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HIGHLIGHTS

« Safety of seven pesticides to the insect predator M. pygmaeus was evaluated.
« Chlorantraniliprole, an anthranilic diamide, caused the lowest mortality.

« Thiacloprid, a neonicotinoid, caused the highest mortality.

« Thiacloprid induced stronger behavioral effects than chlorantraniliprole.
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Macrolophus pygmaeus (Hemiptera: Miridae) is a common generalist predator in Mediterranean agro-
ecosystems. We evaluated the lethal effects of six insecticides and a fungicide on M. pygmaeus
nymphs exposed to the pesticides through three routes of exposure: direct, residual and oral. Chlo-
rantraniliprole and emamectin-benzoate caused less than 25% mortality to M. pygmaeus and were
classified as harmless according to the International Organization for Biological Control rating
scheme. In contrast, thiacloprid and metaflumizone caused 100% and 80% mortality, respectively,
and were classified as harmful. Indoxacarb and spinosad resulted in close to 30% mortality to the
predator, and were classified as slightly harmful, while the fungicide copper hydroxide caused 58%
mortality and was rated as moderately harmful. Chlorantraniliprole and thiacloprid were selected
for further sublethal testing by exposing M. pygmaeus to two routes of pesticide intake: pesticide res-
idues and feeding on sprayed food. Thiacloprid led to an increase in resting and preening time of the
predator, and a decrease in plant feeding. Chlorantraniliprole resulted in a decrease in plant feeding,
but no other behaviors were affected. In addition, thiacloprid significantly reduced the predation rate
of M. pygmaeus, whereas chlorantraniliprole had no significant effect on predation rate. The results of
the study suggest that thiacloprid is not compatible with M. pygmaeus, while further research needs
to be carried out for metaflumizone and copper hydroxide. All other products seem to be relatively
compatible with M. pygmaeus, though studies on their sublethal effects will shed more light into
their safety.
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1. Introduction dance and species composition of beneficial species in agro-ecosys-

tems (Zhang et al., 2007; Lu et al., 2012).

Native natural enemies such as predators and parasitoids pro-
vide the essential ecosystem service of conservation biological con-
trol (Gardiner et al., 2011). The use of agrochemicals, particularly
pesticides, can hamper the effectiveness of natural enemies, caus-
ing disruption of the ecosystem services they provide (Desneux
et al., 2007; Stark et al., 2007, Stavrinides and Mills, 2009). Natural
enemies are highly sensitive to the application of pesticides, and it
has been shown that pesticide use patterns influence the abun-
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The evaluation of pesticides for registration purposes and com-
patibility with IPM programs traditionally begins with an assess-
ment of their acute toxicity that can provide important
information on the risk they pose to natural enemies (Candolfi
et al.,, 2001). The importance of sublethal pesticide effects on devel-
opment and reproduction of predators and parasitoids has also
been recognized by many researchers, including Croft (1990), Des-
neux et al. (2007), Biondi et al. (2012a) and Pekar (2012). Although
publications on behavioral effects of pesticides on natural enemies
have increased in recent years (e.g. Desneux et al., 2004; Delpuech
et al.,2012; Wrinn et al., 2012), there is still a lot to be learnt about
the behavioral impacts of pesticides on predators and parasitoids.
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An important behavioral aspect of natural enemies that has not
been studied extensively is time allocation following pesticide
exposure (Desneux et al., 2004) i.e. the time invested to different
activities, such as prey searching, feeding and resting. Time alloca-
tion has been a central issue in behavioral ecology over the past
few decades, because the amount of time allocated to different
activities by a natural enemy can influence its fitness and its effec-
tiveness as a biological control agent (Bernstein et al., 1988; Yano
et al.,, 2005; van Laerhoven et al., 2006).

Various factors have been found to determine the amount of
foraging time that natural enemies spend on different activities,
including leaf surface characteristics, the number of prey available,
the prey distribution, the presence of prey traces and plant leaf
damage (Dixon, 2000; van Laerhoven et al., 2000, 2006; Nakashima
and Hirose, 2003). Studies on how chemicals affect time allocation
and the foraging success of beneficial arthropods could be inte-
grated in the evaluation of pesticides during registration proce-
dures (Desneux et al., 2007).

In this study, we evaluated lethal and behavioral effects of pes-
ticides to the predator Macrolophus pygmaeus (Hemiptera: Miri-
dae). The predator is native to the Mediterranean region and it
has also been commercially mass produced and successfully re-
leased in temperate and Mediterranean crops including tomato
and other vegetables (Martinou and Wright, 2009). M. pygmaeus
is polyphagous and can survive in the absence of prey by feeding
on plant sap (Lykouressis et al., 2008). It is being marketed for
use against whiteflies, thrips, aphids, mites, and eggs and larvae
of lepidopterous pests (Urbaneja et al., 2009, 2012; Perdikis
et al., 2011). It is one of a few native natural enemies that have
been shown to be effective against the tomato borer, Tuta absoluta
(Lepidoptera: Gelechidae) (Desneux et al., 2010), a major invasive
pest of tomato that invaded Europe through Spain in 2006 and con-
tinues to spread in Afro-Eurasia (Desneux et al., 2011). Several
insecticides are being used against T. absoluta in Europe, but their
effects on M. pygmaeus are little known. Two recent studies tested
a limited number of products for their safety to M. pygmaeus, by
exposing insects to pesticide residues on plants (Arné and Gabarra,
2011; Lopez et al., 2011), a methodology not accounting for pesti-
cide intake through direct application on the body of the insect,
and through feeding on treated prey. Exposing individuals to three
routes of pesticide exposure represents a realistic, worst-case sce-
nario, and a very common case in agricultural fields.

Our aims in this project were (a) to evaluate the lethal effects of
seven pesticides registered for use in tomato crops to M. pygmaeus
by simultaneously exposing individuals to direct application, resi-
dues and sprayed food, and (b) to identify the effects of thiacloprid
and chlorantraniliprole, two insecticides representing different

Table 1

modes of action and toxicity levels, on time allocation and preda-
tion rate of M. pygmaeus.

2. Materials and methods
2.1. Pesticides

Seven pesticides were tested: the synthetic insecticides thiaclo-
prid, metaflumizone, indoxacarb and chlorantraniliprole, the
microorganism-derived insecticides spinosad and emamectin ben-
zoate, and the natural fungicide copper hydroxide (Table 1). The
selected insecticides are used against the invasive tomato borer,
T. absoluta, and other important tomato pests, such as whiteflies
(Table 1). Application of the six insecticides in tomato crops has
seen a dramatic increase in Cyprus and other Mediterranean coun-
tries since 2006, when T. absoluta was reported on the European
continent for the first time. Copper hydroxide is a product that is
regularly applied on tomato crops for the control of downy mildew,
but its effects on M. pygmaeus are not known.

2.2. Lethal effects of pesticides

M. pygmaeus nymphs were exposed to pesticides through a tri-
ple exposure method: directly through contact with spray droplets,
orally through their food, and residually through walking on
spayed plant leaves. A triple exposure scenario represents best
the conditions that insects are likely to experience in the field fol-
lowing pesticide application.

M. pygmaeus fifth-instar nymphs and Ephestia kuehniella Zeller
(Lepidoptera: Pyralidae) eggs provided by Koppert (Netherlands)
were used for the experiments. Fifth-instar nymphs were used be-
cause they cannot fly and therefore they are more exposed to pes-
ticide applications than flying adults. The insects were provided
with tomato leaves and E. kuehniella eggs as food and water for
24 h before being used in experiments. A Potter spray tower (Bur-
kard Manufacturing Co., Rickmansworth, UK) was used for the
spray application on tomato leaflets, the predators and the egg
prey, at the highest label rates (Table 1). The air pressure was set
at 1000 Kpa. The spray volume per application was 1 mL of pesti-
cide solution which resulted in a spray deposit of 2.55 mg cm 2
similar to what is recommended for bioassays according to the
IOBC Working Group “Pesticides and Beneficial Organisms” (Has-
san et al., 2000).

Tomato leaflets were cut from 6 to 8 week-old tomato plants
variety Hybrid Brillante F1 (Hazera Genetics Ltd., 79837, Israel)
and they were enclosed in net envelopes (mesh aperture size
0.54 mm?) in sets of five. Both sides of the leaflets were sprayed

Pesticides used in the study. All pesticides were used at their highest label rate for tomato crops.

Active ingredient Commercial name- Chemical family

Mode of action

Target pests on product label Highest label rate

(a.i.) manufacturer mg a.i./L

Chlorantraniliprole CORAGEN®-DuPont Crop  Anthranilic Ryanodine receptor modulator Lepidoptera 40.00
Protection diamide

Copper hydroxide =~ CHAMP 37.5 WG®- Metallic Fungal protein disruptor Downy mildew and several 1925.00
Nufarm hydroxide other fungi

Emamectin AFFIRM®-Syngenta Avermectin Chloride channel activator Lepidoptera 14.25

benzoate

Indoxacarb STEWARD EC®-DuPont Oxadiazine Voltage dependent sodium channel Lepidoptera 37.50
Crop protection blocker

Metaflumizone ALVERDE 24SC®-BASF Semicarbazone Voltage dependent sodium channel Lepidoptera 240.00

blocker
Spinosad TRACER 480 EC®-Dow Spinosyn
AgroSciences
Thiacloprid CALYPSO 480 SC®-Bayer  Chloronicotinoid

CropScience

Nicotinic acetylcholine receptor (nAChR)
allosteric modulator
Nicotinic acetylcholine receptor agonist

Thrips, Lepidoptera, Coleoptera, 72.00
Diptera

Lepidoptera, Hemiptera (aphids
and Psylla spp.)

144.00
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with 1 mL of pesticide solution or distilled water for the control in
the Potter spray tower. The leaflets were allowed to dry and they
were placed individually in a transparent plastic container (4 cm
height, 2.5 cm diam.). The petiole of the leaflet was in contact with
moist cotton wool through a circular opening at the base of the
plastic container.

Nymphs of M. pygmaeus were placed in 9 cm Petri dishes in
groups of fifteen and they were sprayed with 1 mL of each pesti-
cide solution or distilled water for the control. Similarly, E. kuehni-
ella eggs were placed in a 9cm Petri dish and sprayed with
pesticide solution or distilled water for the control. M. pygmaeus
nymphs and E. kuehniella eggs were allowed to dry, and the preda-
tors were transferred individually to the containers containing the
leaflets with an abundance of sprayed eggs as prey. The top of the
container was sealed with fine muslin and a rubber band. Insects
were kept individually as preliminary studies showed cannibalism
incidents when predators were kept in the same container. Each
treatment was replicated five times, with fifteen M. pygmaeus indi-
viduals per replicate. The insects were kept at 25+ 2 °C, 16:8 L:D
and 65% RH. Mortality assessments were carried out at 72 h. Mor-
ibund individuals were classified as dead. Because of the large
number of treatments and number of insects tested, the experi-
ment was carried out in two sets, on two consecutive days. On
day 1 we run assays for chlorantraniliprole, spinosad, metaflumiz-
one and control and on day 2 we run assays for indoxacarb, copper
hydroxide, thiacloprid and emamectin benzoate with a second
control.

Pesticides were classified into classes following IOBC guidelines
(Sterk et al., 1999). Pesticides that cause mortality up to 25% are
classified as harmless, pesticides that cause mortality from 25 to
50% are classified as slightly harmful and from 51 to 75% as mod-
erately harmful. Harmful are the products that cause mortality
over 75%.

2.3. Behavioral effects of pesticides

In a second assay, we evaluated the sublethal effects of thiaclo-
prid and chlorantraniliprole, two key products that represent dif-
ferent modes of action, and different toxicity levels (Fig. 1).
Thiacloprid is a neonicotinoid insecticide that acts as agonist on
the insect nicotinic acetylcholine receptor of the nervous system,
and has been widely used in tomato pest management (Elbert
et al., 2008). Chlorantraniliprole is a newer product, an anthranilic
diamide that activates the ryanodine receptor releasing stored cal-

100 1
90 -
80 -
70 A [
60 -

40
30 a ab

Mean percentage mortality

50 - b

cium from muscle cells that leads to impaired regulation of muscle
contraction (Cordova et al., 2006). Thiacloprid and chlorantranili-
prole caused the highest and lowest mortality in the lethal effects
assay (Fig. 1). Because thiacloprid caused 100% mortality to M. pyg-
maeus (Fig. 1), we modified our approach and included only two
routes of pesticide exposure: Residual via treated leaf surfaces
and oral via treated food. The two routes of pesticide exposure sim-
ulated a scenario where the predator escaped direct contact with
spray droplets and was later exposed to the pesticide via walking
on treated surfaces and consuming treated egg prey or plant mate-
rial. Preliminary experiments showed that M. pygmaeus exposed to
thiacloprid through sprayed leaf surfaces and treated food suffered
50% mortality at 72 h, while chlorantraniliprole mortality was sim-
ilar to control.

Fifth instar M. pygmaeus nymphs were collected one day prior
to the experiment and placed individually in Petri dishes (9 cm
diameter). A tomato leaflet and a piece of wet cotton wool were
placed in each Petri dish. The predators were not sprayed with
pesticide.

Tomato seedlings (five weeks old, height 15 cm, 5 leaves/plant)
were sprayed till run off with a handheld sprayer (Di Martino type
Venezia 500, Mussolente, Italy) with pesticide or distilled water for
the control. E. kuehniella eggs were placed in a 9 cm Petri dish and
were also sprayed with pesticide or distilled water till run-off using
the handheld sprayer. The plants and the eggs were allowed to dry
and two hours later, we transferred 15 sprayed E. kuehniella eggs
on the first leaflet of the first true leaf of the tomato plant using
a fine paintbrush. A M. pygmaeus nymph was placed at the bottom
of the main stem of the plant with the aid of a moist paint brush.
The nymph was observed for 11 min with a 2x magnifying glass
held at a 45° angle and at a 20 cm distance. The duration for each
of the following behaviors was recorded: walking, time to arrival at
the egg patch, feeding on the egg patch, plant feeding, preening
and resting. For data recording we used a program designed in qba-
sic for MS-DOS (Martinou et al., 2009). The experiment was carried
out over seven days between 10:00 and 14:00 with three replicates
of each treatment per day.

After the end of the 11 min interval, the tomato seedlings were
placed in transparent plastic containers (diameter: 15 cm, height:
25 cm) which were sealed on the top with fine muslin for ventila-
tion. Prey consumption was estimated 24 h later by counting the
number of consumed E. kuehniella eggs. M. pygmaeus has pierc-
ing-sucking mouthparts and consumed eggs appear shrivelled.
The number of dead M. pygmaeus in each treatment were recorded

20 -
10 1 ﬁ
o+—I—1 . ‘
@

Treatment

Fig. 1. Percentage mortality (mean + 1SE) caused by different pesticides to fifth-instar nymphs of M. pygmaeus at 72 h after exposure. Different letters indicate statistically
significant differences (P < 0.05, one-way ANOVA followed by the Tukey multiple comparison test).
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at 24 and at 72 h. Each of the two pesticide treatments and the con-
trol were replicated 21 times, and were kept at the same condi-
tions as for the experiments on lethal effects of pesticides
(Section 2.2).

2.4. Statistical analyses

Lethal effects of pesticides: We compared percentage mortality
in controls for day 1 and day 2 using a t-test (t. test) in R (version
2.14.2, R Development Core Team, 2006). As there were no signif-
icant differences in control mortality between experiments carried
out on day 1 and day 2 (see Results section), we grouped the data
for the two days and evaluated the effects of pesticides on percent-
age mortality in a one-way analysis of variance (ANOVA) (aov).
Post hoc Tukey HSD tests (TukeyHSD) were used for multiple pair-
wise comparisons. Before analyses, all data were transformed
using the arcsine square root transformation to achieve normality
and homoscedasticity of variance.

Behavioral effects of pesticides: behavioral data were expressed
as time in seconds allocated to each different activity over the
11 min observation period. An ANOVA model (aov) was used to
compare the time allocated to each activity in the different treat-
ments in R 2.14.2. An ANOVA was also used to compare the egg
consumption rate at 24 h among treatments. Data on consumption
rate were transformed using the arcsine square root transforma-
tion to achieve normality and homoscedasticity of variance. Dead
individuals were excluded from the egg consumption rate analysis.
Post hoc Tukey HSD tests (TukeyHSD) were used for multiple pair-
wise comparisons.

3. Results
3.1. Lethal effects of pesticides

There were no significant differences in control mortality be-
tween experiments carried out on day 1 and day 2 (tg=0.64,
P> 0.05). The ANOVA results showed significant differences in M.
pygmaeus mortality among different treatments (F;3;=69.6,
P<0.001) (Fig. 1). Thiacloprid caused 100% mortality to M. pygma-
eus, while chlorantraniliprole was the least toxic product (Fig. 1),
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and the mortality caused by chlorantraniliprole did not differ sig-
nificantly from control mortality. Metaflumizone and copper
hydroxide caused the second and third highest mortality, respec-
tively, while indoxacarb, spinosad, and emamectin benzoate
caused similarly low mortality, close to 30%.

3.2. Behavioral effects of pesticides

Fig. 2 presents the time allocated to four main activities: Rest-
ing, preening, feeding from the plant and walking. No predators ar-
rived at the egg patch during the 11 min observation period. There
were significant differences in resting time among the control and
the two pesticide treatments (F, g0 = 7.39, P < 0.001). M. pygmaeus
spent a significantly lower amount of time resting on control
plants compared to the thiacloprid treatment. Significant differ-
ences were also found in the amount of time spent preening
(F2.60 = 3.4, P<0.05). M. pygmaeus on control plants spent a lower
amount of time preening, compared to plants sprayed with thiaclo-
prid. There were also significant differences in the amount of time
spent feeding from the plant (F 60 = 17, P < 0.001). M. pygmaeus on
control plants spent fed significantly longer time feeding from the
plant than insects on plants sprayed with either pesticide. Total
walking time did not differ significantly (F,go=2.52, P=0.08)
among treatments and control.

The predators did not consume eggs of E. kuehniella during the
11 min observation period, but 24 h later there were statistically
significant differences in the number of consumed eggs between
control and treatments (F,4g = 6.268, P<0.001, Fig. 3). The per-
centage of eggs consumed was significantly higher on control
plants and plants treated with chlorantraniliprole than plants trea-
ted with thiacloprid. Ten out of the 21 insects in the thiacloprid
treatment died after 24 h. No predator deaths were recorded on
control or on chlorantraniliprole-treated plants at 24 h. No addi-
tional deaths were recorded at 72 h.

4. Discussion

Chlorantraniliprole did not cause significant mortality to M.
pygmaeus (Fig. 1). Additional studies confirm the relative safety
of chlorantraniliprole to insects other than Lepidoptera. For

(B) Preening
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Thiacloprid Control ~ Chlorantraniliprole
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a
1
o . . .
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Control  Chlorantraniliprole
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Fig. 2. Time in seconds allocated to resting, preening, plant feeding and walking (mean * 1SE) by fifth-instar nymphs of M. pygmaeus on plants treated with either
chlorantraniliprole, thiacloprid or distilled water (control). Duration of the observation period was 11 min. Different letters for the same behavior among treatments indicate
statistically significant differences (P < 0.05, one-way ANOVA followed by the Tukey multiple comparison test).
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Fig. 3. Percentage of E. kuehniella eggs consumed by fifth-instar M. pygmaeus
nymphs (mean * 1SE) after 24 h on plants treated with either chlorantraniliprole,
thiacloprid or distilled water (control). Different letters indicate statistically
significant differences (P < 0.05, one-way ANOVA followed by the Tukey multiple
comparison test).

example, chlorantraniliprole did not cause significant mortality to
either bumble bees (Bombus impatiens) (Gradish et al., 2010), the
rice water weevil (Lissorhoptrus oryzophilus), (Lanka et al., 2013),
and a suite of parasitoids and ground beneficial arthropods (Brug-
ger et al., 2010; Campos et al., 2011; Larson et al., 2012).

Emamectin benzoate, spinosad, and indoxacarb caused similar
mortality to M. pygmaeus (Fig. 1). Emamectin benzoate is classified
as harmless, as it caused less than 25% mortality, while indoxacarb
and spinosad caused slightly higher than 25% mortality and they
are classified as slightly harmful (Sterk et al., 1999). Studies in Spain
showed that emamectin benzoate is harmless to M. pygmaeus (Lo-
pez et al., 2011). However, emamectin benzoate induced high mor-
tality to Orius insidiosus, another Hemipteran predator, (Studebaker
and Kring, 2003; Biondi et al., 2012b), and therefore its safety seems
to be species dependent. Arn6 and Gabara (2011) reported benign
effects of spinosad to M. pygmaeus, as it caused lower than 10% mor-
tality to nymphs and adults following exposure to sprayed tomato
leaves. Differences in M. pygmaeus mortality between the current
and previous studies maybe due to differential susceptibility of
the strains used, or differences in methodology, as our study ap-
plied a worst-case scenario by subjecting insects to three routes
of pesticide exposure: Direct, residual and oral. In an extensive lit-
erature review, Biondi et al. (2012a) showed that spinosad effects
on Hemiptera and other insect orders varied depending on species
and rate used. Overall, Biondi et al. (2012a) recommended caution
in the use of spinosad because of its negative side effects to many
non-target species, including hymenopteran parasitoids.

Arné and Gabarra (2011) also showed that indoxacarb caused
30% mortality to nymphs of M. pygmaeus. However, Galvan et al.
(2006) reported that indoxacarb caused close to 100% mortality
to 3rd instars of the lady beetle Harmonia axyridis. In contrast,
Liu and Zhang (2012) reported that indoxacarb residues caused
less than 20% mortality to adults of the hymenopteran parasitoids
Trichogramma pretiosum and T. brassicae, indicating a species-spe-
cific action of the pesticide.

Interestingly, metaflumizone, a voltage dependent sodium
channel blocker, that shares the same mode of action as indoxacarb
(Table 1), caused close to 80% mortality to M. pygmaeus nymphs
and it is classified as harmful (Fig. 1). Similarly, Biondi et al.
(2012b) reported that the insecticide caused higher than 80% mor-
tality to another Hemipteran predator, the mirid Orius laevigatus.
The higher toxicity of metaflumizone compared to indoxacarb, de-
spite their common mode of action, may be due to their different
chemical structure (Table 1).

Copper hydroxide caused close to 60% mortality to M. pygmaeus
nymphs and it is characterized as moderately harmful. Previous
work has shown no important effects of copper hydroxide on the
parasitoid Tamarixia radiata (Hall and Nguyen, 2010). However,
Michaud and Grant (2003) have demonstrated negative effects of
copper sulphate formulations on nematodes, parasitoids, and
ladybeetles.

Thiacloprid, caused 100% mortality to M. pygmaeus nymphs
(Fig. 1). The result was not surprising since thiacloprid is recom-
mended against Hemipteran pests, such as whiteflies (Table 1). Di-
rect contact of thiacloprid with M. pygmaeus seems to be an
important source of toxicity, as predators exposed to the pesticide
through residues and food in the behavioral assay suffered around
50% mortality (see Results). Thiacloprid is also known for causing
high mortality to other beneficial species, as Bastos et al. (2006) re-
ported a 50% reduction in adult emergence of the hymenopteran
parasitoid T. pretiosum. However, thiacloprid has been reported
to be relatively safe to larvae of the dipteran hover fly Episyrphus
balteatus (Moens et al., 2011) and to adults of the predatory mite
Neoseiulus fallacis (Bostanian et al., 2010).

In addition to lethal effects, we evaluated the sublethal behav-
ioral effects of chlorantraniliprole and thiacloprid, two pesticides
with distinct modes of action (Table 1), that caused the lowest
and highest mortality, respectively (Fig. 1). Because thiacloprid
caused 100% mortality in the toxicity assay, we modified our ap-
proach by using unsprayed M. pygmaeus exposed only to two
routes of pesticide exposure: residual via treated leaf surfaces
and via treated food. The two routes of pesticide exposure simu-
lated a scenario where the predator escaped direct contact with
spray droplets and was later exposed to the pesticide via walking
on treated surfaces and consuming treated egg prey or plant mate-
rial. Insects on plants treated with thiacloprid spent significantly
more time resting and preening, and significantly less time feeding
from the plant than insects on control plants (Fig. 2). Insects on
plants treated with chlorantraniliprole spent significantly less time
feeding from the plant than insects on control plants. The behav-
ioral effects of thiacloprid were stronger than those for chlorantra-
niliprole, probably because of its specificity against Hemipteran
insects (Table 1).

There were no significant differences in walking time of M. pyg-
maeus between treatments (Fig. 2). Previous studies have shown
increased or decreased mobility for insects after their exposure
to organophosphates (Alix et al., 2001; Hoy and Dahlsten, 1984;
Thornham et al.,, 2008) and pyrethrins (Cox and Wilson, 1984;
Thornham et al., 2008) - see Desneux et al. (2007) for a review
of effects of pesticides on insect mobility. More recent studies,
have shown that effects of certain insecticides on insect mobility
are dose dependent, as bees exposed to lower doses of imidaclo-
prid at 1.25 ng per insect exhibited increased mobility, whereas
exposure to higher doses ranging from 2.5 to 20 ng per insect re-
duced mobility (Lambin et al., 2001). Tran et al. (2004) found that
Neochrysocharis formosa parasitoids exposed to imidacloprid spent
less time walking on leaves and feeding from hosts and more time
resting than untreated parasitoids. In contrast, chlorantraniliprole
was not found to influence the mobility of the earwig Doru luteipes,
an important natural enemy in maize fields of South America
(Campos et al., 2011).

Thiacloprid affected the foraging behavior and predation rate of
M. pygmaeus (Figs. 2 and 3). Predators on plants treated with thia-
cloprid spent less time feeding from the plant than predators on
control plants (Fig. 2). In addition, predation rate at 24 h was sig-
nificantly lower (zero) on plants treated with thiacloprid than on
control plants (Fig. 3). Imidacloprid, another neonicotinoid, was
also found to negatively influence the predation rate of the cocci-
nelid Serangium japonicum (He et al., 2012). Insects on plants trea-
ted with chlorantraniliprole spent less time feeding from the plant
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than those on control plants, suggesting that the insecticide could
affect their foraging behavior. However, there were no significant
differences of predation rate at 24 h between insects on control
or chlorantraniliprole-treated plants, suggesting that the effects
of the insecticide are short-lived (Fig. 3). Similarly, Liu et al.
(2012) found no significant effect of chlorantraniliprole on the
searching behavior of the parasitoid Anagrus nilaparvatae, an
important natural enemy of the rice plant hopper.

5. Conclusions

Through laboratory studies we have shown that pesticides used
in tomato agro-ecosystems may have a variety of lethal and suble-
thal effects on M. pygmaeus, a key natural enemy of important
pests. Acute toxicity studies suggested that chlorantraniliprole,
emamectin benzoate, indoxacarb and spinosad are relatively com-
patible with M. pygmaeus, whereas more work needs to be carried
out for copper hydroxide and metaflumizone. Thiacloprid is incom-
patible with the predator. Further sublethal tests for thiacloprid
and chlorantraniliprole showed that thiacloprid altered the behav-
ior of the predator and reduced its predation rate at 24 h, while
chlorantraniliprole had milder behavioral effects. Future work on
sublethal and residual effects of pesticides, as well as long-term
laboratory and field studies will advance our understanding of
the impact of pesticides on M. pygmaeus and other non-target
organisms.
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