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Abstract This study evaluated the efficacy of the

foliage-dwelling predatorOrius laevigatus, soil applied

entomopathogens and azadirachtin alone and in combi-

nations for controlling western flower thrips (WFT).

Evaluated products were Nemastar� Steinernema car-

pocapsae (E-nema) and O. laevigatus (Re-natur),

Metarhizium anisopliae isolate ICIPE-69 and NeemA-

zal-T (azadirachtin) (Trifolio). Efficacy against WFT

was significantly improved by combined treatments

achieving 62–97 % reduction in WFT emergence,

compared to 45–74 % in single treatments, and inter-

actions resulted in two synergistic and eight additive

responses.Metarhizium-based treatments reducedWFT

survival by 93–99.6 % when late mortality by mycosis

was considered. Halving the number of released preda-

tors did not significantly reduce efficacy (86–96 vs.

76–88 % thrips reduction), and when Orius was

introduced to target L1 of WFT, 96–98 % reduction

was achieved while only 71–89 % for L2. Early release

of O. laevigatus and combination with soil application

of NeemAzal-T and/or entomopathogens can be a

successful and reliable biocontrol strategy for WFT.
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Introduction

Western flower thrips, Frankliniella occidentalis Per-

gande (Thysanoptera: Thripidae), is an important pest

of ornamentals and vegetables that causes extensive

economic losses in greenhouse and open-field plant

production (Reitz et al. 2011). Western flower thrips

have an affinity to tight/cryptic feeding sites within

buds or on rapidly growing tissues such as young

leaves and flowers, and this cryptic behaviour is a

major challenge because it makes thorough coverage

difficult when using insecticides. Moreover, pupation

occurs in the soil and a certain part of the population is

escaping from plant delivered compounds. In addition,

resistance to conventional insecticides has been

recorded worldwide (Jensen 2000; Herron and James

2005; Bielza et al. 2007). In addition, there is a global

tendency towards reducing the use of synthetic pesti-

cides because of associated problems of resistance,

environmental contamination, adverse effects on non-

target organisms and demand for pesticide-free foods
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(Gao et al. 2012). Biocontrol could therefore be a

convenient alternative option providing economic and

eco-toxicological benefits (Bonsignore and Vacante

2012).

In its life cycle, western flower thrips occur as

highly mobile adult, immobile but protected egg in

plant tissue as well as first and second larval stage in

the crop canopy where it is relatively vulnerable to

predatory mites or bugs preferring the same habitat. In

contrast, the descending late second larval stage

escapes such antagonists to pupate in the soil or leaf

litter (Steiner et al. 2011), but tends to be more

vulnerable to soil dwelling predators and pathogens

(Holmes et al. 2012). Therefore, an ideal biocontrol

strategy would target these soil-dwelling stages as

well as the foliage-inhabiting adult and larval stages

(Rahman et al. 2011).

The Orius spp. (Hemiptera: Anthocoridae) were

shown to be effective predators for thrips in both field

and greenhouse crops throughout the world as they are

the only predators that attack thrips even in cryptic

habitats such as flower buds (Blaeser et al. 2004;

Silveira et al. 2004; Islam et al. 2010), and can prey on

all thrips stages as well as other pests like aphids,

spider mites, whiteflies and moth eggs. They also feed

on pollen, which enables them to build a population in

pollen-bearing crops when thrips are not available

(Sanchez et al. 2000).

However, there are conflicting reports concerning

the success of Orius in controlling western flower

thrips. While significant efficacy has been reported in

several studies (Silveira et al. 2004; Blaeser et al.

2004; Xu et al. 2006; Bosco et al. 2008; Weintraub

et al. 2011), other authors observed only low control of

thrips by Orius as compared to other biocontrol agents

(Medina et al. 2003; Shipp and Wang 2003; Pozzebon

et al. 2015). Therefore, it might be worthwhile to test

the release of Orius spp. in combination with

additional measures compatible with natural enemies

such as botanicals or entomopathogens for efficient

and persistent pest suppression. Interesting candidates

are presented below.

Biorational products containing active ingredients

such as azadirachtin derived from the neem tree

Azadirachta indicaA. Juss,Meliaceae and often termed

simply as neem products are general-purpose botanical

pesticides today widely used in different crops, in

particular in organic production systems (Islam et al.

2010). They have multiple mechanisms of action

(Mitchell et al. 2004) and hence low risk for selection

of resistant pest biotypes, and extremely low toxicity to

humans and often with relatively high selectivity

concerning natural enemies if direct contamination of

sensitive stages is avoided. They can be used in

combinations with entomopathogens that are ‘‘compat-

ible’’ (causing mortality\20 %) and their joint efficacy

can potentially benefit from synergistic interaction

(Mohan et al. 2007; Islam et al. 2010). However, since

the active ingredient azadirachtin is susceptible to

photo-degradation by UV radiation, soil application is

advantageous to minimize exposure to sunlight, and for

soil treatments water-based formulations of azadirach-

tin have been proven to be most efficient in controlling

pests (Thoeming et al. 2006; Karanja et al. 2015).

Entomopathogenic fungi (EPF) such as Metarhiz-

ium anisopliae (Metchnikoff) Sorokin (Hypocreales:

Clavicipitacea) has also been described as an efficient

biocontrol agents against western flower thrips (Ansari

et al. 2007, 2008). The relative safety and specificity of

these fungal pathogens may enhance their acceptance

for use in pest management programs (Gao et al.

2012). However, their need for very specific condi-

tions such as high RH and temperature as well as short

persistence of conidia under high UV light also favour

their use in the soil where thrips mostly pupate and are

convenient microclimatic environments for fungal

infection (Cloyd 2009). Susceptibility of thrips to soil

treatment with M. anisopliae has already been shown

(Brownbridge 2006; Skinner et al. 2012; Otieno et al.

2016).

Another option is to use entomopathogenic nema-

todes (EPNs) such as Steinernema carpocapsae (Rhab-

ditida: Steinernematidae). In above-ground application

the efficacy of EPNs is limited due to their sensitivity to

desiccation and UV radiation (Shapiro-Ilan et al. 2010).

However, they were found to be suited for infecting the

cryptic pupal stages of western flower thrips in the soil,

and efficiently reducing thrips emergence when

drenched into the soil at high rates to compensate for

limited dispersal capacity (Premachandra et al.

2003a, b; Buitenhuis and Shipp 2005; Ebssa et al.

2006; Otieno et al. 2016). The EPNs applied to the soil

can be combined without any detrimental interaction

with other biocontrol agents, in particular foliage-

dwelling predators of thrips. A detailed study of the

interaction among various combinations of ento-

mopathogens and azadirachtin targeting the soil stages

of western flower thrips in amicrocosm experimentwas
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reported by Otieno et al. (2016). In addition to that, the

present study includes Orius laevigatus as a control

agent, with the aim of assessing the efficacy of

biocontrol agents that possibly could act in combination

above and below ground for integrated thrips manage-

ment. We evaluated basically the effect of releasing

O. laevigatus, combined with soil application of

NeemAzal-T, S. carpocapsae and M. anisopliae,

against western flower thrips. A detailed economic

valuation is however beyond the scope of this study.

Materials and methods

Host plant and western flower thrips rearing

Two-week old bean seedlings (Phaseolus vulgaris L.

var. ‘Speedy’) seedlings were used as host plants.

Individual seedlings were transplanted into 16 cm

diameter plastic pots filled with 600 g of commercial

substrate Fruhstorfer Erde, type P (Archut GmbH,

Lauterbach-Wallenrod, Germany); 50 % peat, 35 %

clay, 15 % humus; pH 5.7–6.3; 124–185 mg N,

120–179 mg P2O5,190–284 mg K2O and 0.8–1.4 g

KCL salt content per liter. The seedlings were kept

under greenhouse conditions of 22 ± 2 �C, 65–75 %

RH and a 16:8 h L:D photoperiod. To obtain thrips of

the same age, synchronized rearing of western flower

thrips was established on pods of French beans in 0.75

l glass jars (Leifheit, Nassau, Germany) according to a

protocol described by Berndt et al. (2004).

Predatory bug

Orius laevigatus were provided by Re-natur (Stolpe,

Germany) in bottles containing 500 individuals dis-

persed in vermiculite, and were released within one

day after receipt.

Entomopathogenic fungi (EPF)

Metarhizium anisopliae ICIPE-69 commercialized

strain by International Centre of Insect Physiology

and Ecology (Kenya) with identification characteris-

tics stated in Niassy et al. (2012) was obtained as dry

conidia and stored at 4 �C. Before use, an infection

cycle was run on western flower thrips adults to ensure

virulence to that target. Conidia from infected WFT

cadavers were isolated onto potato dextrose agar

media (PDA), supplemented with peptone and yeast

extract. Two week old fungal cultures maintained at

25 �C and grown on artificial media less than three

times after isolation from WFT were used for the

experiments. An aqueous conidial suspension was

then prepared by scraping off dried conidia from the

PDA plates and mixing with 0.05 % Tween 80. The

conidial suspension was then adjusted to 107 conidia

per 100 ml (Islam et al. 2010) using a Fuchs-Rosenthal

haemocytometer (Marienfeld GmbH & Co. KG,

Lauda Königshofen, Germany) and a compound

microscope (9400 magnification) (Goettel and Inglis

1997). Viability of conidia was assessed before the

experiments to adjust the desired concentration of

viable conidia per ml for every bioassay, details of the

procedure are described in Otieno et al. (2016).

Entomopathogenic nematodes (EPNs)

Nemastar� based on S. carpocapsae was obtained as a

clay formulation from e-nema GmbH (Raisdorf,

Germany) and stored at 4 �C until use. Before

exposure to western flower thrips, nematodes were

allowed to acclimatize at ambient room temperature

for 4 h. Thereafter, 1 g of the product was dissolved in

50 ml of de-ionized water, and 1 ml of the suspension

was mounted on a microscope slide to assess EPN

density and mobility. A final concentration of about

80,500 infective juveniles (IJ) in 25 ml of de-ionized

water was prepared by quantification and dilution

giving a concentration of 400 IJ cm-2 soil per

experimental pot (Premachandra et al. 2003b).

NeemAzal-T

NeemAzal-T solution (1 % active ingredient of

azadirachtin dissolved in water) was obtained from

Trifolio-M GmbH (Lahnau, Germany). A concentra-

tion of 1 ml kg-1 of substrate was used. For each pot

(600 mg of the substrate Fruhstorfer Erde), 0.6 ml of

the basic solution was diluted in 100 ml de-ionized

water. The suspension was shaken for 30 min in a

mechanical shaker before application.

General experimental procedure

Male and femaleOriuswere isolated in a plastic bottle

prior to the experiments. Only females were used since

they are generally larger and feed more for
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reproduction (Xu et al. 2006). Each experimental unit

consisted of a potted bean plant in a plastic pot (16 cm

diameter) enclosed by a plexiglass cylinder (diameter

15 cm, height 40 cm) serving as tightly fitting micro-

cosm. Proper ventilation was ensured by the open top

and four additional holes (diameter 3 cm) in the

cylinder wall, which were covered with thrips-proof

nylon gauze (pore size 64 lm).

Ten one-week old adult western flower thrips

females and two males were selected from a synchro-

nized rearing unit and transferred into a clean Eppen-

dorf tube (2 ml) using a fine hairbrush. The Eppendorf

tube was fixed on the petiole of the bean plant and

afterwards opened to allow the adults to crawl/fly out

of the tube and infest the plant. The edge between

cylinder and pot was sealed with parafilm to prevent

thrips from escaping. Thrips were allowed to feed and

to lay eggs on the plants, and on the fifth day when L1

had hatched, two female Orius were introduced using

the same delivery technique as with thrips. On the

eighth day when L2 should start descending to the soil

for pupation (Berndt et al. 2004), the microcosm was

cautiously opened to avoid any escape of thrips, and

the soil treatments were quickly applied such that the

L2 stage targeted here did not escape. For NeemAzal-

T application, 0.6 ml of the basic solution diluted in

100 ml de-ionized water was drenched to the soil. The

EPN suspension of about 80,500 IJ in 25 ml of de-

ionized water was also drenched using a Pasteur

pipette and 5 min later the soil surface was further

irrigated with another 25 ml of distilled water for

better percolation of the nematodes to lower soil layers

where the western flower thrips pupate. For EPF, the

whole conidia suspension (100 ml) was applied to

each pot, which ensured a total wetting to field

capacity of the upper soil layer that should be passed

by the descending thrips larvae.

A blank treatment with only de-ionized water was

set up as a control since pre-tests showed no significant

differences between the blanks of the compounds used

and the water control. Twelve days after the introduc-

tion of the western flower thrips adults, the cylinders

were removed and the bean plants were cut off. Orius

were found to be still active on the canopy but barely

any thrips adults. To assess efficacy of the treatments,

the number of emerging western flower thrips was

recorded for seven days using an emergence trap as

described in Otieno et al. (2016). In brief, the

emergence traps consisted of an inverted pot of the

same size as the one used for the substrate in the

microcosm and tightly fitting on the substrate. The

positively phototactic emerging thrips were attracted

to a light exposed hole on top of this elector unit and

guided into an adjusted Eppendorf tube (trap).

All experiments were conducted in a climate

chamber (Johnson Controls GmbH, Mannheim, Ger-

many). The conditions were 23 ± 2 �C, 50–60 % RH

and 16:8 L:D photoperiod.

Experiment 1: Basic treatments and combinations:

The full list of treatments and dosages used is shown in

supplementary table S1. A completely randomized

design with fifteen replicates per treatment was used in

all experiments. Additionally, in EPF treatments a test

for late mycosis was performed. Adult thrips emerging

from treatments with EPF were incubated at 25 �C in

55 mm diameter Petri dishes filled with a 5 mm

plaster of Paris: charcoal (9:1) layer overlaid by a

Whatman filter paper of the same diameter. 1.5 ml of

sterile water was added to maintain high humidity.

Most ([90 %) of the incubated adults died after two

days, and the cadavers of these specimens were

examined under a binocular microscope for spores

and hyphae on their surface for identification of the

suspended EPF and to confirm mycosis as the cause of

death.

Experiment 2: Two densities of Orius: To assess

density dependent variation in Orius efficacy, one vs.

two adult Orius were released in different combina-

tions with EPF, EPN and azadirachtin using the

experimental procedure described above, and the soil

treatments were applied as in the previous experiment.

Experiment 3: Efficacy of Orius targeting different

larval stages of western flower thrips: In an additional

setup, Orius was released on the fifth and eighth day

after introduction of western flower thrips adults to

target the L1 and L2 stages of western flower thrips,

respectively. The soil treatments and combinations

with EPF, EPN and Neem were applied as in

experiment 1.

Statistical analysis

In all experiments, the number of emerging thrips per

pot was modelled as Poisson counts in a generalized

linear model (GLM) (McCullagh and Nelder 1989)

with a log link function and overdispersion (‘‘quasi-

Poisson’’). Analysis of deviance F tests were per-

formed for testing overall effects (Faraway 2006
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p. 147) and they were all highly significant (supple-

mentary table S2). Treatment means were compared

using all pair-wise contrasts (Tukey) of the GLM

parameters at a family-wise type I error rate of 5 %.

Interactions of treatments applied as combinations

were evaluated as described for a very similar

experimental setup in Otieno et al. (2016). Null

hypotheses of additivity were formulated as linear

combinations of GLM parameters in a way that they

reflected the mixing ratios shown in Table S1. Com-

binations that deviated significantly (p\ 0.05) from

additivity were judged as synergistic if fewer thrips

emerged from soil than expected under additivity, or

otherwise as antagonistic. All data were analyzed

using R version 3.1.3 (R Core Team 2016).

Results

Experiment 1: Single treatments: All treatments were

significantly superior to the control according to the

Tukey on GLM parameters at a family-wise 5 % level

(p\0.001, and test statistics 4.71 B z B 8.10, Tukey).

Emergence of adult western flower thrips was reduced on

average by 45–74 % compared to the control group, with

Orius being the most efficient single treatment (Fig. 1),

although there were no significant differences except

between Orius and M. anisopliae ICIPE-69 (p = 0.002,

z = 4.18).

Double combinations: All Orius-based double

combinations revealed significantly higher efficacies

than other double combinations without Orius

(p\ 0.001 for every pairwise comparison,

3.89 B z B 5.51, Tukey) (Fig. 1). Orius-based com-

binations caused 89–97 % reduction in emergence

while those that did not include Orius ranged between

62 and 69 % reduction in emergence. The most

efficient among the double combinations was

Orius ? Neem with 97 % reduction.

Triple combinations: Triple combinations showed

consistently high performance of Orius-based combi-

nations: the reduction in thrips emergence ranged

between 84 and 96 %. The Tukey test showed highly

significant differences between Orius-based triple

combinations and Neem ? EPF ? EPN (p\ 0.01,

4.0 B z B 5.41, Tukey). The latter only resulted in

65 % reduction in adult emergence.

Mycosis: The total fungal efficacy was realized

when adult thrips that succumbed after emergence

from the delayed effect of mycosis were taken into

consideration as well. There were no significant

differences in the number of cadavers which were

not infested by the fungi between all EPF based

treatments (p C 0.066, 0.1 B z B 3.18, Tukey). The

results ranged from EPF (applied singly) where 93 %

total mortality was recorded to Orius ? EPF ? EPN

where more than 99 % kill was achieved when late

mycosis was taken into consideration (Fig. 2).

Interaction effects: Most combined treatments

resulted in additive effects (Table 1). However, the

double combination Orius ? Neem and the triple

combination Orius ? EPF ? EPN allowed signifi-

cantly fewer emergences than would have been

expected under the assumption of additivity

(p = 0.013, z = 2.470 and p = 0.004, z = 2.860,

respectively), hence synergistic effects can be

assumed (Table 1).

Experiment 2: Two densities of Orius (one or two

adults): All treatments showed additional reduction in

average western flower thrips emergence when two

predators were introduced instead of one to a micro-

cosm, although the differences were not always

significant. Combinations with a single predator

caused on average between 76 and 88 % reduction

while those with two predators resulted in 86–96 %

reduction (Fig. 3). However, when Orius was intro-

duced alone a significant difference between one

Orius (76 % reduction) and two Orius (96 % reduc-

tion) (p = 0.039, z = 3.43, Tukey) could be observed.

In combined treatments there was no significant

difference between introducing one or two adult Orius

(p C 0.57, 0.64 B z B 2.29).

Experiment 3: Introduction of Orius to target

different larval stages of western flower thrips: Target-

ing the L1 stage of western flower thrips was always

significantly more successful than targeting the L2 for

every treatment. For example, Orius alone resulted in

98 % reduction when targeting the L1 and only 78 %

when targeting the L2 stage of western flower thrips

(p\ 0.001, z = 6.4, Tukey). Generally, combinations

with Orius targeting the L1 stage of western flower

thrips resulted in 96–98 % average reduction in emer-

gence with no significant differences amongst them

(p C 0.69, 0.11 B z B 2.09, Tukey) (Fig. 4). On the

other hand, combinations with Orius targeting the L2

stage of western flower thrips caused average reduction

of 71–89 %. Significant differences were only recorded

between Orius ? EPF_L2 (the lowest performer) and
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Orius ? EPN_L2 (p\ 0.001, z = 4.39 Tukey) and

Orius ? EPN ? Neem_L2 (p\ 0.001, z = 5.51

Tukey).

Discussion

Regarding the effect of single treatments on western

flower thrips in experiment 1, Orius was the most

efficient. The results of soil application of M. aniso-

pliae ICIPE-69, NeemAzal-T and S. carpocapsae as

single treatments were consistent with earlier findings

by Otieno et al. (2016). The slightly better perfor-

mance of EPN compared to EPF could be explained by

the fact that IJ have the ability to find their host

actively and are therefore better suited to locate the

cryptic pupal stages of western flower thrips than

conidia of EPF whose success depends on contact by

chance when thrips move in the soil or by passive

distribution with water in the soil (Williams et al.

2013). Overall effect of EPF was substantially

increased when thrips mortality due to late mycosis

Fig. 1 Average number of

emerging adults of western

flower thrips after seven

days (mean ? SD) in single

and combined treatments

using Orius laevigatus,

NeemAzal-T solution (1 %

azadirachtin A),

Metarhizium anisopliae

ICIPE-69

(Entomopathogenic fungi-

EPF) and Steinernema

carpocapsae

(Entomopathogenic

nematode-EPN), grouped

into single, double and triple

treatments. Treatments

sharing no common letters

are significantly different at

a multiple type I error level

of 5 % (quasi-Poisson

analysis and Tukey)

Fig. 2 Average (?SD)

number of emerging adults

of western flower thrips after

seven days (white columns)

and adults not infested by

mycosis in Metarhizium

anisopliae ICIPE-69 based

treatment combinations

(black columns). Treatments

sharing no common letters

are significantly different at

a multiple type I error level

of 5 % (quasi-Poisson

analysis and Tukey). Letters

refer to comparisons

between the combinations of

treatments and emerging/

infested
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was taken into consideration. The larvae migrating

into the soil might have acquired sub-lethal infection

(relatively few conidia) but as mortality is dose-

related, infection took longer to develop. Therefore,

more individuals survived through to adult stages but

succumbed thereafter (Ansari et al. 2008).

Efficacy against western flower thrips was signif-

icantly improved in combined treatments compared to

single treatments. In particular, Orius-based double

and triple combinations performed significantly better

than their non-Orius-based counterparts. Comparable

results were obtained by Rahman et al. (2011). In

another study, Down et al. (2009) usedO. laevigatus to

disseminate conidia of EPFs to control aphids, white-

flies and thrips, indicating that Orius is not affected by

these pathogens. Studies with other sucking pests, for

instance the application of Beauveria bassiana and

neem together, demonstrated an increase in the

mortality of B. tabaci (Islam et al. 2010; Islam and

Omar 2012). In contrast, combined application of

M. anisopliae and Neoseiulus cucumeris (Oudemans)

releases did not further reduce the density of adult

Table 1 Evaluation of treatment combinations: estimated percent deviations from additivity with 95 % confidence intervals,

p-values, and conclusions about interactions based on quasi-Poisson GLM analysis

Treatment combination Estimated % deviation

from additivity

95 % confidence interval p value Interaction

EPF ? EPN ?30.3 -2.6; ?74.4 0.075 Additive

Neem ? EPF ?29.2 -4.6; ?75.1 0.098 Additive

Neem ? EPN ?25.5 -9.7; ?74.5 0.177 Additive

Orius ? EPF ?68.4 -11.6; ?220.8 0.113 Additive

Orius ? EPN -6.8 -49.5; ?71.9 0.821 Additive

Orius ? Neem ?229.4 ?27.9; ?748.2 0.014 Synergistic

Neem ? EPF ? EPN ?27.2 -5.1; ?70.6 0.108 Additive

Orius ? EPF ? EPN ?259.6 ?49.6; ?764.4 0.004 Synergistic

Orius ? EPF ? Neem -9.0 -48.0; ?59.1 0.741 Additive

Orius ? EPN ? Neem ?57.2 -22.1; ?217.4 0.207 Additive

Fig. 3 Average number of

emerging adults of western

flower thrips after seven

days (mean ? SD) when

one (Orius_1) or two

(Orius_2) adults of Orius

laevigatus were introduced

on the plants in combination

with NeemAzal-T solution

(1 % azadirachtin A),

Metarhizium anisopliae

ICIPE-69 (EPF) and

Steinernema carpocapsae

(EPN) applied to the soil.

Treatments sharing no

common letters are

significantly different at a

multiple type I error level of

5 % (quasi-Poisson analysis

and Tukey)
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western flower thrips compared with the sole applica-

tion of M. anisopliae or N. cucumeris (Nyasani et al.

2015).

An important aspect of combined treatments is the

direction and intensity of the resulting joint efficacy.

It is desired that combining different control agents

may result in simply additive or better synergistic

interactions. On the other hand, if control agents could

impair each other, reduced total efficacies could

result. In our studies, we found only positive interac-

tion within all treatment combinations, most of them

with additive properties, but the Orius ? Neem and

Orius ? EPF ? EPN combinations showed clear

synergistic responses.

Throughout the experiments, combined application

of azadirachtin with EPNs or EPF resulted in increased

efficacy against western flower thrips. Ebssa et al.

(2006) reported that the use of EPNs together with the

foliar-dwelling N. cucumeris provided better control

(83 %mortality) as compared to individual releases of

natural enemies.

The underlying mechanisms of these synergistic

interactions are unclear, but it is postulated that one

agent may stress or alter the behaviour like feeding or

movement of the target pest making it more suscep-

tible to the other control agents. For example, M.

anisopliae infected insects may be less mobile which

gives EPNs more time to penetrate the host (Ansari

et al. 2004). Alternatively, plant-dwelling predators

can evoke escape behaviour of the prey, making the

prey available for soil-foraging antagonists or biopes-

ticides. Ebssa et al. (2006) noted that foliar-dwelling

mites increased the likelihood of thrips falling off the

plant onto nematode-treated soil where they were

liable to be infected. Azadirachtin weakened the

western flower thrips by being a physiological stressor

or behavioural modifier, thereby predisposing them to

the microbes or reducing the defense response of the

thrips, making them an easier target for nematodes’

penetration and more susceptible to the fungi. The

nematode-associated symbionts release toxins that

inhibit host immune reactions (Lacey et al. 2001).

Such synergies can be exploited to enhance control of

pests, while concomitantly reducing the cost of control

for growers since each biocontrol agent can be used at

a lower dose.

There are contrasting reports concerning the com-

patibility of azadirachtin and O. laevigatus. Biondi

et al. (2012) reported that azadirachtin mainly acts as a

moulting disruptor and hence cannot affect adult

insects and is therefore harmless to the adult predator,

and, according to Angeli et al. (2005), azadirachtin has

no effect onO. laevigatus exposed via direct contact or

by ingestion of infected eggs of Ephestia kuehniella

(Zeller). Contrastingly, Bonsignore and Vacante

(2012) reported that rotenone, NeemAzal-TS (oil

formulation of azadirachtin) and S. feltiae reduced

numbers of O. laevigatus and Tedeschi et al. (2001)

Fig. 4 Average number of

emerging adults of western

flower thrips after seven

days (mean ? SD) when

Orius laevigatus were

introduced on the plants to

target larval stages 1 (L1)

and 2 (L2) in combinations

with NeemAzal-T solution

(1 % azadirachtin A),

Metarhizium anisopliae

ICIPE-69 (EPF) and

Steinernema carpocapsae

(EPN). Treatments sharing

no common letters are

significantly different at a

multiple type I error level of

5 % (quasi-Poisson analysis

and Tukey)
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showed high direct toxicity of neem (azadirachtin oil

formulation) to the mirid Macrolophus caliginosus

(Wagner). But it should be recognized that in our

studies the azadirachtin treatment (soil) and Orius

(plant canopy) were spatially divided, thus enabling

selectivity even in case of possible contact toxicity.

The number of released predators could be critical

for an optimal balance between efficacy and expen-

diture on the control agent. Therefore, in an additional

experiment we checked if the density of the predator

could be reduced without impairing its effectiveness.

In the single Orius treatment, predation of thrips was

significantly higher when two predators were released

per microcosm compared to only one. However, the

drawback of introducing only one predator was largely

compensated for by combined treatments with other

biocontrol agents, showing clearly a stabilizing effect

of combinations. This improved reliability of com-

bined treatments is of practical importance.

Another important issue is the timing of application

of biocontrol agents. In case of the soil-delivered

EPNs and EPF as well as drenching of neem,

application just before the late L2 descends to the soil

ensures the best performance (Premachandra et al.

2003b). In case of predator release, timing is more

crucial since target susceptibility and hence predatory

success rate can vary greatly with progress in devel-

opment of the prey. Most often early release of

predators is key for successful biocontrol (Cloyd

2009). This work corroborated the need for early

releases by showing that introducing Orius to target

the L1 was significantly more successful than target-

ing the L2 stage of western flower thrips. Apart from

being able to feed on more juveniles at this stage, it

also allowed time for better establishment of the

predator, interaction between prey and predator, and

therefore good control of thrips (Cloyd 2009).

Further studies should include long-term effect of

the EPF and azadirachtin on population development

of the predator and also using other Orius spp. with

other biocontrol agents to determine if the observation

with O. laevigatus is consistent. We demonstrated that

Orius laevigatus is effective in controlling western

flower thrips and also suitable to be released in

combinations with soil applied azadirachtin and

entomopathogens (EPNs and EPF). These combina-

tions resulted in additive and synergistic effects,

covering gaps of efficacy and improving the reliability

of single agent treatments.
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