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Abstract The effect of two insect growth regulators and a neonicotinoid insecticide were

tested on immature stages and adults of the parasitoid Aphtyis melinus DeBach (Hymen-

optera: Aphelinidae), a key natural enemy of California red scale, Aonidiella aurantii
(Maskell) (Hemiptera: Diaspididae), in California. No significant effects of the insect

growth regulators on survival or development to the adult stage were found when the

parasitoid was treated at any of the egg, larval, or pupal stages. The broad-spectrum

neonicotinoid acetamiprid also showed no significant effect on the development of

A. melinus to the pupal stage, probably because immature stages of this ectoparasitoid are

protected under the cover of its armored scale host. However, 48 h exposure of adults to

acetamiprid residues following emergence resulted in high levels of wasp mortality.

Aphytis melinus adults treated with either of the two insect growth regulators as larvae

survived 48 h exposure to pesticide residues as adults and showed levels of fecundity

comparable with control insects. We conclude that the two insect growth regulators are

compatible with augmentative releases of A. melinus but that treatments of acetamiprid

should be avoided in situations where biological control by this parasitoid is important.

Keywords Pyriproxyfen � Buprofezin � Acetamiprid � Development �
Fecundity � Parasitoid � Integrated control

Introduction

California red scale, Aonidiella aurantii (Maskell), is a key pest of citrus in California

(Flint et al. 1991). The main control agent for California red scale in the San Joaquin
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Valley region is insecticides and treatments are typically applied in each grove on an

annual or alternate year basis (Grafton-Cardwell and Vehrs 1995). However, approxi-

mately 10% of growers release Aphytis melinus DeBach for control of California red scale,

which is an ectoparasitoid that attacks large second instar males and females and pre-

ovipositional third instar females (Forster et al. 1995; Murdoch et al. 1995). Aphytis
melinus is less exposed to the environment or spray drift compared with most ectopar-

asitoids; although it feeds externally on the scale body, it develops under the armored scale

cover which is cemented to the plant substrate (leaves, twigs, or fruit) except during molts.

Augmentative releases of A. melinus have been used for many years to suppress Cal-

ifornia red scale in southern California (Moreno and Luck 1992) but early attempts to

manage California red scale with A. melinus in the San Joaquin Valley of California were

unsuccessful (Riehl et al. 1980). In the mid 1980s, an additional attempt at biological

control of California red scale in the San Joaquin Valley met with greater success due to

the development of a more holistic, biologically-based integrated pest management pro-

gram designed to minimize use of broad-spectrum pesticides, which interfered with pre-

dators and parasitoids of California red scale. This biological control program used releases

of A. melinus at a rate of 241,000 per ha per year, with 20 annual releases made on an

alternate week basis from mid February to mid November (Haney et al. 1992; Luck et al.

1997; Morse et al. 2007).

Use of the biologically-based integrated pest management program reached a peak of

approximately 30% grower adoption in the San Joaquin Valley in the mid 1990s as

California red scale resistance to organophosphates and carbamates became severe

(Grafton-Cardwell et al. 2001; Grafton-Cardwell and Vehrs 1995). However, most growers

preferred to continue to control California red scale chemically and as a result, in 1998–

1999, two insect growth regulators, pyriproxyfen and buprofezin, were requested and

granted emergency registration to control California red scale in citrus (Grafton-Cardwell

1999). Pyriproxyfen acts as a juvenile hormone mimic (Ishaaya et al. 1994) and buprofezin

is a chitin synthesis inhibitor (Izawa et al. 1985). Both insecticides are effective in causing

mortality of scales as they molt. These insecticides exhibit compatibility with several

hymenopteran species in contrast to broad-spectrum organophosphate and carbamate

insecticides (Ishaaya et al. 1992; Liu and Stansly 1997; Van Driesche et al. 2001;

Rothwangl et al. 2004). However, in field evaluations of A. melinus, a pyriproxyfen-

exposed field showed a lower percentage of yellow sticky cards containing A. melinus
compared to a field exposed to buprofezin or the controls (Grafton-Cardwell et al. 2006).

These data suggest that pyriproxyfen might be more toxic than buprofezin to A. melinus.

However, in these studies, pyriproxyfen showed greater efficacy in control of California

red scale compared with buprofezin. Thus, it could not be determined whether pyripr-

oxyfen affected A. melinus levels directly or indirectly via reduction of host density, which

affected parasitization levels (Grafton-Cardwell et al. 2006).

In 2003, a third novel insecticide was registered for use in citrus, the neonicotinoid

acetamiprid, which acts on insect nicotinic acetylcholine receptors (Ishaaya et al. 2005).

Field evaluations demonstrated that acetamiprid controlled citricola scale (Coccus
pseudomagnoliarum (Kuwana)); however, acetamiprid showed only a suppressive effect

on California red scale (Grafton-Cardwell and Reagan 2003, 2004). In a 2004 field study,

acetamiprid reduced several pest populations, but only 28% of A. melinus emerged safely

(E.E.G., unpublished data). In studies comparing acetamiprid to other neonicotinoids such

as imidacloprid, acetamiprid exhibited broad-spectrum insecticidal activity that included

toxicity to predatory beetles, predaceous and omnivorous bugs, green lacewings, predatory

flies, and several moth species (Iwasa et al. 2004; Naranjo and Akey 2005).
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Pyriproxyfen, buprofezin, and acetamiprid are insecticides that are used in citrus to

control several key citrus pests. In this study, we evaluated the compatibility of these three

insecticides with A. melinus to determine if one or more could be used in conjunction with

A. melinus augmentative releases. If compatibility were observed, then the insecticide

might be safely used to reduce populations of California red scale (buprofezin or pyripr-

oxyfen) or citricola scale (acetamiprid) while concurrently employing A. melinus releases

to aid in suppression of California red scale. The following laboratory study was designed

to determine the effects of buprofezin, pyriproxyfen, and acetamiprid on A. melinus
development when treatments were applied to any of three developmental stages, the egg,

larva, or pupa. Additionally, we examined the effects of the insect growth regulators on

wasp reproduction when A. melinus was exposed to the pesticide during the larval stage.

Materials and methods

Rearing

The A. melinus used in this study were obtained from a colony reared on Aspidiotus nerii
Bouche-infested lemons at the University of California, Riverside Insectary. The colony

was collected in India/Pakistan in 1956–1957 and has been maintained at the University of

California, Riverside Insectary since then on green lemons held at 288C, 38% RH, and

24L: 0D (Yu and Luck 1988). California red scale were obtained from the University of

California, Riverside Insectary colony that had been maintained for >20 years on green

Lisbon lemons at 27.5 ± 28C, 60 ± 10% RH, and 24L: 0D fluorescent lighting.

Insecticide Bioassays

Three stages of A. melinus (egg, larva, and pupa) were studied to determine if any of the

stages and subsequent molts were sensitive to applications of pyriproxyfen, buprofezin,

and acetamiprid. Experimental lemons were obtained by releasing 200 A. melinus for 24 h

into a 30.4 cm · 30.4 cm · 45.7 cm cage that contained seven California red scale-

infested lemons, each infested with approximately 200–300 early third instar female scales.

Experimental lemons were held in a growth chamber at 26.5 ± 28C, 40 ± 5% relative

humidity, and 12L: 12D. Each week, seven experimental lemons per parasitoid life stage

were placed in the growth chamber and parasitoids were allowed to develop to the egg

stage (1 day), larval stage (5 days), or pupal stage (10 days) before randomly selecting a

lemon to be treated with pyriproxyfen (1 lemon), buprofezin (1 lemon), acetamiprid (1

lemon at each of two rates), or a water control (3 lemons). The experiment was a ran-

domized block design over a five week period with three trials per week (each life stage)

completed over each of five consecutive weeks (n = 5 lemons with 200–300 red scale, one

treated per week with each treatment).

Pyriproxyfen and buprofezin were used at the recommended field rates whereas ace-

tamiprid was used at the field rate and at 10% of the field rate. Experimental lemons were

dipped in concentrations of 17.0 ppm pyriproxyfen (0.86 EC Esteem [103.1 g AI per liter

emulsifiable concentrate], Valent USA Corp., Walnut Creek, CA), 320.0 ppm buprofezin

(70 DF Applaud [70% AI dry flowable], Nichino America, Inc., Wilmington, DE), and 2.8

or 28.0 ppm acetamiprid (70 WP Assail [70% AI wettable powder], Cerexagri, Inc, King of

Prussia, PA). With each pesticide and the water control, 0.02% Triton X-100 (Sigma
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Aldrich, St. Louis, MO) was added to the dip solution in deionized water and the lemons

were dipped in the solution for three seconds. After air-drying for 15 min, each lemon was

individually contained in a 710 ml tall, 10.2 cm diameter, round plastic container covered

with a 95 cm2 area fabric mesh (MONO135 fabric, McLogan Supply Co., Anaheim, CA).

Each container was labeled with the date of parasitism by A. melinus, parasitoid life stage

treated, treatment date, pesticide, and concentration. Once a week for each life stage, two

lemons, one treated with pyriproxyfen and the other with buprofezin, were placed in a

growth chamber along with two control lemons while the two lemons treated with the high

and low rates of acetamiprid and one control lemon were placed in a separate growth

chamber. Each of these seven lemons was placed in a separate container. The containers

with insect growth regulator-treated lemons were separated from the neonicotinoid-treated

lemons and its control due to possible fumigation by acetamiprid, which had been observed

in lab studies with another neonicotinoid, imidacloprid (J.G.M., unpublished data). Both

growth chambers were maintained at 26.5 ± 28C and 40 ± 5% RH.

The impacts of egg and larval treatments were evaluated in two ways: (1) by

destructively assessing parasitoid status at the pupal stage and (2) by determining how

many adult parasitoids emerged from the remaining scale. Nine days after egg treatment

and four days after larval treatment, when parasitoids would be in the pupal stage (based on

Yu and Luck’s 1988 degree-day model for rearing red scale at our rearing temperature of

26.58C), 50 scale covers were randomly chosen and turned over with a small probe.

Percentage survivorship was calculated from the number of live A. melinus divided by the

total number of A. melinus (dead + alive) found under the 50 scales.

For trials done during the first four weeks, all adult A. melinus were counted 48 h after

they began to emerge. Emergence began ca. 14 days after egg treatment, ca. 10 days after

larval treatment, and ca. 5 days after pupal treatment. Undiluted honey was placed within

the containers two days before emergence as a food source for adult A. melinus. For trials

completed during the fifth week, emergence was assessed in the same way but in addition,

the remaining scale covers were turned over to examine an average of 250 scales per

lemon. The stage and number of dead and live A. melinus as well as the number of host-fed

(due to initial exposure to A. melinus parental females or the newly emerged parasitoid

progeny) and unparasitized scales were recorded. The average number of emerged

A. melinus for the first four weeks showed similar results to the fifth week and thus, the

data were combined for further analysis.

Impact of insect growth regulators on wasp fecundity

The fecundity of parasitoids treated as larvae with the insect growth regulators was eval-

uated by placing five similarly sized A. melinus females that had successfully emerged from

each treatment (including controls) into individual vials with 0.1 ml pure honey for 24 h

along with several untreated males. The five A. melinus females per larval treatment were

then transferred into a 710 ml tall, 10.2 cm diameter, round plastic container with a 95 cm2

area mesh lid that contained a California red scale-infested lemon with approximately 200–

300 third instar female scales. This procedure was replicated three times per week in weeks

3, 4, and 5 (n = 9 replicates with 45 Aphytis females in total). The adults were removed after

five days and the A. melinus immatures were allowed to develop for 16 days to the adult

stage. At this time, all scale covers were turned over and the number of emerged Aphytis
(i.e., those with a hole in the scale cover), unemerged parasitoids (i.e., parasitoid pupae),

non-parasitized scale, and host-fed scale was recorded. Wasp fecundity (average number of
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eggs per female) was calculated as the total number of emerged A. melinus per lemon

divided by five (i.e. five parental A. melinus). Due to low survivorship of the A. melinus in

the control treatment in the growth chamber with the acetamiprid-exposed lemons,

fecundity was not evaluated for the acetamiprid treatment or its control.

Statistical analysis

A two-way ANOVA was used to test the effects of A. melinus life stage and insecticide on

survival of A. melinus with least significant difference (LSD) mean separation (PROC

GLM; SAS Institute 2004). If no significant differences were found with parasitoid life

stage but significant differences were observed with insecticidal treatment, then the stages

were combined and a one-way ANOVA with LSD mean separation was used to determine

which insecticidal treatments were significantly different (PROC GLM; SAS Institute

2004). The two insect growth regulators were analyzed separately from the neonicotinoid

because they were maintained in different growth chambers. Normality and heterogeneity

of variance were tested, and data were transformed using arcsine (square root [x]) for

percentage data and square root (x) for count data as suggested by Zar (1984). The

Kruskal–Wallis non-parametric test was used to test the effects of the insect growth reg-

ulators on A. melinus fecundity because non-normality was observed (PROC NPAR1-

WAY; SAS Institute 2004).

Results

With pyriproxyfen and buprofezin, the percentage of A. melinus that survived to the pupal

stage was not significantly different for the wasp life stage when the lemon was treated

(eggs or larvae) (F = 1.73; df = 1, 27; P = 0.954) or among insecticide treatments compared

to the control (F = 0.09; df = 1, 27; P = 0.773) (Table 1). With acetamiprid treatment and

fruit held in a separate incubator, the percentage of A. melinus pupae that survived

exposure was also not significantly different between the stage of A. melinus exposure

(F = 0.46; df = 1, 26; P = 0.503) or among insecticide treatments (F = 2.97; df = 2, 26;

P = 0.069) (Table 2). No effects of pyriproxyfen, buprofezin, or acetamiprid were dem-

onstrated on the development of A. melinus to the pupal stage.

Table 3 shows the number of adult A. melinus that survived 48 h exposure to buprofezin

or pyriproxyfen residues following adult emergence from the scale. Numbers of live

A. melinus were not significantly different among insecticide treatments or wasp treatment

Table 1 Impact of pyriproxyfen or buprofezin treatments applied when wasps were at the egg or larval
stage on A. melinus survival to the pupal stage

Percentage (±SEM) A. melinus survival measured at the pupal stagea

Stage exposed Water control Buprofezin, 320 ppm Pyriproxyfen, 17 ppm

Egg 99 ± 1.0 % 100 ± 0.0 % 99 ± 1.0 %

Larva 99 ± 1.0 % 98 ± 1.0 % 91 ± 6.0 %

a Treatments had no significant impact on A. melinus survival when wasps were treated at either the egg or
larval stage (LSD, P = 0.05)
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stages (F = 0.01; df = 2, 54; P = 0.994). When data from treatment of all three wasp life

stages were combined and reanalyzed, the impact of insecticide treatment remained non-

significant (F = 0.62; df = 2, 54; P = 0.542). Thus, there appeared to be no residual effect of

either insect growth regulator on adult emergence or survival for 48 h after emergence.

Table 4 shows that the total number of live A. melinus was significantly lower after 48 h

exposure to both rates of acetamiprid compared to results with water treated lemons

(F = 7.33; df = 2, 40; P = 0.002). No significant difference was found between results

observed with acetamiprid treatment of the three wasp life stages (F = 0.50; df = 2, 40;

Table 2 Impact of acetamiprid treatments applied when wasps were at the egg or larval stage on A. melinus
survival to the pupal stage

Percentage (±SEM) A. melinus survival measured at the pupal stagea

Stage exposed Control Acetamiprid, 2.8 ppm Acetamiprid, 28 ppm

Egg 100 ± 0.0 % 97 ± 3.0 % 91 ± 4.0 %

Larva 100 ± 0.0 % 99 ± 1.0 % 91 ± 9.0 %

a Treatments had no significant impact on A. melinus survival when wasps were treated at either the egg or
larval stage (LSD, P = 0.05)

Table 3 Impact of pesticides applied when the wasp was in the egg, larval, or pupal stage on adult
A. melinus emergence and survival

Live A. melinus (±SEM) per containera

Stage exposed Water control Buprofezin, 320 ppm Pyriproxyfen, 17 ppm

Egg 48.3 ± 2.7 46.6 ± 3.5 45.0 ± 4.2

Larva 49.0 ± 1.8 40.6 ± 2.2 51.0 ± 2.4

Pupa 48.1 ± 3.3 50.2 ± 3.9 42.8 ± 6.3

a Treatments had no significant impact on the number of A. melinus that emerged and survived 48 h
exposure to pesticide residues when wasps were treated at either the egg or larval stage (LSD, P = 0.05)

Table 4 Impact of pesticides applied when the wasp was in the egg, larval, or pupal stage on adult
A. melinus emergence and survival

Live A. melinus (±SEM) per containera

Stage exposed Water Control Acetamiprid, 2.8 ppm Acetamiprid, 28 ppm

Egg 11.8 ± 3.4a 3.6 ± 3.1b 0.6 ± 0.6b

Larva 13.4 ± 4.3a 0.6 ± 0.6b 0.0 ± 0.0b

Pupa 15.4 ± 2.3a 0.6 ± 0.6b 0.0 ± 0.0b

Combined Stagesb 13.5 ± 1.0a 1.6 ± 1.1b 0.2 ± 0.2b

a Means followed by the same letter in each row are not significantly different (LSD, P = 0.05)
b N = 5 fruit, one treated each of five successive weeks for each of egg, larval, or pupal exposure. Thus,
N = 15 fruit in total, each with 200–300 scale, for all life stages combined
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P = 0.608). Thus, data for all three life stages were combined and reanalyzed in aggregate

(bottom row, Table 4). Acetamiprid demonstrated a residual impact that significantly

reduced survival of adult A. melinus at both the 1 · and 0.1 · field rate concentrations

(F = 7.51; df = 2, 40; P = 0.002).

The number of A. melinus alive 48 h after emergence from the water-treated control

treatments in the chamber with acetamiprid treated fruit was on average 3.5 ± 0.69 fold

lower than that observed with water-treated controls in the chamber containing the insect

growth regulator treated fruit (Table 3, 4). Because fruit containing parasitized scale were

randomly assigned to treatments, we conclude that acetamiprid can have a significant

fumigant effect on A. melinus adults in an enclosed system. The fumigant effect in our

study is most likely greater than would be observed in field situations due to field pesticide

degradation after exposure to sunlight, wind, and rain in addition to the differences be-

tween an enclosed growth chamber and a field setting. Thus, additional studies might

examine to what degree fumigation impacts are observed under field conditions.

Impact of insect growth regulators on wasp fecundity

Averaging over the nine replicates, the mean number of offspring per wasp female was

3.93 ± 0.60 (mean ± SEM) for the control, 3.09 ± 0.09 for buprofezin, and 2.93 ± 0.15 for

the pyriproxyfen treatment, respectively. Wasp fecundity with treated lemons was not

significantly different from that observed with control fruit (v2 = 5.281, df = 2, P = 0.071).

Fecundity following acetamiprid exposure could not be evaluated due to insufficient

numbers of live adults surviving 48 h of exposure to this material.

Discussion

Several previous studies have shown that armored scale parasitoids that develop under-

neath a scale cover are protected from foliar insecticide applications (Rosenheim and Hoy

1988; Raupp et al. 2001). The insect growth regulators, buprofezin and pyriproxyfen,

demonstrated no noticeable effects when A. melinus were treated at the egg, larval, or

pupal stages, no effect on adult survival 48 h after adult emergence, and no effect on

fecundity. In contrast, whereas acetamiprid was nontoxic to immature stages of A. melinus,

significant toxicity was documented for emerging adults. The residues may have been

absorbed by the adult parasitoid through contact as it walked on the treated surface,

through preening, or due to consuming pesticide residues when the parasitoid chewed its

way through the scale cover during emergence. This A. melinus colony has been reared for

over forty years and may be more susceptible to insecticides than field colonies. Because

the insect growth regulators did not affect our laboratory reared A. melinus, field popu-

lations are unlikely to be effected. Acetamiprid caused significant mortality of lab reared

A. melinus adults in our study, but high acetamiprid toxicity was also observed in field

populations of adult A. melinus in a 2004 field study (E.E.G., unpublished data).

Based on our study, releases of A. melinus are compatible with the insect growth

regulators pyriproxyfen and buprofezin, but much less so with the neonicotinoid ace-

tamiprid. Although these two insect growth regulators were determined to be safe for

several hymenopteran species (Mendel et al. 1994), both pyriproxyfen and buprofezin are

highly toxic to Coccinellidae including the vedalia beetle, Rodolia cardinalis (Mulsant), a

predator relied on to control cottony cushion scale in citrus in the San Joaquin Valley
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(Grafton-Cardwell and Gu 2003); Chilocorus nigritus (Fabricius), a major predator of

California red scale in South Africa (Magagula and Samways 2000); Chilocorus bipu-
stulatus Linnaeus, a predator of armored and soft scale insects (Mendel et al. 1994); and

several other Coccinellidae (Wakgari and Giliomee 2003; Liu and Stansly 2004; Naranjo

and Akey 2005). Acetamiprid was also found to be toxic to several Coccinellidae including

Stethorus japonicus Kamiya, Harmonia axyridis (Pallas), and R. cardinalis (Grafton-

Cardwell and Gu 2003; Naranjo and Akey 2005).

Overall, caution needs to be taken in integrated pest management programs that rely on

both pesticide applications and natural enemies for integrated pest control. If possible, the

impacts of insecticides on important predator and parasitoid populations should be docu-

mented for each insecticide that is used in such a program. Selecting a pesticide with

minimal impacts on natural enemies allows biological control to assist in key pest

reduction and reduces the likelihood of secondary pest outbreaks. Based on our results,

pyriproxyfen and buprofezin appear to be relatively innocuous to A. melinus and may be

used to lower California red scale populations prior to the use of augmentative releases of

A. melinus. Acetamiprid was found to be toxic to emerging adults and should not be

recommended for use in groves where A. melinus plays a key role in management of

California red scale.
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