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ABSTRACT In fall, Myzus persicae (Sulzer) (Homoptera: Aphididae) may exhibit population re-
surgence in winter oilseed rape in France. This resurgence may arise from pyrethroid treatments
against Coleoptera (Psylliodes chrysocephala L.) that either kill parasitoids present during treatment
or prevent recolonization by off-crop parasitoids. We studied the impact of Diaeretiella rapae
(MÕIntosh) (Hymenoptera: Braconidae) on populations of M. persicae when parasitoids were intro-
duced on deltamethrin-treated plants at increasing intervals after treatment. Parasitoids were intro-
duced 1, 2, 7, or 14 d posttreatment on individually caged plants infested with established populations
of M. persicae. Aphids were counted 7, 14 and 21 d after parasitoid introduction. First, we observed
that both the pesticide and the parasitoid reduced aphid population growth and that their effects were
additive. Second, there was no mortality of parasitoids exposed to treated leaves in a device with a
refuge area, and only 20% of mortality without the refuge area. Furthermore, deltamethrin residues
had no effect on the reproduction of D. rapae females. Compared with the known toxicity of
deltamethrin toD. rapae on glass, this low mortality may have been due to both the high liposolubility
of deltamethrin (leading to a rapid diffusion of residues in the oilseed rape leaf cuticle) and to the
existence of a refuge area. This work suggests that D. rapae could limit populations of M. persicae in
the fall, even after pyrethroid treatment, because the presence of deltamethrin residues had little
impact on the parasitoid.
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CROP PROTECTION IS MOSTLY based on broad-spectrum
chemical insecticides that are noxious to beneÞcial
insects such as parasitoids (Haskell and McEwen
1998). For example, pest resurgence or an increase in
populations of secondary pests can occur as a result of
the death or perturbation of beneÞcial arthropods by
pesticides (Hardin et al. 1995, Longley et al. 1997).
Parasitoids can be exposed to insecticides through
spray droplets (Jepson 1989), through residues on the
crop foliage when foraging (Brown 1989; Jepson 1989;
Longley and Jepson 1996a,b), or when feeding on
contaminated water droplets, nectar, or honeydew
(Longley and Stark 1996). Exposure during develop-
ment in the host also may occur (Süss 1983, Hsiech and
Allen 1986, Longley 1999). Exposure to insecticide
residues is highly probable due to their widespread
use.

Generally, applications of chemical insecticides re-
sult in a major initial reduction in the density of phy-
tophagous and parasitoid populations. For example,
deltamethrin treatment was shown to result in a 90%
reduction in the number of parasitoids and a 78%
reduction in the number of aphids (Longley et al.
1997). After insecticide treatment, pest and parasitoid
populations may recover differently because their
varying susceptibility to insecticides (Croft and
Brown 1975, Rajakulendran and Plapp 1982, Weires et
al. 1985) and reproductive rates (Longley et al. 1997).
This dynamic has been particularly well documented
under laboratory conditions (Waage et al. 1985).
When recolonizing a crop after insecticide treatment,
parasitoids may return to depleted areas (where in-
secticide treatments have been done) from unde-
pleted surroundings (Longley et al. 1997), a process
called “horizontal recruitment.” In addition, a process
of “vertical recruitment” of parasitoids (i.e., the
emergence of adults from mummies) may occur in
the treated crop. In both cases, parasitoids are ex-
posed to insecticide residues, the persistency of which
may vary from a few days to a few weeks, depending
on the substance. In addition to their lethal effect,
insecticide residues also can induce sublethal effects
on fecundity, longevity (Moriarty 1969), and behavior
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through their neurotoxic activity (Haynes 1988, Elzen
1989).

Cruciferous crops are grown on a large scale in
Europe. Oilseed rape Þelds alone covered �4.6 million
ha in 2002 (United Nations Food and Agriculture
Organization data). In Europe, the dominant aphid
species infesting Brassica crops are cabbage aphid,
Brevicoryne brassicae (L.) (Homoptera: Aphididae), a
specialist of cruciferous plants; and green peach aphid,
Myzus persicae (Sulzer) (Homoptera: Aphididae),
which is polyphagous and can develop on some 300
host plant species (Van Emden et al. 1969). In France,
problems related to the green peach aphid on oilseed
rape in the fall have been observed since 1997. Pop-
ulations can pullulate and weaken plants (CETIOM
2002), andM. persicae transmits viruses, even at a low
population density (Schliephake et al. 2000). The
transmission of viruses in oilseed rape has become a
problem since 1996Ð1997 and markedly affects yields
(Graichen and Schliephake 1996).

The pyrethroid insecticide Decis micro (i.e., delta-
methrin), frequently used to treat oilseed rape for
Coleoptera (Psylliodes chrysocephala L.) in the fall,
has been suspected to affect aphid parasitoid popula-
tions. It may be insufÞcient to kill aphids, Þrst because
the rate used (5.0 g [AI]/ha) is lower than that rec-
ommended against aphids on oilseed rape (6.25 g
[AI]/ha); and second, because aphids are partially
resistant to pyrethroids (Foster et al. 2002). However,
the insecticide may disturb the action of parasitoids,
having a lethal effect on local populations during treat-
ment applications and limiting recolonization by off-
crop parasitoids.

The current study aimed to determine the interval
that would allow parasitoids to return safely to aphid-
infested winter oilseed rape crops after deltamethrin
treatment. The work was conducted on the aphid
parasitoid Diaeretiella rapae (MÕIntosh) (Hymenop-
tera: Braconidae) because it has been reported to
play a signiÞcant role in preventing aphid outbreaks
in cruciferous crops such as oilseed rape and mustard
(Bahana and Karhioc 1986, Ohiman and Kunar
1986, Souza et al. 1992, Bijaya Devi et al. 1999).
Under semiÞeld conditions (outdoor potted and
caged plants), we assessed the action of D. rapae on
M. persicae populations when the parasitoids were
introduced on deltamethrin (Decis micro)-treated
plants at increasing intervals after the treatment. We
also quantiÞed deltamethrin residues on the foliage
and evaluated in the laboratory the acute toxicity of
deltamethrin residues to D. rapae.

Materials and Methods

Semifield Study

Experimental Plants.Oilseed rape plants, Brassicae
napus (winter variety Goéland), were grown outside
in individual plastic pots (2-liter volume, 17 cm in
diameter). At the two-leaf stage, they were covered
with individual plastic cages (40 cm in height, 17 cm
in diameter). Ventilation was provided through two
holes covered with gauze, one on the upper surface

(17.5 cm in diameter), and the other on the side of the
cage (8 cm in diameter).
Insects. All insects were reared in environmental

chambers at a temperature of 23 � 1�C under a pho-
toperiod of 18:6 (L:D) h. M. persicae (R1-strain: par-
tially resistant to insecticides through the overpro-
duction of carboxylesterase) was reared on broad
bean,Vicia fabaeL.D. rapaewas reared onM. persicae
on B. napus leaves. MummiÞed aphids containing
D. rapae were removed from the leaves and stored in
plastic petri dishes until parasitoid emergence. Adult
females were mated at emergence and then held for
24 h in glass tubes (5 cm in length, 1 cm in diameter,
Þve individuals per tube), where they were supplied
with a dilute honey solution (80%) but no aphids or
plants. The parasitoids used for all experiments were
24Ð48 h old.
Pesticide Treatment. Insecticide-treated plants

were sprayed with formulated deltamethrin (Decis
micro), which was diluted with water (to obtain 3
liters of solution) and applied at the recommended
Þeld rate against ColeopteraP. chrysocephala in the fall
(5 g [AI]/ha, corresponding to 300 liters/ha of solu-
tion). The treatment was applied using a power-pack
aerosol hand sprayer. The nozzles of the sprayer
(30 psi, XR8001VS Teejet Spray, Teejet South Europe,
Orléans, France) were directed toward the plants
from a distance of �0.5 m. The date of insecticide
treatment was labeled T � 0.
Experimental Groups and Procedure. All individ-

ually caged plants were infested by 10 M. persicae of
mixed stages, 8 d before the deltamethrin treatment.
This 8-d period ensured the initial growth of aphid
populations before any further manipulations. The
plants were then divided into experimental groups of
30 plants each. Groups of plants were distributed ac-
cording to a 2 by 2 by 4 factorial design with repeated
measures. The Þrst two-level factor was the presence
or absence of deltamethrin. The second two-level fac-
tor was the presence or absence of parasitoids (Þve
males and Þve females released per plant). The four-
level factor was the lag time between deltamethrin
treatment and parasitoid release: parasitoids were re-
leased on the caged plants either 1 (T � 1), 2 (T � 2),
7 (T � 7), or 14 (T � 14) days after deltamethrin
treatment.

To quantify subsequent aphid population dynamics,
we counted the number of aphids per plant 7, 14, and
21 d after the introduction of parasitoids into the cage.
Because all plants had been treated the same day,
aphids were consequently counted on different cal-
endar dates for each group, depending on the lag
between deltamethrin treatment and parasitoid intro-
duction. To evaluate D. rapae population dynamics,
we collected mummies on the plants and counted the
number of emerging females. This number provided
an index, R0, of the net reproductive rate in the para-
sitoid population (i.e., the number of females pro-
duced per female and per generation).
Analyses of Deltamethrin Residues. Deltamethrin

residues were analyzed on aphid-infested plants
treated and handled as described previously. Sampling
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was carried out for each of the four ages of residues,
i.e., 1, 2, 7, and 14 d after treatment. Between 27 and
34 leaves were sampled on several plants from each
group. Sampled leaves were held gently by the petiole
to avoid any contact with the leaf surface to be ana-
lyzed. Hexane and dichloromethane were used to ex-
tract the residues because deltamethrin is highly sol-
uble in organic solvents and cuticular waxes are
abundant on oilseed rape leaves. The extractions were
carried out by soaking and agitating several leaves of
the same group in three successive 100-ml baths of
hexane (in a 250-ml beaker) for 5, 20, and 60 s, re-
spectively. An ultimate extraction was carried out in
100 ml of dichloromethane for 30 s. These four extracts
per sample were then vacuum-evaporated at ambient
temperature (Rotavapor), diluted in 5 ml of hexane,
and stored at a cold temperature until analysis. After
the last soaking, the leaves were dried at ambient
temperature and placed on a Bristol-board covered
with a transparent plastic sheet. The whole setup was
photocopied, photocopies were scanned, and the
scanned leaf surface was measured using computer
graphics software.

Chemical samples were analyzed by gas chroma-
tography-mass spectrometry (technical details listed
in Table 1). The chromatographic conditions made it
possible to obtain a relatively Þne chromatographic
peak for deltamethrin with rapid elution (�8 min).
The detection of deltamethrin was based on three
speciÞc ions present in the mass spectrum obtained in
electronic impact mode: ions atm/z 181, 251, and 253.
QuantiÞcation was performed by adding up the signals
obtained for each of these three ions and comparing
this relative peak area with that obtained from stan-
dard solutions. The calibration curve (external cali-
bration) was established using Þve points correspond-
ing to 40, 100, 200, 500, and 1000 pg injected. One
microliter of each sample was injected, and two rep-
licates per point were carried out. Under these exper-
imental conditions, the limit of detection was �10 pg
ofdeltamethrin injectedand the limitofquantiÞcation
was �20 pg.

Toxicity of Deltamethrin Sprayed on Leaves under
Laboratory Conditions

First, to complement the semiÞeld experiment, we
evaluated the mortality rate of parasitoids when ex-
posed to the four ages of deltamethrin residues on
oilseed rape leaves (1, 2, 7, and 14 d after treatment,

the same plants being used as for the analysis of res-
idues). Untreated leaves were used as controls. The
stems of the leaves were immersed in a glass vial Þlled
with water, and the leaf was placed inside a small
aerated plastic cage (11.8 by 8.8 by 4.7 cm; one 5-cm-
diameter hole covered with gauze), placed on the vial,
and in which 10 parasitoids were introduced. Five
replicates were performed for each age of residues and
the controls. Twenty-four hours later, the dead para-
sitoids were counted. Insecticide exposure was per-
formed at 20 � 1�C, 65 � 5% RH, and a photoperiod
of 12:12 (L:D) h. This device contained untreated
areas (i.e., plastic cage wall) similar to the semiÞeld
cages.

Second, we determined the toxicity of fresh delta-
methrin residues without refuge areas. We used the
formulated insecticide Decis micro. It was applied to
cut leaves (7 cmin diameter) by using a Burgerjon-
type Potter-tower (Burgerjon 1956). Two different
doses were tested: 0.5 g (AI)/ha (corresponding to the
residue rate 1 d posttreatment; Fig. 3) and 5 g AI/ha
(Þeld application rate); water-sprayed leaves were
used as controls. The exposure units, slightly modiÞed
from those developed by Jansen (1996), were assem-
bled as follows: two treated leaves covered with glass
plates were Þtted with a rubber band onto a plastic
ring (5 cm in diameter, 2 cm in height) as the ßoor and
ceiling, with the treated side turned inside. The ring
was pierced with four holes. Two were used to feed
the insects, one with water, one with a honey/water
solution (80%) offered on two pieces of cotton wool.
Two ventilation holes were provided, covered with
Þne nylon gauze. Ten parasitoids were introduced per
unit. There were Þve replicates per dose and a control.
After 24 h, the dead parasitoids were counted. Pesti-
cide exposure was performed at 20 � 1�C, 65 � 5% RH,
and a photoperiod of 12:12 (L:D) h.

Statistical Analyses

For the semiÞeld experiment, we tested the effect
of deltamethrin, parasitoids, and day lag between in-
secticide treatment and parasitoid release on 1) the
number of aphids averaged over 3 wk (average den-
sity) and 2) the evolution of aphid density over the
3-wk period (factor time). For this, we used a gener-
alized linear model for repeated measure designs
based on a Poisson distribution, a log-link function,
and an exchangeable correlation matrix. Such gener-
alized linear models allow for deÞciencies in 1) nor-
mality, 2) homoscedasticity, and when analyzing the
number of aphids, 3) statistical independence among
counts made on the same plant but at different sam-
pling dates. In practice, we used Proc Genmod in the
SAS statistical package, with the GEE option to ana-
lyze repeated measures (SAS Institute 1999). To eval-
uate the impact of deltamethrin onD. rapae offspring
production as a function of the number of aphids, we
used a type 2 functional response (Holling 1959) ap-
plied to the number of emerging females (nf):

nf �
Q � nh � T

1 � Q � th � nh

Table 1. Details of the gas chromatography/mass spectrometer
system

Apparatus description Varian 3400 gas chromatograph,
Varian Saturn II ion trap mass
spectrometer

Description of column MDN-5S fused silica capillary column,
30 m � 0.32 mm � 0.25 �m
(Supelco, Bellefonte, PA)

Temperature of heated
zones

Oven, 220 to 300�C at 20�C/min and
15 min at 300�C; splitless injector
SPI type, 290�C

Carrier gas Helium, 11 psi
Injection volume 1 �l
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where Q is the quest constant (i.e., parasitoid efÞ-
ciency), th is the handling time (i.e., the time needed
for each parasitoid to pursue and parasitize each
aphid),nh is the number of hosts, andT is the available
time (we used T � 1, for one generation of released
parasitoids).

For the different experimental situations, Q and th
were estimated via a nonlinear regression based on the
least squares method and an iterative procedure
(PROC NLIN in the SAS statistical package, SAS In-
stitute 1999).

For toxicity experiments under laboratory condi-
tions, we tested the effect of chemical treatments on
the mortality rate by using the MannÐWhitney test.

Results

Impact of Deltamethrin on Aphid Populations and
ParasitoidEfficiency in SemifieldConditions.We Þrst
analyzed the impact of deltamethrin and parasitoids

Fig. 1. Mean number of aphids per plant plotted as a func-
tion of time elapsing between insecticide (deltamethrin) treat-
ment (I) and dates of parasitoid release (P). Each plot displays
the data for a given day lag between parasitoid release and
deltamethrin treatment. Continuous lines, plants with parasi-
toids; dashed lines, without parasitoids; Þlled circles, plants with
insecticide; open circles, without insecticide. All x-axes are
aligned on the number of days since the initial deltamethrin
treatment,commontoallexperimentalunits.Plottedmeansand
standard errors were back-transformed from statistics com-
puted on log-transformed data.

Table 2. Type-3 statistics from the repeated measure gener-
alized linear model used to analyze the number of aphids in the 1-
and 2-d lag between deltamethrin treatment and parasitoid
introduction

Source of variation df
Chi-

square
P value

Effects of day lag between groups
Lag � deltamethrin � parasitoids �

time
2 0.92 0.5318

Lag � deltamethrin � parasitoids 1 1.80 0.1802
Lag � deltamethrin � time 2 2.97 0.2258
Lag � parasitoids � time 2 0.21 0.9005
Lag � deltamethrin 1 1.07 0.3005
Lag � parasitoids 1 0.19 0.5541
Lag � time 2 2.94 0.2303
Lag 1 0.05 0.8247

Effects of deltamethrin and parasitoids
on average aphid density

Deltamethrin � parasitoids 1 5.47 0.0193
Deltamethrin 1 77.46 �0.0001
Parasitoids 1 55.72 �0.0001

Effects of deltamethrin and parasitoids
on the evolution of aphid density

Deltamethrin � parasitoids � time 2 4.40 0.1108
Deltamethrin � time 2 8.99 0.0111
Parasitoids � time 2 59.29 �0.0001
Time 2 82.60 �0.0001

The time factor was used to measure the impact of deltamethrin and
parasitoids on the evolution of aphid density throughout the three
week period.

Table 3. Type-3 statistics from the repeated measure gener-
alized linear model used to analyze the number of aphids in the 7-d
lag between deltamethrin treatment and parasitoid introduction

Source of variation df Chi-square P value

Effects of deltamethrin and parasitoids
on average aphid density

Deltamethrin � parasitoids 1 0.19 0.6612
Deltamethrin 1 16.29 �0.0001
Parasitoids 1 0.27 0.6046

Effects of deltamethrin and parasitoids
on the evolution of aphid density

Deltamethrin � parasitoids � time 2 3.52 0.1718
Deltamethrin � time 2 4.71 0.0948
Parasitoids � time 2 0.63 0.7315
Time 2 45.38 �0.0001
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on the density of aphids averaged over 3 wk for each
group. We then assessed the impact of deltamethrin
and parasitoids on the dynamic of aphid populations.
The results are plotted in Fig. 1. Statistical results are
summarized in Tables 2 and 3. The statistical results
did not indicate a lag effect between the 1- and 2-d lag
groups (Table 2, effects of time lag between both
groups). This lack of lag effect can be visualized from
the general similarity between the two top plots in
Fig. 1. Thus, both groups were gathered to analyze the
effects of deltamethrin and parasitoids on aphid pop-
ulations.

In the 1- and 2-d lag groups, the average densities of
aphid populations were signiÞcantly reduced by del-
tamethrin and parasitoids (Table 2, effects of delta-
methrin and parasitoids on average aphid density).
The proper effect of the deltamethrin treatment, of
the parasitoid, and of the interaction of these two
covariates was signiÞcant. Fewer aphids were present
after deltamethrin treatment or after the introduction
of parasitoids compared with the control group (with-
out deltamethrin and without parasitoids). In 7-d lag
groups, there was a signiÞcant effect of deltamethrin
on the average density of aphid populations, but no
effect of parasitoids (Table 3, effects of deltamethrin
and parasitoids on average aphid density). In all 14-d
lag groups, there was a marked reduction in aphid
populations during the 3-wk period (Fig. 1). This was
probably due to weather conditions (the average tem-
peratures were around 5Ð6�C during this period, ver-
sus 11Ð13�C previously). Thus, under these conditions,
it was not possible to evaluate the effect of parasitoids
and deltamethrin on aphid populations.

As for the impact of deltamethrin and parasitoids on
aphid population dynamics, Þrst, in 1- and 2-d lag
groups, time affected aphid densities, with an overall
density (all combinations) that rose during the 3 wk
of the experimental period (Table 2, effects of delta-
methrin and parasitoids on the evolution of aphid
density). Interactions between time and deltamethrin
effects, and between time and parasitoid effects were
both signiÞcant. In the control group (without delta-
methrin and without parasitoids), aphid populations
grew continuously through the Þrst, second, and third
weeks (Fig. 1). When treated with deltamethrin,
aphid numbers increased in the same way but with
smaller populations. In the groups where parasitoids
were introduced, aphid populations increased from
the Þrst to the second week but not from the second
to the third week. Thus, deltamethrin and parasitoids
affected the population dynamics of M. persicae, but
differently. These two factors acted independently
(Table 2, deltamethrin � parasitoids � time; N.S.). In
7-d lag groups, aphid population dynamics was differ-
ent (Table 3). Aphid densities varied over time with
a similar pattern for all aphid populations (no delta-
methrin � parasitoids � time interaction). After 1 and
2 wk, there were about one-half fewer aphids on plants
sprayed with insecticide than on control plants,
whether or not parasitoids had been released on the
plants (Fig. 1). However, between the second and

third weeks, aphid populations fell markedly, resulting
in a similar average aphid density on all plants.
Impact of Deltamethrin on Net Reproductive Rate
of Parasitoids. The relationship between female off-
spring production and the number of aphids is shown
in Fig. 2 for 1-, 2-, and 7-d lag groups. In all cases, the
data were satisfactorily explained by a type 2 func-
tional response (P� 0.001; Table 4). The reduction in
aphid populations observed in the 14-d lag groups did
not allow assessment of the effect of deltamethrin on
D. rapae offspring production.

When parasitoids were introduced 1 d after delta-
methrin treatment (1-d lag), we observed a greater
production of females per aphid when the plants were
treated with deltamethrin. However this effect was
not signiÞcant because the conÞdence limits of the
estimated parameters of the model (Q,quest constant;
and th,handling time) overlapped. In the 2- and 7-d lag

Fig. 2. Regression model of the mean number of off-
spring parasitoid females per plant as a function of aphid
numbers and deltamethrin treatment. Open circles and dot-
ted lines, without deltamethrin; Þlled circles and continuous
lines, with deltamethrin (for lag 1, 2, and 7).
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groups, the conÞdence limits of both parameters also
overlapped, and there was no visible difference in the
production of females between untreated and treated
groups, the regression lines being almost superim-
posed.
Quantity of Deltamethrin Residues Present on
Leaves. Increasing periods of soaking in hexane and
dichloromethane were used to extract the delta-
methrin residues from successive layers of the leaf
cuticle. The Þrst 5-s hexane soaking was supposed to
extract only the deltamethrin present on the upper
surface of the leaves and thus likely to contaminate
parasitoids walking on them (Riederer and Schneider
1989, Stammitti et al. 1996). Other soaking times (20 s
in hexane, 60 s in hexane, and 30 s in dichloromethane)
made it possible to determine whether deltamethrin
had penetrated the layers of the leaf cuticle. The
results are shown in Fig. 3.

One day after insecticide treatment (1-d lag), most
of the total extracted residues were contained in the
Þrst 5 s soaking. Only a small quantity of deltamethrin
remained in the subsequent soakings. The total
amount of extracted residues was close to one-tenth
(�5 ng [AI]/cm2 corresponding to 0.5 g [AI]/ha) of
the applied rate. Two days after insecticide treatment
(2-d lag), the same pattern of extraction was observed,
but a smaller amount of residue was obtained from the
Þrst soaking (2.7 ng [AI]/cm2 deltamethrin). At this
date, the quantity present in the second soaking in
hexane (20 s) was higher than 1 d after treatment, with
�1.2 ng (AI)/cm2. Seven and 14 d after insecticide
treatment (7- and 14-d lag), little deltamethrin was
found on the leaves (�0.5 ng (AI)/cm2 for all soaking
times and on both dates).

Toxicity of Deltamethrin-Sprayed Leaves (Device
with Refuge Areas). Mortality was similar for parasi-
toids exposed to deltamethrin-treated plants and para-
sitoids exposed to control plants (Table 5).
Toxicity of Deltamethrin-Sprayed Leaves (Device
without Refuge Areas). When parasitoids were con-
Þned on dried deltamethrin residues, the doses used
induced a mean percentage of mortality of 20.0 � 4.5%
(dose of 0.5 g [AI]/ha), 44.3 � 13.1% (dose of 5.0 g
[AI]/ha), and 2.9 � 2.9% (untreated leaves). Both
application doses induced signiÞcant parasitoid mor-
tality compared with untreated leaves (0.5 g [AI]/ha:
Mann-Whitney, MW � 2.5, P � 0.004; 5.0 g [AI]/ha:
MW � 2.5, P � 0.002).

Discussion

This study shows an effect of deltamethrin and
parasitoids on aphid populations, during the fall and
under semiÞeld conditions. In groups of chemically
treated plants, we observed a signiÞcant reduction in
aphid populations compared with the control groups
(without insecticide and without parasitoids). Al-
though the recommended Þeld rate against oilseed
rape coleopterans is lower than the recommended
rate against M. persicae, it nonetheless reduces aphid
populations. In the presence or absence of delta-
methrin residues,D. rapae also limits aphid population
growth, suggesting that pesticide residues did not pre-
vent the action of parasitoids under experimental con-
ditions. Moreover, parasitoids and insecticide treat-
ment had additive impacts on aphid populations. In
fact, the deltamethrin spraying reduced aphid popu-
lations whose growth was subsequently limited by
parasitoids introduced 1 or 2 d after treatment. At the

Table 4. Impact of deltamethrin on D. rapae female offspring production as a function of aphid numbers (model developed by Holling
1959)

Model adjustment

Control Deltamethrin

Effects of deltamethrin and aphids
on female offspring production
in 1-d lag group

Parameters ConÞdence limits Parameters ConÞdence limits
Q � 	0.0170 � 0.0737 � 0.1644 Q � 0.0586 � 0.1192 � 0.1798
th � 	0.0159 � 0.0269 � 0.0697 th � 	0.0109 � 0.0048 � 0.0206
F � 15.7 P � 0.001 F � 45.36 P � 0.001

Effects of deltamethrin and aphids
on female offspring production
in 2-d lag group

Parameters ConÞdence limits Parameters ConÞdence limits
Q � 	0.1386 � 0.2505 � 0.6396 Q � 0.0024 � 0.1292 � 0.2560
th � 0.0009 � 0.0282 � 0.0555 th � 	0.0189 � 0.0170 � 0.0530
F � 18.37 P � 0.001 F � 19.48 P � 0.001

Effects of deltamethrin and aphids
on female offspring production
in 7-d lag group

Parameters ConÞdence limits Parameters ConÞdence limits
Q � 	0.1012 � 0.0733 � 0.1586 Q � 0.1757 � 0.1584 � 0.4925
th � 0.0083 � 0.0461 � 0.0839 th � 0.0038 � 0.0616 � 0.1194
F � 25.29 P � 0.001 F � 45.36 P � 0.001

.
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end of the experiment, �900 aphids were found per
untreated plants without parasitoids, 300Ð400 on
plants that were either treated or with parasitoids, and
100 on treated plants with parasitoids. Thus, the com-
bination of deltamethrin and released parasitoids was
3Ð4 times more efÞcient on aphid populations than
when used separately. In plants where parasitoids
were introduced 7 or 14 d after treatment, the action
of parasitoids could not be observed because the aphid
populations declined continuously due to falling tem-
peratures toward the end of fall.

Data onD. rapae reproduction did not indicate any
signiÞcant effects of deltamethrin on the relationship
between female offspring production and aphid num-
bers, although the rate of female emergence relative
to aphid numbers tended to be higher in the delta-
methrin-treated groups (1-d lag group). This was
probably due to the presence of fewer aphids on
treated plants, because it has been shown that aphid
parasitoids display better control of small aphid pop-
ulations (Rabasse and Van Steenis 1999). The lack of

a signiÞcant effect of deltamethrin was in accordance
with the Þndings of Krespi et al. (1991), who studied
another aphid parasitoid, Aphidius rhopalosiphi (De
Stefani-Perez), and reported an absence of delta-
methrin effects on the parasitism rate when adults
were exposed to the insecticide for 10 min or 1 h.
Under our semiÞeld experimental conditions, expo-
sure also may have been limited to the time spent
parasitizing, because the parasitoids could escape the
treated surface by ßying to uncontaminated leaves or
cageareas.Theabsenceof adeltamethrineffecton the
production of female offspring also suggested that
parasitoid behavior was not disturbed, or in any case
insufÞciently to reduce parasitic efÞciency. However,
other studies have reported modiÞcations to foraging
behavior and foraging patterns in aphid parasitoids
when plants were treated with deltamethrin (Longley
and Jepson 1996a,b), or permethrin, another pyre-
throid (Jiu and Waage 1990), and also pirimicarb (car-
bamate) (Umoru et al. 1996). In addition, Salerno
et al. (2002) demonstrated that Trissolcus basalis

Fig. 3. Deltamethrin residues on oilseed rape as a function of days after plant treatment (1-, 2-, 7-, and 14-d lag) and time
of soaking in organic solvents (hexane and dichloromethane).

Table 5. Toxicity of different ages of deltamethrin residues in a device with refuge areas

Age of deltamethrin residues (days after treatment)

T � 1 T � 2 T � 7 T � 14

Mean % of mortality (�SE)a Control leaves 0.0 � 0.0a 2.0 � 2.0a 0.0 � 0.0a 2.0 � 2.0a
Treated leaves 0.0 � 0.0a 8.0 � 2.0a 2.0 � 2.0a 2.0 � 2.0a

Treated leaves were taken from plants treated in the semiÞeld experiment.
aMortality after 24 h of exposure. Mean of Þve replicates (n � 10 parasitoids per replicate).
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(Wollaston) parasitoid females exposed to a low dose
of deltamethrin reduced their walking speed and the
time spent on host patches. However, female offspring
production was not measured in all these studies.

Measurements of deltamethrin residues showed
that only one-tenth of the applied dose was present on
the leaves, up to 2 d after treatment, and that 7 and 14 d
after the insecticide treatment, little deltamethrin re-
mained on the leaves. This agreed with the Þndings of
El-Ansary and El-Zogby (1992) who described per-
sistence 3Ð4 d after treatment, and Ruzo and Casida
(1979), who indicated a half-life of 7Ð8 d on cotton
leaves in glasshouses and a more rapid degradation
rate under Þeld conditions.

The measured residual rate of 5 ng (AI)/cm2 had no
effect on the action of introduced parasitoids under
semiÞeld conditions, although during a previous study
we had found an LD50 value of 1.4 ng (AI)/cm2 on
D. rapae exposed on glass (unpublished data). Two
explanations are possible for our measurements of
mortality due to residues on leaves with and without
refuge areas. First, in agreement with Mahaut and
Deleu (1997), mortality was lower when deltamethrin
residues are on leaves. Indeed, when parasitoids were
conÞned to dried deltamethrin residues (only 1 h after
treatment), at a rate of 0.5 g (AI)/ha (i.e., 5 ng [AI]/
cm2), a mortality rate of only 20% was found, whereas
at a rate of 5.0 g (AI)/ha (50 ng [AI]/cm2), i.e., �35
time the LD50 on glass, the rate reached 44.3%. One
possible explanation was that deltamethrin was ad-
sorbed into the waxy layer of the oilseed rape leaf
cuticle because commercial formulations of delta-
methrin exhibit marked lipophilicity (Roâ and Pastre
1990), and was thus less available to parasitoids. Sec-
ond, refuge areas were available in the cages used
under semiÞeld conditions, and we found no parasi-
toid mortality when they were exposed, in a device
with refuge areas, to leaves from treated plants, even
on the Þrst day after deltamethrin treatment (corre-
sponding to an exposure to 5 ng [AI]/cm2 deltamethrin
residues; Table 5). In outdoor caged plants, parasitoids
didnotremain intheuncontaminatedrefugeareas(cage
wall, abaxial leaf surfaces, or vertically aligned parts of
leaves; Cilgi and Jepson 1992, Koch and Weisser 2001)
because they clearly parasitized the aphids. But because
of the known repulsive action of pyrethroids on parasi-
toids (Longley and Jepson 1996a, Perera 1982, Hoy and
Dahlsten 1984), they may have ßown to the cage walls
and thus recovered from insecticide exposure.

It was shown that the action of parasitoids on aphid
populations was possible when they were introduced
after deltamethrin treatment under semiÞeld condi-
tions. Because adult parasitoids are killed by the spray,
mummies may constitute a reservoir for aphid para-
sitoids. Stary (1970) reported that the pupal stage
within a mummiÞed aphid was the least susceptible to
insecticide. Krespi et al. (1991) and Jansen (1996)
reported an absence of deltamethrin effects on the
emergence rate of A. rhopalosiphi. However, Hsieh
and Allen (1986) reported an effect of permethrin, a
pyrethroid, on the emergence rate ofD. rapae. So, the
sensitivity of the mummy stage may depend on the

combination of aphid parasitoid species and pesticide
considered.

In conclusion, and in a perspective of integrated
pest management, our results show that deltamethrin
residues on oilseed rape foliage had no effect on the
limitation of aphid populations by parasitoids recolo-
nizing treated plants, even only 1 d after treatment.
Indeed, both pesticide and parasitoids reduced aphid
population growth, and their effects were additive.
Because the spray is known to kill a large proportion
of aphid parasitoids, the limitation of aphid growth
after treatment will then be mostly dependent upon
the number of mummiÞed or off-crop parasitoids able
to recolonize the crop.
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16 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 98, no. 1
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