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ABSTRACT The population dynamics of the cabbage aphid, Brevicoryne brassicae (L.), its
parasitoid, Diaeretiella rapae McIntosh, and hyperparasitoids, Pachyneuron spp., were quantiÞed
under Þeld conditions during 2011Ð2013, by examining synchronization, parasitoid: aphid ratio,
possible effect of density on the Þnite rate of increase, and spatial coincidence. The rates of
parasitism and hyperparasitism were based on rearing Þeld-collected mummies and live parasit-
ized aphids, and density of the aphid were estimated using heat extraction and subsampling
techniques. Only one parasitoid, D. rapae (80% on average), and two hyperparasitoid species from
the genus of Pachyneuron (6.5% on average), namely Pachyneuron aphidis (Bouché) and Pachyneu-
ron groenlandicum (Holmgren), were reared from the aphid mummies. SigniÞcant PearsonÕs time
lagged correlations for percentage parasitism versus aphid density and for percentage hyperpar-
asitism versus mummy density indicated that 2Ð3 wk is needed for D. rapae and Pachyneuron spp.
to show impact on their respective hostÕs population. In early spring, the parasitoid: aphid ratio
was low (0.11 on average) while aphid density was increasing. Based on TaylorÕs power law, D.
rapae and Pachyneuron spp., as well as B. brassicae, had an aggregated distribution among canola
plants. Moreover, a high degree of spatial overlap was found between D. rapae and B. brassicae
and between Pachyneuron spp. and D. rapae. In general, the parasitoid had good spatial coinci-
dence with its aphid host but because of a lack of parasitoidÐhost synchronization and low
parasitoid: aphid ratio, impact on the host population was low.
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The solitary endoparasitoid Diaeretiella rapae McIntosh
(Hymenoptera: Braconidae: Aphidiinae) has been
reported as a major natural enemy of the cabbage
aphid, Brevicoryne brassicae (L.) (Hemiptera: Aphi-
didae) in various crops including canola, Brassica
napus L. (Hughes 1963, van Emden 1966, Chua 1977,
Desneux et al. 2006). In cruciferous vegetables, D.
rapae represents 82.5% of all aphid parasitoids col-
lected in the United States (Pike et al. 1999). More-
over, several wasps, including Pachyneuron spp.
(Hymenoptera: Pteromalidae), have been reported
as hyperparasitoids of D. rapae (Hughes 1963, van
Emden 1966, Oatman and Platner 1973, Chua 1977).
The ecological and biological characteristics of nat-
ural enemies could be useful in predicting their
value in a biological control system (Ehler 1990,
Waage 1990, DeBach and Rosen 1991, Zahiri et al.
2014). Some of the major components of this as-
sessment are synchrony between the parasitoid and

its host, coincidence of spatial distribution patterns,
and spatial overlap between the parasitoid and its
host.

D. rapae is an important and efÞcient parasitoid of
the cabbage aphid (Hagen and van den Bosch 1968,
Hagvar and Hofsvang 1991, Fathipour et al. 2006).
Although a few laboratory studies have compared the
demographic parameters of this aphid and its parasi-
toid (e.g., Hosseini-Gharalari et al. 2003, Stark and
Acheampong 2007) and various Þeld studies have
measured parasitism of the cabbage aphid (e.g.,
Desneux et al. 2006, Khajehzadeh et al. 2010, Amini et
al. 2012, Yazdanpanah et al. 2014), an overall evalua-
tion of the role of this parasitoid and its hyperparasi-
toids in providing natural control of the cabbage aphid
in a canola agro-ecosystem is lacking. This study was
conducted to 1) characterize seasonal trends of the
cabbage aphid and utilization by both the primary
parasitoid D. rapae and hyperparsitoids on canola and
2) quantify the impact of the parasitoid and hyper-
parasitoids on the population dynamics of their hosts
(B. brassicae and D. rapae, respectively) by examining
synchronization, parasitoid:aphid ratio, and the pos-
sible effect of density on the Þnite rate of increase and
spatial coincidence.
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Materials and Methods

Sampling Procedure and Seasonal Trends. Details
of sampling procedures for the cabbage aphid popu-
lations on canola are provided by Nematollahi et al.
(2014). Brießy, Þeld surveys were conducted weekly
at two sites in Isfahan province, central Iran (site 1:
Isfahan 32� 30�34�Nand51� 49�57�Eat 1547maltitude,
and site 2: Alavije 33� 04�56� N and 51� 11�08� E at
1814 m altitude) for two growing seasons, 2011Ð2013.
In each site, canola ÔOkapiÕ was planted into two Þelds
(each 500 m2), and no insecticide was applied on or
around the Þelds. For all experimental Þelds, sampling
began at plant emergence; sampling unit was a whole
plant, and 20 plants were sampled weekly. Population
density of insects was recorded in two plant growth
phases (PGP): from plant emergence to the end of
rosette (PGP1), and from the beginning of stem elon-
gation to ripening (PGP2). In the laboratory, methods
of heat extraction (each plant was placed in a tray and
heated in an oven at 60Ð70�C for 20Ð30 min) and
subsampling (in samples containing �3000 aphids, the
subsampling technique and ratio estimationusedwere
as described by Raworth et al. 1984) were used to
estimate the number of cabbage aphid in each sample
(Nematollahi et al. 2014). Before heat extraction, each
plant was placed in a tray and the following groups
were taken from the plants with as little disturbance
to the feeding aphids as possible: 1) adult alate aphids
and adult parasitoid and hyperparasitoid wasps; 2)
mummies (were detached fromplants and transferred
to a petri dish for rearing); and 3) live aphids (to
estimate live parasitized aphids, 50Ð100 live aphid
nymphswere transferred to a plant in the greenhouse,
and any newly formed mummies were transferred to
a petri dish). Live parasitized aphids contain parasi-
toid larva before aphid mummiÞcation or hyperpara-
sitoid larva of Cynipidae, inserting eggs into parasitoid
body before aphid mummiÞcation (Dean et al. 1981,
Sunderland et al. 2005).

Mummy counts are frequently used to estimate
aphid parasitoid abundance. However, it is advisable
to combine this sampling technique with other meth-
ods of assessing parasitoid populations such as the
rearingordissectionofparasitoids fromsamplesof live
aphids (Sunderland et al. 2005). Moreover, Dean et al.
(1981) suggested rearing the mummies in the labora-
tory from both live aphids and mummies collected in
the Þeld. Thus, to estimate parasitism and hyperpar-
asitism accurately, all Þeld-collected and greenhouse-
reared mummies were kept in plastic petri dishes at
room temperature and were checked daily for emer-
gence of adult parasitoids or hyperparasitoids.
Emerged wasp specimens were examined individually
under a binocular dissection microscope for species
determination, and representative specimens were
sent to experts for taxonomic conÞrmation. Mummies
that did not produce wasp two months after the aphid
collection were classiÞed as intact mummies (Dean et
al. 1981). The numbers of emerged parasitoid or hy-
perparasitoids wasps from mummies were recorded,
and their relative abundance was determined. More-

over, the length of development time from obvious
mummiÞcation of the host to adult emergence, i.e.,
wasp pupal duration (Desneux et al. 2006), was re-
corded for D. rapae reared from live parasitized
aphids. The percentage parasitism (%P) and percent-
age hyperparasitism (%HP) were calculated using the
formula of van Driesche (1983):

%P �
P � HP

MA � LA � IM
� 100

and

%HP �
HP

MA � IM
� 100

where P and HP are the number of parasitoid and
hyperparasitoid, respectively, MA and LA are the
number of mummiÞed and live aphids, respectively,
and IM is the number of intact mummies. Data were
checked for normality, and when required nonnormal
data were log (x � 1) and arcsine (x) transformed
before analysis.

Assessment of the Impact of Parasitoid and Hyper-
parasitoids on Their Respective Hosts. In two grow-
ing seasons (2011Ð2013), we assessed synchronization
between parasitoids and cabbage aphids and between
hyperparasitoids and primary parasitoids; parasitoid:
aphid ratio and mummy: aphid ratio; possible effect of
density of parasitoid andhyperparasitoids on theÞnite
rate of increase of the aphid and the parasitoid, re-
spectively; and spatial coincidencebetweenparasitoid
and aphid and between hyperparasitoid and parasi-
toid.

To assess synchronization, correlation coefÞcients
were calculated on a time delay basis (Höller et al.
1993). To test for a delayed response of the parasitoid,
percentage parasitism was compared with corre-
sponding aphid density; for the hyperparasitoid, a de-
layed response was measured by comparing percent-
age hyperparasitism with corresponding mummy
density. These correlations (SAS institute 2004) were
calculated at the time of sampling (no delay) and 1Ð3
wk later than the corresponding aphid and mummy
density values. Parasitoid: aphid ratio affects the efÞ-
ciency of parasitoid in suppressing the aphid popula-
tion (Höller et al. 1993, Zhang and Hassan 2003). As
adult wasp density was usually lower than mummy
density, both mummy: aphid ratios and parasitoid:
aphid ratios were calculated. Finite rate of increase
(�) for each insect was calculated as

� � �Nt��t

Nt
�

1

�t

where Nt is the density of insect at time t, and �t is the
time between sampling dates (Miao et al. 2007). Then
a KendallÕs correlation coefÞcient (�) was calculated
(SAS Institute 2004) betweendensity of the parasitoid
and Þnite rate of increase of the aphid, and between
density of hyperparasitoid and Þnite rate of increase
of the parasitoid (Miao et al. 2007). The spatial
coincidence between aphid and parasitoid and be-
tween parasitoid and hyperparasitoids were tested
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in two steps: 1) spatial distribution pattern of the
insects and 2) the degree of spatial overlap between
the insects. Spatial distribution among sampling
units (plants) was characterized using the param-
eters of TaylorÕs power law, according to the fol-
lowing equation:

log�s2	 � a � blog�m	

where s2 is the variance, m is the mean, a is the
y-intercept, and b is the slope of the regression line
(Southwood and Henderson 2000). To check the de-
gree of spatial overlap, at Þrst interspecies mean
crowding (m*

xy), was calculated separately between
the aphid and parasitoid and between the hyperpara-
sitoid and the parasitoid, using the following formula:

m*
XY �

�
j 
 1

Q
XxjXyj

�
j 
 1

Q
Xxj

where Xxj and Xyj are the number of individuals of
speciesX and speciesY in the jth quadrate, andQ is the
total number of sampling units. Then, the degree of
spatial overlap (index �) was calculated by the fol-
lowing equation:

���	 � � m*
xym

*
yx � mxmy

�m*
x � 1	�m*

y � 1	 � mxmy

where m*
xy is the interspecies mean crowding on

species X by species Y, m*
yx is the interspecies mean

crowding on species Y by species X, m*
x and m*

y are
mean crowding indices for species X and Y, respec-
tively, and mx and my are the mean densities of each
species. In general, the � value changes from its max-
imum of �1 for complete overlapping, through 0 for
independent occurrence, to the minimum of �1 for
complete exclusion (Iwao 1977).

Results

Seasonal Trends of the Aphid and Its Parasitoid and
Hyperparasitoids. Only one parasitoid, D. rapae, and
two hyperparasitoid species, namely Pachyneuron
aphidis (Bouché) and Pachyneuron groenlandicum
(Holmgren), were reared from the mummies of B.
brassicae. Because discrimination of Pachyneuron spe-
cies in large samples was difÞcult, we simply recorded
the total number of hyperparasitoids eachweek. Iden-
tiÞcation of all Pachyneuron specimens at the end of
the growing season revealed that most of them were
P. aphidis, while P. groenlandicum comprised �10%.
According to NoyesÕs database (Noyes 2012) P. aphi-
dis has been recorded from the cabbage aphid; how-
ever, this is the Þrst record of P. groenlandicum from
the cabbage aphid.

Ingeneral, theaphidpopulation tended to showtwo
peaks in abundance, a small peak at rosette stage, and
a seasonal peak at stem elongation stage (Fig. 1).
MummiÞcation showed three peaks, one at the be-
ginning of the season and the second and third peaks
usually 2Ð3 wk after the Þrst and second aphid peaks,

respectively (Fig. 1). Parasitism followed closely per-
centagemummiÞcation, especially early in the season.
The rate of parasitism was usually low (on average
20%), and the highest rates never exceeded 45%.
Hyperparasitism started at early stem elongation and
increased gradually toward the end of the season (Fig.
1). Adult D. rapae comprised most of the emerged
wasps (on average 80%). No Pachyneuron specimens
were reared from mummies before the aphid seasonal
peak. Combined, the two species of Pachyneuron av-
eraged 6.5% of wasps emerging from mummies col-
lected later, and intact mummies made up the re-
minder (on average 13.5%). The proportion of intact
mummies generally increased toward the end of the
growing season (Fig. 2). The mean pupal duration of
D. rapae across sampling dates ranged from 5.5 to 7 d.

Assessment of the Impact of Parasitoid and Hyper-
parasitoids on Their Respective Hosts. SigniÞcantly
negative r-values were not found for parasitism versus
aphid density at the time of sampling (no delay) at
PGP1. However, at PGP2 the r-values were negative
for percentage parasitism versus aphid density 1Ð3 wk
earlier (Table 1). This indicates that the action of D.
rapae resulted in decreased aphid density only after a
time lag. Statistically signiÞcant negative correlations
werealso found forpercentagehyperparasitismversus
mummydensity on a timedelay basis (Table 1).Mum-
my: aphid and parasitoid: aphid ratios were low at the
beginning of the growing season (Fig. 3). Both ratios
gradually increased toward the end of winter, i.e., end
of rosette stage, and decreased in early spring, coin-
ciding with increasing aphid density. At the end of the
growing season, the mummy: aphid ratio increased,
but the parasitoid: aphid ratio decreased in the same
period.

The maximum value of � for B. brassicae was higher
than that forD. rapae in threeoutof four cases (arrows
over columns in Fig. 4). Although the Þnite rate of
increase of B. brassicae did not correlate signiÞcantly
with the density of D. rapae, the Þnite rate of increase
of D. rapae correlated signiÞcantly with the density of
Pachyneuron spp. in three out of four cases (Table 2).
TaylorÕs regression model Þtted the data well for all
insects examined, as indicated by high and signiÞcant
r-values (Table 3). In all cases, the slope (b) values
were different from 1, with the highest value for the
aphid. Thus, both D. rapae and Pachyneuron spp., as
well as B. brassicae, had an aggregated spatial distri-
bution. The index � ranged from0.01 to 1 (Fig. 5). The
values suggest overlapping spatial occurrence be-
tween aphid and parasitoid and between hyperpara-
sitoids and parasitoid. In some cases, � values reached
1, indicating complete overlap of insect populations.

Discussion

In general, parasitismofB. brassicaebyD. rapaewas
relatively low, and approached the highest level when
host density started to decline. A similar trend has
been reported for other aphid species (Feng et al.
1992, Boyd and Lentz 1994). At the beginning of the
growing season, percentages of mummiÞcation and

1544 ENVIRONMENTAL ENTOMOLOGY Vol. 43, no. 6



correspondingpercentagesofparasitismwere lowand
then an increase in parasitism was recorded. Accord-
ing to Chua (1977) this could be due to immigrant D.
rapae wasps entering Þelds. The seasonal trend of
Pachyneuron spp. was similar to reports for other hy-
perparasitoidsof thecabbageaphid(OatmanandPlat-
ner 1973, Chua 1977) and other aphid species (Even-

huis 1964, Kavallieratos et al. 2005). The rate of
parasitism by D. rapae is generally low on various
cruciferous crops (Pimental 1961, Hughes 1963, van
Emden 1966, Lowe 1968). van Emden (1966) and
Chua (1977) concluded that D. rapae was ineffective
in controlling the cabbage aphid in England, due to a
lack of synchronization as well as hyperparasitoid

Fig. 1. Seasonal trends of the cabbage aphid (density), and the respective mummiÞcation (%), parasitism (%), and
hyperparasitism (%) on canola: (a) Isfahan, 2011Ð2012, (b) Isfahan, 2012Ð2013, (c) Alavije, 2011Ð2012, and (d) Alavije,
2012Ð2013. Vertical bars represent the standard errors of the means. Plant growth stages were as follows: ROS, rosette; ST,
stem elongation; FL, ßowering; RIP, ripening.
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pressure. The increasing proportion of intact mum-
mies toward the end of the season was similar to the
trend reported by Dean et al. (1981) on cereal aphids.
In the current study, there were no quantitative data
to document failure of intact mummies to produce
adult wasps. The waspÕs pupal duration in the current
study was consistent with developmental time re-

ported forD. rapaeondifferenthosts (Fenget al. 1992,
Desneux et al. 2006).

Hyperparasitoids are considered as a possible factor
contributing to the failure of D. rapae to control B.
brassicae (van Emden 1966, Chua 1977). In general, it
is presumed that high levels of hyperparasitism can
reduce the ability of the primary parasitoid to reduce

Fig. 2. Relative abundance (%) of D. rapae and Pachyneuron adults emerged from mummies of B. brassicae on canola:
(a)Isfahan, 2011Ð2012, (b) Isfahan, 2012Ð2013, (c) Alavije, 2011Ð2012, and (d) Alavije, 2012Ð2013.

Table 1. Pearson’s linear correlation coefficients (r) for percentage parasitism (P) versus density of the cabbage aphid (A), and for
percentage hyperparasitism (HP) versus mummy density (M) on canola

Sitea PGPb Time delay (wk) df
(X1 
 P/X2 
 A)c (X1 
 HP/X2 
 M)c

2011Ð2012 2012Ð2013 2011Ð2012 2012Ð2013

Isfahan PGP1 0 20 0.828** 0.777** Ð Ð
1 19 0.798** 0.586** Ð Ð
2 18 0.793** 0.490* Ð Ð
3 17 0.764** 0.413 Ð Ð

PGP2 0 10 �0.531 0.357 �0.783 0.364
1 9 �0.571 �0.067 �0.871** �0.019
2 8 �0.551 �0.420* �0.894** �0.466
3 7 �0.791** �0.811* �0.843** �0.862**

Alavije PGP1 0 20 0.816** 0.820** Ð Ð
1 19 0.785** 0.849** Ð Ð
2 18 0.743** 0.780** Ð Ð
3 17 0.790** 0.631** Ð Ð

PGP2 0 10 0.343 0.789 0.489 0.633
1 9 �0.340 0.461 0.375 0.488
2 8 �0.017 �0.008 0.024 0.129
3 7 �0.341* �0.190* �0.576* �0.486*

A, P, M, and HP were compared according to their sampling dates (wk), X2 values having been evaluated synchronously or 1Ð3 wk later
than corresponding X1 values.

a Data for each site in each growing season were average of two Þelds.
b Plant growth phases, PGP1: from plant emergence to end of rosette, and PGP2: from stem elongation to harvest.
c r-values signiÞcantly different from zero at P  0.05 (*) and P  0.01 (**).
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Fig. 3. Mummy: aphid ratio and parasitoid: aphid ratio on canola: (a) Isfahan, 2011Ð2012, (b)Isfahan, 2012Ð2013, (c)
Alavije, 2011Ð2012, and (d) Alavije, 2012Ð2013. Vertical bars represent the standard errors of the means. Plant growth stages
were as follows: ROS, rosette; ST, stem elongation; FL, ßowering; RIP, ripening.

Fig. 4. Finite rate of increase (�) for B. brassicae and D. rapae on canola: (a) Isfahan, 2011Ð2012, (b) Isfahan,
2012Ð2013, (c) Alavije, 2011Ð2012, and (d) Alavije, 2012Ð2013. Arrows indicate the maximum value of � for B. brassicae
and D. rapae.
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their host populations (Stary 1988). In the current
study, the decline in the density of D. rapae usually
occurredbeforePachyneuron spp. reachedhigh levels,
so asHöller et al. (1993) stated, these hyperparasitoids
are not solely responsible for low levels of parasitism.

One indication of the impact of natural enemies can
be obtained by correlating their numbers with those
of their prey or hosts (Kidd and Jervis 2005). Negative
correlations may indicate a slow or delayed numerical
response by the natural enemy to changing prey or
host density. These negative responses are associated
with highly polyphagous predators, or with prey or
host species which tend to show rapid changes in

abundance, or with natural enemies having a high
attack rate. The current study revealed that in spring,
when aphid populations are increasing, D. rapae den-
sities did not follow changes in the B. brassicae den-
sities and 2Ð3 wk were needed for the parasitoid to
show their impact on its host population. The same
result was found for Pachyneuron spp. The lack of
synchronization between D. rapae and B. brassicae
populations was reported previously (van Emden
1966, Chua 1977). A delayed response of parasitoids to
aphidhostdensitieswas reported for someother aphid
parasitoid complexes (Höller et al. 1993, Kavallieratos
et al. 2002). In addition, Höller et al. (1993) reported
a delayed response of hyperparasitoids to parasitoid
densities for cereal aphids. Delayed response of D.
rapae to B. brassicae might be related to the biology of
the parasitoid in that the time lag is about equal to the
time required for a generationofD. rapae. It could also
be related to the effect of temperature (Kant et al.
2012). Temperature threshold and thermal constants
for parasitoid activities are usually higher than those
for their hosts (Campbell et al. 1974).Afterwinter, the
population of B. brassicae can grow quickly during the
early season due to their low temperature threshold,
whereas D. rapae takes longer to develop at low tem-
peratures (Shukla et al. 2008), resulting in poor syn-
chronization between parasitoid and aphid popula-
tions (Liu 1989). In spring, while aphid density and
mummy: aphid ratio is increasing, parasitoid: aphid
ratio showed a decreasing trend. This trend is associ-
ated with the occurrence of intact mummies and hy-

Table 2. Kendall’s correlation coefficient (�) for relationship
between the finite rates of increase of the cabbage aphid (A) versus
density of the parasitoid (P), and between the finite rates of increase
of P versus density of hyperparsitoids (HP) on canola

Sitea PGPb df Year P/A HP/P

Isfahan PGP1 20 2011Ð2012 �0.123 Ð
2012Ð2013 0.104 Ð

PGP2 10 2011Ð2012 0.054 �0.477*

2012Ð2013 �0.054 �0.454*

Alavije PGP1 20 2011Ð2012 0.047 Ð
2012Ð2013 0.361 Ð

PGP2 10 2011Ð2012 �0.272*

2012Ð2013 �0.018 0.163

a Data for each site in each growing season were average of two
Þelds.

b Plant growth phases, PGP1: from plant emergence to end of
rosette; and PGP2: from stem elongation to harvest.

* P  0.05.

Table 3. Parameters from Taylor’s power law regression for total density of the cabbage aphid (A), its parasitoid (P), and
hyperparasitoid (HP) on canola

Sitea PGPb Insect df Year Fc r2adj

Y intercept
(a � SE)

Slope
(b � SE)

tcal
d

Isfahan PGP1 A 1,19 2011Ð2012 81.50** 0.80 �0.01 � 0.48 1.46 � 0.16 2.86*

2012Ð2013 39.67** 0.65 �0.88 � 0.68 1.75 � 0.25 3.00*

P 1,19 2011Ð2012 148.25** 0.88 �0.68 � 0.27 1.55 � 0.12 4.35*

2012Ð2013 85.61** 0.80 �0.51 � 0.19 1.28 � 0.13 2.15*

HP 1,19 2011Ð2012 Ð Ð Ð Ð Ð
2012Ð2013 Ð Ð Ð Ð Ð

PGP2 A 1,9 2011Ð2012 134.51** 0.89 0.16 � 0.48 1.33 � 0.14 2.32*

2012Ð2013 29.06** 0.73 �3.59 � 1.64 2.31 � 0.43 3.04*

P 1,9 2011Ð2012 86.88** 0.96 �2.47 � 0.45 1.43 � 0.09 4.73*

2012Ð2013 21.6** 0.67 �2.56 � 1.34 2.05 � 0.44 2.38*

HP 1,9 2011Ð2012 689.80** 0.98 0.02 � 0.11 1.16 � 0.04 3.75*

2012Ð2013 78.74** 0.88 1.08 � 0.44 1.57 � 0.17 3.35*

Alavije PGP1 A 1,19 2011Ð2012 55.41** 0.73 �0.22 � 0.48 1.44 � 0.19 2.31*

2012Ð2013 54.09** 0.72 �0.30 � 0.42 1.45 � 0.19 2.36*

P 1,19 2011Ð2012 181.76** 0.90 �0.26 � 0.13 1.23 � 0.09 2.55*

2012Ð2013 470.56** 0.95 �0.32 � 0.05 1.11 � 0.05 2.20*

HP 1,19 2011Ð2012 Ð Ð Ð Ð Ð
2012Ð2013 Ð Ð Ð Ð Ð

PGP2 A 1,9 2011Ð2012 45.97** 0.81 �2.95 � 1.24 2.10 � 0.31 3.54*

2012Ð2013 165.96** 0.94 �3.59 � 0.60 2.37 � 0.18 7.61*

P 1,9 2011Ð2012 30.22** 0.74 �3.12 � 1.37 2.21 � 0.40 3.02*

2012Ð2013 69.27** 0.87 �1.51 � 0.46 1.74 � 0.21 3.52*

HP 1,9 2011Ð2012 683.27** 0.89 �0.52 � 0.43 1.43 � 0.15 2.86*

2012Ð2013 210.26** 0.95 �0.29 � 0.15 1.24 � 0.08 3.00*

a Data for each site in each growing season were average of two Þelds.
b Plant growth phases, PGP1: from plant emergence to end of rosette, and PGP2: from stem elongation to harvest.
c SigniÞcant at the level of P  0.01.
d SigniÞcant at the level of P  0.05 (*) for b 
 1.
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perparasitoid pressure. Some authors believe that the
lowparasitoid:host ratio in springadverselyaffects the
efÞciency of D. rapae in suppressing the aphid pop-
ulation (e.g., Zhang and Hassan 2003, Fathipour et al.
2006). The current study indicated that under Þeld
conditions maximum � values for B. brassicae were
usuallyhigher thanones forD. rapae.This is consistent
with the results of a laboratory study of D. rapae by
Hosseini-Gharalari et al. (2003). No signiÞcant nega-
tive correlations were found between Þnite rate of
increase of B. brassicae and density of D. rapae. There-
fore, it seems thatD. rapae alonedidnot limit theÞnite
rate of increase of its aphid host. Miao et al. (2007)
reported signiÞcantnegativecorrelationsbetween the
Þnite rate of increase of Aphis glycines Matsumura and
densities of its parasitoids and predators, and sug-
gested that combined effect of all natural enemies was
important in limiting the rate of increase and abun-
dance of the aphid. There was signiÞcant spatial over-
lap between populations of D. rapae and B. brassicae
andbetweenpopulationsofPachyneuron andD. rapae.
Thus, it seems that both the primary parasitoid and its
hyperparasitoids favor patches of high host density.

According to Höller et al. (1993), a high parasitoid:
aphid ratio and close synchrony between parasitoids
and their hosts can reduce the growth rate of aphid
populations sufÞciently for other natural enemies to
prevent outbreaks later in the season. It seems, how-
ever, that the situation in cruciferous crops, such as
canola, is somewhat different from cereal crops. In
early spring, when aphid populations are increasing,
the parasitoid: aphid ratio was low and densities of D.

rapae did not synchronize with B. brassicae densities.
Thus, the local population of D. rapae could not suf-
Þciently control thedensity of the cabbage aphid. This
phenomenon might be due to arrival of immigrant
parasitoids to the Þelds in that another generation of
wasps would need to be produced before they could
begin affecting aphid density. This time lag would be
made worse by the longer generation time of the
parasitoid relative to the aphid. These Þndings are
consistent with the report by Gabrys et al. (1998) in
cabbage Þelds in Poland.

Despite these limitations, D. rapae could be con-
sidered a good candidate for biological control of B.
brassicae due to several of its biological traits: as a
specialist in cruciferous crops, it is good at detecting
plants infested by cabbage aphids (Read et al. 1970);
it has ability to attack and develop in all stages of the
cabbage aphid, although all stages are not equally
suitable (Zhang and Hassan 2003); it prefers cabbage
aphid to other aphids (Stark and Acheampong 2007);
and it might be compatible with resistant varieties
(Brewer et al. 1999). The current study revealed that
D. rapae had good spatial coincidence with its aphid
host in canola. However, because of a lack of parasi-
toidÐhost synchronization and low parasitoid: aphid
ratio, it did not have a considerable impact on the host
population. Aphid sex pheromone deployed in Þeld
margins in autumn or in the crop in spring might
reduce this asynchrony (Pikett and Glinwood 2007).
To enhance D. rapae impact, it might be worth testing
releasing adultD. rapae in highnumbers or plantswith

Fig. 5. Changes in index � during the growth season on canola: (a) and (b) for B. brassicae and D. rapae for the
sites of Isfahan and Alavije, respectively, (c) and (d) for D. rapae and Pachyneuron for the sites of Isfahan and Alavije,
respectively.
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mummies and if possible, combining the parasitoid
with other natural enemies, such as predators.
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