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Abstract
Aphids are a major pest of cropping systems throughout the world. In most cases,
crop aphids are controlled with broad-spectrum insecticides; although generally
very effective at preventing yield loss, this approach risks non-target damage to
beneficial organisms. In the last 20 years, a number of selective insecticides have
become available to control aphids while minimising harm to other arthropods.
Previous studies have found that two such insecticides, flonicamid and afidopyro-
pen, cause only low-level acute mortality impacts on aphid parasitoids in
Australian grain crops. However, little research has examined the sub-lethal effects
of these chemicals, which could induce various physiological changes that impact
pest control. We hypothesised that both flonicamid and afidopyropen have nega-
tive effects that extend beyond the immediate acute mortality previously pub-
lished. To test this hypothesis, we undertook a series of experiments to determine
the effects of flonicamid and afidopyropen, along with the synthetic pyrethroid
gamma-cyhalothrin, on aphid parasitism (mummification) rate, emergence rate of
the next generation and the next generation sex ratio in three important aphid
parasitoids, Aphidius colemani (Viereck), Diaeretiella rapae (M’Intosh) and Aphelinus
abdominalis (Dalman). Analogous with previous research, our acute toxicity bioas-
says showed that all three insecticides had low (<30%) mortality impacts.
Although sub-lethal impacts could not be assessed for D. rapae due to the low
level of aphid parasitism by that species, our findings showed negative impacts on
fecundity in surviving A. abdominalis and A. colemani. Of particular note is the
increase in International Organisation for Biological Control ratings to moderate
(30%–80% mortality and/or reproductive reduction) when mortality and reduced
fecundity effects were combined to determine overall fitness impacts. Gamma-
cyhalothrin typically resulted in higher negative impacts on A. abdominalis and A.
colemani (compared with flonicamid and afidopyropen); however, quite surpris-
ingly, these impacts were not rated as highly toxic. Taken together, our results sug-
gest that, even when sub-lethal impacts are considered, flonicamid and
afidopyropen are useful tools for farmers targeting aphid populations while mini-
mising the non-target impacts on parasitoids. We recommend semi-field and/or
field trials to further assess the impacts of these insecticides on aphid parasitoid
populations.
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INTRODUCTION

Aphids are a major pest of crops throughout much of the
world, causing significant economic damage through
direct feeding, excretion of honeydew and virus transmis-
sion (Dedryver et al. 2010). Typical control methods cen-
tre on the application of broad-spectrum insecticides
(Frewin et al. 2012; Ricupero et al. 2020), which, while
usually effective at controlling pest populations and
preventing yield losses, can have a range of negative
environmental impacts, including damage to non-target
organisms (Siviter & Muth 2020). An example of non-
target damage is the impact on beneficial arthropods,
including predators and parasitoids that can themselves
play an important role in pest control (Holloway
et al. 2008). Additionally, overuse of these chemicals can
drive the evolution of insecticide resistance amongst
pests, such as aphids (Micic et al. 2008; Umina et al. 2019).
Thus, there are substantial gains to be made by develop-
ing integrated pest management (IPM) strategies for the
control of aphids, which utilise a range of chemical and
biological pest control methods (Micic et al. 2008;
Ricupero et al. 2020; Umina et al. 2019).

To control aphids while preserving biological control
agents, a number of selective insecticides have been
developed, which putatively have minimal impact on
beneficial arthropods, including aphid predators and
parasitoids (Ishaaya et al. 2007). Two recent examples are
flonicamid and afidopyropen. Flonicamid (Mode of Action
Group 29) was first registered for use in Japan in 2006
and is now widely used globally, being registered in
41 countries by 2014. This chemical works by disrupting
the aphid nervous system, inhibiting feeding and ulti-
mately leading to death by starvation (Morita et al. 2007).
Although from a different mode of action group (Group
9D), afidopyropen also works through neural disruption
and prevents feeding by aphids (Horikoshi et al. 2022). In
2018, Australia became the first country to register afido-
pyropen for use as an insecticide (Australian Pesticides
and Veterinary Medicines Authority [APVMA] 2023) and it
has since been registered in several other countries with
large agricultural sectors including China, India and the
United States (Horikoshi et al. 2022).

Within Australia, grain crops (including canola,
cereals and pulses) are severely impacted by aphids
and their associated viruses (Hoffmann et al. 2008;
Valenzuela & Hoffmann 2015). Importantly, however, a
wide range of arthropods found in Australian cropping
systems attack aphids (Ward et al. 2021b), including at
least 10 species of primary parasitoid wasps (Ward
et al. 2021a; Waterhouse & Sands 2001). Several species of
aphid parasitoids are also commercially produced in
Australia for use in augmentative biological control
programmes (Holloway et al. 2008). However, despite this
abundance of potential biological control agents, IPM
programmes are rarely used in Australian grains, with

growers primarily relying on insecticide-based treatment
programmes (Umina et al. 2019).

Working with three commercially important species of
Australian aphid parasitoids—Aphidius colemani (Viereck
Hymenoptera: Braconidae), Diaeretiella rapae (M’Intosh,
Hymenoptera: Braconidae) and Aphelinus abdominalis
(Dalman, Hymenoptera: Aphelinidae)—Overton et al.
(2023) elucidated the acute toxicity of 20 insecticides
widely used in Australian grain crops. This work included
assessments of the impact of flonicamid and afidopyro-
pen, which were shown to have low impact (defined by
the International Organisation for Biological Control—
IOBC—as below 30% mortality; Sterk et al. 1999) on all
three parasitoids, consistent with international field-based
studies (e.g., Slusher et al. 2021). This work also reported a
surprising finding for the synthetic pyrethroid, gamma-
cyhalothrin (Mode of Action Group 3A). Synthetic pyre-
throids have generally been found to be non-selective
and highly toxic to beneficial arthropods (e.g., Akol
et al. 2002; Sugiyama et al. 2011); however, Overton et al.
(2023) found gamma-cyhalothrin to have low to moder-
ate toxic impacts on all three species.

The IOBC recommends that, when lethal effects of an
insecticide on a beneficial organism are low, further
research should be undertaken to determine whether the
chemical has sub-lethal impacts on the individuals that
survive exposure. Sub-lethal impacts are any impacts
experienced by individuals that survive exposure to some
form of stress, such as contact with an insecticide, that
can limit their beneficial role within the ecosystem. They
include, but are not limited to, impacts on reproductive
output, fitness, longevity of offspring (Hassan et al. 1985)
and changes in the sex ratio of the next generation
(Desneux et al. 2007). To date, studies examining the sub-
lethal effects of flonicamid and afidopyropen on aphid
parasitoids remain scarce. A recent study examined the
lethal and sub-lethal (reduced reproduction) impacts of
afidopyropen, applied at rates typical for the Australian
horticulture industry, to A. colemani and found combined
impacts that are considered ‘moderate’ based on IOBC
ratings (Hort Innovation 2020), while studies on other par-
asitoid species have found that flonicamid has low sub-
lethal impacts (e.g., Fern�andez et al. 2015; Karmakar &
Shera 2020). Thus, we hypothesised that both flonicamid
and afidopyropen have negative effects that extend
beyond the immediate acute mortality that was previ-
ously assessed for the aphid parasitoids A. colemani,
D. rapae and A. abdominalis.

To test this hypothesis, we investigated the sub-lethal
effects of flonicamid and afidopyropen on these three
parasitoids. Given the surprising findings of Overton et al.
(2023) regarding the impacts of gamma-cyhalothrin, we
also investigated the sub-lethal effects of this chemical.
Our specific aim was to quantify the effects of flonicamid,
afidopyropen and gamma-cyhalothrin on the reproduc-
tive output and offspring sex ratio of A. colemani, D. rapae
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and A. abdominalis under controlled laboratory condi-
tions. While this study reflects application rates used in
Australian grain crops, the chemicals examined are widely
used at the same or similar rates for aphid control
globally, and so these results have relevance in other
countries and contexts.

MATERIAL AND METHODS

Insects

Aphidius colemani, D. rapae and A. abdominalis were
obtained from the commercial insectary, Biological
Services (Loxton, South Australia), and were received as
aphid ‘mummies’ (swollen and discoloured aphid car-
cases indicative of the presence of an internal parasitoid
pupa). Mummies were transported to the laboratory via
overnight post and upon receipt were transferred to
unlidded 60-mm-diameter petri dishes and placed inside
insect-rearing cages (60 � 60 � 120 cm in size; BugDorm,
MegaView Science, Taichung, Taiwan). These cages were
kept at �20�C until adult emergence, at which time para-
sitoids were provided with damp paper towel as a water
source and 100% honey smeared on paper towel as a
food source. Aphidius colemani and A. abdominalis were
received in green peach aphid (Myzus persicae Sulzer)
mummies, while D. rapae were received in turnip aphid
(Lipaphis pseudobrassicae Davis) mummies. To ensure that
D. rapae individuals used were not naive to M. persicae
prior to the start of each bioassay, a bok choi (Brassica
rapa subsp. chinensis L.) plant heavily infested with
M. persicae individuals was introduced to the D. rapae
insect-rearing cages, positioned so that leaves hung
�1 cm above each petri dish.

We examined the impact of the target chemicals on
each wasp species through their interaction with
M. persicae. The aphids used in this study originated from
a population collected from a canola crop (Brassica napus
subsp. napus) located near Forbes (New South Wales,
Australia) that had been cultured on radish (Raphanus
raphanistrum subsp. sativus L.) cotyledons for �2 years
prior to our bioassays. This population is free of secondary
endosymbionts known to impact resistance to parasitism
in M. persicae (Yang et al. 2023). Approximately 1 month
prior to each bioassay, aphids were ‘bulked’ on bok choi
plants before being age matched to suit the parasitoid
species (see below).

Acute chemical toxicity bioassays

Parasitoid wasps were exposed to each insecticide
following the methods of Overton et al. (2023), which
were based on IOBC protocols for residual toxicity assays
(Sterk et al. 1999). The three parasitoid species were
tested separately, but identical methods were used in
each bioassay.

Individual parasitoids of each species were 24–48 h
old at the time of insecticide exposure. Only female
parasitoids were used in the bioassays; however, female
parasitoids were retained in mixed sex populations
within the insect-rearing cages for at least 24 h after
emergence. Thus, all female parasitoids were assumed
to have mated prior to the bioassays, given that mating
typically takes place immediately after emergence
(Stary 1970).

Insecticide solutions of flonicamid, afidopyropen and
gamma-cyhalothrin were applied to 60-mm-diameter
plastic petri dish bases using a Potter Tower (Burkard
Manufacturing Co. Ltd., Rickmansworth, UK) at a spray
deposit rate of 1 mg/cm2, which is equivalent to a field
application of 100 L/ha. Each chemical was tested at a sin-
gle rate representing the maximum registered field rate
(MRFR) for that chemical in Australian grain crops
(Table 1). Along with the three insecticide treatments, a
negative control was included in all bioassays, which was
identical to the insecticide treatments, except that petri
dishes were sprayed with distilled water only. For each
species and chemical treatment, 10 replicate petri dishes
were established.

Following application, petri dishes were left to dry for
30–60 min at room temperature, after which point three
female parasitoids were placed in each petri dish (i.e., a
total of 30 individual wasps were tested per treatment).
Parasitoids were added by placing them on an unsprayed
petri dish lid, along with a wick soaked in 10% honey
solution, and inverting the sprayed base on top of the lid.
Neither the parasitoids nor the wick was placed in direct
contact with the sprayed surface. Petri dishes were venti-
lated to allow for air flow following IOBC recommenda-
tions. Dishes were stored within air-tight, transparent 80-L
plastic containers, at �20�C, with a 14.5:9.5-h light/dark
photoperiod and relative humidity maintained at �95%.
After 72 h, the total number of alive and dead parasitoids
in each petri dish was recorded. Although numerous stud-
ies assess parasitoid mortality after 48 h, we chose 72 h
as the endpoint because our earlier work showed that

T A B L E 1 Chemical treatments and application rates used in each bioassay.

Active ingredient Trade name Manufacturer Application rate used (g a.i./ha)

Control (water only) — — —

Flonicamid Mainman™ ISK Biosciences 50.0

Afidopyropen Verys™ BASF Australia 5.0

Gamma-cyhalothrin Trojan™ FMC 4.5
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treatment mortality often increases between 48 and 72 h
while the control mortality remains relatively stable over
this period (Overton et al. 2023).

Mummification, adult emergence and sex-
ratio responses

At the conclusion of each acute chemical toxicity bioas-
say, 20 surviving parasitoids from each chemical (and
water) treatment, selected at random, were transferred to
aphid arenas, one parasitoid per arena. Each arena con-
sisted of a 35-mm-diameter petri dish with 20 M. persicae
on a small radish leaf set into 1% agar. Each arena was
considered a separate replicate. To ensure that aphid
hosts were most suitable to the parasitoids, individuals
were age matched to the preferred host age for each
wasp species; for A. colemani and A. abdominalis, the pre-
ferred age is 1–3 days old (first to second instar; Perdikis
et al. 2004; Suck et al. 2012), and for D. rapae, the
preferred age is 3–6 days old (third to fourth instar;
Ghorbanian et al. 2019).

Three days after parasitoid introductions (3 DAI),
aphid mortality was assessed, and all parasitoids were
removed from the arenas. Aphid mortality, aphid mummi-
fication and emergence of adult parasitoids from
mummies were assessed again at 5, 10, 15, 20 and 30 DAI,
with living aphids transferred to new radish leaves set
into 1% agar at 5, 10 and 15 DAI. Arenas were maintained
at �20�C throughout the experiment.

At 10, 15, 20 and 30 DAI, all dead aphids were
removed from arenas and retained in separate petri
dishes to observe possible development of mummifica-
tion while clearly distinguishable mummies were
removed from leaves using a paintbrush and kept in sepa-
rate petri dishes on a piece of filter paper. Any newly
emerged aphid nymphs were removed at each assess-
ment to prevent their presence biasing counts of parasit-
ism. Mummification assessments ended at 20 DAI and
assessments of emerged adults ended at 30 DAI (these
timings were based on the literature and pilot studies that
demonstrated that this was more than sufficient time to
ensure that no mummies or emerging adults were
missed). Emerged adult wasps were examined under a
dissecting microscope to determine their sex (as per Ward
et al. 2021a), and the sex ratio of this F1 generation was
calculated.

Statistical analysis

Response variables

Parasitoid mortality was measured as the proportion of
parasitoid wasps that died during the 72-h period
of exposure in the acute chemical toxicity bioassays.

Mummification rate was measured as the proportion of
aphids that became mummies. While each replicate
started with the same number of aphids, mortality and
escapees resulted in differing numbers being present in
each replicate as the experiment progressed. Thus, mum-
mification rate was standardised against the number of
aphids surviving at 5 DAI, which was the last assessment
day that aphids were examined prior to mummies
becoming apparent in any treatment. Adult emergence
was measured as the proportion of aphids surviving at
5 DAI in each replicate from which adult parasitoids
emerged. Sex ratio was measured as the number of
female wasps to emerge in each treatment as a propor-
tion of total number of wasps emerged.

In addition, we calculated two fitness cost metrics to
capture the combined effect of lethal (i.e., reduced sur-
vival due to acute toxicity) and sub-lethal effects
(i.e., reduced fecundity due to reduced mummification
and emergence rates). Similar metrics are commonly used
to illustrate the population-level effects insecticides could
be expected to produce when a proportion of a popula-
tion suffers acute mortality and the surviving proportion
suffers sub-lethal effects such as reduced fecundity
(e.g., Hort Innovation 2020). These metrics were concep-
tualised under the multiplicative fitness model and
defined as

Reduction in parasitism capacity RPCð Þ

¼
1� survival rate relative to water controlð
� mummification rate relative to water controlÞ:

Reduction in reproductive capacity RRCð Þ

¼
1� survival rate relative to water controlð
� emergence rate relative to water controlÞ:

Here is an example to illustrate the calculation of the
fitness costs metrics using acute mortality and mummifi-
cation rate data for A. abdominalis after exposure to afido-
pyropen. The mean acute mortality of A. abdominalis was
0.101 for afidopyropen and 0.001 for the control treat-
ment. Thus,

survival rate is 1�0:101ð Þ= 1�0:001ð Þ¼ 0:90:

The mean mummification rate of A. abdominalis was
0.193 for afidopyropen and 0.494 for the control treat-
ment. Thus,

mummification rate is 0:193=0:494¼ 0:39:

So, the RPC is 1 � (0.90 � 0.39) = 0.65. This repre-
sents a 65% fitness reduction in A. abdominalis relative to
control population.
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Modelling approach

We used logistic regression models to assess acute para-
sitoid mortality, and aphid mummification and parasitoid
emergence rates. For each parasitoid species, we speci-
fied the mortality model as

Mortalityi � Binomial Ni ,pið Þ

where pi is the probability that the tested Ni wasps in
each replicate petri dish i will die during the 72-h expo-
sure period.

We specified the mummification models as

Mummificationi � Binomial Ni ,pið Þ

where pi is the probability that the examined Ni aphids in
each replicate petri dish i will develop into mummies.

We specified the emergence models as

Emergencei � Binomial Ni ,pið Þ

where pi is the probability that (a) one or more adult para-
sitoids will emerge from the observed Ni mummies in
each replicate petri dish i (adult emergence model) and
(b) one or more of the observed Ni emerged parasitoids
will be a female (female emergence model).

The linear predictors were specified on the logit-
probability scale as

Mortality rate models : logit pið Þ¼ alpha ti½ �½ �:

Mummification rate models : logit pið Þ¼ beta ti½ �½ �:

Emergence rate models : logit pið Þ¼ gamma ti½ �½ �:

Female emergence rate models : logit pið Þ¼delta ti½ �½ �:

where ti is the integer indexing the four treatments
(1 = control, 2 = afidopyropen, 3 = flonicamid and
4 = gamma-cyhalothrin); alpha, beta, gamma and delta
are the treatment-level fixed effects, which were assigned
to non-informative priors Normal (mean = 0, SD = 32);
and logit is a link function defined as logit(x) = ln
(x/1 � x).

RPC and RRC were estimated as

RPC¼ 1� survival� ilogit beta t2:3½ �½ �=beta t1½ �½ �ð Þð Þ

and

RRC¼ 1� survival� ilogit gamma t2:3½ �½ �=gamma t1½ �½ �ð Þð Þ

where survival = (1 � ilogit(alpha[[t2:3]]/alpha[[t1]])) and
the inverse function ilogit is defined as ilogit(x) = exp(x)/
(1 + exp(x)) (Kéry & Royle 2016).

As alpha, beta and gamma were estimated within a
Bayesian inference framework, the RPC and RRC estimates
were derived with their full associated uncertainties,
which allowed us to statistically compare them across
species and treatments.

Bayesian inference implementation

We estimated all model parameters under Bayesian
inference, using Markov chain Monte Carlo (MCMC)
simulations to draw samples from the parameters’ poste-
rior distributions. We implemented models in JAGS
(Plummer 2003), as accessed through the R package jag-
sUI (Kellner 2016). We used three chains of 5000 itera-
tions, discarding the first 500 in each chain as burn-in. We
visually inspected the MCMC chains and the values of the
Gelman–Rubin statistic to verify acceptable convergence
levels of ȓ < 1.1 (Gelman & Hill 2007).

RESULTS

Acute chemical toxicity

For A. colemani, D. rapae and A. abdominalis, mortality
after 72 h of exposure to each of the three chemical treat-
ments was in the range that would be considered ‘low’
based on IOBC ratings (i.e., below 30%—Sterk et al. 1999)
(Figure 1). Within this range, the level of mortality for all
three species after exposure to gamma-cyhalothrin was
statistically higher than the control treatment. Mortality
following exposure to afidopyropen was statistically
higher than the control treatment for A. abdominalis but
not for A. colemani or D. rapae, while mortality following
exposure to flonicamid was not statistically different to
the control treatment for any of the three species.

Aphid mummification rate

The aphid mummification rate for A. abdominalis was
statistically lower following exposure to afidopyropen and
gamma-cyhalothrin compared with the control treatment.
The mean mummification rates for A. abdominalis
were 49%, 19% and 17% in the water control, gamma-
cyhalothrin and afidopyropen treatments, respectively
(Figure 2). The mean mummification rate in the flonica-
mid treatment for this species was 36%, which was not
statistically different to the control treatment (Figure 2).
The mean mummification rate for A. colemani was 18%
in the control treatment, much lower than observed
for A. abdominalis. For A. colemani, the mean mummi-
fication rates for afidopyropen, flonicamid and gamma-
cyhalothrin were 15%, 11% and 14%, respectively. None
of these rates were statistically different to the control
treatment (Figure 2). The mean mummification rate for
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D. rapae was only 3% in the control treatment, which pre-
cluded any meaningful statistical analysis of mummifica-
tion rates and subsequent adult emergence data. Thus,
D. rapae was excluded from the analysis of aphid mummi-
fication, adult emergence and sex-ratio responses.

Reduction in parasitism capacity

The RPC measure (which considers both acute mortality
and mummification rate) for A. abdominalis was 65%, 32%
and 68% in the afidopyropen, flonicamid and gamma-

cyhalothrin treatments, respectively (Figure 3). As with
aphid mummification rates, there was a significant
difference in RPC measurements between the flonicamid
and gamma-cyhalothrin treatments. For A. colemani, the
RPC was 26%, 39% and 38% in the afidopyropen, flonica-
mid and gamma-cyhalothrin treatments, respectively
(Figure 3). None of these measures were statistically dif-
ferent from one another.

F1 parasitoid emergence

There was little difference in the emergence rates of F1
parasitoids between treatments for A. abdominalis, with
mean emergence rates of 19%, 7%, 17% and 9% in the
water control, afidopyropen, flonicamid and gamma-
cyhalothrin treatments, respectively. In no cases were
these differences statistically significant (Figure 4). In the
case of A. colemani, the emergence rate in the control
treatment was 9%, while the emergence rates were 2%,
2% and 3% in the afidopyropen, flonicamid and gamma-
cyhalothrin treatments, respectively. The emergence rates
following exposure to afidopyropen and flonicamid were
statistically lower than the control treatment (Figure 4).
Raw emergence figures are included in Table S1.

Reduction in reproductive capacity

The RRC measure for A. abdominalis was 67%, 27% and
56% in the afidopyropen, flonicamid and gamma-
cyhalothrin treatments, respectively (Figure 5). None of
these measures were statistically significant from one
another. For A. colemani, the RRC was �75% for each of
the afidopyropen, flonicamid and gamma-cyhalothrin
treatments (Figure 5).

F I G U R E 1 Mortality for each parasitoid species following exposure to each treatment after 72 h. The horizontal black lines represent the mean
mortality across all replicates, and the blue boxes represent the 95% credible intervals.

F I G U R E 2 Mummification rate of Aphidius colemani and Aphelinus
abdominalis per aphid alive at 5 days after parasitoid introductions. The
horizontal black lines represent the mean aphid mummification rate
across all replicates, and the blue boxes represent the 95% credible
intervals.
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Sex ratio of F1 parasitoids

The sex ratios of F1 A. abdominalis adults that emerged
from females exposed to the three insecticides were not
statistically different to each other or to the control

treatment (Figure 6). For A. colemani, the sex ratios of the
F1 adults were 50% and 38% in the afidopyropen and
control treatments, respectively, but very low in the floni-
camid and gamma-cyhalothrin treatments (both �1%)
(Figure 6). The sex ratios in the flonicamid and gamma-

F I G U R E 3 Reduction in parasitism capacity estimated for Aphelinus abdominalis and Aphidius colemani following insecticide exposure. The
horizontal black lines represent the mean reduced parasitism capacity across all replicates, and the orange boxes represent the 95% credible intervals.

F I G U R E 4 Emergence rates of F1 Aphelinus abdominalis and
Aphidius colemani adults following insecticide exposure. The horizontal
black lines represent the mean emergence rates across all replicates,
and the blue boxes represent the 95% credible intervals.

F I G U R E 5 Reduction in reproductive capacity estimated for
Aphelinus abdominalis and Aphidius colemani following insecticide
exposure. The horizontal black lines represent the mean reduced
reproductive capacity across all replicates, and the orange boxes
represent the 95% credible intervals.
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cyhalothrin treatments were significantly lower than the
water control, although it is important to note that these
differences are based on low overall numbers of emerg-
ing wasps (see Table S1).

DISCUSSION

Our previous trials examining the acute lethal impacts of
various insecticides on A. abdominalis, D. rapae and
A. colemani found afidopyropen and flonicamid to be
‘low’ impact (based on the IOBC rating scale, wherein low
is <30% mortality) when applied at the MRFR for
Australian grains (Overton et al. 2023), a finding that was
replicated here. However, our study provides evidence
that, under laboratory conditions, both chemicals have
impacts that can extend into the ‘moderate’ range
(defined by the IOBC as 30%–80% mortality and/or repro-
ductive reduction—Sterk et al. 1999) for A. abdominalis
and A. colemani when the combined impacts of acute
mortality and reduced reproductive output are consid-
ered. We found gamma-cyhalothrin to have a low acute
lethal impact on A. abdominalis, D. rapae and A. colemani;
however, for all three species, the acute mortality from
gamma-cyhalothrin after 72 h was statistically higher than
the control treatment. Furthermore, we found a reduction
in various measures of reproductive output in both
A. abdominalis and A. colemani following exposure to
gamma-cyhalothrin.

Afidopyropen and flonicamid were associated with
reduced mummification and adult emergence rates in
A. abdominalis and A. colemani, although these reduc-
tions were not always statistically different to the control
treatment. Where reductions in parasitism and adult
emergence were statistically different from the control,
mean values did not exceed the range that would be
considered ‘moderate’ (30%–80%) based on IOBC rat-
ings. This is congruent with a recent study that found
that the combined lethal and sub-lethal impacts of
afidopyropen on A. colemani were in the moderate
range (Hort Innovation 2020). The sex ratios of F1
A. abdominalis adults were not impacted following expo-
sure to afidopyropen or flonicamid, and the same was
true for A. colemani following exposure to afidopyropen.
However, our results suggest that flonicamid may reduce
the proportion of female offspring produced by
A. colemani. Although caution should be given to this
finding given the small number of F1 A. colemani adults
that emerged in this treatment, this finding highlights
the need for further studies to closely examine the sub-
lethal impacts of flonicamid.

Although sub-lethal effects were evident in our
study, which shifted the overall impact of flonicamid
and afidopyropen from the low to moderate level, these
findings provide further evidence that both chemicals
have a considerably lower impact on aphid parasitoids
than many insecticides currently used in Australian grain
crops (cf. Overton et al. 2023). This is potentially due to

F I G U R E 6 The proportion of female F1 Aphelinus abdominalis and Aphidius colemani adults that emerged from females exposed to insecticides.
The horizontal black lines represent the mean emergence rate of females across all replicates, and the blue boxes represent the 95% credible intervals.
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the fact that, despite belonging to different mode of
action groups (Insecticide Resistance Action Committee
[IRAC] 2020), flonicamid and afidopyropen both inhibit
stylet feeding without causing more general knockdown
effects (Horikoshi et al. 2022; Morita et al. 2007),
thus leaving non-stylet feeding insects, such as
parasitoids, relatively unaffected. This is contrary to
many broad-spectrum insecticides, which instead act on
physiological systems that are important to most
animals, such as pyrethroids that stimulate the nervous
system more generally, causing hyper-excitation (Ray &
Burr 2014).

Our results examining the impacts of gamma-
cyhalothrin are analogous with the findings of Overton
et al. (2023), who found this chemical to have low-
moderate acute lethal mortality on the three species of
aphid parasitoids examined here. Those results were
unexpected as synthetic pyrethroids (Group 3A insecti-
cides) are typically considered to be non-selective and
highly toxic to beneficial arthropods (Akol et al. 2002;
Sugiyama et al. 2011). It was thus anticipated that the
impact of gamma-cyhalothrin may be higher when sub-
lethal effects were considered in our study. Somewhat
surprisingly, the combined impacts of acute mortality
and reduced reproductive output did not extend the
rating of gamma-cyhalothrin on either A. abdominalis or
A. colemani beyond the moderate range (30%–80%).
However, as with flonicamid, there does appear to be
a significant reduction in the proportion of female
offspring produced by A. colemani following exposure
to gamma-cyhalothrin. It is worth noting that the
relatively moderate impact of gamma-cyhalothrin on
A. abdominalis, D. rapae and A. colemani as shown in our
study is unlikely to be representative of all Group 3A
insecticides, as shown previously for these species
(Overton et al. 2023) and for lepidopteran parasitoids
(Brunner et al. 2001). Other studies involving gamma-
cyhalothrin have shown variable results. For example,
Beloti et al. (2015) exposed adult Tamarixia radiata
(Waterston), a psyllid parasitoid, to a low rate of gamma-
cyhalothrin and found low (24%) acute lethal mortality
and a moderate (75%) reduction in fecundity. Conversely,
Carmo et al. (2010) exposed adult Telenomus remus
(Nixon), a parasitoid of lepidopteran eggs, to a low dose
of gamma-cyhalothrin and observed 100% mortality. The
variability in impacts of gamma-cyhalothrin is further
highlighted by our assessments of acute lethal mortality
involving other beneficial arthropods (Knapp et al. 2023).
Using the same IOBC testing protocols, we found that
gamma-cyhalothrin caused 100% mortality to the parasit-
oids Diadegma semiclausum (Hellen) and Trichogramma
pretiosum (Riley), along with the lacewing Mallada signa-
tus (Schnieder) and predatory bug Orius tantillus
(Motschulsky). However, rove beetles (Dalotia sp.), hover-
flies (Melangyna sp.) and wolf spiders (Venatrix spp.) have
been shown to exhibit low mortality following exposure
to this chemical (Knapp et al. 2023).

It was somewhat surprising that aphid mummification
rates were relatively low in the control treatments for all
parasitoid species in our study (especially for D. rapae);
however, these results are congruous with many previous
studies. For example, mummification rates for A. colemani
on M. persicae under laboratory conditions have been
shown to be highly variable, ranging from 3% to
80% (Emami et al. 2013; Jaber & Araj 2018; Martinou &
Wright 2007; Perdikis et al. 2004). We are not aware
of any studies that report mummification rates for
A. abdominalis on M. persicae, although Shrestha et al.
(2015) reported 56% mummification for this species on
the currant lettuce aphid (Nasonovia ribisnigri [Mosley]), a
rate that is similar to the 49% observed in our study.
Despite implementing measures to reduce the impact of
host switching of D. rapae from L. pseudobrassicae to
M. persicae, parasitism and subsequent adult emergence
in this species remained very low in our study. This is
consistent with the findings of Navasse et al. (2018), who
observed that mummification rates for D. rapae on
M. persicae were up to 85% lower for parasitoid individ-
uals reared on hetero-specific hosts compared with
con-specific hosts. Our findings add support to the
hypothesis advanced by both Navasse et al. (2018) and
Derocles et al. (2016) that D. rapae populations can form
strains adapted to specific hosts that may have reduced
reproductive output when presented with other host
species.

In conclusion, our findings demonstrate that the two
selective chemicals, flonicamid and afidopyropen, have
negative impacts on the aphid parasitoids A. abdominalis,
D. rapae and A. colemani and show that these effects
extend to sub-lethal impacts in both A. abdominalis and
A. colemani. Of particular note is the considerable
increase in IOBC impact rating when we consider the
two fitness cost metrics (RPC and RRC), which enabled us
to estimate the combined effect of lethal and sub-lethal
chemical effects. Nonetheless, our assays combining
acute mortality and reproductive output measures sug-
gest that both flonicamid and afidopyropen have far
lower negative impacts than many conventional insecti-
cides used to control pest aphids globally (Garantonakis
et al. 2016; Overton et al. 2023; Suma et al. 2009). As a
next step, we recommend additional semi-field and/or
field trials to thoroughly examine the impacts of these
insecticides of aphid parasitoids. As discussed in Jansen
et al. (2011), the artificial environment created in
laboratory studies is forced and unnatural. Furthermore,
the toxicities observed in our study are likely to vary if
conducted under different environmental conditions
(e.g., temperature and humidity; Abbes et al. 2015;
Holmstrup et al. 2010).

ACKNOWLEDGEMENTS
The authors wish to thank Kathy Overton for contributing
to the initial development of the lethal toxicity methodol-
ogy and Karyn Moore for laboratory and logistical

SUB-LETHAL INSECTICIDE IMPACTS ON APHID PARASITOIDS 127

 20521758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aen.12679 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



assistance. This work was undertaken as part of the Aus-
tralian Grains Pest Innovation Program funded by
the Australian Grains Research and Development Corpo-
ration and The University of Melbourne. Open access pub-
lishing facilitated by The University of Melbourne, as part
of the Wiley - The University of Melbourne agreement via
the Council of Australian University Librarians.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

ORCID
Robert McDougall https://orcid.org/0000-0003-1853-
5073
Ary Hoffmann https://orcid.org/0000-0001-9497-7645
Paul A. Umina https://orcid.org/0000-0002-1835-3571

REFERENCES
Abbes, K., Biondi, A., Kurtulus, A., Ricupero, M., Russo, A., Siscaro, G., et al.

(2015) Combined non-target effects of insecticide and high tem-
perature on the parasitoid Bracon nigricans. PLoS ONE, 10(9),
e0138411. Available from: https://doi.org/10.1371/journal.pone.
0138411

Akol, A.M., Sithanantham, S., Njagi, P.G.N., Varela, A. & Mueke, J.M. (2002)
Relative safety of sprays of two neem insecticides to Diadegma
mollipla (Holmgren), a parasitoid of the diamondback moth: effects
on adult longevity and foraging behaviour. Crop Protection, 21(9),
853–859. Available from: https://doi.org/10.1016/S0261-2194(02)
00052-2

Australian Pesticides and Veterinary Medicines Authority. (2023)
Public Chemical Registration Information System Search.
Available from: https://portal.apvma.gov.au/pubcris [Accessed
13/11/2023]

Beloti, V.H., Alves, G.R., Araújo, D.F.D., Picoli, M.M., Moral, R.D.A.,
Demétrio, C.G.B., et al. (2015) Lethal and sublethal effects of insecti-
cides used on citrus, on the ectoparasitoid Tamarixia radiata. PLoS
ONE, 10(7), e0132128. Available from: https://doi.org/10.1371/
journal.pone.0132128

Brunner, J.F., Dunley, J.E., Doerr, M.D. & Beers, E.H. (2001) Effect of pesti-
cides on Colpoclypeus florus (Hymenoptera: Eulophidae) and Tricho-
gramma platneri (Hymenoptera: Trichogrammatidae), parasitoids of
leafrollers in Washington. Journal of Economic Entomology, 94(5),
1075–1084. Available from: https://doi.org/10.1603/0022-0493-94.5.
1075

Carmo, E.D., Bueno, A. & Bueno, R.C.O.F. (2010) Pesticide selectivity
for the insect egg parasitoid Telenomus remus. BioControl, 55(4),
455–464. Available from: https://doi.org/10.1007/s10526-010-
9269-y

Dedryver, C.A., Le Ralec, A. & Fabre, F. (2010) The conflicting relationships
between aphids and men: a review of aphid damage and control
strategies. Comptes Rendus Biologies, 333(6–7), 539–553. Available
from: https://doi.org/10.1016/j.crvi.2010.03.009

Derocles, S.A., Plantegenest, M., Rasplus, J.Y., Marie, A.,
Evans, D.M., Lunt, D.H., et al. (2016) Are generalist Aphidiinae
(Hym. Braconidae) mostly cryptic species complexes? Systematic
Entomology, 41(2), 379–391. Available from: https://doi.org/10.
1111/syen.12160

Desneux, N., Decourtye, A. & Delpuech, J.M. (2007) The sublethal effects
of pesticides on beneficial arthropods. Annual Review of Entomol-
ogy, 52(1), 81–106. Available from: https://doi.org/10.1146/annurev.
ento.52.110405.091440

Emami, F., Alichi, M. & Minaei, K. (2013) Interaction between the
entomopathogenic fungus, Beauveria bassiana (Ascomycota:
Hypocreales) and the parasitoid wasp, Aphidius colemani Viereck

(Hymenoptera: Braconidae). Journal of Entomological and Acarologi-
cal Research, 45(1), e4. Available from: https://doi.org/10.4081/jear.
2013.e4

Fern�andez, M.D.M., Medina, P., Fereres, A., Smagghe, G. & Viñuela, E.
(2015) Are mummies and adults of Eretmocerus mundus
(Hymenoptera: Aphelinidae) compatible with modern insecticides?
Journal of Economic Entomology, 108(5), 2268–2277. Available from:
https://doi.org/10.1093/jee/tov181

Frewin, A.J., Schaafsma, A.W. & Hallett, R.H. (2012) Susceptibility of
Aphelinus certus to foliar-applied insecticides currently or potentially
registered for soybean aphid control. Pest Management Science,
68(2), 202–208. Available from: https://doi.org/10.1002/ps.2245

Garantonakis, N., Varikou, K. & Birouraki, A. (2016) Comparative selectivity
of pesticides used in greenhouses, on the aphid parasitoid Aphidius
colemani (Hymenoptera: Braconidae). Biocontrol Science and Tech-
nology, 26(5), 678–690. Available from: https://doi.org/10.1080/
09583157.2016.1146658

Gelman, A. & Hill, J. (2007) Data analysis using regression and multilevel/-
hierarchical models. Cambridge: Cambridge University Press.

Ghorbanian, M., Fathipour, Y., Talebi, A.A. & Reddy, G.V. (2019) Different
pepper cultivars affect performance of second (Myzus persicae) and
third (Diaeretiella rapae) trophic levels. Journal of Asia-Pacific
Entomology, 22(1), 194–202. Available from: https://doi.org/10.
1016/j.aspen.2018.12.021

Hassan, S.A., Bigler, F., Blaisinger, P., Bogenschütz, H., Brun, J.,
Chiverton, P., et al. (1985) Standard methods to test the side-effects
of pesticides on natural enemies of insects and mites developed by
the IOBC/WPRS Working Group ‘Pesticides and Beneficial Organ-
isms’. Eppo Bulletin, 15(2), 214–255. Available from: https://doi.org/
10.1111/j.1365-2338.1985.tb00224.x

Hoffmann, A.A., Weeks, A.R., Nash, M.A., Mangano, G.P. & Umina, P.A.
(2008) The changing status of invertebrate pests and the future of
pest management in the Australian grains industry. Australian Jour-
nal of Experimental Agriculture, 48(12), 1481–1493. Available from:
https://doi.org/10.1071/EA08185

Holloway, J.C., Furlong, M.J. & Bowden, P.I. (2008) Management of benefi-
cial invertebrates and their potential role in integrated pest man-
agement for Australian grain systems. Australian Journal of
Experimental Agriculture, 48(12), 1531–1542. Available from: https://
doi.org/10.1071/EA07424

Holmstrup, M., Bindesbøl, A.M., Oostingh, G.J., Duschl, A., Scheil, V.,
Köhler, H.R., et al. (2010) Interactions between effects of environ-
mental chemicals and natural stressors: a review. Science of the
Total Environment, 408(18), 3746–3762. Available from: https://doi.
org/10.1016/j.scitotenv.2009.10.067

Horikoshi, R., Goto, K., Mitomi, M., Oyama, K., Hirose, T.,
Sunazuka, T., et al. (2022) Afidopyropen, a novel insecticide
originating from microbial secondary extracts. Scientific Reports,
12(1), 2827. Available from: https://doi.org/10.1038/s41598-022-
06729-z

Hort Innovation. (2020) Impact of pesticides on beneficial arthropods of
importance in Australian vegetable production (VG16067). Avail-
able from: https://www.horticulture.com.au/growers/help-your-
business-grow/research-reports-publications-fact-sheets-and-more/
vg16067/

Insecticide Resistance Action Committee. (2020) The IRAC Mode of
Action Classification Online. Available from: https://irac-online.org/
mode-of-action/classification-online/ [Accessed 13/11/2023].

Ishaaya, I., Barazani, A., Kontsedalov, S. & Horowitz, A.R. (2007) Insecti-
cides with novel modes of action: mechanism, selectivity and
cross-resistance. Entomological Research, 37(3), 148–152. Available
from: https://doi.org/10.1111/j.1748-5967.2007.00104.x

Jaber, L.R. & Araj, S.E. (2018) Interactions among endophytic fungal ento-
mopathogens (Ascomycota: Hypocreales), the green peach aphid
Myzus persicae Sulzer (Homoptera: Aphididae), and the aphid endo-
parasitoid Aphidius colemani Viereck (Hymenoptera: Braconidae).
Biological Control, 116, 53–61. Available from: https://doi.org/10.
1016/j.biocontrol.2017.04.005

128 MCDOUGALL ET AL.

 20521758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aen.12679 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-1853-5073
https://orcid.org/0000-0003-1853-5073
https://orcid.org/0000-0003-1853-5073
https://orcid.org/0000-0001-9497-7645
https://orcid.org/0000-0001-9497-7645
https://orcid.org/0000-0002-1835-3571
https://orcid.org/0000-0002-1835-3571
https://doi.org/10.1371/journal.pone.0138411
https://doi.org/10.1371/journal.pone.0138411
https://doi.org/10.1016/S0261-2194(02)00052-2
https://doi.org/10.1016/S0261-2194(02)00052-2
https://portal.apvma.gov.au/pubcris
https://doi.org/10.1371/journal.pone.0132128
https://doi.org/10.1371/journal.pone.0132128
https://doi.org/10.1603/0022-0493-94.5.1075
https://doi.org/10.1603/0022-0493-94.5.1075
https://doi.org/10.1007/s10526-010-9269-y
https://doi.org/10.1007/s10526-010-9269-y
https://doi.org/10.1016/j.crvi.2010.03.009
https://doi.org/10.1111/syen.12160
https://doi.org/10.1111/syen.12160
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.4081/jear.2013.e4
https://doi.org/10.4081/jear.2013.e4
https://doi.org/10.1093/jee/tov181
https://doi.org/10.1002/ps.2245
https://doi.org/10.1080/09583157.2016.1146658
https://doi.org/10.1080/09583157.2016.1146658
https://doi.org/10.1016/j.aspen.2018.12.021
https://doi.org/10.1016/j.aspen.2018.12.021
https://doi.org/10.1111/j.1365-2338.1985.tb00224.x
https://doi.org/10.1111/j.1365-2338.1985.tb00224.x
https://doi.org/10.1071/EA08185
https://doi.org/10.1071/EA07424
https://doi.org/10.1071/EA07424
https://doi.org/10.1016/j.scitotenv.2009.10.067
https://doi.org/10.1016/j.scitotenv.2009.10.067
https://doi.org/10.1038/s41598-022-06729-z
https://doi.org/10.1038/s41598-022-06729-z
https://www.horticulture.com.au/growers/help-your-business-grow/research-reports-publications-fact-sheets-and-more/vg16067/
https://www.horticulture.com.au/growers/help-your-business-grow/research-reports-publications-fact-sheets-and-more/vg16067/
https://www.horticulture.com.au/growers/help-your-business-grow/research-reports-publications-fact-sheets-and-more/vg16067/
https://irac-online.org/mode-of-action/classification-online/
https://irac-online.org/mode-of-action/classification-online/
https://doi.org/10.1111/j.1748-5967.2007.00104.x
https://doi.org/10.1016/j.biocontrol.2017.04.005
https://doi.org/10.1016/j.biocontrol.2017.04.005


Jansen, J.P., Defrance, T. & Warnier, A.M. (2011) Side effects of flonicamid
and pymetrozine on five aphid natural enemy species. BioControl,
56(5), 759–770. Available from: https://doi.org/10.1007/s10526-011-
9342-1

Karmakar, P. & Shera, P.S. (2020) Lethal and sublethal effects of
insecticides used in cotton crop on the mealybug endoparasitoid
Aenasius arizonensis. International Journal of Pest Management,
66(1), 13–22. Available from: https://doi.org/10.1080/09670874.
2018.1538544

Kellner, K. (2016) jagsUI: a wrapper around ‘rjags’ to streamline ‘JAGS’
analyses. Version 1.4.2. Available from: https://CRAN.R-project.org/
package=jagsUI

Kéry, M. & Royle, J.A. (2016) Applied hierarchical modeling in ecology:
analysis of distribution, abundance and species richness. In: R and
BUGS volume 1: prelude and static models. London, UK: Academic
Press.

Knapp, R., McDougall, R., Overton, K., Hoffman, A., Ward, S. &
Umina, P. (2023) The impact of insecticides and miticides on
beneficial arthropods in Australian grains. Available from: https://
cesaraustralia.com/resources/beneficials-toxicity-table/ [Accessed
21/07/2023]

Martinou, A.F. & Wright, D.J. (2007) Host instar and host plant effects on
Aphidius colemani. Journal of Applied Entomology, 131(9–10),
621–624. Available from: https://doi.org/10.1111/j.1439-0418.2007.
01220.x

Micic, S., Hoffmann, A.A., Strickland, G., Weeks, A.R., Bellati, J., Henry, K.,
et al. (2008) Pests of germinating grain crops in southern Australia:
an overview of their biology and management options. Australian
Journal of Experimental Agriculture, 48(12), 1560–1573. Available
from: https://doi.org/10.1071/EA08153

Morita, M., Ueda, T., Yoneda, T., Koyanagi, T. & Haga, T. (2007) Flonicamid,
a novel insecticide with a rapid inhibitory effect on aphid feeding.
Pest Management Science, 63(10), 969–973. Available from:
https://doi.org/10.1002/ps.1423

Navasse, Y., Derocles, S.A.P., Plantegenest, M. & Le Ralec, A. (2018) Eco-
logical specialization in Diaeretiella rapae (Hymenoptera: Braconi-
dae: Aphidiinae) on aphid species from wild and cultivated plants.
Bulletin of Entomological Research, 108(2), 175–184. Available from:
https://doi.org/10.1017/S0007485317000657

Overton, K., Ward, S.E., Hoffmann, A.A. & Umina, P.A. (2023) Lethal
impacts of insecticides and miticides on three agriculturally
important aphid parasitoids. Biological Control, 178, 105143.
Available from: https://doi.org/10.1016/j.biocontrol.2022.105143

Perdikis, D.C., Lykouressis, D.P., Garantonakis, N.G. & Iatrou, S.A.
(2004) Instar preference and parasitization of Aphis gossypii and
Myzus persicae (Hemiptera: Aphididae) by the parasitoid Aphidius
colemani (Hymenoptera: Aphidiidae). European Journal of Entomol-
ogy, 101(2), 333–336. Available from: https://doi.org/10.14411/eje.
2004.044

Plummer, M. (2003) JAGS: a program for analysis of Bayesian graphical
models using Gibbs sampling. In: Proceedings of the 3rd Interna-
tional Workshop on Distributed Statistical Computing (Vol. 124, No.
125.10, pp. 1–10).

Ray, D.E. & Burr, S.A. (2014) Pyrethrins/pyrethroids. In: Baselt, R. (Ed.)
Encyclopedia of toxicology, 3rd edition, pp. 1152–1158. London:
Academic Press.

Ricupero, M., Desneux, N., Zappalà, L. & Biondi, A. (2020) Target and non-
target impact of systemic insecticides on a polyphagous aphid pest
and its parasitoid. Chemosphere, 247, 125728. Available from:
https://doi.org/10.1016/j.chemosphere.2019.125728

Shrestha, G., Skovgård, H., Steenberg, T. & Enkegaard, A. (2015) Prefer-
ence and life history traits of Aphelinus abdominalis (Hymenoptera:
Aphelinidae) when offered different development stages of the let-
tuce aphid Nasonovia ribisnigri (Hemiptera: Aphididae). BioControl,
60(4), 463–471. Available from: https://doi.org/10.1007/s10526-015-
9661-8

Siviter, H. & Muth, F. (2020) Do novel insecticides pose a threat
to beneficial insects? Proceedings of the Royal Society B,

287(1935), 20201265. Available from: https://doi.org/10.1098/rspb.
2020.1265

Slusher, E.K., Cottrell, T. & Acebes-Doria, A.L. (2021) Effects of
aphicides on pecan aphids and their parasitoids in pecan orchards.
Insects, 12(3), 241. Available from: https://doi.org/10.3390/
insects12030241

Stary, P. (1970) Biology of aphid parasites (Hymenoptera: Aphidiidae)
with respect to integrated control. Series Entomologica, 6, 1–643.

Sterk, G., Hassan, S.A., Baillod, M., Bakker, F., Bigler, F., Blümel, S., et al.
(1999) Results of the seventh joint pesticide testing programme
carried out by the IOBC/WPRS-Working Group ‘Pesticides and
Beneficial Organisms’. BioControl, 44(1), 99–117. Available from:
https://doi.org/10.1023/A:1009959009802

Suck, H.B., Seo, M.J., Kang, E.J., Yoon, K.S., Yu, Y.M., Yasunaga-Aki, C., et al.
(2012) Laboratory studies of Aphelinus asychis, a potential biological
control agent for Myzus persicae. Journal of the Faculty of
Agriculture, Kyushu University, 57(2), 431–439. Available from:
https://doi.org/10.5109/25202

Sugiyama, K., Katayama, H. & Saito, T. (2011) Effect of insecticides
on the mortalities of three whitefly parasitoid species,
Eretmocerus mundus, Eretmocerus eremicus and Encarsia formosa
(Hymenoptera: Aphelinidae). Applied Entomology and Zoology,
46(3), 311–317. Available from: https://doi.org/10.1007/s13355-011-
0044-z

Suma, P., Zappala, L., Mazzeo, G. & Siscaro, G. (2009) Lethal and sub-
lethal effects of insecticides on natural enemies of citrus scale
pests. BioControl, 54(5), 651–661. Available from: https://doi.org/10.
1007/s10526-009-9215-z

Umina, P.A., McDonald, G., Maino, J., Edwards, O. & Hoffmann, A.A. (2019)
Escalating insecticide resistance in Australian grain pests: contribut-
ing factors, industry trends and management opportunities. Pest
Management Science, 75(6), 1494–1506. Available from: https://doi.
org/10.1002/ps.5285

Valenzuela, I. & Hoffmann, A.A. (2015) Effects of aphid feeding
and associated virus injury on grain crops in Australia. Austral
Entomology, 54(3), 292–305. Available from: https://doi.org/10.
1111/aen.12122

Ward, S., Umina, P.A., Polaszek, A. & Hoffmann, A.A. (2021a) Study of
aphid parasitoids (Hymenoptera: Braconidae) in Australian grain
production landscapes. Austral Entomology, 60(4), 722–737. Avail-
able from: https://doi.org/10.1111/aen.12562

Ward, S.E., Umina, P.A., Macfadyen, S. & Hoffmann, A.A. (2021b)
Hymenopteran parasitoids of aphid pests within Australian grain
production landscapes. Insects, 12(1), 44. Available from: https://doi.
org/10.3390/insects12010044

Waterhouse, D.F. & Sands, D.P.A. (2001) Classical biological control of
arthropods in Australia. Canberra: CSIRO Publishing.

Yang, Q., Umina, P.A., Wei, S., Bass, C., Yu, W., Robinson, K.L., et al. (2023)
Diversity and regional variation of endosymbionts in the green
peach aphid, Myzus persicae (Sulzer). Diversity, 15(2), 206. Available
from: https://doi.org/10.3390/d15020206

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this
article.

How to cite this article: McDougall, R., Mata, L.,
Ward, S., Hoffmann, A. & Umina, P.A. (2024)
Assessing the sub-lethal impacts of insecticides on
aphid parasitoids through laboratory-based studies.
Austral Entomology, 63(1), 119–129. Available from:
https://doi.org/10.1111/aen.12679

SUB-LETHAL INSECTICIDE IMPACTS ON APHID PARASITOIDS 129

 20521758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aen.12679 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10526-011-9342-1
https://doi.org/10.1007/s10526-011-9342-1
https://doi.org/10.1080/09670874.2018.1538544
https://doi.org/10.1080/09670874.2018.1538544
https://CRAN.R-project.org/package=jagsUI
https://CRAN.R-project.org/package=jagsUI
https://cesaraustralia.com/resources/beneficials-toxicity-table/
https://cesaraustralia.com/resources/beneficials-toxicity-table/
https://doi.org/10.1111/j.1439-0418.2007.01220.x
https://doi.org/10.1111/j.1439-0418.2007.01220.x
https://doi.org/10.1071/EA08153
https://doi.org/10.1002/ps.1423
https://doi.org/10.1017/S0007485317000657
https://doi.org/10.1016/j.biocontrol.2022.105143
https://doi.org/10.14411/eje.2004.044
https://doi.org/10.14411/eje.2004.044
https://doi.org/10.1016/j.chemosphere.2019.125728
https://doi.org/10.1007/s10526-015-9661-8
https://doi.org/10.1007/s10526-015-9661-8
https://doi.org/10.1098/rspb.2020.1265
https://doi.org/10.1098/rspb.2020.1265
https://doi.org/10.3390/insects12030241
https://doi.org/10.3390/insects12030241
https://doi.org/10.1023/A:1009959009802
https://doi.org/10.5109/25202
https://doi.org/10.1007/s13355-011-0044-z
https://doi.org/10.1007/s13355-011-0044-z
https://doi.org/10.1007/s10526-009-9215-z
https://doi.org/10.1007/s10526-009-9215-z
https://doi.org/10.1002/ps.5285
https://doi.org/10.1002/ps.5285
https://doi.org/10.1111/aen.12122
https://doi.org/10.1111/aen.12122
https://doi.org/10.1111/aen.12562
https://doi.org/10.3390/insects12010044
https://doi.org/10.3390/insects12010044
https://doi.org/10.3390/d15020206
https://doi.org/10.1111/aen.12679

	Assessing the sub-lethal impacts of insecticides on aphid parasitoids through laboratory-based studies
	INTRODUCTION
	MATERIAL AND METHODS
	Insects
	Acute chemical toxicity bioassays
	Mummification, adult emergence and sex-ratio responses
	Statistical analysis
	Response variables
	Modelling approach
	Bayesian inference implementation


	RESULTS
	Acute chemical toxicity
	Aphid mummification rate
	Reduction in parasitism capacity
	F1 parasitoid emergence
	Reduction in reproductive capacity
	Sex ratio of F1 parasitoids

	DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


