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Abstract: Despite the known benefits of integrated pest management, adoption in Australian broad-
acre crops has been slow, in part due to the lack of understanding about how pests and natural
enemies interact. We use a previously developed process-based model to predict seasonal patterns in
the population dynamics of a canola pest, the green peach aphid (Myzus persicae), and an associated
common primary parasitic wasp (Diaeretiella rapae), found in this cropping landscape. The model
predicted aphid population outbreaks in autumn and spring. Diaeretiella rapae was able to suppress
these outbreaks, but only in scenarios with a sufficiently high number of female wasps in the field (a
simulated aphid:wasp density ratio of at least 5:1 was required). Model simulations of aphid-specific
foliar pesticide applications facilitated biological control. However, a broad-spectrum pesticide
negated the control provided by D. rapae, in one case leading to a predicted 15% increase in aphid
densities compared to simulations in which no pesticide was applied. Biological and chemical control
could therefore be used in combination for the successful management of the aphid while conserving
the wasp. This modelling framework provides a versatile tool for further exploring how chemical
applications can impact pests and candidate species for biological control.

Keywords: integrated pest management (IPM); biological control; Myzus persicae; Diaeretiella rapae;
population models; pest control; natural enemy; process-based model

1. Introduction

Integrated pest management (IPM) aims to control invertebrate pests below damaging
population densities, while minimising the detrimental impacts of chemicals on the environ-
ment [1,2]. Such IPM programs emphasise the maintenance of natural enemies (predators
and parasitic wasps) in the system, which help to control pest outbreaks. Reducing reliance
on chemical applications can have multiple benefits, including a reduction in secondary
pest outbreaks within a growing season, slowing the rates of evolved chemical resistance
among pests and, more generally, improving environmental sustainability [3,4].

Adoption of IPM in broadacre crops in Australia has been slow. This is partly due to
relatively inexpensive broad-spectrum and easily applied chemical controls (often com-
bined with fungicide or herbicide treatments [5,6]), and a paucity of baseline ecological
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knowledge for some pests [7]. Even for species for which baseline data do exist, the broad
geographic (and climatic) extent across which crops are grown in Australia means that a
“one-size-fits-all” approach to pest management yields limited success at local scales [8].
Indeed, developing dynamic decision support tools that can be applied across multiple
locations is a substantial challenge for IPM in Australia.

The green peach aphid (Myzus persicae) (Sulzer) (Aphididae: Aphidinae) is a broadly
distributed agricultural pest in Australia. It is a major pest of canola (Brassica napus), a
winter crop grown throughout the grain-belt region of Australia. While direct feeding
damage caused by M. persicae to canola is often of little concern, this species is the principal
vector of turnip yellows virus (TuYV, a form of beet western yellows virus), a pathogen
that causes substantial damage to the crop and reduces yield [9–11]. In response to this
problem, farmers tend to apply pesticides prophylactically, including as seed treatments,
to prevent aphid infestations during the early (and most vulnerable) growth stages of the
crop. Frequent exposure to insecticides has resulted in M. persicae evolving resistance to
several chemical groups in mainland Europe, the UK, and more recently Australia [12,13].
The long-term efficacy of many insecticide seed treatments is therefore not guaranteed, and
it is expected that alternative options for pest control will soon be required.

A promising candidate species for biological (and augmentative) control of M. per-
sicae, is the wasp Diaeretiella rapae (M’Intosh) (Hymenoptera: Braconidae: Aphidiinae).
Laboratory studies confirmed that D. rapae readily parasitises M. persicae [14], and its
potential as a biological control agent in grain crops across Australia has recently been
recognized [15]. A number of studies have already modelled the population dynamics
of M. persicae [16–19]. Of most relevance, a hybrid (mechanistic/statistical) model has
been integrated with species-specific information for M. persicae and TuYV to track pop-
ulation densities and virus transmission in canola in Western Australia [20]. While there
have also been some theoretical modelling studies exploring the capacity of D. rapae to
act as a biological control agent [16,21,22], none have been used to explore the impacts
of different pest control strategies on the population dynamics in the field. Furthermore,
modelling studies that incorporate changes to agronomic practices associated with growing
canola in the different contexts and their impact on pest and natural enemy dynamics are
not available.

Forecasting the population dynamics of a pest, and understanding whether natural
enemies can suppress outbreaks, is a key requirement for the development of decision-
support tools, and IPM more generally. Process-based simulation models are well suited
to this task because they can explicitly integrate multiple, interactive, drivers of a pest’s
population growth, including local climate and cropping data; management practices such
as the time of crop sowing or chemical application; and predation or parasitism by natural
enemies [23–25]. While the relative impacts of these processes will differ among locations
and between seasons, such models can account for this variability and provide insights
into how pests can be managed in the field.

Here, we employ a previously developed process-based model that integrates infor-
mation on local climate and crop growth, to track the population dynamics of M. persicae
and D. rapae on daily timesteps [26]. The model has been validated with historic (1960s)
field observation data of species abundances from several locations and time-series prior to
the introduction of seed-treated crops, such that it can be used as a baseline ‘no pesticide’
scenario to new locations across the Australian grain-belt. We started by exploring the
temporal dynamics of the aphid population with the model, to identify when and where
chemical intervention is required to suppress a potential aphid outbreak. We then tested
how three pest management scenarios affect these dynamics, involving: (1) biological
control exerted by varying densities of D. rapae, (2) an aphid-specific chemical control, and
(3) a broad-spectrum chemical control (which is assumed to be toxic to D. rapae). With these
simulation outputs, we test the relative success of biological and/or chemical controls,
addressing management challenges relevant to both species at selected locations. We then
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discuss the findings in the context of developing dynamic economic thresholds for M.
persicae in canola.

2. Materials and Methods
2.1. Insect Models

Across Australia, M. persicae exhibits predominantly asexual reproduction [27], al-
lowing colonies within canola to grow rapidly when abiotic conditions are favourable,
generally in late autumn (April–June) and spring (September–November). As with all
aphid species, M. persicae can develop into different adult morphs: one with apterous
morphology characterized by high reproductive rates, and another with winged alates
characterized by lower reproductive rates but enhanced dispersal ability. During the dry
summer months, M. persicae in Australia take refuge on secondary host plants within the
landscape [28]. Diaeretiella rapae is similarly distributed across the Mediterranean-type
climate zone of Australia, although relatively little is known about its life-history and
phenology [14,15,29,30].

The simulation model aims to predict how population abundances of M. persicae and
D. rapae vary through time under different climatic and cropping conditions across Australia.
The model is structured into cohorts, each containing multiple individuals that are tracked
together through their lifecycle as the simulation progresses on daily timesteps (Figure 1).
Population abundances of each species depend on the rates of development, reproduction,
dispersal, and mortality (Figure 1). Each of these processes vary with temperature, rainfall,
cohort age, population densities, and species interactions (i.e., rates of parasitism or age of
the crop). All functions are deterministic, such that the physiological state of individuals
within a cohort are assumed to be identical. The functions were parameterized with
empirical data sourced from the literature, or previously published models where data
could not be found (see [26] for further details). The model describes a population of
aphids that occupy a 1 m2 “patch” within a canola paddock [16] and assumes that all
M. persicae individuals are virginoparae [27]. While many models integrate spatial and
temporal components, here we focus on the temporal patterns in population dynamics
within a small area, given the lack of knowledge of the M. persicae and D. rapae spatial
distribution and association across field crop environments [15].

2.2. Crop Model and Climate Inputs

To align the insect population dynamics to the growth and phenology of canola, we
used an established crop modelling platform: Agricultural Predictions Systems Simulator
modelling platform (APSIM [31]). APSIM integrates daily climate variables with infor-
mation on soil and water availability to track the development of canola with growing
degree-day calculations [32]. This canola model was run prior to the insect simulations,
such that its outputs (predictions of crop ‘presence’, after germination, and developmental
stage) were used as inputs to the insect models. There was no feedback to the APSIM
model in terms of pest impacts on the crop; we assumed that an increased presence of
aphids corresponds linearly to increased risk of crop damage (through virus transmission),
and that biological control, if present, takes effect immediately (on the date specified by
the user).

We assumed that the initial immigrating aphids cannot establish colonies until seedlings
of the canola crop have emerged (dictating the commencement of the simulation), and that
colonies cannot persist once the crop has been harvested (terminating the simulation). In
addition, climate data that are included as outputs of the APSIM model (sourced from the
Scientific Information for Land Owners online “Patched Point” database (SILO) provided
by the Queensland Department Natural Resources and Mines [33]), including daily maxi-
mum and minimum temperature (◦C) and rainfall (mm), were incorporated directly into
the insect models as climate inputs (Figure 1).
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Figure 1. Schematic of the aphid—wasp model with climate and host-plant inputs. Black: apterous 
(wingless) aphids, mid-grey: alate (winged) aphids; light grey: wasp, red: interactions between the 
two species through parasitism of second and third instar nymphs. White ovals show (daily) climate 
inputs used in the APSIM canola model (white circles) and the insect models (dashed rectangle). 
Days of the model simulation (t) on which immigrating wasps intercept the aphid population are 
user defined. Reprinted from [26]. 
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Figure 1. Schematic of the aphid—wasp model with climate and host-plant inputs. Black: apterous
(wingless) aphids, mid-grey: alate (winged) aphids; light grey: wasp, red: interactions between the
two species through parasitism of second and third instar nymphs. White ovals show (daily) climate
inputs used in the APSIM canola model (white circles) and the insect models (dashed rectangle).
Days of the model simulation (t) on which immigrating wasps intercept the aphid population are
user defined. Reprinted from [26].

2.3. Initial Conditions

We considered two locations where canola is grown in Australia: one site in the
State of Victoria (Latitude: −36.35, Longitude: 144.63) and the other site in the State of
South Australia (Latitude: −34.54, Longitude: 138.71). At these sites, the APSIM canola
model was run for 10 years from 2005 until 2014 inclusive. All simulations described
hereafter were repeated for each of these 10 years, and the predicted population densities
of aphids, on each day of the year, were averaged across these 10-yearly repeats, providing
an indication of the variability in population dynamics in response to the inter-annual
variation in climate.

All scenarios commenced with a single cohort of 10 female apterous adult M. persicae
in the crop (simulating a 1 m2 patch), which commence reproduction on the following day.
While alate (winged) adults generally immigrate into the crop and initialise the population,
apterous adults were used in previous (validated) iterations of the model [26], representing
the first-generation post-immigration. Throughout the simulation, a background popu-
lation of ten alate adults was also included, allowing for multiple outbreaks of aphids
within the simulation period [26]. For example, if the initial population of aphids crashed
under extreme temperature or parasitism load, the population could re-establish from these
10 background individuals when conditions were once again conducive to survival.



Agriculture 2024, 14, 150 5 of 13

2.4. Timing of Canola Sowing and Aphid Arrival

Canola sowing time can vary from year to year, depending on various factors like
seasonal rainfall patterns, crop rotations and canola variety [34]. In addition, the relative
timing at which aphids arrive in the crop after it emerges will affect their population
dynamics for the remainder of the season, as the dynamics will be influenced by the
progressively colder winter temperatures. To explore how these temporal dynamics impact
aphid population dynamics at both locations, we simulated three sowing dates, herein
referred to as early (15 April), middle (1 May) and late (31 May). Within these three times of
sowing (TOS) scenarios, ten model iterations were run in which aphids arrived at weekly
intervals after the predicted crop emergence (Table 1). Model simulations ran until the date
of canola harvest, as determined by the APSIM model. Total aphid density was used as
a proxy for plant damage, defined by the area under the aphid population curve (AUC,
including both alate and apterous aphids). This metric was compared among the TOS and
aphid arrival scenarios. For these simulations, no biological or chemical controls were
considered as we wanted to simulate the inherent crop–aphid interactions that would occur
in the absence of factors such as the application of insecticides.

Table 1. Summary of management scenarios explored with the model, with potential questions
relevant to farmers in italics. Each iteration ran from aphid arrival to crop harvest. Aphid-specific
and broad-spectrum pesticides were both applied to the aphids in the presence of wasps. TOS refers
to time of sowing and SA is South Australia. Each scenario was run for 10 years, accounting for
inter-annual variation in temperature, rainfall, and crop phenology from 2005 to 2014 (e.g., n = 600
for ‘Seasonal patterns’).

Management Scenario Location TOS Aphid
Arrivals

Wasp
Density

Control
Scenarios

No.
Scenarios

Seasonal patterns in
aphid population

dynamics (Figure 2)
(When and where is

intervention required?)

SA
Victoria

Early Middle
Late

Weekly, from
day of crop

emergence, for
10 weeks

0 No control 60

Biological control
(Figure 3)

(How many wasps are
required to suppress aphid

population growth?)

SA
Victoria

Early Middle
Late

Weekly, from
day of crop

emergence, for
10 weeks

(0), 0.5, 1, 2,
5, 10

No control/
Wasp control

360

Chemical and biological
controls (Figure 4)

(Can chemicals hinder or
facilitate biological

control?)

SA Early Middle
Late

Day of crop
emergence

(0), 1 No control/
Wasp

control/Aphid-
specific/Broad-

spectrum

12

2.5. Biological Control

To simulate the biological control of M. persicae by D. rapae, the scenarios described
above were repeated, but with the wasp population model activated. We assumed a
background population of D. rapae was present in the field margins (of varying densities,
see below), such that on each day of the simulation female wasp(s) could intercept the
aphid colony and parasitise aphids, commencing on the day of aphid arrival.

Biological control of aphids by D. rapae and the population dynamics of the wasps
were simulated in the same manner as described in [26]. Parasitism rates of 2nd and 3rd
M. persicae nymphs were described by the random parasitoid equation [35]: a Type II
response curve without replacement, assuming no interference between multiple wasps
(see [26] for further details). Once oviposited into the aphids, wasp larvae developed and
emerged from their hosts, and upon emergence either dispersed from the population, or
remained for 1 day to lay offspring in aphids prior to dispersing.
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To assess the relative densities required to suppress aphid population outbreaks, we
ran five scenarios that differed only in the number of “intercepting” female wasps, including
0.5 (simulating one wasp every 2 days), 1, 2, 5, and 10 (or, a density ratio of background
aphids:wasps of 20:1, 10:1, 5:1, 2:1, and 1:1, respectively; Table 1). Total aphid densities
(AUC, defined above) during the canola growing season were calculated and compared
with the simulation in which no wasps were present. The difference in aphid densities
between these scenarios indicated the relative amount of biological control achieved by
the wasps, where 0% is no control, and values approaching 100% indicated almost total
suppression of the aphid population.

2.6. Chemical and Biological Controls

In the above scenarios, population outbreaks of M. persicae were predicted to be most
severe in the South Australian site when aphids arrived on the day of crop emergence
in the absence of control (see Figure 2a). Therefore, due to the outbreak severity, this
location and timing scenario was selected to explore chemical control scenarios. In addition,
for easier interpretation, we present simulations in which one female wasp intercepts
the population each day (see Figure 3 and Table 1). There are many types of chemicals
used to suppress aphid outbreaks in Australia, with different active ingredients, expo-
sure times and rates of application (in frequency and dosage) [36]. Each chemical will
impact aphid and wasp populations in different ways and to demonstrate the applicability
of our modelling framework, two (hypothetical) chemical applications were simulated:
(1) a broad-spectrum foliar application that is assumed to be toxic to both the aphid and
wasp, and (2) an aphid-specific foliar application that is toxic to aphids only (Table 1).
While in reality the toxicity of chemicals deteriorate over time [23,37,38], here we assumed
that each insecticide resulted in the 70% mortality (cf. [23]) of one (aphid-specific) or both
(broad-spectrum) species for the duration of their exposure. Application of chemical sprays
was assumed to occur only once per canola season, which is a common approach used by
farmers to manage M. persicae and TuYV risk in Australia [12]. For simplicity, we simulated
insecticides being applied 14 days after initial aphid arrival, and the toxic effects of each
insecticide persisting for 7 days for M. persicae and 21 days for D. rapae [37]. After this
period, daily mortality rates were returned to those exerted by temperature, rainfall, senes-
cence, and parasitism, as defined in the model [26]. We calculated the relative change in
aphid densities for each of the three management scenarios in comparison to those without
any intervention (see above). Insecticide seed treatments are commonplace in Australian
canola; however, all registered products with aphid activity rely on neonicotinoids as the
main active ingredient [12,36,39]. Given the regulatory pressures facing neonicotinoids
globally and the emergence of P450-mediated resistance in Australian M. persicae [39], the
future role of insecticide seed treatments is tenuous, and so we excluded these from our
study, allowing us to explore alternative scenarios (e.g., the foliar application of chemicals
and biological control), where seed treatments were not available.

As an additional measure of control “success”, we calculated the proportion of aphids
that had been parasitised (number wasp larvae/(number of wasp larvae + aphid den-
sity) [40]) at the end of the simulation. Here we assumed that a relatively larger wasp
population is a more sustainable management outcome, and that low variance in this metric
among the 10-year climate replicates indicated a more reliable strategy. All data handling,
modelling and analyses were conducted in R (version 4,3.1 [41])

3. Results
3.1. Timing of Canola Sowing and Aphid Arrival

In the absence of biological and chemical control, population outbreaks of M. persicae
were predicted to occur in autumn and spring, separated by a period of reduced population
growth in winter (Figure 2a). This variation in aphid densities reflects field observations
and was expected [26]. The severity of these outbreaks, however, varied with location and
time of sowing (TOS). For example, the population outbreak in autumn was most severe
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at the South Australian site when canola was sown early in the season, and progressively
declined for the middle and late TOS scenarios (Figure 2a), with an early rapid increase
in populations in early sown crops. In contrast, aphid densities at the Victorian site were
the highest when canola was sown late in the season due to a high population peak prior
to harvest, followed by middle and then early TOS. Overall, M. persicae densities were
predicted to be higher at the South Australian site, in comparison to the Victorian site
(Figure 2b).
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Figure 2. Baseline simulations of Myzus persicae population growth dynamics in the absence of
chemical or biological control, where (a) aphids arrive on the day of crop emergence for early, middle,
and late time of sowing (TOS, Table 1) at South Australian (SA) and Victorian (VIC) sites. Total aphid
densities (b) of the population (area under the population curves) varied depending on location,
TOS, and delay of aphid arrival into the crop, where week 1 refers to aphids arriving on the day of
seedling emergence. Shading and error bars denote variation among the 10-year (climate) replicates
(2005–2014).

Moreover, at the South Australian site, aphid densities were the highest when aphids
arrived on the day of seedling emergence (shown in Figure 2a) and tended to decline as
aphids arrived progressively later in crop development. At the Victorian site, the impact of
aphid arrival time in the crop was greatest in the early TOS scenario (Figure 2b); however,
within the TOS scenarios, the timing of aphid arrival at the Victorian site did not impact
aphid densities to the same extent as those at the South Australian site (Figure 2b). Inter-
annual variation among the model predictions, reflecting differences in climate conditions
between years, was highest at the South Australian site, and appeared to have relatively
minor impacts on aphid densities throughout the season at the Victorian site (Figure 2b).

3.2. Biological Control

The presence of D. rapae in the system reduced population densities of M. persicae,
although its impact varied with seasonal timing and the density of background wasps
(Figure 3). Across all TOSs and both locations, a background aphid:wasp density ratio of
20:1 and 10:1 (wasp densities of 0.5 and 1) resulted in, at best, 27.1% and 55.7% control
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efficacy, compared with aphid densities when no wasps were present (0% control efficacy;
Figure 2a). This level of control declined as aphids arrived later in crop development (i.e.,
wasps became less effective).
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to that with 5 wasps (light-blue asterisks, both achieved near-full control).

At an intermediate wasp density, a ratio of 5:1 aphid:wasp background densities (i.e.,
wasp density of 2, Figure 3), achieved a control efficacy from 38.3% to 98.1% compared
with simulations without wasps, but again this depended on seasonal timing and location.
Here, biological control was greatest when ambient conditions were cold; control efficacy
in early and middle TOS at the Victorian site reached 94.6% (Figure 3d,e). However, under
warmer autumn and spring temperatures, impacts of parasitism on aphid densities was
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reduced, and more wasps were required in the system to suppress M. persicae (Figure 3a,c,f,
explained by a higher rate of increase in reproduction for the aphids, in comparison to
the wasps; see [26]). At relatively high wasp densities (aphid:wasp density ratios or 2:1
and 1:1), almost full suppression of the aphid populations could be achieved, with efficacy
remaining above 98% (Figure 3).

3.3. Chemical and Biological Controls

The three management strategies impacted the predicted population dynamics of
M. persicae in different ways, and these impacts were generally consistent among the three
TOS scenarios at the South Australian site (Figure 4a–c). In the absence of chemical control,
D. rapae failed to substantially reduce the autumn aphid outbreak in the early and middle
TOS; however, once established, the wasp population increased as the season progressed,
and total aphid densities were reduced (Figure 4a–c). In contrast, the application of a
broad-spectrum insecticide suppressed the autumn population growth, but the efficacy
of this control quickly declined, and aphid densities increased towards the end of the
season (Figure 4a–c). In some years, total aphid densities in the broad-spectrum treatment
were higher than the scenario in which “no control” was simulated at early TOS. Finally,
the combined impacts of biological and an aphid-specific chemical control resulted in an
almost-complete suppression of the aphid population for the full canola growing season
(Figure 3).
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Figure 4. Impacts of different management strategies on the population dynamics of Myzus persicae
throughout the canola growing season with an (a) early, (b) middle, and (c) late sowing time at the
South Australian site (where aphids arrive on the day of crop emergence; see Figure 2a). Management
scenarios include no control (NC), biological control (BC), aphid-specific chemical control (ASC) and
broad-spectrum chemical control (BSC). The proportion of parasitised aphids (wasp larvae/[wasp
larvae + aphids]) on the day of crop maturation for the three sowing times (d–f) provides a measure
of the relative success of the management approaches (black points are outlying values below
1.5 × inter-quartile range). Shaded regions (a–c) and box-plot whiskers (d–f) denote standard error
of mean and the 75% interquartile range, respectively, where variation is generated from the 10-year
(climate) replicates (see Table 1 for further details).
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The relative “success” of these management strategies (proportion of aphids that
were parasitised on the day of crop maturation) was highest in the early and middle TOS
scenario (Figure 4d,e) and progressively declined in the late TOS (Figure 4f). In all three TOS,
broad-spectrum chemical control was, on average, less successful than the biological and
aphid-specific controls. In addition, reliability of these management scenarios (indicated by
the variance across the 10-year replicates) differed among scenarios. Success of the broad-
spectrum chemical application was less reliable than the biological and aphid-specific
chemical controls across all TOS scenarios (Figure 4d–f). Of the two latter control scenarios,
success became progressively less reliable (higher variance) as canola was planted later in
the season (Figure 4d–f).

4. Discussion

The modelling approach used in our study enabled us to describe seasonal crop-aphid–
parasitoid interactions for canola grown in an Australian context. Such patterns would be
impossible to record empirically given the widespread use of insecticide seed treatments,
foliar insecticide applications, and the geographic scope over which canola is grown in that
country. This context necessitates a modelling approach to evaluating control options that
can be later tested in the field. Our simulations illustrate that the application of a broad-
spectrum foliar-spray early in the winter growing season can have long-lasting effects on
the population dynamics of M. persicae and a major parasitoid, D. rapae. While such a
chemical may appear highly effective in the short term, disrupting the interactions between
pests and their natural enemies can have longer-lasting consequences. In our simulations,
excessive mortality of D. rapae caused by the broad-spectrum chemical led to a secondary
outbreak of M. persicae in spring. This outcome was avoided when management scenarios
allowed D. rapae to persist within the aphid population. These findings support the general
approach of IPM, whereby successful management includes not only the suppression of
short-term pest outbreaks, but also maintaining the ongoing presence of natural enemies in
a broader landscape.

The chemical-control scenarios modelled in this study were necessarily simplified
versions of real-world conditions of a complex system and should be treated as such. For
example, in reality, even highly soft aphicides like flonicamid and afidopyropen will cause
some lethality or sub-lethality to parasitoid wasps [42], and so the ‘aphid-specific’ chemical
control should be interpreted as a ‘best-case’ scenario. Moreover, different chemicals have
different residual periods, and so the duration of exposure, and rates of mortality, are
likely to differ considerably to our ‘generic’ values incorporated here. The model has been
written such that these specific details can be altered, providing a versatile framework with
which the impacts of different chemicals can be tested. Moreover, most canola currently
grown in Australia is treated with neonicotinoid-based seed treatments, a control that
we have not considered here (other than to interpret the ‘delayed aphid arrival’ scenario
as such). In the context of our model, seed treatments would act to delay the arrival of
aphids by up to ten weeks [39], and can impact wasps via several pathways (e.g., wasps
developing within aphids, direct contact with the plant, or feeding on tainted plants and/or
honeydew [43,44]). Importantly, our model indicates that if insecticide seed treatments in
canola become unavailable (or restricted) in the future, there is potential for the greater
utility of D. rapae to control M. persicae outbreaks and that using aphid-selective foliar
insecticides could support this biological control.

In addition to the simplified chemical-control scenarios, other assumptions and pro-
cesses we have not considered, may impact the population dynamics of M. persicae and
D. rapae. For example, we assumed that fecund wasps intercept aphids immediately af-
ter their establishment in the crop, but in reality there is often a time-lag between aphid
population outbreaks and wasp parasitism. This time-lag is likely to reduce the efficacy of
the biological control levels predicted here. The health of the canola crop (and its carrying
capacity) were not accounted for and doing so could result in a reduction in predicted aphid
densities at the end of the growing season (more accurately reflecting field conditions).
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We also made assumptions as to the number of aphids and wasps in the “background”
populations of the surrounding fields. While these values have been validated with field
observations [26], our model could be coupled with a spatially explicit component which
would allow researchers to track background densities and aphid dispersal (and potential
virus transmission from one aphid colony to another) across the landscape.

5. Conclusions

While eliminating the use of chemical controls in Australian canola may be unrealistic,
we demonstrate how the selection of chemicals can facilitate, or hinder, biological control
provided by natural enemies. Indeed, the combination of biological and chemical control is
an important step in transitioning into a more sustainable, IPM approach. By considering
seasonal dynamics in aphid population growth, our simulations indicate prophylactic
chemical controls targeting M. persicae could be avoided in many cases and point to the
importance of other agronomic practices (i.e., TOS) in shaping pest population dynamics.
While further work is required to validate our predictions in the field and to relate the
predicted population dynamics to canola damage and yield loss, the modelling framework
developed here is an important step to better understand population dynamics of pests
and natural enemies in Australian agriculture.
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