,
but few trees were attacked in the untreated controls, presumable due to low population
levels.

Spruce beetle. An experimental formulation of 4.0% emamectin benzoate injected in late
August was ineffective for protecting Engelmann spruce from mortality due to spruce beetle
attack in Utah [40]. However, the commercial formulation TREE-age™ has yet to be evaluat-
ed. Studies are planned to evaluate alternative timings of injection of TREE-age™ (i.e., early
summer versus late summer) and the number and position of the injection ports in trees,
both of which are thought to influence efficacy [40].
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Engraver beetles. Several studies have reported that emamectin benzoate is effective for
preventing engraver beetle attacks, including sixspined ips, for at least two years in Texas
[46, D.M.G., unpublished data].

Treatment® Rate® i
Percent mortality*
(/2.54 cm dbh)
Spring injection 10 ml 33%
Fall injection 10ml 0%
Untreated control (yr 1) - 80%
Untreated control (yr 2) - 60%

2 Injections occurred in spring (i.e., June, ~1 month prior to peak mountain pine beetle that year) and fall (i.e., Septem-
ber, ~10 months prior to peak mountain pine beetle flight the following year).

bdbh = diameter at breast height (1.37 m in height).

‘Based on presence or absence of crown fade in September 2011. Data obtained from Fettig et al. (unpublished data).

Table 2. The effectiveness of injections of emamectin benzoate (TREE-age™) into the lower bole of lodgepole pine for
reducing levels of tree mortality due to mountain pine beetle attack, Uinta-Wasatch-Cache National Forest, Utah, U.S.,
2009-2011.

6.2. Abamectin

Abamectin (= avermectin B1) is a natural fermentation product of the soil actinomycete
Streptomyces a. vermitilis. Like emamectin benzoate, abamectin acts on insects by interfering
with neural and neuromuscular transmission. Abamectin is relatively non-toxic to birds, but
highly toxic to fish, aquatic invertebrates and honeybees. Most formulated products are of
low toxicity to mammals. Ongoing studies indicate Abacide™ 2 is effective for protecting
lodgepole pine from mortality due to mountain pine beetle attack in Utah for at least one
field season (C.J.F. et al., unpublished data). Similarly, efficacy has been demonstrated for a
complex of engraver beetles, including sixspined ips, for three field seasons in Texas
(D.G.M.,, unpublished data). A request to add mountain pine beetle and engraver beetles to
the label for Abacide™ 2 may be forthcoming.

6.3. Fipronil

Fipronil is a phenyl pyrazole that disrupts the insect central nervous system by blocking the
passage of chloride ions through the gamma-aminobutyric acid (GABA) receptor and gluta-
mate-gated chloride channels. This results in hyperexcitation of contaminated nerves and
muscles and ultimately death. Fipronil is of low to moderate toxicity to mammals, highly
toxic to fish, aquatic invertebrates, honeybees and upland game birds, but is practically non-
toxic to waterfowl and other bird species. Fipronil reduced levels of tree mortality due to
engraver beetles, including sixspined ips, on stressed trees in Texas [46]. However, fipronil
is ineffective for protecting loblolly pine from southern pine beetle [47] and Engelmann
spruce from spruce beetle [40,48]. While results are inconclusive [40, 48], fipronil does not
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appear effective from reducing levels of lodgepole pine mortality due to mountain pine bee-
tle attack in Utah or ponderosa pine mortality due to western pine beetle attack in Califor-
nia. Thus, registration is not being pursued at this time.

7. Environmental concerns

Most data on the deposition, toxicity, and environmental fate of insecticides in western for-
ests come from aerial applications to control tree defoliators, and therefore are of limited ap-
plicability to bole sprays or tree injections used to protect trees from bark beetle attack. [49]
studied the effects of lindane, chlorpyrifos and carbaryl on a California pine forest soil ar-
thropod community by spraying normal levels of insecticide, and levels five times greater
than would be operationally used to protect trees from bark beetle attack. The authors con-
cluded carbaryl was least disruptive to the soil arthropod community [49]. Persistence and
movement of 2.0% carbaryl within soils of wet and dry sites has been evaluated [50]. The
highest concentrations of carbaryl were detected within the uppermost soil layers (upper
2.54 cm), with levels exceeding 20 ppm 90 d after application on most sites [50].

Carbaryl is relatively nontoxic to Enoclerus lecontei (Wolcott) [51] and E. sphegeus (F.) [52],
and less toxic than either lindane or chlorpyrifos to Temmnochila chlorodia (Mannerheim) [51],
common predators of bark beetles in the western U.S. [32] measured the remedial efficacy of
0.25%, 0.5%, 1.0%, and 2.0% chlorpyrifos (Dursban®), fenitrothion (Sumithion®) and perme-
thrin (Pounce®) on emerged and nonemerged predators and parasites of spruce beetle in
Alaska. Two percent Pounce® had the least impact on emerged natural enemies while Durs-
ban® and Sumithion® had the greatest impacts. In many cases, the lowest concentrations re-
sulted in the highest mortality of emerged parasites and predators (74-94% mortality), but
lowest mortality of nonemerged individuals. The authors attributed this to higher concen-
trations resulting in prolong emergence [32]. Mortality of nonmerged parasites and preda-
tors was <45% for all active ingredients and concentrations, except 2.0% chlorpyrifos [32].

Werner and Hilgert [53] monitored permethrin levels in a freshwater stream adjacent to
Lutz spruce that were treated with 0.5% permethrin (Pounce®) to prevent spruce beetle at-
tack. Treatments occurred within 5 m of the stream. Maximum residue levels ranged from
0.05 + 0.01 ppb 5 h after treatment to 0.14 + 0.03 ppb 8-11 h after treatment, declining to 0.02
+0.01 ppb after 14 h. Levels of permethrin in standing pools near the stream were 0.01 + 0.01
ppb. Numbers of drifting aquatic invertebrates increased two-fold during treatment and
four-fold 3 h after treatment and declined to background levels within 9 h. Trout fry, periph-
yton and benthic invertebrates were unaffected [53].

Two studies have been published on the amount of drift resulting from carbaryl applica-
tions to protect trees from bark beetle attack. In the early 1980s, [54] used spectrophotofluor-
ometry to analyze ground deposition from the base of the ponderosa pine to 12 m from the
bole in California. In a more recent study, [14] used high performance liquid chromatogra-
phy (HPLC) to evaluate ground deposition occurring at four distances from the tree bole
(7.6, 15.2, 22.9 and 38.1 m) during conventional spray applications for protecting individual
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lodgepole pine from mountain pine beetle attack, and Engelmann spruce from spruce beetle
attack. Despite substantial differences in these methods (i.e., spectrophotofluorometry limits
detection of finer particle sizes that are accounted for with HPLC), they yielded some similar
results. For example, [14] reported application efficiencies of 80.9% to 87.2%, while [54] re-
ported values of >80%. Furthermore, [14] found no significant difference in the amount of
drift occurring between lodgepole pine and Engelmann spruce at any distance from the tree
bole despite differences in application rate and pressure, while [54] reported drift was simi-
lar between two methods applied at 276 kPa and 2930 kPa. However, [14] reported higher
levels of ground deposition further away from the tree bole, which is expected given use of
HPLC, a more sensitive method of detection.

Prevailing
wind

=20 mg/m?

10.0 - 19.9 mg/m? 229 m
5.0 - 9.9 mg/m?
1.0 - 4.9 mg/m?

38.1m
0.1 - 0.9 mg/m?

c O0000

Individual tree

Figure 6. Average drift following experimental applications of carbaryl to protect trees from bark beetle attack, Uinta-
Wasatch-Cache National Forest, Utah, U.S. Data obtained from Fettig et al. (2008). Wind speed was correlated with
drift up to 22.9 m from the tree bole, and direction largely influenced the direction of prevailing drift. For example,
while deposition is detected at 38.1 m on the leeward side of treated trees (maximum wind speeds averaged 3.5
km/h), drift is undetectable less than half that distance on the windward side. Less drift is expected in dense forest
stands due to reduced wind speeds and interception by foliage. Studies show no-spray buffers will ensure that adja-
cent aquatic and terrestrial environments are protected from negative impacts.
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Fettig et al. [14] reported mean deposition values from 0.04 + 0.02 mg carbaryl/m?* at 38.1 m
to 13.30 + 2.54 mg carbaryl/m? at 7.6 m. Overall, distance from the tree bole significantly af-
fected the amount of deposition. Deposition was greatest 7.6 m from the tree bole and de-
clined quickly thereafter. Approximately 97% of total spray deposition occurred within 15.2
m of the tree bole (Fig. 6). To evaluate the potential risk to aquatic environments, the authors
converted mean deposition to mean concentration assuming a water depth of 0.3 m selected
to represent the average size of lotic systems, primarily small mountain streams, adjacent to
many recreational sites where bole sprays are often applied [14]. No adjustments were made
for the degradation of carbaryl by hydrolysis, which is rapid in streams or for dilution by
natural flow. Comparisons were made with published toxicology data available for select
aquatic organisms. No-spray buffers of 7.6 m are sufficient to protect freshwater fish, am-
phibians, crustaceans, bivalves and most aquatic insects. In laboratory studies, carbaryl was
found to be highly toxic to stoneflies (Plecoptera) and mayflies (Ephemeroptera), which are
widely distributed and important food sources for freshwater fishes, but negative impacts in
field populations are often short-lived and undetectable several hours after contamination
[55]. No-spray buffers >22.9 m appear sufficient to protect the most sensitive aquatic insects
such as stoneflies.

An advantage of tree injections is that they can be used on environmentally-sensitive sites as
these treatments represent an essentially closed system and therefore little or no contamina-
tion occurs outside of the tree. However, following injection residues move within the tree
and are frequently detected in the foliage [e.g., 44,56-57], which could pose a risk to decom-
posers and other soil fauna when needles senesce. This has been shown for imidacloprid in
maple [57], but injections of emamectin benzoate in pines appear of little risk. For example,
[56] reported emamectin benzoate was not detected in the roots or the surrounding soil, but
was present at 0.011-0.025 ug/g in freshly fallen pine needles. However, levels gradually de-
clined to below detectable thresholds after 2 months [56].

8. Conclusions

The results of the many studies presented in this chapter indicate that preventative applica-
tions of insecticides are a viable option for protecting individual trees from mortality due to
bark beetle attack. Bole sprays of bifenthrin, carbaryl and permethrin are most commonly
used. Several formulations are available and effective if properly applied. Residual activity
varies with active ingredient, bark beetle species, tree species and associated climatic condi-
tions, but generally one to three years of protection can be expected with a single applica-
tion. Recent advances in methods and formulations for individual tree injection are
promising, and further research and development is ongoing. We expect the use of tree in-
jections to increase in the future. In general, preventative applications of insecticides pose
little threat to adjacent environments, and few negative impacts have been observed. We
hope that forest health professionals and other resource managers use this publication and
other reports to make informed, judicious decisions concerning the appropriate use of pre-
ventative treatments to protect trees from mortality due to bark beetle attack. Additional
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technical assistance in the U.S. can be obtained from Forest Health Protection (USDA Forest
Service) entomologists (www.fs.fed.us/foresthealth/), state forest entomologists, and county
extension agents (www.csrees.usda.gov/Extension/). We encourage use of these resources
before applying any insecticides to protect trees from bark beetle attack.
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1. Introduction

Ectoparasites reduce significantly animal production and welfare. They cause nuisance,
anaemia, irritation and transfer of pathogens of important diseases, often leading to animal
death. Examples of diseases with high mortality transmitted by arthropods include viral
diseases, such as the Bluetongue disease, or parasitic diseases, such as piroplasmosis and
filariosis. Biting midges of the Obsoletus species complex of the ceratopogonid genus Culi-
coides were assumed to be the major vectors of bluetongue virus in northern and central Europe
during the 2006 outbreak of bluetongue disease. Most recently, field specimens of the same
group of species have also been shown to be infected with the newly emerged Schmallenberg
virus in Europe, as other bloodsucking arthropods. Furthermore, ectoparasites may attack
humans and threaten public health, such as diseases transmitted by mosquitoes or ticks.

The control of ectoparasites found on animals, i.e. midges, fleas, ticks, lice, flies, is largely based
on the use of chemicals (insecticides). The main groups, which have been used as the basis of
the common ectoparasiticides, include the synthetic pyrethroids, organochlorines, organo-
phosphates, carbamates, formamidines and others. The macrocyclic lactones (avermectins and
milbemycines) have also been shown to have a high activity against a range of ectoparasites.
Furthermore, there are also compounds which affect the growth and development of insects,
such as the chitin inhibitors, chitin synthesis inhibitors and juvenile hormone analogues. Insect
growth regulators (i.e. lufenuron) are used mostly against fleas and certain flies.

2. Deltamethrin

Pyrethroids, synthetic analogues of pyrethrins, were developed to improve stability of the
natural pyrethrins since they degraded rapidly by light. The pyrethrin insecticides were
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originally derived from extracts of the flower heads of Chrysanthemum cinerariaefolium. There
are six compounds that comprise the natural pyrethrins, namely, pyrethrins I and I, cinerins
I'and II, and jasmolins I and IL.

Pyrethroid insecticides are attractive compounds because of their high potency and ability to
reduce disease transmission, selective toxicity, relative stability in the environment and ease
of degradation in vertebrates. Compared with organophosphates and carbamate insecticides,
pyrethroids are less likely to cause acute and chronic health effects to vertebrates. The common
synthetic pyrethroids in use include deltamethrin, permethrin, cypermethrin, flumethrin and
others. The main value of these compounds is their repellent effect and since they persist well
on the coat or skin, but not in tissue, they are of particular value against parasites that feed on
the skin surface such as ticks, lice, some mites and nuisance flies. They can act as contact
insecticides due to their property to be lipophilic. Some have the ability to repel and to affect
flight and balance without causing complete paralysis (knockdown effect). They pose a strong
affinity for sebum. They are widely used in veterinary medicine for agricultural and domestic
purposes.

Pyrethroids are primarily targeted on the nervous system. They act as neurotoxins upon
sensory and motor nerves of the neuroendocrine and CNS of arthropods. Several mechanisms
of action have been proposed, including alterations in sodium channel dynamics in nerve
tissues, which polarise membranes and result in abnormal discharge in targeted neurons.

Synthetic pyrethroids are relatively safe. However, if toxicity occurs, it is expressed in the
peripheral nervous system of animals as hypersensitivity and muscle tremors. They are
extremely toxic to fish and aquatic invertebrates (except for molluscs and amphibians).
However, it would appear that, in practice, the risks of deltamethrin are limited. Light, the pH
of the water, organic or colloidal molecules in suspension, and the presence of sediment and
bacteria, all contribute to a rapid breakdown of the molecule into rapidly decomposed non-
toxic products. Deltamethrin does not present any toxicity problems for birds, including game
birds. Regarding public health, some adverse effects on humans may occur, with neurotoxicity
and developmental toxicity being potential side effects following acute high-dose exposures
to pyrethroids.

Among synthetic pyrethroids, Deltamethrin (Butox, MSD) is of particular importance.
Contrary to other pyrethroids, it is a single cis-isomer (Figure 1), which is considered to be
more effective than isomer combinations. Deltamethrin repels ectoparasites by the “hot foot
effect”, which is typical for pyrethroids. An insect after it had a “touchdown” on such an
animal, redraws its feet suddenly from treated hair. Even after a very short contact, for only a
few seconds, to treated hair, a “knock-down effect’” occurs since insects and ticks die soon after
the open nerve ends at their feet got into contact with the insecticide. This efficacy leads to a
constant reduction of biting or attacks and same time dead female population stops breeding.
On the other hand, studies carried out in 3 generations of rats, using daily doses of 0.15, 1 and
3.75 mg/kg in the feed, did not reveal any differences between treated and control animals
with respect to fertility, duration of gestation, fecundity and viability of the litters. Finally,
Deltamethrin did not show any mutagenic effects in any of the tests (both in vivo and in vitro)
employed.



The Use of Deltamethrin on Farm Animals
http://dx.doi.org/10.5772/54839

v X
LA, 0

B N ' 0
°

Figure 1. The structure of deltamethrin

3. Efficacy

Several published papers exist in scientific journals demonstrating the strong properties of
Deltamethrin (Butox, MSD) to repel or kill arthropods infesting livestock, such as biting
midges, nuisance flies, ticks, lice, certain mites etc. Results from these field trials proved the
high efficacy of this compound to protect ruminants from midges, i.e. Culicoides spp., for
periods over 4-5 weeks, even if the animals became wet several times. It has been found to be
effective against ticks, including all developmental stages, mosquitoes and many others.

Herein follow, in more details, the results of some studies evaluating the potential use of
Deltamethrin (Butox, MSD) on farm animals.

3.1. Culicoides midges

One set of such experiments include the investigation of the control of Bluetongue disease of
ruminants using this drug, carried out by Schmahl and colleagues in 2008. Bluetongue disease
is a viral disease, which harms considerably farm ruminants with high mortality rates in cattle
and especially in sheep, while wild ruminants become infected, serve as virus reservoirs, but
show only rarely severe symptoms of disease. From several transmission experiments and
epidemiological studies in South Africa and in Southern Europe, it was known that the main
vector belonged to the midges (Family Ceratopogonidae, genus Culicoides). Therefore,
protection methods were needed to avoid transmission of the virus from one animal to the
other. Thus, the aim of this study was to compare the efficacy of Deltamethrin when Culi-
coides specimens come into contact with hair of cattle and sheep that had been treated for 7,
14, 21, 28, or 35 days before. This study was needed, since it had to be clarified, whether the
product in this formulation of Deltamethrin can reach the hair of feet in sufficient amounts
when they are applied onto the hair along the back line. The product must arrive in sufficient
amounts at the feet and along the belly since there are the predominant biting sites of the very
tiny (only 0.8-3 mm long) specimens of C. obsoletus, C. pulicaris and C. dewulfi, the proven
vectors of Bluetongue in Europe. Towards this end, one group of three young cattle of about
400 Kg bodyweight and one group of three young sheep of 60 Kg each were treated by
application (pour on) of 30 ml and 10 ml, respectively, of the product Butox® 7.5 onto the skin
along the backside of the animals. Butox® 7.5 contains 7.5 g deltamethrin per liter of the ready-
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to-use solution and is a registered trademark of MSD pharmaceutical company. Seven, 14, 21,
28, and 35 days after treatment, hair was clipped off from the feet of the cattle and sheep (just
above the claws), collected in separate, suitable plastic bags, and transported to the institute,
where it was mixed with freshly caught midges, which had been caught in the previous night
with the aid of an ultraviolet light lamp. Each vial contained at least ten Culicoides specimens,
besides other insects. The trapped insects were incubated with treated hair or with hair of an
untreated animal (control). The exposure periods of the insects to hair lasted for 15, 30, 60, or
120 seconds—a period which was thought to be realistic compared to the field conditions. The
insects were thereafter separated from the hair and placed on filter paper inside closed plastic
petri dishes, where they were observed at regular intervals (5-10 min) using a stereo micro-
scope to record reactions and the time of death after the first contact with treated hair.

The midges (Culicoides species) were apparently highly sensitive to Deltamethrin (Butox® 7.5)
since they died even after rather short contacts to hair treated even 35 days ago, which is a
very satisfying effect. There were no significant differences between the species of treated
animals (sheep or cattle), although the distance from the place of application (back) until the
feet is longer in cattle than in sheep. Thus, the formulation can reach in sufficient amounts the
region of the predominant biting sites of the Culicoides species (feet, belly).

The results obtained from these experiments clearly show that Deltamethrin, when applied as
a pour-on solution onto the back of the animals, has a significant killing effect on the Culi-
coides species, which are known vectors of the Bluetongue virus in Europe. Furthermore, even
if the protection might not be 100%, any killed female Culicoides prevents its possible progeny
and hinders the transmission of agents of diseases.

During the above described studies, the animals were provided with adequate shelter against
the rain. The efficacy of deltamethrin on wet animals was, therefore, not tested. It is common
that ruminants stay under the rain or exposed to water when they stay at pasture for grazing.
Therefore, the same group of researchers in 2009, carried out the next step of the above study,
i.e. the new task was to determine if thoroughly wetting the test subjects, twice a week, would
affect the efficacy of Deltamethrin. Cattle and sheep were treated with Butox 7.5 along the neck
or dorsal midline, as described earlier. Test animals were wet thoroughly with tap water twice
weekly. Control animals remained dry. Hair was clipped off the legs, near the claws, at day?7,
14, 21, and 28 after treatment of test and control animals. Recently caught C. obsoletus midges
were then exposed to the hair for 15, 30, 60, and 120 seconds. The midges were then transferred
to filter paper in plastic petri dishes and observed. The time needed for the midges to die after
the exposure was recorded.

In both cattle and sheep, the product remained active for at least up to 4 weeks (28 days - end
of the experiment), even in the animals wet with water twice weekly over the 4-week period.
In sheep, the time between exposure and death of the midges was definitely lengthened in
animals that were wet. In cattle, the results were different in that in some cases, time between
exposure and death of the midges was shorter in wet animals than in dry animals, while in
other cases the results were similar. Compared with the sheep, the time between exposure and
death is generally quicker, probably, due to differences in hair structure. All midges exposed
to hair from treated sheep or cattle, wet or dry, died even after only 15 seconds of exposure to
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the hair. In cases where the period between exposure and death of the midges was very long,
it is likely that the midges were unable to bite as they showed signs of paralysis immediately
after contact with treated hair. The fact that Butox 7.5 pour on remains effective in animals
regularly exposed to rain is an important finding towards the protection of ruminants from
the attack of midges and the risk of disease transmission.

3.2. Ticks

Another study of Mehlhorn and others took place recently in 2011 in order to investigate the
efficacy of Deltamethrin (Butox® 7.5 pour on) against specimens of two important species
(Ixodes ricinus and Rhipicephalus sanguineus). Ticks can transmit a broad spectrum of agents of
diseases in cattle or sheep and the use of an effective long lasting acaricide is needed to protect
livestock. Four sheep and four young cattle were treated along the vertebral column with 10ml
Butox® (deltamethrin) per sheep or 30ml Butox® per cattle. Day 7, 14, 21, and 28 after the
treatment, hair was shaved off from the head, ears, the back, belly, and the feet being collected
in separate, suitable plastic bags, and transported to the institute, where these hair were
brought into close contact with either adult and/or nymph stages of I. ricinus and R. sangui-
neus. As results, strong, acaricidal effects were seen, which varied according to the parasite
species, the origin of the hair (e.g., head, leg, etc.) and according to the period after the
treatment.

In sheep, the acaricidal effect was noted for the whole period of 28days along the whole body
with respect to adults and nymphs of I. ricinus, while the acaricidal effects of Deltamethrin
were reduced for R. sanguineus stages beginning at day 21 after treatment. In cattle, the full
acaricidal effect was seen for 21 days in I. ricinus stages and for 14 days in R. sanguineus, while
the acaricidal efficacy became reduced after these periods of full action—beginning at the hair
taken from the legs. Only R. sanguineus adults did not show any reaction on day 28 after
treatment. Besides these acaricidal effects, repellent effects were also noted. Full repellency for
both species was seen during the first 14 days in sheep and cattle against Ixodes and Rhipice-
phalus, while the repellency was later reduced, especially in contact with hair from the legs.
As conclusion, Deltamethrin, besides its very good effects against biting insects, brings
acaricidal as well as repellent effects against ticks, thus protecting the sheep and cattle from
transmission of agents of diseases.

3.3. Nuisance flies

Other researchers carried out experiments testing the efficacy of Deltamethrin against nuisance
flies of ruminants. More precisely, Franc and Cadierques in 1994, applied the pour on formu-
lation of 0.75 % Deltamethrin to cattle on 6 farms in southwest France (3 treated, 3 control).
Ten ml per 100 Kg body weight were applied to the backs of 77 cattle (with a max. of 30 ml)
and adequate control of hornfles (Haematobia irritans and Hippobosca equina (with a 95% or
better) was achieved during 10 weeks. The protection against non biting flies Musca autumna-
lis was better than 75 % during 6 weeks and better than 50 % during the next 14 weeks in 2
farms. In the other farm the number of Musca autumnalis fell by 75.5% only during the first
week.
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3.4. Mange

Finally, in the international literature, in 2001, exists a publication of Khalaf-Allah and El-
Bablly, who evaluated the effect of Deltamethrin for control of sarcoptic mange in naturally
infested cattle. The infested calves (28 calves with 8-16 months of age) were randomly allocated
into two groups each consisting of 14 animals. The first group was sprayed with Deltamethrin
at the concentration recommended by the manufacturer using a motor sprayer, while the
second group was left untreated and served as control. Besides this, 14 healthy calves at the
same farm were used to compare between them and the infested calves for the haematological
and biochemical parameters. Before application of the acaricide, mange lesions were carefully
scraped so as to remove the scales and crusts under which sarcoptic mites are hidden. Skin
scrapings were taken from the affected lesions and mites were identified at day (0) and at
weekly intervals post-treatment.

The results revealed that Deltamethrin provided a high level of sarcoptic mange control which
lasted up to 42 days post-treatment. The mean haematological values of RBCs, Hb, PCV were
significantly lower in mange infested calves than that of control, whereas the mean WBCs was
significantly higher in infested animals. As well, the mean biochemical parameters estimated
in mange infested animals were significantly lower than that of controls. The mean values of
the haematological and biochemical parameters in infested animals were restored and nearly
returned to its normal levels one month post-treatment.

3.5. Fleas

Herein follow our results from a pilot study which was carried out in order to evaluate under
field practise the effect of Deltamethrin (Butox®, MSD) against fleas infesting small ruminants
in Greece.

Fleas pose a significant problem in dairy sheep and goat farms of the country, since they attack
not only animals but farmers as well (Figure 2). There are several papers in the international
literature, regarding flea infestation of livestock in many countries around the Mediterranean
basin and elsewhere (Ethiopia, Greece, Israel, Libya, Morocco etc). In all the cases of severe
infestation, fleas cause, additionally to nuisance, high mortality, morbidity and disease
transfer.

Control is difficult, because fleas spend much time off the host. Furthermore, insecticide
residues in milk, when treatment is applied during milk production, are a restraining factor.
The great advantage of deltamethrin (Butox®, MSD) is the very short withdrawal period in
milk (12 hours) making treatment against ectoparasites practically possible at any time of
animal production. Very limited information, to our knowledge, exists in the scientific
literature, regarding flea control using insecticides on livestock.

Twenty (15 goat and 5 sheep) farms were identified and Deltamethrin (Butox®, MSD) was
applied to all animals at the recommended dose rate. Herds/flocks consisted of 100-200 head
of local dairy breeds. Information was collected regarding the management system of the
farms, particularly on manure handling (Figure 3).
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Figure 3. A typical farm environment favouring flea reproduction
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Animals within each farm were randomly inspected and fleas, if present, were counted every
week for a minimum period of one month (Figure 4). Controls, untreated animals, were not
used (accepted by the WAAVP guidelines) for both ethical reasons and because the aim of the
study was to eliminate fleas from the farm premises. Practically no fleas were found during
the post-treatment period. In more details, the mean (+sd) number of fleas before and after the
Deltamethrin treatment were 104.5 (+12.6) and 3.6 (2.3 fleas), respectively. The overall success
of flea control was >96.6%. The main flea species identified was Ctenocephalides felis, which is
known to be very common and widespread. These results offer a sustainable approach to flea
control in Greece due to the long protection period and if combined with hygienic treatment
of the farm premises, may contribute significantly to flea control.

Figure 4. The presence of fleas was inspected using a comb

4. Concluding remarks

In conclusion, Deltamethrin (Butox®, MSD) can be successfully used for farm animal protec-
tion in control programmes against many arthropods with important vector-borne or nuisance
capacity, including midges, ticks, flies and fleas. Effective control of ectoparasites is of major
significance, not only for increased animal production and welfare, but for the public health
protection as well.
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1. Introduction

Productivity gains in agriculture are satisfactory with the use of genetically modified plants
and the dependency of application of insecticides on crops becomes smaller over the years.
The consequences of the development and marketing of corn genetically modified (GM)
have been profound, and in 2011 the area planted in the United States of America (USA)
with at least one GM trait corresponded to more than 88% of was over acreage.

In addition, the efficiency gains in the production chains were only possible thanks to the
entrepreneurship and management of rural producers, who adopted the most modern tech-
nologies available for science. Among these, stand: the tillage, fertilization and soil correc-
tion, the techniques of integrated management of invasive plants, diseases and insect pest
and the growing adoption of improved seeds with high productive capacity. It is observed
that the simple hybrids corn came to dominate the market of seeds embedded in technolo-
gies and seeds are more easily adopted by producers. This is the case of transgenic seeds,
which in the culture of corn were widely adopted, including the major world producers of
this cereal USA and Argentina.

In crops of corn, the losses caused by pests are limiting factor to achieve high productivity.
The fall armyworm (Spodopterafrugiperda) is the main plague of corn in Brazil culture, caus-
ing severe damage. The attack on the plant occurs since its emergence to the booting and the
silking. However, the critical period is flourishing. Losses due to Caterpillar attack may re-
duce production in up to 34%. Survey conducted among some 1,100 farmers who produce
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more than 8,000 kg ha-1 showed that, among the crops sampled, 15% received from 4 to 5
applications of insecticides and 6% received 6 to 8 applications for pest control.

Other recent surveys, conducted by Embrapa maize and sorghum, have shown that in some
regions the number of applications of insecticides for the control of Caterpillar-cartridge can
reach 10. In addition, there is no efficient method of chemical control for at least two other
important species: or the control of the corn earworm (Helicoverpazea) and the Maize stalk
borer (Diatraeasaccharalis).

The insects have been one of the biggest causes of damage in food production being these
losses of the order of 20 to 30% of world production in [1]. It is estimated that approximately
67,000 species of insects cause damage to plantations and tropical regions, usually the poor-
est in the world, those who suffer most from the high incidence of insects-Prague in [2].

The attack of any pest depends on the development of culture, as well as the intensity of the
attack, which can significantly affect the performance of the same. Chemical control is the
primary measure used to prevent the immediate damage that reach the level of economic
damage. Many times, the insecticides do not have the desired effectiveness and have a high
cost, because are usually required multiple applications.

The insecticides used in pest control as an example in corn culture are often of low selectivi-
ty, therefore can affect the population of natural enemies, favoring the proliferation of pests
and even resurgence of others. Due to these factors, the search for alternatives that can mini-
mize or even replace the conventional insecticides was intensified and, currently, the new
tactics comprise a series of alternatives: resistant plants, selective insecticides, parasitoids
and entomopathogenic microorganisms. Among the entomopathogenic Bacillus thuringiensis
(Bt), notable for its wide use in the control of pest insects of the order Lepidoptera, especial-
ly in corn culture.

Currently, transgenic production is widespread in almost all agricultural regions of the
planet and with the adoption of biotechnology by greater productivity with the producers
reaches lower use of insecticides. An example of this is the use of gene technology (Cry) of
bacteria (Bt) in control of the main pests of maize culture. The Bt gene technology diffusion
aims to make the environment more sustainable, decreasing the concentration of inert prod-
ucts in foods using insecticides rationally. However, many challenges must still be over-
come, with that biotechnology has as a fundamental role, seek new research, sustainable in
modern agriculture.

2. Importance of biotechnology in the control of insects-prague

Biotechnology is defined as a set of techniques for manipulation of living beings or part
thereof for economic purposes. This broad concept includes techniques that are used on a
large scale in agriculture since the early 20" century, such as tissue culture, the biological
fixation of nitrogen and organic pest control. But the concept includes also modern techni-
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ques of direct modification of the DNA of a plant or a living organism, in order to change
precisely the characteristics of that organism in [3].

Agricultural biotechnology varieties are used as a tool for agricultural research character-
ized by gene transfer of agronomic interest (and, consequently, of desired characteristics)
between a donor agency (which may be a plant, a bacterium, fungus, etc.) and plants, safely.

Studies dating this year in India and China show that the Bt cotton production in-
creased 10% to 50%, respectively, and the use of insecticides has reduced in both coun-
tries by 50%. In India, the producers have increased the income up to $ 250 or more per
hectare, the farmer's income increasing national $ 840 million to $ 1.7 billion last year.
Chinese farmers saw similar gains with increasing yields on average $ 220 per hectare,
or more than $ 800 million nationwide. It is important to emphasize the trust farmer in
technology, with 9 of 10 Indian farmers reseeding the biotech cotton 100% year after
year and Chinese farmers using the technology.

It is important to recognize the need for scientific research that point on the General mode of
action of Bt toxins and also that their toxicity is influenced by several factors. However, it is
known that, in General, the toxicity of the Bt toxin on target organisms depends on factors
such as certain pH, proteases, and the receivers in [4]. On the other hand, and more specifi-
cally, the extrinsic factors can also influence and co-factors in specific efficacy of Bt toxin on
target organisms resistant and/or can also have an impact on the selectivity and toxicity to
non-target organisms in [5].

Therefore, the emergence of modern biotechnology marks the beginning of a new stage
for agriculture and reserves a starring role to molecular genetics. The advances in the
field of plant genetics have the effect of reducing the excessive reliance on agriculture
mechanical and chemical innovations, which were the pillars of the green revolution. In
addition to increased productivity, modern biotechnology can contribute to the reduc-
tion of production costs, better quality foods and for the development of less aggressive
to the environment in [3].

3. The Bacillus thuringiensis (Bt)

The Bacillus thuringiensis, was discovered in 1901, by the occurrence of an epidemic of mor-
tality of larvae of the silkworm in Japan. Researchers found that it was caused by a previ-
ously unknown bacterium.

The bacterium entomopathogenic (Bt) stands out on the world stage since 1938, when the
first product formulated with this pathogen was released in France.

In 1911, in Germany, the Berliner managed to isolate and characterize this bacterium, baptiz-
ing it Bacillus (by its cylindrical shape) thuringiensis (named after the German region of Tu-
ringea). In 1938, France formulations containing right-handed bacteria colonies were sold as
insecticides and, in 1954, its mode of action was discovered and its use today.
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Since then more than 100 products were launched on the market and currently constitute
more than 90% of gross revenues with biopesticides in [6, 7].

In some studies, this bacterium was considered inefficient in controlling S. frugiperdain [8, 9].
However, with the advances provided by new laboratory techniques and greater interest of
researchers’ positive results were obtained in [10]

The Bt a soil bacteria present in various continents, Gram-positive, aerobic and family Bacil-
laceae, when environmental conditions become adverse can sporulate to survive these con-
ditions in [11]. Are found in every terrestrial environments and also in dead insects, plants
and debris in [12, 13, 14, 15, 16, 17, 18, 19]. The methods to isolate this pathogen are power-
ful and usually easy to perform in [20, 21, 22, 23]. The number of cells obtained from Bt var-
ied between 102 and 104 colony-forming units (CFU) per gram of soil, while in plants this
number varies between 0 and ufc 100 cm? in [24].

Produces sporangia containing a endospore and crystalline inclusions of proteins that are re-
sponsible for their action entomopathogenic, among which stands out the protein CRY. This
crystal is composed of a protein polypeptide called endotoxin in [25]. When larval forms of
insects feed on such proteins, initiates a series of reactions that culminate with the death of
the same.

4. Biotechnology vs insecticide

The insects have been one of the major causes of damage to food production in [1] and, in
world terms, the losses caused by pests and diseases are quite high. The same causing losses
of the order of 38% in [26]. Withdrawals in Brazil indicate that pests can be liable for loss of
2.2 billion dollars for the main Brazilian crops in [27].

Control of harmful insects is done, most of the time, by agrochemicals and, on a much small-
er scale, by the employment of biological insecticides. The indiscriminate use of pesticides in
combating the causal agents causes, despite its efficiency, environmental problems severe,
human health, reduces number of natural enemies, and provides an accelerated selection of
resistant insects in [28]. In contrast, biopesticides, Bt based, used for over a century, retainers
of features less impactful on the environment and less harmful to humans ever occupied a
prominent place on the market for the sale of pesticides in [29].

From the Decade of 80, because of genetic advance, it became possible to develop a new pest
control strategy, which consists of the genetically modified plants resistant to insects in
[ and with effectiveness similar to conventional insecticides in [31, 32].

The first experiments with genetically modified (GM) plants were made in 1986, in the Unit-
ed States and in France. The first variety marketed a vegetable species produced by genetic
engineering was the “FlavrSavr Tomato ", developed by the American company Calgene
and marketed from 1994.

Between 1987 and 2000 there were more than 11,000 field trials in 45 countries and cultures
more frequently tested were corn, tomatoes, soybeans, canola, potatoes and cotton, and the
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genetic features introduced were herbicide tolerance, product quality, virus-resistance and

resistance to insects in [33].

Area (million

Rank  Country Biotech Crops
hectares)

] USA* 9.0 Maize, soybean, cotton, canola, sugarbeet, alfafa, papaya,
squash

2 Brazil* 30.3 Soybean, cotton, maize

3 Argentina* 23.7 Soybean, cotton, maize

4 India* 10.6 Cotton

5 Canada* 10.4 Canola, maize, soybean, sugarbeet

6 China* 3.9 Cottton, papaya, poplar, tomato, sweet paper

7 Paraguay* 2.8 Soybean

8 Pakistan* 2.6 Cotton

9 South América* 2.3 Maize, soybean, cotton

10 Uruguay* 13 Soybean, maize

1" Bolivia* 0.9 Soybean

12 Australia* 0.7 Canola, cotton

13 Philippines* 0.6 Maize

14 Myanmar* 0.3 Cotton

15 Burkina Faso* 0.3 Cotton

16 Mexico* 0.2 Cotton, soybean

17 Spain* 0.1 Maize

18 Colombia <0.1 Cotton

19 Chile <0.1 Maize, soybean, canola

20 Honduras <0.1 Maize

21 Portugal <0.1 Maize

22 Czech Republic <0.1 Maize

23 Poland <0.1 Maize

24 Egypt <0.1 Maize

25 Slovakia <0.1 Maize

26 Romania <0.1 Maize

27 Sweden <0.1 Potato

28 Costa Rica <0.1 Cotton, soybean

29 Germany <0.1 Potato

Total 160.0

* 17 biotech mega-countries growing 50,000 hectares, or more, of biotech crops.

** Rounded off to the nearest hundred thousand

Source: in [34].

Table 1. Global Area of Biotech Crops in 2011: by Country (Million Crops)**.
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These days, according to the annual report of 2011 on the use of transgenic crops, the non-
profit organization International Service for the acquisition of AgriBiotech Applications
(ISAAA) observed an increase of 94 times in planted area of 1.7 million hectares in 1996 to
160 million hectares in 2011 (Table 1), allowing biotech crops become more agricultural tech-
nology adopted in the history of modern agriculture.

The endless search for alternative methods of insect control-Prague has been held strongly
by several research groups worldwide, due to the need of a more sustainable agriculture
and more committed to environmental preservation in [35].

In this way, farmers have adopted this technology Bt targeting an increasing effective pro-
duction to sustainable agriculture in [36]. The benefits of this technology are: reduction of
environmental effects on toxins, safety in use, efficiency, conservation of natural enemies
and reduction of fungal diseases.

The first advantage is the production of protein Cry, by plants-Bt, which is not affected by
environmental factors such as atmospheric fallout, light incidence, and high temperatures in
[37]. In addition, the homogeneity of the protein, in plant tissues, allows a more efficient use
of insecticide effect than the application (spraying) of biopesticides, Bt, based on plants. The
second advantage is the possibility of a higher level of security in relation to insecticide for-
mulated because the proteins and does not accumulate in fatty tissues, are not toxic to hu-
mans and pets. Tied to these characteristics, the protein Cry, has no activity by contact,
being necessary, the ingestion of the toxin by the insect, to have the effect of insecticide. The
third advantage is the Heliothisvirescenscontrol significant and Pectinophoragossypiella, for ex-
ample, in Bt cotton culture, between 95 and 99% efficiency in [38]. The fourth advantage is
the preservation of natural enemies, therefore, secondary pests can become a problem if the
population of beneficial insects is reduced by the use of chemical insecticides of low selectiv-
ity. The fifth benefit, no less important, is the reduction of fungal diseases. The lesions
caused by insects, in the organs of plants, fungi infection, create opportunities mainly in the
genus Fusarium e Aspergillusin [39]. The primary importance of these fungi is the presence of
micotoxins, particularly fumosinsandaflatoxins produced by them. The fumosins can be fa-
tal to horses and pigs in [40]. And aflatoxinis extremely toxic to animals and humans in [39].
The dramatic reduction of insect attack, leads to reduction of insect attack, and consequent-
ly, decreases the production of micotoxins.

5. Mode of action of protein Cry

Currently the insect resistant transgenic plants expressing genes, inductors, an insectici-
dal protein called Cry, derived from the bacterium Bacillus thuringiensis(Bt). The mecha-
nisms by which proteins exert their effect are Cry elucidated by pore formation model
discussed below:

The mode of action of Cry proteins, produced by the plant, it is accomplished, orally,
by susceptible insect. The process begins by solubilization of crystals in alkaline pH
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around 9.5, in the gut of insects, releasing protoxin of 130 kDa to Cryl and Cry2 to
79kDa.. After this breakdown, the protoxinare activated by digestive enzymes, forming
toxic fragments of 60-65 kDa. These monomers bind to receptors specific primary, locat-
ed in the apical membrane of the microvillus membranes of the columnar cells of the in-
testine of the larva. It is in this step that the affinity between the toxin and the receiver,
for example, Crylae protein, lepdopteros is recognized as an important factor in deter-
mining the spectrum insecticidal Cry proteins. Later, the monomers bind to secondary
receivers, which are proteins ancoradorasglicosil-phosphatidyl-inisitol (API), as phos-
phates and alkaline, to the lepidopteroHeliothisvirences. After this binding, the now oligo-
merose inserts into the membrane, where there are receptors for API, and leads to the
formation of pores in the cell membrane of the intestinal epithelium and therefore de-
struction of microvilli membranes, hypertrophy of epithelial cells, vacuolization of cyto-
plasm, cell lyses and intestinal paralysis/death of the insect in [11, 41].

6. The safety of the use of Btplants

In relation to the safety of the use of Bt corn plants as an example, several tests are conduct-
ed to certify the safety of its use in the environment and in food and feed. Initially, the pro-
tein Cry is tested in animal models, such as rats and mice, for the verification of the toxic
potential. One of these tests, called acute toxicity consists in forced ingestion of a pure ani-
mal protein by solution and on the observation of effects of this. The product only goes to
the next steps of assessment if no effect is observed and diagnosed.

We can cite as an example the test performed with Safety, this protein in maize Herculex®.
This protein was tested on mice to the level of 576 mg per kilogram of live weight and no
side effect was observed. To be exhibited at similar level, a person weighing 70 kg would
take almost 5 tons of raw corn grains. This without taking into consideration the aspect that
the human digestive tract, not to have alkaline pH, would not be able to downgrade this
protein crystal.

Other reviews include the potential to cause allergies as well as the corn grain consumption
by other animals such as chicken and fish, and what is called substantial equivalence, which
is comparing the nutritional profile of the genetically modified maize with conventional
maize. The corn will only be released commercially and, therefore, will go to the market
when, in these analyses, the nutritional content between the conventional and transgenic
corn were exactly the same, except, of course, the presence of protein inserted.

In the analysis of environmental safety, non-target organisms, how insects from another or-
der, class or species, natural enemies and beneficial insects like bees, for example, are ex-
posed to proteins inserted or the pollen grains that express and are evaluated its effects.

If all tests present results within expected ranges and be proven that there is no risk of harm
or damage to health and the environment, these damages are compiled and submitted to the
competent authorities of the country where you intend to market the product for analysis
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and approval of use and consumption. In Brazil these analyses are made by the national
technical Commission on Biosafety (CTNBio) and the approval of a product in one country
does not guarantee that the same is approved in another. For example, the event MON810
(Yield Gard®) was approved in 1996 in the United States, in 1998 in Argentina and only in
2007 in Brazil.

For the use of Bt corn, just the producer, in addition to using the seeds of biotech corn, fulfill
two rules: the coexistence, required by law, and the rule of Insect Resistance management
(MRI), recommended by (CTNBio).

The coexistence rule requires the use of a 100 m isolating surround of transgenic maize plan-
tations of corn to retain without transgenic contamination. Alternatively, you can use a sur-
round of 20 m, provided they are sown maize transgenic not 10 ranks (equal-sized and
transgenic maize cycle) isolating the area of transgenic maize.

The CTNBiorecommendation for Insect Resistance management is the use of the area of
refuge. This recommendation is the result of consensus that the cultivation of Bt corn in
large areas will result in the selection of biotypes of target pests resistant to Bt toxins.
Obviously, the monitoring of the infestation of plants is also important because, depend-
ing on the used hybrid and intensity of infestation, the producer may need to adopt ad-
ditional control measures.

The biggest concern with the use of Bt corn is on transgenic crops and coexistence of trans-
genic crops do not. Coexistence is the set of agricultural practices allowing farmers grain
production from conventional transgenic and organic crops, according to standards of puri-
ty and to meet legal requirements for labeling. The adoption of the rules of coexistence is
essential to preserve the freedom of choice of producers and consumers. Coexistence is also
a topic particularly relevant when there is market incentive for the provision of non-trans-
genic maize. Evidence of their practical viability is the coexistence of a considerable number
of different varieties of open pollination still in use.

Showed that companies in possession of this technology must guide growers on the
rules of coexistence. The producer also held technical information, stick to them proper-
ly and conscious.

Information on packages of seed of Bt corn, there is a contract in which the producer, to
open it, assumes the responsibility of following the rules of coexistence and the resistance
management. Therefore, it is incumbent upon the producer responsibility of use of these
rules. It is important to remember that the incorrect use of technology can take it to ineffec-
tiveness in little time. If the producer is interested in paying more for Bt corn seed, is be-
cause he believes in the benefits that this technology is bringing to your production system.
Therefore, it must be motivated to use this technology in a responsible way (using the area
of refuge), to take ownership of this benefit for much longer.

In relation to Bt cotton to China is the leader in this technology. In 2006 6.3 million farmers,
or more than 60% of the number of farmers who have sown transgenic in the world in [42].
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China is one of the only exceptions in the world to require shelters, although this may be
changing. Even though the refuges were a way to reduce the accumulation of resistance to
Bt toxin, the large number of small properties makes this strategy is difficult to apply.

The use of refuge in a developing country such as China becomes a challenging activity.
Studies on policies of refuge on a large scale, in extensive agricultural systems of the United
States of America, show that monitoring and implementation costs are negligible. Although
this practice is reasonable in extensive production systems and with a small number of
farms, they may not be suitable in developing countries. In developing countries like China,
the agriculture sector is fragmented into millions of smallholdings, where each family has a
diverse set of cultures in [43].

As a result, it is likely that the implementation of the strategy of refuge to the style (IE,
all farmers planting Bt cotton are forced to grow cotton non-Bt with refuge) would re-
quire a large implementation effort, making these types of strategies of refuge becomes
unviable unless farmers received individual incentives to implement refuges based on
self-interest. This is unlikely, since the build-up of resistance to Bt technology is a collec-
tive evil (compared to the more common public as well) that is unlikely to be account-
ed for by individuals in [43].

The area of refuge is the sowing of 10% of the area planted with Bt corn hybrids using Btnot
equal size and cycle, preferably their isogenic hosts. The area of refuge should not be more
than 800 m away from the transgenic plants. This is the average distance by dispersion of
adults of LCM in the field in [44].

All these recommendations are in order to synchronize the intersections of potential
adults surviving in area of Bt corn with which emergency in the area of refuge. The
structured refuge must be drawn according to the acreage with the Bt corn to plots di-
mensions above 800 m in the shortest side (or Ray), cultured with Bt corn refuge will be
needed in their tracks internal plots. Yet, according to the recommendation, in the area
of refuge CTNBiois allowed the use of other methods of control, provided that they are
not used Btbased bioinsecticide.

7. Future trends for the Bt technology

The worst drought in more than half a century in corn-producing region of the United States
should reduce the crop in that country at the lowest level in five years, where their stocks
will be reduced to the lowest level in 17 years. The initial productivity is bad in the few
fields harvested in areas of the Midwest, which represents 75 percent of the area with corn
and soybeans in the United States. With this the world, returned his eyes to the Brazilian
corn crop this year had one of the largest capacities of the whole story.

Brazilian agriculture won in the early 1980, an important milestone and helped the country
to assume the rank among the major food producers in the world. Called when the off-sea-
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son summer pos-safra was used by the producers for the planting of corn seeds uncultivat-
ed, and subsequently became part of the farmer's strategy to increase your productivity.

In more than 30 years of history, the off-season if expanded, gained strength and hit record.
According to the 9th Brazilian harvest survey of grain (2011/2012), released by the national
supply company (Conab) in June, the area planted with corn in the off-season is estimated at
7.188 million hectares, number 22% higher than last year's off-season.

According to Conab, the number is explained by good price prospects for climate advantage
provided with the anticipation of rains for planting, and by the good harvest of soybeans,
which encouraged producers to extend their crops.

Most producers that have soy as flagship summer crop production, bet on corn cultivation
off-season, with attractive price and the advent of biotechnology has been the increase of
productivity and safety in pest management and, in addition, there were the intangible gain
with the decrease of insecticide applied in the environment.

The good news for the cultivation of corn in Brazil, according to Conab, are linked to the
main corn producing States off-season: MatoGrosso, Parana and MatoGrosso do Sul, which
added to the total cultivated in the past year, the areas of 732.7 thousand, 283.4 billion and
193.2 thousand hectares, respectively.

With the data of the survey, the company foresees a production of about 32.9 million tones
for corn second crop, or 53.1% to 21.5 million achieved last season. The Brazilian farmer re-
alizes, each year, the off-season is a good deal, that is, it is an opportunity to increase the
profitability of farming, maximizing the use of resources already invested.

Logically that this increased production, requires a quick response companies to address the
needs of new hybrids of corn, which led to the increase of releases in this area, where the
market turned to the specific needs of each region. With this, the producers have the oppor-
tunity to plant the best genetic, associated with the best biotechnology.

According to the Brazilian Association of producers of corn (Abramilho), the winter harvest
has been growing a lot for two reasons: first, because soy has open space for the cultivation
of this crop and, second, because of the technology. The conventional corn planting and
with few seeds has become the past, and today, the use of increasingly technology for these
cycles has achieved nearly the same results of the summer harvest.

Between farmers, the assessment is that the off-season will consolidate its position as an im-
portant complement in income and must, year after year, to expand to areas that do not yet
have this established planting. There is a very strong demand for producer hybrids with
more technology. Therefore, in recent years, companies have expanded investment in re-
search in Brazil to bring to market the best product for the features of each region.

With the events of biotechnology of the culture of corn producers expect to achieve greater
productivity per area, plants tolerant to various events and reduce production costs, primar-
ily related to less use of pesticides.
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In the case of Bt crops (which produce a toxin in their cells), their adoption allowed a reduc-
tion of 56 million kg of insecticides between 1996 and 2011. In General, the transgenic seed
calculation led to decrease of 183 million tonnes in the use of pesticides. In Brazil, the Bt
seed companies are also newly tolerant to herbicides, thereby opening a new path of effi-
ciency in the management of pests and weeds, factors that interfere with productivity and
steal the producer's profit.

Due to various factors the area planted with genetically modified seeds should reach 36,
6milhdes hectares in the next harvest, second 1° monitoring of adoption of agricultural crop
2012/13. The forecast points to a 12.3% higher adoption in comparison to the previous year
and means 4 million new acres with transgenic varieties.

The leadership in adopting biotechnology continues with soybeans, which must have 88.1%
of crops with genetically Modified seeds, an area estimated at 23.9 million hectares. And
corn, which begins to cultivate the fourth crop with transgenic hybrids, already approaching
that level. The winter crop represents the second highest rate of adoption, with 87.8%, or 6.9
million hectares of transgenic seeds. In the case of the summer harvest, the adoption must
represent 62.6% of the total area or 5, 2 million hectares.

The cotton must have 50.1%, or 546 thousand hectares of the total area with transgenic
seeds. The continuous growth of adoption of biotechnology should be attributed to the in-
crease of new varieties available in the market and that, today, are adapted to the different
agricultural areas of the country. The direct and indirect benefits arising from the use of
these seeds have been singled out by farmers as one of the biggest reasons for choice. In re-
lation to States, MatoGrosso follows in the lead, with 9, 6milhdes hectares, followed by Para-
na with 6.6 million hectares. Herbicide tolerance technology follows in the lead with 25,
3milhdes hectares, followed by seeds with resistance to insects, with 5.7 million hectares,
and the gene technology, combined with 5.6 million hectares.

All these good news coming from the field are a major impasse regarding the prices of
maize, companies that buy corn in Brazil must face an even more difficult year in terms of
price in 2013, compared with 2012, and projected smaller cereal availability in 2012/13.

In the first half of 2012 prices were behaved and there was even falling prices to the extent
that it was becoming clear that we would have a great off-season.

Cereal prices in the international market began to rise and reached record levels in recent
weeks on the Chicago Stock Exchange in function from the perspective of large us crop fail-
ure caused by the worst drought in more than 50 years. Prices in Brazil are now strongly
tied to international prices due to a large demand from international buyers. Certainly we
have a Brazilian corn buyer pressure by international customers, as strong or stronger than
this year. Because the major supplier of the world's corn, which are the United States, will
have less exportable surplus in history.

Corn futures in Chicago (CBOT) reached the highest value of all time before disclosure of
the report of the United States Department of agriculture (USDA), which should cut fore-
casts for USA crops this year.
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The contract of the new crop, basis December reached the peak of 8.2975 dollars a bushel,
the highest ever recorded in the Chicago Stock Exchange and above the previous record of
8.2875 dollars per busheltested three weeks ago by September.

As we saw in this chapter to biotechnology is a very important tool for the development of
Brazil as world agricultural power, but we must emphasize the importance of research. And
to get an idea of its importance, the increase in productivity in the various cultures saved 60
million hectares to Brazil, but still in some cultures our average productivity is low. In corn,
for example, our productivity is half of U.S.A productivity. Search is a technology and factor
income generator to the field, but Brazil has employed little recourse in the area. In 2011 em-
ployed 1.3% of GDP in science and technology, and in 2012 must employ only 0.9%, which
is a setback and lack of objectivity.

8. Perspectives and final considerations

The biggest challenge of this century is to feed the whole world's population; poverty and
hunger are inextricably linked and are about 1 billion people, mainly rentals. So what we
will do to overcome this in a sustainable way? What are the threats to the production, distri-
bution and safety of these foods? And, mainly, what we will do to allow people to have ac-
cess to them?

In 2011, approximately half of the world's poor were small resource-poor farmers, whilst an-
other 20% were the rural landless who are completely dependent on agriculture for their
livelihoods. Thus, 70% of the world's poor are dependent on agriculture — some view this as
a problem, however it should be viewed as an opportunity, given the enormous potential of
both conventional and the new biotechnology applications to make a significant contribu-
tion to the alleviation of poverty and hunger and to doubling food, feed and fiber produc-
tion by 2050.

In the next fifty years will be nine billion people and the world will consume twice as
much food as the world has consumed since the beginning of agriculture 10.000 years
ago. The challenge of feeding the world and interest to increase the potential of biotech-
nology are intimacies trailers and, as biotech crops already occupy about 160 million
hectares or 10% of the world's arable land, is significant and visible the ancestry of this
market in today's society.

According to some international institutes, the world until 2020 will grow 20% in food pro-
duction and Brazil will have a 40% growth in production with an increase of just 16% of the
area. To see the responsibility, since the increment of production in traditional countries like
the USA will be 15%, China 15%, and in the whole of Europe, 4%.

With all this challenge, it should be noted that the transgenic plants are not panacea to solve
all the problems of agriculture. Transgenic agriculture is only a complement to conventional
agriculture, organic and other modalities. However the endless search for improvement of
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this tool will provide future generations, guarantees of more sustainable living conditions
and higher quality food.
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1. Introduction

Insects are one of the biggest animal populations with a very successful evolutive history,
once they can be found chiefly in all possible environments all over the world, and the num-
ber of species and individuals. Their success can be attributed to several important evolu-
tionary aspects like wings, malleable exoskeleton, high reproductive potential, habits
diversification, desiccation-resistant eggs and metamorphosis, just to name a few. Some spe-
cies are especially valuable for humans due to their ability in providing several important
goods, such as honey, dyes, lac and silk. On the other hand, many insects are vectors of
many diseases, and many others damages crop plantations or wood structures, causing seri-
ous health and economic issues.

Among all identified insects, over 500,000 species feed on green leaves. About 75% of them
have a restrict diet, eating only a limited range of species, sometimes being even specie spe-
cific [1]. This kind of insect brings major concern to the agriculture. Their high selectivity im-
plies in a closer insect attack on crops. It is estimated that about 10,000 insect species are
plagues and, compromising the food production, either in the field or after the harvest [2]. It
was estimated that somewhere around 14-25% of total agriculture production is lost to pests
yet [3].

Agriculture is one of the main pillars of human population increase over the last millenni-
ums, providing mankind with several important commodities such as food, fuel, healthcare
and wood. This huge production should feed 7 billion people, and also generate several in-
puts for many industrial processes and commercial applications. In order to combat the nu-

I m EC H © 2013 Perlatti et al; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



522

Insecticides - Development of Safer and More Effective Technologies

merous losses that are caused by insects on agriculture, several chemicals have been used to
kill them or inhibit their reproduction and feeding habits. Those classes of compounds are
collectivity known as insecticides. These molecules are able to interfere in the insect metabo-
lism. They alter is in such a way that the plague cannot feeds on the crop or the harvest or
even reproduce anymore. The use of insecticides is described since ancient times, with docu-
ments providing evidences as far as in the 16" century BC. The Ebers Papyrus, wrote by the
Egyptians, reports several chemical and organic substances used against overcome fleas,
gnats and biting flies among others [4]. Nowadays, the insecticides are widely employed
around the world. Several known substances are extremely effective in controlling or even
wiping out almost all important agricultural plagues. This multi-billion-dollar has an esti-
mated production of 2 million metric tons of hundreds of chemical and biological different
products, with a budget of a US$35 billion dollars worldwide [5].

Insecticides are used in different ways, based on the physical-chemical characteristics of the
each chemical substance, the area that needs to be covered and the target. Typical applica-
tion of insecticides in crops is made by spraying a solution, emulsion or colloidal suspension
containing the active chemical compound, which is made by a vehicle which may be a hand
pump, a tractor or even a plane. This mixture is prepared using a liquid as a carrier, usually
water, to ensure a homogenous distribution. Other methods for applying insecticides are
through foggers or granule baits embedded with the active compound, among others that
are less used. However, due to several degradation processes, such as leaching or destruc-
tion by light, temperature, microorganism or even water (hydrolysis), only a small amount
of these chemical products reaches the target site. In this case, the applied concentrations of
these compounds have been much higher than the required. On the other hand, the concen-
tration that reaches its target might be lower than the minimum effective one. In general, de-
pending of the weather and method of application, the amount of applied agrochemicals, as
much as 90%, may not reach the target and so do not produce the desired biological re-
sponse. For this reason, repeated application of pesticides become hence necessary to effi-
cient control of target plagues, which increase the cost and might cause undesirable and
serious consequences to the ecosystems, affecting human health [6]. Due to the lack of selec-
tivity, their unrestrained use can also lead to the elimination of the natural enemies, what
implies in the fast growth of plague population. Moreover, it often makes the insects resist-
ant to the pesticides.

Another important point that needs attention is the formulation for the application of the in-
secticide on the crops. There are several different classes of compounds, which sometimes
do not match with a simple dilution in water and must be prepared by other means such as
powders, emulsions or suspensions. Some kinds of formulations must be handled with
more precaution, since it can severely contaminate workers on the field with small airborne
solid particles that can be inhaled [7].

The advances in science and technology in the last decades were made in several areas of
insecticide usage. It includes either the development of more effective and non-persistent
pesticides and new ways of application, which includes controlled release formulations
(CRFs). The endeavors are direct towards the successful application of those compounds on
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crops and their efficacy and availability improvement and reduction of environmental con-
tamination and workers exposure [8]. In that line, new types of formulation were devel-
oped. One of the most promising is the use of micro and nanotechnology to promote a more
efficient assembly of the active compound in a matrix.

2. Application of insecticides nanoformulations

2.1. Nanoemulsions

Casanova et al. [9] evaluated the production of a nicotine carboxylate nanoemulsion using a
series of fatty acids (C10 — C18) and surfactant. The oil-in-water nanoemulsion showed a
monomodal distribution of size, with mean particle sizes of 100nm. The bioactivity of the
insecticide formulations was evaluated against adults of Drosophila melanogaster by assessing
the lethal time 50 (LT5,). They observed that the encapsulation efficiency decreased with in-
creasing size of the fatty acids tested. The bioactivity followed the same trend, with better
bioactivity when the chain length decreased. This would be readily attributed to the higher
amount of active compound inside the nanoemulsion. For the smallest fatty acid emulsion
used, the capric acid (C10) one, the greatest encapsulation efficiency was observed, but it
had the lowest bioactivity. The results were explained in terms of lesser bioavailability of the
insecticide in its active form due to increased stability of the organic salt formed between the
insecticide and the fatty acid. This experiment highlights the necessity of developing differ-
ent kinds of possible assembles between the active compounds and matrix, and extensively
studying the interactions in nanoscale formulations, where sometimes nontrivial effects
might be unexpectedly observed.

Wang et al.[10] developed an assemble of oil-in-water nanoemulsion (O/W) with 30 nm
droplets by careful control of experiment conditions, using the neutral surfactant poly(oxy-
ethylene) lauryl ether and methyl decanoate to encapsulate highly insoluble 3-cypermeth-
rin. The dissolution of the insecticide was enhanced. The stability tests were performed by
spraying nanoemulsion in a glass slide and observing under polarizing light microscopy.
They showed no apparent precipitate in nanoemulsions samples. These results were differ-
ent from the ones obtained using a commercial 3-cypermethrin formulation, with apparent
signs of solid residues after 24 hours. This enhanced stability may be used to decrease the
concentration of insecticides in commercial spray applications, without losing efficiency.

2.2. Classical micro and nanoparticles

Allan et al. [11] published the first report on a controlled release system of an insecticide
through a polymeric encapsulation. Even so, at first the encapsulated systems were not so
effective. Problems associated with controlled release and particle stability hindered their
practical field application for some decades. In one of the first successful works in the field
of pesticides encapsulation, Greene et al. [12] used poly (n-alkyl acrylates) (Intelimer®) to
produce temperature-sensitive microcapsules of the organophosphate insecticide diazinon..
The active chemical was controlled release by increasing the ambient temperature above
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30°C, which is the melting temperature of the polymer,. Experiments were performed with
Banded cucumber beetle Diabrotica balteata and Western corn rootworm Diabrotica virgifera
as target insects at 20°C and 32°C, under and above the polymer melting point respectively.
Mortality was compared to commercial granular formulation. At lower temperatures, the
commercial formulation showed the best mortality. At higher temperatures the activity of
the encapsulated formulation was better, showing about 90% of mortality for over 8 weeks.
The commercial formulation had indeed lost some of its activity, presumably due to heat
degradation.

Latheef et al. [13] tested several different polymers such as poly (methyl methacrylate)
(PMMA), ethyl cellulose, poly(a-methylstyrene) and cellulose acetate butyrate to produce
microcapsules of the insecticide sulprofos. Ethyl cellulose formulations were the only ones
that had shown good results against eggs and larvae of the tobacco budworm Heliothis vires-
cens in cotton plants. The results were comparable to the ones obtained with the use of an
emulsifable-concentrate (EC) commercial formulation of sulprofos.

In other to develop commercial formulation containing microencapsulated cyfluthrin, Ar-
thur[14] evaluated its use against the rice weevil Sitophilus oryzae in stored wheat, for a peri-
od of 8 months. Survival of beetles was statistically correlated with the concentration of the
pyrethroid insecticide in the formulation. The average survival rate was only 12% when
4ppm was used, with constant activity throughout the entire experiment. This evidenced the
controlled release of the substance over a long period of time.

In the work carried out by Quaglia ef al. [15], a hydrophobic waxy prepared through a mix-
ture of di- and triglycerides of PEG esters was used to construct microspheres containing the
insecticide carbaryl. Microparticles was obtained with particle size ranging from 16 to 20um.
Controllable release dynamics depended on the amount of gelucire used, Studies of release
profiles from the encapsulated formulation showed a lower vertical mobility of the insecti-
cide when compared to a commercial nonencapsulated formation. This suggested that the
controlled release profile of the microcapsules may be useful to avoid or minimize ground-
water contamination.

Cao et al. [16] produced diffusion-controlled microcapsules with diameter ranging from 2 to
20um with encapsulated acetamiprid, an alkaline and high temperature-sensitive insecti-
cide, using tapioca starch as matrix with urea and sodium borate as additives. The particle
showed increased degradation resistance by heat for 60 days, and UV radiation over 48h,
with no more than 3% of degradation. This represents less than one tenth when compared to
the UV degradation of commercial emulsifable concentrate. Even in those conditions, it was
also able to promote controlled liberation of the active compound for up to 10 weeks de-
pending on the formulation used.

In another work with acetamiprid, Takei et al. [17]produced microparticles with diameter of
30-150um using poly-lactide (PLA) as the polymeric matrix. Initial results showed that mi-
crospheres containing only PLA did not have a good release kinetic of the active chemical
compound from its interior. It is presumably due to their tight structure and high hydropho-
bicity, which hinders water diffusion and therefore limits the insecticide liberation. The in-
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clusion of poly(e-caprolactone) (PCL) into the matrix in 50-80% weight were analyzed, with
formation of microspheres of PLA/PCL blend with 20-120pm of the diameter, showing up to
88,5% of insecticide release in aqueous media over a 48h period.

In contrast to conventional desire to produce compounds with extended residual activity,
quick-release microcapsules are demanded in certain areas of agriculture. However, some-
times it is also necessary a quick liberation of the active compound from the matrix after the
application. The strong backbone might pose as a problem to effectively deliver. Studies per-
formed by Tsuda et al. [18,19] have shown that is possible to assemble “self-bursting” micro-
capsules that retain its form in water suspension, but easily burst after solvent evaporation.
They used the interfacial polymerization method to assemble spherical polyurethane micro-
capsules containing the insecticide pyriprofixen, obtaining particles with mean diameter of
23um. The entrapment ratio was 99% for all formulations tested, greatly improving the solu-
bility of the pesticide in water. According to the results, there is a correlation between the
wall thickness of the microcapsules and the self-bursting phenomenon. Tuning this property
a controlled released can be achieved.

The effectiveness of encapsulated formulations, it is not restricted to extend the residual activi-
ty of insecticides, but should also include the overcoming of problems associated with accu-
mulation of recalcitrant organic pollutants that remains in ecosystems in amounts above the
Maximum Residual Level (MRL). Therefore, it can be harmful to the environment and to peo-
ple who might consume the treated crops. For instance, Guan ef al. [20] encapsulated imidaclo-
prid, a chloro-nicotinyl systemic and broad spectrum insecticide in a mixed sodium alginate/
chitosan microparticle through self-assembly layer-by-layer (LbL) methodology. The capsules
showed a mean diameter of 7um. Particles were impregnated with a photocatalyst made of
SDS/TiO2/Ag, and the photocatalytic property and the insecticidal activity of the microcap-
sule was evaluated. Prolonged residual activity of the encapsulated formulation was ob-
served. The toxicity was higher in the Martianus dermestoides adult stage compared to the one of
pure insecticide. In a field test with soybean [21], the nano-imidacloprid formulation prevent-
ed the accumulation of the pesticide on the soybean leaves and soil. The results showed pro-
nounced degradation over 25 days of trials when compared to commercial concentrate
formulations, even though the initial concentration of both formulations was equivalent. In
this way, regardless the initial effectiveness of the insecticide, safer levels of agrochemicals can
be obtained in less time, improving the safety of insecticide application.

2.3. Entomopathogenic microorganisms encapsulated

Besides the chemical compounds, the micro- and nanotechnology have also been developed
and applied to microorganisms that need special protection or to improve their solubility in
aqueous phase. For instance, Ramirez-Lepe ef al. [22] developed an aluminium-carboxyme-
thylcellulose microcapsule with photoprotective agents for holding a Bacillus thuringiensis
serovar israelensis (B.t.i.) spore-toxin complex named d-endotoxin. The protein produced by
this gram-positive bacterium during sporulation is extremely toxic to larval stage of some
mosquitoes and flies which are vectors for important tropical diseases such as malaria and
dengue. The encapsulated formulation was tested for its UV irradiation protective efficiency
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in laboratory conditions. While the protein in its natural form had lost all of its activity after
24 hours of exposure, encapsulated formulations showed up to 88% of larvae mortality.

In their turn, Tamez-Guerra et al. [23] also tested the encapsulation of the spore-toxin of Ba-
cillus thuringiensis Berliner, evaluating over 80 formulations of spray-dried microcapsules
made of lignin and corn flour with and without photoprotective agents. The best formula-
tions showed improved insecticidal activity in laboratory tests against neonates of European
corn borer Ostrinia nubilalis when compared to nonencapsulated or commercial formula-
tions of the same endotoxin. In a field test, the microcapsules showed increased residual in-
secticide activity in cabbage after 7 days against neonates of the cabbage looper Trichoplusia
ni when compared to commercial formulations.

Very promising results have been obtained by the Agricultural Research Service of the US-
DA regarding the encapsulation of biopesticides made of species-specific nucleopolyhedro-
viruses (NPV) isolated from several insects, including celery looper Anagrapha falcifera
(Tamez-Guerra et al., 2000 [24-26]), alfalfa looper Autographa californica [27], codling moth
Cydia pomonella [28] and fall armyworm Spodoptera frugiperda [29]. In these works, formula-
tions were developed using different mixtures of corn flour and lignin, through spray-dry-
ing technique to encapsulate the viruses. All results obtained in laboratory and field tests
performed have shown improvements in insecticidal activity, resistance to environmental
conditions, like rain and UV light exposure, and a prolonged residual activity against pests
in field studies. Samples were kept in storage for up to 12 months and maintained their in-
secticidal activity.

2.4. Novel micro and nanoparticles for bioinseticides

Conventional protocols for encapsulation usually run under relatively high temperatures,
which might be inadequate for preserving plant-derived essential oils integrity. Processes
which use high pressure instead of temperature can be an alternative for encapsulating
these sensible extracts. Varona et al. [30,31] developed new methods to produce stable parti-
cles of lavandin (Lavandula hybrida) essential oil, using polyethylene glycol 9000 (PEG9000)
or n-octenyl succinic (OSA) modified starches as the shell material. The methods for prepar-
ing the microcapsules were based on PEG precipitation from a mixture of molten polymer
and essential oil in supercritical CO,, and PGSS-drying an oil-in-water emulsion of the es-
sential oil with OSA starch. The difference between these processes is the presence of water
on the latter, which needs to be removed by carefully tuning the equipment conditions to
promote water evaporation. Microcapsules produced by these methods show a mean parti-
cle size of 10-500um for PGSS, and 1-100pum for PGSS-drying. One important observation by
scanning electron microscopy (SEM) images is that the experimental conditions can influ-
ence the shape of the microparticles. While PEG particles were only spherical (the best shape
for controlled release mechanism), in PGSS-drying needle-like structures are formed,, de-
pending on the pre-expansion temperatures of the mixtures, The last one, probably does not
hold the active ingredient, presenting some limitations to this specific method without fur-
ther improvements. Release kinetics were evaluated over a 20-day period. The amount of oil
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released was proportional to the initial oil concentration on particles, with less than 20% of
liberation for low oil concentrations, and about 60% liberation for high oil concentration.

Yang et al. [32] assembled polyethylene glycol (PEG) nanoparticles loaded with garlic essen-
tial oil using a melt-dispersion method, reaching over 80% of encapsulation efficiency, with
round shaped nanoparticles of lower 240nm of average diameter. The encapsulated formu-
lations had their insecticidal activity evaluated against adult red flour beetle Tribolium casta-
neum. While the control experiment done with free garlic oil showed only 11% of efficiency
over a five month period, the encapsulated formulation efficiency remained over 80% after
five months. This was attributed to the slow and controlled release of the essential oil, and
thus could be used as an effective pest control to stored products.

The basic structure of the polymer chitosan was used by Lao et al. [33] to build the amphi-
philic-modified N-(octadecanol-1-glycidyl ether)-O-sulfate chitosan (NOSCS). Octadecanol
glycidyl ether and sulfate were the hydrophobic and the hydrophilic groups sources respec-
tively. They successfully entrap the herbal insecticide rotenone in the polymer. This chemi-
cal compound has been allowed for application in organic crop production due to its natural
origin, short persistence in the environment, safety to non-target organisms and low resist-
ance development. The encapsulation was necessary to defeat the problems of chemical sta-
bility of the substance to environmental effects and also to improve the solubility of this
pesticide in water, which is usually quite low (2.0x10°g.L™"). Using the reverse micelle meth-
od, the authors have assembled nanometric micelles with 167.7-214.0 nm of diameter, with
values of critical micellar concentration (CMC) of those chitosan derivatives ranging from
3.55x107% to 5.50x107 g.L'. Although the entrapment efficiency was not very high, they also
improved the aqueous solubility of the chemical compound in 13,000 fold, up to 0.026g.L7,
favoring a controlled release of the substance in aqueous media. The complete controlled re-
lease took more than 230 hours, almost 10 times more when compared to the chemical com-
pound without nanoencapsulation.

Chitosan derivatives were prepared [34]. They synthesized 6-O-carboxymethylated chitosan
with anchorage of ricinoleic acid at the N-linkage, which further improve its solubility at neu-
tral water (pH = 7.0), to encapsulate the herbal insecticide azadirachtin. Nanoparticles of
200-500nm were obtained by water dispersion with more than 50% of loading efficiency and
tested for their stability in outdoor as controlled release systems. Results were compared
against simple azadirachtin water dispersion and modified dispersion containing ricinoleic
acid and azadirachtin. In 5 days of sun exposure, all content of control samples were lost, while
the encapsulated formulation had a nearly constant residual concentration detected through-
out the 12 days of the experiment, indicating that the nanoparticles produced were effective at
controlling the degradation rate and the release mechanism of the botanical insecticide.

Extracts of Neem were prepared contend high concentration of azadirachtin being nanoen-
capsulated by Forim ef al. [35]. Through the use of poly-(e-caprolactone) polymer, they pre-
pared nanocapsules and nanospheres with average diameter of 150.0 and 250.0nm,
respectively. The morphological analysis revealed spherical nanoparticles (Figure 1). The
azadirachtin was used as reference. The nanoformulations showed high entrapment efficien-
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cy (> 95%) for this compound and a UV stability at least of 30 times more when compared
with commercial products.

Figure 1. Scanning electron microscopy images of nanoparticles containing extracts of Neem.

2.5. Commercial products

The interesting results obtained in academic researches over the last few decades have been
closely followed by several companies. Nevertheless, R&D in nano-based agrochemicals is led
mainly by world’s largest agroscience companies, further enhancing their market share and
consolidating the market structure based on oligopoly that have been seen in late 20" century
and early 21* century, when the 10 biggest companies hold around 80% of market [36].

Some companies over the last decade, such as Syngenta, Bayer, Monsanto, Sumitomo, BASF,
and Dow Agrosciences have already deposited several different patents comprising a wide
range of protocols for production and application of encapsulated formulations, which can be
used to produce nanoinsecticides [37-46]. Despite the hard work and heavy investment, no
commercial nano-insecticide formulation has been extensively commercialized up to 2012.

Along with those big industries, several other companies, as well as individual researches
have been actively depositing patents in the area, thus promoting even more the research
and investments in this new field of applied technology. However, as strongly reinforced
throughout the world by dozens of organizations such as the ETC Group, the impact of
nanotechnology is still unclear, and care should be taken to assure that its use will not bring
more problems than solutions [47].

3. Developing new nanopesticides

Many attempts have been made to manage plague insects, for example, using biological
control, which is very time consuming. Controlled release systems dawn in this scenario as a
very attractive alternative in this battle field.

Controlled release formulations (CRFs) associate the active compound with inert materials.
The last ones are responsible for protecting and managing the rate of compound release into
the target site in a defined period of time. The main purpose of controlled release systems is



Polymeric Nanoparticle-Based Insecticides: A Controlled Release Purpose for Agrochemicals
http://dx.doi.org/10.5772/53355

ruling the (bio) availability of the active compound after the application [48]. They find the
greatest applicabilities in two major agricultural fields: nutrition and protection. In the first
one, CRFs are employed in the delivery of fertilizers [49-51]. In the second one, CRFs are
mostly used to target plague insects in a sustainable way [52,53], but they can also be ap-
plied to block the growth of weeds [54]. Tomioka ef al., 2010. Controlled release formula-
tions become especially interesting in cases of antagonist activity of biocides, what can
naturally leads to a lower in effectiveness of one or both compounds. In this case the formu-
lation should be “programmed” to release each one at different times [55,56]. Furthermore,
still talking about protection, the application of CRFs in wood surfaces, like furniture or
floor covering, helps to prevent the deterioration. Van Voris ef al. [57] patented a formula-
tion in which an insecticide is continually released in a minimum level for a long period of
time and is absorbed by the wood. It thus creates a “chemical barrier”, blocking the insect
attacks.

Most of those controlled release biocides applications were and still are successfully made
due to the advances in nanotechnology area.

Micro- and nanomaterials-based formulations are known for some decades. The first micro-
capsule-based formulation became commercially available in the 1970s [58]. Nanocapsules
have been widely used in medicinal area as drug carrier in treatment of diverse diseases
[59], from tropical ones [60] up to cancer [61].

Microencapsulation has been used as a versatile tool for hydrophobic pesticides, enhancing
their dispersion in aqueous media and allowing a controlled release of the active compound.
The use of nanotechnology is a recent approach, and has been a growing subject on several
different areas of the science, with an overwhelming perspective. In general, materials that
are assembled in nanometric scales (<1000nm) have distinct and almost always better char-
acteristics when compared to the same material built in a conventional manner [62]. One
nanometer is a billionth of a meter (Inm = 10°m). In general, the chemical properties of mate-
rials in nanometric scale may be controlled to promote an efficient assemble of a structure
which could present several advantages, such as the possibility to better interaction and
mode of action at a target site of the plant or in a desired pest due to its tunable controlled
release system and larger superficial area, acting as an artificial immune system for plants
[34,63]. As smart delivery systems, they confer more selectivity, without hindering in the bi-
oactive compounds towards the target pathogen [65]. Other advantages of the use of nano-
particle insecticides are the possibility of preparing formulations which contain insoluble
compounds that can be more readily dispersed in solution. It reduces the problems associat-
ed with drifting and leaching, due to its solid nature, and leads to a more effective interac-
tion with the target insect. These features enable the use of smaller amount of active
compound per area, as long as the formulation may provide an optimal concentration deliv-
ery for the target insecticide for longer times. Since there is no need for re-applications, they
also decrease the costs), reduce the irritation of the human mucous-membrane, the phyto-
toxicity, and the environmental damage to other untargeted organisms and even the crops
themselves [65,66]. In a few words, nanotechnology can be applied in several ways in order
to enhance efficacy of insecticides in crops.
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3.1. Biopolymers

When a commercial formulation for a practical field application is desired, it is very impor-
tant to employ materials that are compatible with the proposed applications: environment-
friendly, readily biodegradable, not generating toxic degradation by-products and low-cost.
The use of several biopolymers, i.e., polymers that are produced by natural sources, which
at the same time have good physical and chemical properties and still present mild biode-
gradation conditions, are an interesting approach to avoid the use of petrochemical deriva-
tives that might be another source of environmental contamination. The common polymers
(synthetic and natural ones) used in CRFs for insecticides application are listed in Table 1.

3.2. The nanoparticles used in biocides controlled release formulations

The most popular shape of nanomaterials (Figure 2) that have been using in CRFs for bio-
cides delivery are:

a. Nanospheres: aggregate in which the active compound is homogeneously distributed
into the polymeric matrix;

b. Nanocapsules: aggregate in which the active compound is concentrated near the center
core, lined by the matrix polymer;

c¢. Nanogels: hydrophilic (generally cross-linked) polymers which can absorb high vol-
umes of water

d. Micelles: aggregate formed in aqueous solutions by molecules containing hydrophilic
and hydrophobic moieties.

o bioactive compound

’; e : i 5
"o 9 i
e, o
‘: : L L Lh
sphere capsule micelle

bioactive
compound
water
molecules

gel

Figure 2. Morphological representation of different nanoparticles.
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Polymer Active compound Nanomaterial Ref.

Lignin-polyethylene glycol-ethylcellulose Imidacloprid Capsule [67]

Polyethylene glycol B-Cyfluthrin Capsule [68]

Chitosan Etofenprox Capsule [69]

Polyethylene P|pergr;lytIaBmu:t>:|rcii: And Capsule [70]

Polyethylene glycol Garlic Essential Oil Capsule [32]

Poly(acrylic

aCld)_fc;r;t:i(ykijiizr‘ate) Bifenthrin Capsule [71]
Polyvinylpyrrolidone

Acrylic acid-Bu acrylate Itraconazole Capsule [72]

Carboxymethylcellulose Carbaryl Capsule [73]

Alginate-glutaraldehyde Neen Seed Oil Capsule [74]

Alginate-bentonite Imidacloprid or Cyromazine Clay [75]

Polyamide Pheromones Fiber [76]

Starch-based polyethylene Endosulfan Film [77]
Methyl methacrylate

and methacrylic acid with and without 2-hydroxy Cypermethrin Gel [78]

ethyl methacrylate crosslinkage

Lignin Aldicarb Gel [79]

Lignin Imidacloprid Or Cyromazine Granules [75]

N-(octadecanol-1-glycidy! eth.er)—O—squate chitosan- Rotenone Micelle (33]

octadecanol glycidyl ether

Polyethyleneglycol-dimethyl esters Carbofuran Micelle [80]

Carboxymethyl chitosan-ricinoleic acid Azadirachtin Particle? [34]

Chitosan-poly(lactide) Imidacloprid Particle? [81]

polyvinylchloride Chlorpyrifos Particle? [82]

Cashew gum Moringa Oleifera Extract Particle? [83]

Chitosan-angico gum Lippia Sidoides Essentioan QOil Particle? [84]

Polyvinylpyrrolidone Triclosan Particle? [85]

Anionic surfactants (sodium linear alkyl benzene
sulfonate, naphthalene sulfonate condensate Novaluron Powder [86]
sodium salt and sodium dodecyl sulfate)

Vinylethylene and vinylacetate Pheromones Resin [87]
Glyceryl ester of fatty acids Carbaryl Spheres [15]
Poly(e-caprolactone) Active Ingredients® Spheres [88]

Poly(methyl methacrylate)-poly(ethylene glycol)

) ) Carbofuran Suspension [89]
Polyvinylpyrrolidone

2 The authors do not mention which active compounds they encapsulated in the nanospheres; ® The authors do not
mention if the particles are spheres or capsules

Table 1. Several examples of polymers often used in the nanoparticle production.
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Dendrimers, nanoclays, nanopowders and nanofibers are other possible formulations which
might be used during nano or microparticle production[75, 76, 86, 90]. On the other hand,
nanotubes are mostly applied in plants improvement. The polymeric nanoparticles and gels
are by far the mostly used for insecticides application, because they have an extra advantage
of being biodegradable.

3.3. Methods for preparation of nanomaterials based controlled-release formulations for
biocides application

According to Wilkins [48], the methods for CRF preparation can be separated in chemical or
physical ones (Figures 3 and 4, respectively).

The chemical methods are based on a chemical bond (usually a covalent one) formed be-
tween the active compound and the coating matrix, such as a polymer. This bound can be
placed in two different sites: in the main polymeric chain or in a side chain. In the first one,
the new “macromolecule” is also called a pro-biocide, because the compound will get its
properties in fact when it is released. In the second one, the insecticide molecule can bind
initially to the side-chain of one monomer and then the polymerization reaction takes place
or the polymerization occurs first and only after that, the biocide binds to the side chain.
There is still a third way, based on the intermolecular interactions. In this case, the biocide is
“immobilized” in the net produced by the cross-linkages in the polymer.
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Figure 3. Chemical methods for CRF preparation

The physical methods can also be split in two distinct categories. In the first, a mixture of
biocide and polymer is made. As the last has a higher energy density, it moves to a more
external layer, forming a kind of monolithic structure. In the other one, the polymeric chain
forms a “membrane” isolating the bioactive compound from the external environment. This
is the method which will produce the nanocapsules themselves.
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Figure 4. Physical methods for CRF preparation

Although there are some different kinds of nanomaterials that can be used in CR formula-
tions, the micro- and nanocapsules are by far the most widely used for controlled release of
biocides. For this reason, the techniques described here will be restricted to micro and nano-
encapsulation process.

3.4. Micro and nanoencapsulation techniques

The first formulation containing polymeric-based nanocarriers for controlled release of bio-
cides dates from the early 1970’s [11,92]. Recently, John et al. [93] reviewed the most com-
monly techniques used to prepare micro- and nanocapsules containing microorganisms (for
this kind of application, see section 2.3). However, the techniques they commented can be
also utilized to prepare nanocapsules for insecticides application in general. Shahidi and
Han [94] and Wilkins [48] classified them as physicochemical, chemical or physical process-
based. Some are described below.

3.4.1. The physicochemical-based techniques

a. Emulsion: This technique is used to produce a system of two immiscible liquid phases (wa-
ter and oil), where one (the dispersed phase) is dispersed into the other (continuous phase)
in a controlled way (usually in a dropwise one). The bioactive compound (usually water-
soluble) and the polymer are solubilized each one in a phase (water or oil). One of the solu-
tionsis gradually dripped into the other under vigorous stirring. After the homogenization,
the emulsion is formed. If the oil is the dispersed phase, the emulsion is classified as O/W
(oil/water). If itis water, the emulsion is called W/O (water/oil) [95]. The emulsion itself also
represents a crucial step for some other more complexes preparation ones.

b.  Coacervation: This process is based on the reduction of polymer’s solubility. According
to Wilkins[48] the encapsulation goes through a separation of phases and can be simple
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or complex. In a simple coacervation, the addition of an external agent, like a salt or wa-
ter-miscible solvent, to an aqueous solution containing a hydrophilic polymer-insecti-
cide complex causes its precipitation. Complex coacervation involves opposite charges
and electrostatic attraction. A solution containing different ionizable polymers is sub-
mitted to a pH change. The polymers turn positively or negatively charged. The electro-
static attractive forces between the opposite charges become much stronger than the
particle-solvent intermolecular ones, leading to the copolymer precipitation.

¢.  Emulsion-solvent evaporation: According to Iwata and McGinity [96] this technique com-
prises two or three steps. In the first one, an O/W (or W/O) emulsification must be ini-
tially formed. The polymer is usually solubilized in the dispersed phase. If the emulsion
has only two components like this one, it is called a single emulsion. For this type, the
whole process has only two steps and the first one ends here. However, there is also
other type, called double emulsion, represented as W/O/W’, where the emulsion al-
ready prepared in the first step is dispersed into an organic solvent, like acetonitrile. In
this case, the aqueous solution containing the active compound is dripped in an oil
phase (usually a vegetable oil), under stirring. This emulsion is then dispersed, under
stirring, in an organic solvent solution containing the polymer. The last step, common
for single and double emulsion, is the evaporation of the solvent, what can be per-
formed at room temperature or under reduced pressure. After solvent removal, the par-
ticles are ready for use.

d. Emulsion crystallization/ solidification: According to the procedure published by Igbal et
al. [97], an emulsion is initially prepared as already described in this section. The only
difference remains in the temperature in which it is made. The authors prepared the
emulsion at 60°C. The next step is crucial for technique success. The warm emulsion is
pumped through a capillary partially immersed in a coolant liquid (temperature: 10°C).
At the capillary exit, the emulsion forms spherical drips which move to raise the cooling
liquid’s surface. The drop is cooled down during the course, solidifying and forming
the particles which are collected at the top.

e.  Diffusion-controlled emulsion: In this process, a monomer rich phase is laid over the aque-
ous solution containing the insecticide, under a smooth stir. The monomers then diffuse
into the aqueous fase, “trapping” the bioactive molecules in a micellar structure [98].

f.  Liposome entrapment: Some protocols to prepare liposomes are described by Mozafari et
al. [99]. The standard one is resumed here.

In the first step, an organic solution (chloroform or methanol ones) containing hydrophobic
molecules such phospholipids and cholesterol is prepared. The solvent then is evaporated
forming a thin film. Next, an aqueous solution containing the bioactive compound is spread
over this film. Some mechanical or thermal perturbation like ultrasound or heating is ap-
plied to the system to promote the formation of single or double layer sheet. The sheet will
detach from the support, closing itself, forming the liposomes. During this closing process,
the sheet traps the biocides molecules.
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3.4.2. The chemical techniques

a.

Interfacial polymerization: As the name says, this technique is based in a polymerization
reaction which occurs in an interface of two immiscible liquids. According to Wilkins
[48], polymerization can occur through an addition or condensation reaction. In the
mostly addition-governed process, the polymerization starts in the oil phase, where the
monomers and insecticide are dispersed. However, the reaction only takes place when
it is catalyzed by free radicals, which are dissolved in the aqueous phase. In condensa-
tion-governed process (the most suitable route for biocides nanoencapsulation), the re-
active monomers are dissolved each one in a different phase. As the dispersed phase is
dripped into the continuous phase, the reaction occurs in the droplet interface, produc-
ing the polymer. When a solvent with a low boiling temperature is used as the oil phase
(either in dispersed or continuous one) and contains the monomers dissolved, the proc-
ess is a little different. After the dripping, the system is heated. The solvent thus evapo-
rates, leaving the particules that, due to the water insolubility, precipitates. This
particular technique variation can also be called interfacial polymer deposition [100].

Molecular inclusion: This technique is used to increase the solubility of water-insoluble
compounds in aqueous solution. Macromolecules like cyclodextrins [101] have an inner
hydrophobic face and an outer hydrophilic face. An oil phase containing the biocide is
dripped, under continuous stirring, into the aqueous macromolecule solution. During
the dripping, the macromolecule “traps” the insecticide molecules via intermolecular
interactions.

3.4.3. The physical techniques

a.

Extrusion: The bioactive compound is mixed with hydrocolloids and then, the colloid is
squeezed out under pressure. The pressure during the process should be adjusted ac-
cording to the viscosity of colloids.

Spray drying: This technique is based in solvent evaporation at high temperatures. The
spray drying process has already been described in details by Ré [102]. The following text
is only a brief resume. Initially, the active compound and the polymeric matrix are solubi-
lized in their respective solvents, which should not be miscible. Then, they are mixed un-
der vigorous stirring to form an emulsion (or dispersion whether one of the components is
in the solid state). The emulsion undergoes an atomization to produce droplets. In the next
step, the droplets are submitted to a hot air flow that forces the solvent (generally water)
evaporation, leaving only a dry powder. The greatest advantage of this technique is that it
can be easily scaled up for a large scale nanocapsules production.

Freeze drying: This technique is also known as liophilization. It is the opposite of the
spray drying, because it uses a low temperature system. A suspension or emulsion is
prepared to enable the polymer-insecticide formation. For emulsions, an additional step
is required before the execution of the technique: the removal of the oil or organic sol-
vent under reduced pressure. For both (emulsion and suspension), the aqueous phase is
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frozen and submitted to a low pressure system. When the pressure is drastically re-
duced, the water sublimes (goes from solid to vapor state), leaving only the particles.

3.5. Mechanism of biocide release

In the paper published by Kratz et al. [103] the text begins with the statement: “Nanoparti-
cles only start working after they are placed in a desired location”. In other words, an effi-
cient CR formulation must remain inactive until the active compound is released.

The way how an inert material, such the nanopolymers, controlss the amount and rate a
chemical is released is object of study since the late 1960’s [104] and early 1970’s [105].

How the release of the bioactive compound occurs depends basically on the chemical nature
of the formulation. In various polymeric nanomaterials, the controlled release proceeds via
diffusion. It does not matter if the bioactive compound is dissolved (micro- or nanospheres)
or if it is encapsulated (micro or nanocapsules). The process does not depend on the chemi-
cal structure of the formulation constituents [11] neither on the intermolecular interactions.
The rate control is made based on the interactions between the carrier and the biocide. The
stronger the interaction will be slower the release rate. In the 1990’s, the release dynamics
was investigated via the use of “C-labelled molecules of herbicides [106,107]. Qi et al. [107]
studied the dynamic of controlled release for herbicides. They used "*C-labelled molecules of
benthiocarb and butachlor and observed that the release is made by a diffusive process.
Some years later and without any radiolabeled molecules, Fernandez-Perez et al. [108]
found the same results. They prepared a granule-based CRF constituted by lignin and imi-
dacloprid. They measured the amount of compound released in water under a dynamic
flow condition during a defined period of time. The data fitted a diffusion curve based on
the model proposed by Ritger and Papas [109,110]. Since then, other similar studies have
been published [111-114].

Some other polymeric nanomatrixes, especially those formed by a carboxylic acid and a met-
allic cation, can be disassembled when in contact with water, releasing the bioactive com-
pound [92]. The release rates depend on the physicochemical characteristic of both
molecules. The more hydrophobic the polymer slower will be the bioactive compound re-
lease. The same applies to the last one: the higher water-solubility, faster it will be released.
The formulation itself also affects directly the release rate. In water-based one, the rate con-
trol tends to disappear, due to the matrix (or support) degradation. If the particles are solu-
bilized in an organic solvent, like acetone, the formulation becomes sticky and the release
rate slows down. A granule-based formulation sounds more efficient. It can be applied di-
rect to the soil and the bioactive compound will be released according to the soil moisturize
(water content), leading to a long lasting control.

In other formulations, the bioactive compound is covalently bound to the polymeric matrix
[115]. To the release takes place, a chemical interaction must be broken. It usually occurs via a
hydrolysis reaction, what affects many polymer-insecticide bounds in a chain reaction. The re-
lease control depends on the strength of those chemical bounds, the chemical properties of
both molecules and on the size and structure of the macromolecule formed [11]. The higher the
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biocompound solubility in water, faster the reaction occurs. Concerning the chemical proper-
ties of the polymer, Allan et al. [11] studied the differences in the release kinetics when 2-meth-
yl-4-chlorophenoxy acetic is chemically bound to polyvinylalcohol (a water-soluble polymer)
or when it is bound to cellulose or lignin (water-insoluble polymers). In the first situation, the
level of the applied herbicide tends to go down, because the equilibrium

Polymer —insecticide = Polymer + Insecticide

will always exist. I the last situation, as the “free polymer” is water—insoluble, the equilibri-
um moves towards the right side and the level of the applied herbicide tends to go up (Fig-
ure 5).

water soluble polymer water insoluble polymer

active compound’s
application level

active compound’s
application level

biocide effectiveness duration biocide effectiveness duration
Figure 5. Trend in active compound's application rate (Adapted from [11]).

Whatever the mode of liberation, it should be kept in mind that controlled release formula-
tions have a limited maximum amount for the release of the biocide[116]. This means that the
total amount of released product may not be necessarily equal to the amount of chemicals in-
corporated to the formulation neither to the amount of free applied product[117]. This is the
reason why the concentration of the active compound in a CRF is usually higher than in a con-
ventional one. However it does not contradict what was said earlier about advantageous re-
duced amount if biocide applied, since the number of applications should be smaller.

Studies recently published suggested that the encapsulation of biocides reduces their toxici-
ty [117,118]. However, many issues regarding the toxicity of the nanomaterial themselves to-
wards the environmental and even the worker’s health remains unclear [119].

4. Conclusion

The increasing worldwide demand for foods requires modern techniques of agricultural
production minimizing losses in the crops, transportation and storage. Among the main
causes of agricultural losses there are the plague insects. Insecticides are an important con-
trol tool. However, some collateral effects may be credited to their indiscriminate use such
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as environmental contamination, human poisoning, reduction in the number of natural ene-
mies, insecticide resistance by plague insects, etc.

In this scenario, nano- and microparticles have been reaching a prominent position. Formu-
lations containing insecticides have been prepared in colloidal suspensions or powder, in
nano or micro scale, where they present several advantages such as increasing stability of
the active organic compound (UV, thermal, hydrolysis, etc.), foliar settling, reduction in fo-
liar leaching, systemic action, synergism, specificity, etc. As consequence, the amount of in-
secticide necessary (dosage), the number of applications, human exposure to insecticides
and environmental impact are reduced. The nano- and microformulations have been em-
ployed not only for synthetic insecticides but also in alternative products to control plague
insects such as natural products (herbal extracts) and entomopathogenic microorganisms.

In order to prepare nano- and microformulations, several chemical and physical techniques
have been developed. In general, they should be prepared by using polymeric materials
which are biocompatible and biodegradable. This practice has the aim to avoid the emer-
gence of new environmental and toxicological problems. The biopolymers are produced by
microorganisms, synthesis or even petroleum derivate products. In common, when exposed
to the environment they are easily destroyed by UV radiation and/or microorganism en-
zymes generating CO, and H,O as final product. The degradation processes of biopolymers
may lead, or not, to the release mechanisms of active organic compounds of a nano- or mi-
croparticles. Processes such as swelling, hydrolysis, diffusion, erosion, etc., must be manipu-
lated in a controlled way in order to obtain the desired characteristics of application and
biological activity for the formulated products.

As a result of the application of these new nano- and micro- technologies, which have been
quickly developed due to new sensitive analytical technologies of characterization, new
ways to control plague insects are emerging, thinking not only in lethal action on the target
insect, but also in all ecosystems, which include fishes, natural enemies, vegetation, microor-
ganisms, animals, the man himself, etc.
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