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Abstract
The egg-parasitoid wasp Telenomus podisi has received attention as a biological-control agent for one of
the most important soybean pests in Brazil, the stink bug Euschistus heros. As yet, no studies have
conclusively established strategies for the release of T. podisi. We developed a computational model
employing cellular automata to investigate release strategies for T. podisi in soybean crops, in order to
optimize the use of these wasps in managing E. heros. A computational model was developed, using
cellular automata in the C programming language and assuming a two-dimensional grid of cells
corresponding to a soybean �eld. The biological dynamics of E. heros and T. podisi were programmed.
The following parameters for release strategy were investigated: release mode, number of releases,
number of parasitoids per hectare per release, and spacing between release points or strips. The
sensitivities of the release and movement parameters were analyzed. The release strategies capable of
maintaining an E. heros population below the Economic Threshold level involved releasing a total of at
least 15,000 female parasitoids per hectare, in three or four releases of 5,000 or more. A 25-m spacing
between release points or strips was indicated. The theoretical results produced by the computational
model are expected to guide future �eld studies to improve T. podisi release plans for managing E. heros
in soybeans.

Introduction
The brown stink bug Euschistus heros (Fabricius, 1974) (Heteroptera: Pentatomidae) is one of the most
abundant insect pests of soybeans and other important crops in South America, mainly in central Brazil
(Panizzi and Corrêa-Ferreira 1997). Its range extends from the relatively cool southern region to the
warmer north and northeast regions, following the distribution of the soybean crop (Panizzi 2015). E.
heros feeds directly on soybean pods, seriously affecting yields as well as the physiological and sanitary
quality of the seeds (Corrêa-Ferreira and Azevedo 2002). To mitigate losses and increase pro�ts, growers
control the pest partly with phytophagous arthropods (Zalucki et al. 2009).

Chemical insecticides are the most common pest-control method adopted by soybean growers (Panizzi
2013). Although chemical products are still important for agriculture, its use without proper technical
positioning can have undesired consequences, such as rapid selection of populations resistant to
insecticides, pest resurgence, mortality and reduced performance of natural biological-control agents of
the stink bug, environmental contamination, and increased production costs for farmers (Bueno et al.
2021). In addition, society's growing demand for food free of pesticide residues and produced more
sustainably, and awareness of the harmful effects of pesticide abuse to the environment, is increasing
interest in more-sustainable pest-management strategies.

Among the most sustainable management strategies, augmentative biological control is being adopted
worldwide, increasing by 10 to 20% annually on more than 30 million hectares (van Lenteren et al. 2018).
Egg parasitoids are the most important natural enemies used as biological-control agents of pentatomid
stink bugs (Pacheco and Corrêa-Ferreira 2000). The parasitoid wasp Telenomus podisi Ashmead, 1893
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(Hymenoptera: Scelionidae) is most commonly used, due to its high parasitism capacity and control
e�cacy (Silva et al. 2018; Taguti et al. 2019; Bueno et al. 2020a). This wasp occurs from midwestern to
extreme southern Brazil, i.e., is adaptable to a range of climates (Torres et al. 1997). Telenomus podisi
parasitizes several host species including herbivores and predators (Moreira and Becker 1986; Medeiros
et al. 1998; Margaría et al. 2009; Queiroz et al. 2017). Despite its polyphagous habit, in soybean crop its
presence is strongly associated with the occurrence of E. heros (Pacheco and Corrêa-Ferreira 2000).
Therefore, T. podisi has recently received signi�cant attention as a biological-control agent for E. heros,
and is presently used in inundative releases on approximately 20,000 hectares of soybeans in South
America (Bueno et al. 2020b).

The use of T. podisi as a biological-control agent in agriculture must be based on detailed knowledge of
the biology and ecological relationships among this parasitoid, its host, and the environment (Yeargan
1982; Nakama and Foerster 2001; Peres and Corrêa-Ferreira 2004; Silva et al. 2008; Rocha 2016; Lahiri et
al. 2017; Silva et al. 2018). However, few studies have established effective release strategies for T. podisi
for biological control of E. heros. Most recently, Bueno et al. (2020a) evaluated the e�ciency of two
release techniques and different application times for the parasitoid in suppressing E. heros populations,
in comparison to control by chemical insecticides. However, different numbers of released parasitoids
and various release frequencies over the crop season still need to be tested. The process of determining
these variables of parasitoid release for pest suppression can be time-consuming and costly, as it is often
carried out by trial and error. Furthermore, it is essential to determine the spacing of release (spatial
distance between release points), in addition to the need to repeat these studies in different crop seasons
and farms, to increase experimental precision and generalization (Pomari et al. 2013; Bueno et al. 2020a).
Computational models can help to guide parasitoid release studies, indicating which are the most
promising strategies to test in the �eld, based on the theoretical results produced by the model. Use of a
model can reduce the experimental and �nancial effort and accelerate the development and
implementation of management tactics for producers (Plouvier and Wajnberg 2018).

Cellular automata (CA) are suitable for developing these ecological models since they represent the
presence or absence of different developmental stages of the parasitoids and stink bugs. The spatial
distribution of organisms in CA is described by a two-dimensional grid of cells, whose states may vary
over time steps, according to simple stochastic rules that mimic the biological dynamics of these insects
(Hiebeler 2005; Garcia et al. 2014). This approach can explicitly represent foraging by T. podisi adults for
E. heros eggs, allowing a study of the spatial con�gurations of parasitoid releases and its effect on the
e�ciency of suppressing the stink-bug population. Combining this modeling method with individual-
based modeling (which focuses on the variability of the individual characteristics of the agents
represented in the model so that population behavior emerges from interactions between individuals) can
realistically represent the movement and host-parasitoid relationship, producing helpful and reliable
insights for the study of parasitoid release strategies.

Previous individual-based models have focused on understanding the importance of biological and
behavioral-ecology aspects of the host-parasitoid relationship (e.g., fecundity, longevity, attack rate,
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competition, parasitoid dispersal capacity, parasitoid release density) to guide studies to prospect for
natural enemies and to optimize biological-control practices (Van Roermund et al. 1997; Wajnberg et al.
2016; Plouvier and Wajnberg 2018). However, researchers have insu�ciently explored computational
models as an applied approach to study release strategies to optimize the use of parasitoids in the �eld.
The development of a computational model to evaluate different parasitoid release strategies can guide
further �eld research to implement T. podisi release strategies. This study aimed to develop a
computational model using cellular automata to investigate T. podisi release strategies in soybean crops,
in order to optimize its use in suppressing populations of E. heros. This model may help to increase the
e�ciency of this parasitoid in controling E. heros in soybean, especially in South America and wherever
else this pest occurs.

Material And Methods

Computational modeling
A computational model was developed for the cellular automata approach, using the C programming
language. A two-dimensional grid (lattice) of 204 × 204 cells was created, corresponding to a soybean
�eld, large enough to prevent insects from reaching the lattice edges during simulations. Four rows and
columns (i = {1, 2, 203, 204} and j = {1, 2, 203, 204}) were used as �xed edges throughout the simulation,
resulting in an area available for insects of 200 × 200 cells, representing 4 hectares of soybean
cultivation. Each cell corresponds to 1 m2 containing approximately 30 soybean plants, totaling 300,000
plants per hectare, a density routinely used on Brazilian farms (Balbinot Junior et al. 2015). Each cell can
be occupied by multiple insect life stages simultaneously. It was assumed that the study of the dynamics
of the stink bug and the parasitoid populations took place between the early reproductive stage (soybean
development stage R1), when E. heros usually starts to colonize an area, until the crop ripens and the
stink bugs disperse to alternative host plants (Bortolotto et al. 2015), corresponding to a period of
approximately 80 days. Therefore, each simulation had 80 time steps (t), each step equivalent to one day.
The dynamics of crop ripening were not represented in the model, assuming that the soybean plants in
each cell were at the appropriate size to receive populations of E. heros and provide unlimited food
throughout the simulation.

Population dynamics of Euschistus heros

Three developmental stages of E. heros were represented separately in the model: egg, nymph, and adult.
In the nymph and adult stages, only female populations were considered, as they produce the eggs and
offspring. At the beginning of each time step, adults and nymphs had probabilistic determinant values of
death according to the equation proposed by Garcia et al. (2014):
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where M(s) is the daily probability of death of the developmental stage (s), d is the duration of the
developmental stage, and vs is its viability (Table 1). Adult mortality was de�ned based on the viability of
individuals until the end of their fertile period.
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Table 1
Parameter values used in the model and their respective literature sources.

Parameters Value Reference1

Telenomus podisi    

  Fertile period viability 23.33% 9

  Immature stage viability 82.42% 9

  Immature stage duration 14.70 days 9

  Fertile period 25 days -

  Maximum longevity 26 days 9

  Sex ratio 0.70 2

  Oviposition curve Equation (2) 8

  Dispersal and foraging radius 8 m 7

Euschistus heros    

  Fertile period viability 70.00% 6

  Nymph viability 65.28% 1, 6

  Egg viability 62.90% 1, 5

  Nymph stage duration 30 days 3, 6

  Embryo stage duration 5 days 5

  Age of onset of nymph dispersal 5 days 3

  Sexual maturity 13 days 1, 5, 6

  Fertile period 24 days 1, 5

  Maximum longevity 36 days -

  Sex ratio 0.50 4

  Oviposition probability 0.70 6

  Mean total number of egg masses per female 12.70 6

  Mean total number of eggs per female 141.30 6

  Mean number of eggs per egg mass 11 6

1 1 – Azambuja et al. (2013); 2 – Castellanos et al. (2019); 3 – Costa et al. (1998); 4 – Mendoza et al.
(2016); 5 – Michereff et al. (2019); 6 – Possebom et al. (2020); 7 – Ramos (2020); 8 – Rocha (2016);
9 – Silva et al. (2018); 10 – Souza et al. (2018).
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Parameters Value Reference1

  Exponent kn of nymph aggregation 2.8433 10

  Exponent ka of adult aggregation 3.1728 10

  Mean daily dispersal of nymphs and adults 0.5 m -

1 1 – Azambuja et al. (2013); 2 – Castellanos et al. (2019); 3 – Costa et al. (1998); 4 – Mendoza et al.
(2016); 5 – Michereff et al. (2019); 6 – Possebom et al. (2020); 7 – Ramos (2020); 8 – Rocha (2016);
9 – Silva et al. (2018); 10 – Souza et al. (2018).

Nymphs from the second instar (over �ve days of age) and adults can move within a radius of 3 m or
remain still. The movement was established according to probabilities established by the negative
binomial distribution, with values of nymphal aggregation exponents (kn) and adults (ka) equal to 2.8433
and 3.1728 (2 < k < 8 indicates moderate aggregation), respectively, according to the results obtained by
Souza et al. (2018). The value of the mean daily dispersal estimated for the negative binomial
distribution was assumed to be 0.5 m for both stages of development, since pentatomids move very little
when they �nd food (Panizzi et al. 1980; Souza et al. 2013). Each individual can move to any neighboring
cell as long as there is space available, according to the support capacity K for the respective stage of
development. The support capacity of the system was represented by the maximum number of egg
masses, nymphs, and adults capable of occupying the same plant, so that, when reached, it was not
possible for new individuals of the respective development stage to enter until a space was freed. The
carrying capacities of nymphs (Kn = 500) and adults (Ka = 300) of stink bugs were de�ned based on the
total number of eggs supported by a cell lattice and from preliminary tests, in order to determine the
highest values that will not limit the growth of the stink-bug population, but low enough to reduce the
computational effort of the model.

After moving, each sexually mature female (≥ 13 days after emergence) has a 70% daily probability of
ovipositing in the Moore neighborhood of 3 × 3 cells, at each time step, ovipositing a mass of 11 eggs
(Possebom et al. 2020). Each cell in the network can hold up to 60 egg masses (Ko), equivalent to two
egg masses per plant. A fertile period of 24 days was assumed for females (Azambuja et al. 2013;
Michereff et al. 2019), and after this age, they no longer oviposit and are removed from the simulation.
Therefore, the maximum longevity attributed to a female of E. heros is 36 time steps (days) after its
emergence. Over this period, each female can oviposit a mean of 13 egg masses, totaling 143 eggs,
resembling the mean numbers observed by Possebom et al. (2020) in a study of the biology of E. heros.

All eggs of one egg mass have the same age. An embryonic period of 5 days was assumed, when non-
viable eggs (approximately 37.10%) and those that would give rise to male individuals (assuming a sex
ratio of 0.5) were eliminated (Azambuja et al. 2013; Mendoza et al. 2016; Michereff et al. 2019). Female
nymphs hatch from the remaining eggs and 30 days later give rise to female adults, restarting the stink-
bug development cycle.
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Population dynamics of Telenomus podisi

The population dynamics of T. podisi described in the model considered two life stages, immature (egg,
larva, and pupa stages) and adult (only females). At each time step, adults had probabilities of dying
determined by Equation (1), according to its respective parameters (Table 1). Adult viability was de�ned
based on the study by Silva et al. (2018).

Only adults were able to move, as the immature stage of the parasitoid takes place inside the eggs of its
host. The movement mechanism of T. podisi females in the model is directly associated with foraging for
stink-bug eggs to parasitize. It was assumed that females can direct their movement toward cells
containing available E. heros eggs, considering a maximum dispersal radius of eight meters (Ramos
2020). Thus, at each time step, each female searches within a radius of eight meters around her current
position for one cell with non-parasitized stink-bug eggs to which they can move and lay eggs if this cell
has space available for the parasitoid (with Kt carrying capacity available for adult parasitoids). Each
female is able to move to only one cell in each time step. When no E. heros egg cells are found within the
daily dispersal radius, the females move randomly to one of the cells within this radius. The carrying
capacity of T. podisi females (Kt = 550) was de�ned based on the total number of parasitoid immatures
carried by a cell, which is equivalent to the carrying capacity of stink-bug eggs, and from preliminary tests
following the same criteria as before for stink-bug carrying capacity.

We assumed that female wasps only begin to oviposit on the day after emergence. After moving, each
female can parasitize a limited number of stink-bug eggs per day in the Moore neighborhood of 3 × 3
cells, depending on the age of the adult, according to the equation estimated from the data of Rocha
(2016):

where θ(i) is the number of eggs the parasitoid can lay in the time step, and i is its current age minus one
day (referring to the pre-oviposition period). Each parasitoid female lays only one egg per host egg. A
fertile period of 25 days was assumed, since the number of eggs laid daily by each female after this
period is less than 1, according to the estimated Equation (2). Telenomus podisi females are removed
from the model when they reach 26 days after emergence. All parasitized E. heros eggs were considered
to be non-viable, even if the immature stage of the parasitoid did not complete its development.

The age of each T. podisi immature from the same parasitized E. heros egg mass corresponds to the
mean of all the parasitoid ages of this egg mass. When immatures reach the age of 14 time steps (days),
non-viable immatures (approximately 17.57%) and those that would give rise to male adults are
eliminated (according to a sex ratio of 0.7) (Castellanos et al. 2019), and females emerge. The
computational model developed is available in the Online Resource 1.

Simulations
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Telenomus podisi release strategy

This simulation aimed to evaluate the e�ciency of different T. podisi release strategies in suppressing an
E. heros population. Strategies varied according to four parameters: release mode (in strips and at
points), number of releases over time steps (1, 2, 3, or 4 releases), number of female parasitoids per
release (3,000, 5,000, 7,000, or 10,000 parasitoids per hectare) and the spacing between releasing strips
or points (5, 10, 25, or 50 m, corresponding to 20, 10, 4, and 2 strips per hectare or 400, 100, 16, and 4
points per hectare, respectively) (Figure 1A). These values of release parameters were established based
on the reference speci�cation for the use of T. podisi (Brasil 2019), which recommends three releases of
6,500 adults (male and female) per hectare, at intervals of 7 days, distributed at 32 equidistant points per
hectare (space between points of approximately 18 m). Therefore, 2 (release mode) × 4 (number of
releases) × 4 (number of female parasitoids per release) × 4 (spacing between releasing strips or points)
= 128 different T. podisi release strategies simulated, in addition to the control (without release), with 15
repetitions for each scenario.

The cell grid was randomly colonized by adult stink bugs in the 80 × 80 central cells at the beginning of
the simulation (Figure 1B). We performed a colonization of 8,000 adult females between 1 and 13 days
of age, i.e., the age at which they reach sexual maturity and start oviposition (Azambuja et al. 2013;
Michereff et al. 2019; Possebom et al. 2020), over the �rst 10 time steps (800 females released per time
step), simulating the arrival of stink bugs in the crop. This grid colonization con�guration was
established based on previous tests, in order to establish a signi�cant pest infestation and make stink-
bug eggs available throughout the simulation time steps but minimizing the computational effort,
besides preventing insects from reaching the �xed edge of the grid of cells. The releases of the
parasitoids were implemented based on the area of 100 × 100 central cells of the lattice (representing one
hectare of the crop �eld), in order to cover the area of occupation of the stink bugs (Figure 1B). The
parasitoid releases started on the �fth day after colonization by E. heros, and the other releases, when
performed (based on the simulated release strategy), occurred at intervals of seven days (Brasil 2019).

The simulations were carried out assuming two con�gurations of the biological dynamics of T. podisi,
separately. The �rst con�guration assumed that the parasitoid's offspring developed and adults
successfully emerged, while the second con�guration assumed that the offspring of the parasitoids were
eliminated when they emerged. This second con�guration aimed to evaluate the parasitoids released
under different strategies (which resembles control by chemical insecticides) since the �rst con�guration
does not allow a clear assessment of the effect of the release strategies, due to the large increase in
parasitoids (for more details see the Results section).

Model sensitivity

The sensitivity analysis assessed the importance of each T. podisi release parameter for e�ciency in
suppressing the E. heros population, according to the model. The values of three of the four release
parameters were �xed (according to the following arbitrarily de�ned base values: release in strips, two
releases, 7,000 parasitoids per release, and 25-m spacing between strips); and the value of the remaining
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parameter was varied; and the effect on the population of E. heros along the time steps was evaluated.
We performed 15 repetitions. For the release mode parameter, the release in strips was compared with the
release at points, while the other parameters were kept �xed according to the selected base scenario. For
the parameter number of releases, the model's responses were evaluated for 1 and 4 releases. For the
number of parasitoids per release, releases of 3,000 and 10,000 parasitoids were compared; and for the
spacing between strips, spacings of 5 m are 50 m were compared, always considering the other
parameters of the base scenario. Grid colonization by stink bugs was con�gured as described above,
taking into account the dynamics of the parasitoids, in which the offspring are eliminated as the adults
emerge.

The sensitivity of the model to variations in the dispersal capacity of adult and immature stages of E.
heros, and of adult stage of T. podisi on the stink-bug population over time was evaluated. The value of
the daily mean dispersal of immature and adults of E. heros was varied between 0.25 and 1.0 m, and the
value of the dispersal radius of T. podisi between 4 and 16 m. The base con�guration of parasitoid
release, the grid colonization, and the con�guration of the parasitoid dynamics were the same as
described above. As greater dispersal was simulated for both species, a lattice of 254 × 254 cells was
assumed to prevent insects from reaching the edges. We performed 15 repetitions.

Data analysis
We produced data for the total number of eggs, nymphs, and adults of E. heros and the immatures and
adults of T. podisi over the 80 time steps of each simulation. Evaluations and analyses were carried out
based on a number of stink bugs greater than or equal to 0.5 cm per cell of the egg parasitoid release
area (100 × 100 central cells), to evaluate the release strategies and simulations that contributed to
maintaining the stink-bug population below the established Economic Threshold (ET) in soybean, of 2
stink bugs (≥ 0.5 cm or from the third instar) per linear meter (Bueno et al. 2015), equivalent to 2 female
stink bugs (nymphs > 12 days old and adults) per cell (m²).

The hierarchical clustering technique was used to identify similarities among the 128 release strategies
of T. podisi plus the control, based on standardized data for the mean number of stink bugs (≥ 0.5 cm)
per cell of each strategy in the last time step. The dissimilarity matrix was calculated using the Euclidean
method, and the hierarchical clustering was performed using the Ward (1963) minimum variance method,
which showed the higher clustering coe�cient value (0.9943; values closer to one indicate a strong
clustering structure). All analyses were performed using the R software (R Development Core Team
2021).

Results

Release strategies
When stink bugs are not managed (control treatment), the population grows exponentially until the end of
the simulation, when it reaches an mean (± standard error) of 39.37 (± 0.13) stink bugs (≥ 0.5 cm) per
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cell or square meter (Figure 2A). This is about 18.2 times above the established ET (2 stink bugs ≥ 0.5
cm/meter), exceeded in the 26th time step after the arrival of stink bugs in the grid. The number of E.
heros eggs, nymphs, and adults showed delayed peaks from each other, resulting from the biological
dynamics of these stages. Peaks of eggs precede the peaks of nymphs as they hatch, and the adult peak
when the nymphs emerge, which in turn oviposit, producing a new peak of eggs higher than the previous
one. Then, the cycle restarts again (Figure 2B). Note that in this model, all development stages can occur
simultaneously in the same time step. The highest population (mean ± standard error) reached by stink
bugs in the simulations was 2,597,177.00 (± 9,495.64) eggs, 1,618,390.80 (± 4,784.84) nymphs, and
101,525.67 (± 348.62) adults, in time steps 78, 79 and 66, respectively.

All T. podisi release strategies carried out helped to reduce the stink-bug population below the ET at the
end of the crop cycle, when the offspring of the released parasitoids could emerge and also suppress the
stink-bug population (Figures 3 and 4). However, when only one release of 3,000 or 5,000 parasitoids was
performed, the E. heros population still exceeded the ET during the crop cycle for all release spacings
between points (Figure 3) and strips (Figure 4). A release of 3,000 female parasitoids per hectare did not
manage the stink-bug population. In addition, the release strategies of 5,000 parasitoids per release
spaced 50 m between points proved less e�cient in suppressing the stink-bug population compared to
other spacings (Figure 3).

Considering only the action of the released parasitoids, in which the offspring were eliminated when
emerging, clearer differences appeared between the release strategies, especially regarding the number of
releases (Figures 5 and 6). Only three or four parasitoid releases were able to prevent the stink-bug
population from growing above the ET, except for the lowest number of 3,000 parasitoids per hectare,
which was not able to maintain the number of stink bugs below ET even after four releases. Three
releases of 5,000 parasitoids per hectare per release at points spaced 50 m apart still allowed the stink-
bug population to increase above the ET (Figure 5), which was not observed for strip releases (Figure 6).

The dendrogram of the hierarchical cluster analysis (Figure 7) indicated six large groups, taking into
account the height equal to 2. The two groups on the right showed little difference from the control (third
group from the right). These two groups correspond to the release strategies that resulted in the highest
mean numbers of stink bugs (≥ 0.5 cm) per cell at the end of the simulations (Figure 7, row a). The three
groups from the right, which are also the least e�cient in suppressing the stink-bug population, mostly
composed used only one parasitoid release throughout the entire simulation. In contrast, the best group,
indicated by the red rectangle in Figure 7, was composed of the most e�cient T. podisi release strategies
for stink-bug management, which kept the pest population below ET. These best strategies used the
largest numbers of total parasitoids released (Figure 7, row b), with three and four releases (Figure 7, row
c) with at least 5,000 parasitoids per release (Figure 7, row d). It was not possible to identify a clear
pattern of clustering the strategies regarding spacing and release mode of the parasitoids (Figure 7, rows
e and f, respectively), as observed for the other factors.



Page 12/31

There is an asymptotic tendency toward reduction of the stink-bug population (≥ 0.5 cm) as the total
number of released parasitoids (product of the number of releases by the number of parasitoids per
hectare per release) increases, according to their release strategies (Figure 8). Thus, it appears that
releases of a total of 20,000 or 40,0000 parasitoids do not differ signi�cantly in their e�ciency in
suppressing an E. heros population, for the conditions considered in the model, although the �rst strategy
is �nancially more advantageous. Nevertheless, different strategies with similar numbers of total released
parasitoids differed signi�cantly in their ability to control the stink-bug population, highlighting the
importance of the con�guration of the release factors to establish e�cient strategies. In addition,
spacings of 5, 10, and 25 m between points or strips have very similar e�ciencies, compared to the 50-m
spacing for most of the strategies evaluated (means and respective standard errors are provided in Online
Resource 2, Table S1).

Model sensitivity
The sensitivity of the model to variations in the values of T. podisi release parameters, analyzed by the
variation in the number of stink bugs (≥ 0.5 cm) per cell throughout the soybean cycle, is shown in Figure
9. The model is not very sensitive to variation of the parasitoid release mode (red and blue lines
correspond to the release in points and strips, respectively), for the con�guration of two releases of 7,000
parasitoids with a spacing of 25 m. Similarly, the variation in spacing values (red and blue lines refer to
spacings of 5 and 50 m between release strips, respectively) had little in�uence on the model's response,
that is, on the suppression exerted by the parasitoids at the values tested. On the other hand, the model
was very sensitive to the variation in the number of parasitoids per release (red and blue lines correspond
to 3,000 and 10,000 parasitoids, respectively) and in the number of releases performed (red and blue lines
correspond to 1 and 4 releases, respectively), indicating that these are important parameters to determine
e�cient strategies to release egg parasitoids for the management of stink bugs.

Regarding the dispersal parameters of parasitoids and hosts, the model was more sensitive to the
dispersal capacity of T. podisi (Figure 10, red and blue lines correspond to dispersal radii of 16 and 4 m,
respectively) compared to the dispersal capacity of nymphs and adults of E. heros (red and blue lines
correspond to dispersal capacities of 1.0 and 0.25 m, respectively, for these stages), for the range of
values considered in the analysis. The model was similarly sensitive to dispersal of stink-bug nymphs
and adults. In addition, the simulations with higher dispersal values of the nymphs and adults showed
smaller populations of stink bugs, possibly because the higher dispersal increased the meeting ratio of
the parasitoids and the eggs of the stink bug.

Discussion
The results of this computational model provided important information to improve recommendations
about releases of T. podisi to manage E. heros in soybean �elds. Overall, our results indicated that T.
podisi has high potential as a biological-control agent for use in augmentative biological-control
programs and can be used successfully against E. heros. Successful results of egg-parasitoid releases
have also been reported for other scelionid species. For example, mass releases of Trissolcus basalis
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(Wollaston 1858) (Hymenoptera: Scelionidae) in soybean �elds resulted in signi�cant increases in
parasitism of eggs of Nezara viridula (Linnaeus, 1758) (Hemiptera: Pentatomidae) (Thomas 1972, Lee
1979). Years later, T. basalis was also reported as successful in an augmentative biological-control
program to control N. viridula in Brazil, adopted in the 1980s and 1990s in soybean �elds (Corrêa-Ferreira
2002). More recently, Bueno et al. (2020a) reported 70% parasitism of E. heros eggs after three
consecutive releases of T. podisi weekly, using pupae released in capsules or in bulk.

Despite those promising results, currently, stink bugs in soybeans are still controlled primarily through
insecticide applications (Bueno et al. 2021), which can be harmful to parasitoids and other biological-
control agents (Torres and Bueno 2018). However, comparing the results of simulations in which the
emergence of the released parasitoid offspring was considered with those in which the offspring were not
considered illustrated the importance of preserving biological-control agents, maintaining favorable
environmental conditions for the survival and development of populations of these agents for more-
e�cient management of the pest insect. These conditions can only exist with a more sustainable pest-
management system, Integrated Pest Management (IPM) (Bueno et al. 2021). Using chemical
insecticides selective to natural enemies (Torres and Bueno 2018), reducing the number of pesticide
applications with the use of ETs (Bueno et al. 2013), diversi�cation of pest-control strategies, and
conserving nutritional resources for parasitoid adults (i.e., nectariferous plants close to the crop) can
preserve biological-control agents (Tillman et al. 2015; Pazini et al. 2019) and reduce the use of
insecticides in soybean IPM (Bueno et al. 2021). Thus, in a favorable environment for survival of the
offspring of released parasitoids (simulations that considered the offspring of the released parasitoids),
carrying out just one release of 7,000 females of T. podisi or two releases of 3,000 females of the
parasitoid may be enough to maintain the E. heros population below the ET throughout the entire
soybean cycle, according to the conditions assumed in our simulations.

There was no signi�cant difference between strategies with more than one release of 5,000 or more
females when considering the offspring of the released parasitoids, due to the large population growth of
these parasitoids during the simulation, since the parasitoid development cycle is faster than the E. heros
cycle (Chevarria et al. 2013). In these strategies, the parasitism capacity of the T. podisi population
exceeds the number of eggs laid by the stink bugs, extinguishing the pest population during the
simulation. Thus, from a theoretical perspective, the limiting factor differentiating the e�ciency of the
parasitoid release strategies in the model was the size of the stink-bug population assumed for the
simulations (for the con�guration in which the parasitoid offspring are not eliminated at emergence),
which in turn depends on the initial number of adults that colonize the grid. However, since the simulation
results only re�ect the action of the parasitoids effectively released in the crop, we decided to study
release strategies based on simulations in which the offspring of the parasitoids are eliminated from the
model upon emergence.

The release strategies capable of maintaining the stink-bug population below the ET were those that
released at least 15,000 female adults of T. podisi per hectare in total (considering all releases), based on
the simulations in which the offspring of the parasitoids were not considered. However, the way that
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these parasitoids are released throughout the crop cycle is essential for successful management. For
example, two releases of 10,000 females per hectare, totaling 20,000 females, were less e�cient in
suppressing the stink-bug population than three releases of 5,000 females, totaling 15,000 females per
hectare. The importance of the number of releases and the number of parasitoids per release to the
e�ciency of the release strategy can be better observed in the sensitivity analysis. This clearly indicates a
�eld scenario in which the number (density) of released insects and the pest density are among the most
important variables that affect the parasitism and �eld e�ciency of egg parasitoids in augmentative
biological-control programs (Parra 2014). The greater longevity of E. heros females and their constant
migration from neighboring areas (not considered in this model) allows the stink bugs to oviposit longer
than the period of signi�cant parasitism of the T. podisi population from a single release. Thus, the higher
e�ciency of release strategies that distribute the parasitoids in three or four releases can be explained by
the successive supply of young T. podisi females – which have the highest parasitism capacity in the
�rst days after emergence (Rocha 2016; Silva et al. 2018) – during the �rst population peak of E. heros
eggs. Furthermore, it is important to balance the number of parasitoids per release so that the daily
parasitism capacity of the released population does not excessively exceed the population of stink-bug
eggs available for parasitism. Therefore, conducting more releases (in order to cover the �rst peak of E.
heros oviposition) with fewer parasitoids in each release (depending on the level of infestation by the
pest) can more e�ciently use the parasitoids released by allowing the parasitism capacity of this
population to more closely approximate the number of host eggs available for parasitism. Therefore, for
future �eld release studies with T. podisi, it is recommended to test strategies with three or four releases
with 5,000 or more females per hectare, since the other strategies were not capable of maintaining the E.
heros population below the ET, for the level of stink-bug infestation assumed in the model. This
recommendation is similar to that indicated in the reference speci�cation for the use of T. podisi in Brazil
(Brasil 2019), which suggests three releases of approximately 4,550 female parasitoids per hectare
(assuming a sex ratio of 0.7). Bueno et al. (2020a) achieved satisfactory control of an E. heros
population when they performed three releases of 6,250 T. podisi pupae (approximately 4,375 females,
assuming a sex ratio of 0.7) at seven-day intervals. Sá et al. (1993) concluded that higher e�ciency in the
management of Helicoverpa zea (Boddie, 1850) (Lepidoptera, Noctuidae) in maize with the egg
parasitoid Trichogramma pretiosum Riley, 1879 (Hymenoptera: Trichogrammatidae) is achieved with
three or more releases spaced 4 to 7 days apart, similar to the recommended strategies for T. podisi
based on the model.

From an economic perspective, the best release strategies are those that maintain the stink-bug
population below the ET at the lowest cost. Clearly, for the level of infestation of E. heros assumed in the
model, releases of more than 20,000 total parasitoids per hectare (number of parasitoids per release per
hectare multiplied by the number of releases) may not signi�cantly increase the e�ciency in suppressing
the E. heros population to the point of offsetting the increased cost of the strategy, which was not
quanti�ed in this study. Field studies are needed to validate these results.

Although the spacing between releases in points or strips of T. podisi affected the e�ciency of
suppressing the stink-bug population less than the number of releases and number of parasitoids per
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release per hectare, its importance cannot be underestimated. For example, the strategy of four releases
of 5,000 parasitoids per hectare at points spaced 50 m apart resulted in a �nal E. heros population 16.6
times larger than the same strategy with a point spacing of 25 m. Therefore, since spacings from 5 to 25
m differ little in e�ciency in suppressing the stink-bug population, we recommend that �eld studies of T.
podisi releases use the spacing of 25 m for release modes in both points and strips, for more-e�cient use
of the parasitoids. The e�ciency of the strategies regarding these two release modes was little affected
by the spacings of 5, 10 and 25 m, as also observed by Bueno et al. (2020a) when comparing the release
of capsules containing T. podisi pupae and the release of individual pupae in strips. This result suggests
that releases can be carried out both ways, depending on the method available to the farmer or which one
is more economical.

Since the mean daily dispersal capacity of E. heros is not known, the lower sensitivity of the model to this
parameter for both the nymph and adult stages of stink bugs is desirable, due to its small impact on the
results of the release strategies studied. This can be explained by the higher dispersal capacity of the
parasitoid in relation to the host, so that the mean dispersal values   tested did not allow the stink-bug
population to move far enough from the area of   occupation of T. podisi that signi�cant differences would
be observed in the e�ciency of stink-bug population suppression. Therefore, the ability to colonize the
area occupied by   the E. heros population was more affected (and therefore dependent) by the difference
between the dispersal capacity of the host and the parasitoid, using the intervals tested.

The parasitoid releases simulated here started when the arrival of E. heros adults in the grid was detected,
not when the population reached the ET of 2 stink bugs (≥ 0.5 cm) per linear meter. This ET was de�ned
based on the use of chemical control (Bueno et al. 2015), which can act directly on the population of
nymphs and/or adults and effect more immediate control, compared to management with parasitoids
that control the egg stage of the pest. Therefore, planning the best release time for T. podisi needs to
consider the stage of the pest and the length of time required for the parasitoids released to effectively
suppress the pest. Therefore, when releasing egg parasitoids, one must manage the egg population of the
stink bug, to maintain it below a threshold that in the future would produce a population of nymphs and
adults that would cause signi�cant losses to the crop. Detection of the arrival of E. heros in the �eld as a
criterion to initiate T. podisi releases is useful to suppress the �rst peak of eggs laid by the colonizing
stink bugs and to prevent the pest population from growing, in addition to providing parasitoids that can
remain in the area until harvest, if they �nd favorable conditions. However, �eld studies with T. podisi are
still needed to better de�ne the optimum time for parasitoid release (not addressed in this study) and to
determine the appropriate ET for this management tactic.

Despite the importance of the computational model developed here, it important to consider the
limitations and the scope of the proposed model when analyzing the results. This is a theoretical model
developed from data on the biology of the parasitoid and host studied in the laboratory, with insect
populations obtained from the central-south region, under controlled conditions of temperature, humidity,
and photoperiod (Azambuja et al. 2013; Silva et al. 2018; Michereff et al. 2019; Possebom et al. 2020).
Although stochastic, the model does not consider the action of biotic agents, such as natural enemies of
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T. podisi and E. heros, and abiotic factors, such as precipitation, �uctuations in temperature and humidity,
wind speed and direction, and even the application of pesticides, which can in�uence the survival and
fecundity of the insects and the e�ciency of management using the parasitoid (Nakama and Foerster
2001; Pomari-Fernandes et al. 2018; Pazini et al. 2019; Grande et al. 2021). The effects of intra- and
interspeci�c competition for T. podisi and E. heros were also not considered. We simulated an extremely
high level of infestation to ensure that the best strategies indicated by the model can control the most
diverse levels of infestation observed in soybean �elds. The control stink-bug population (no release) was
slightly larger than the largest populations detected by Souza et al. (2018) and Marques et al. (2019) for
the same crop stage. The �rst population peak occurred between 30 and 40 days after stink-bug
colonization, as also observed by Fonseca et al. (2014) and Souza et al. (2018), but which was later
surpassed at the end of the simulation by the offspring of the second generation of stink bugs. However,
this theoretical population increase at the end of the simulation is not usually observed in �eld
populations. It depends on the duration of the crop cycle (to provide su�cient time for the stink bugs to
develop and reproduce) and the intensity of stink-bug migration to alternative plants and adjacent crops
during the soybean growth and ripening (Corrêa-Ferreira and Panizzi 1999), not considered in the model.

The choice of the best release strategies evaluated here was based only on their capacity to reduce the E.
heros population throughout the simulations. However, for effective implementation in the �eld, it is
necessary to consider the costs associated with each strategy and to test its e�ciency in the �eld, in
order to choose the strategy with the optimum cost-bene�t ratio for the farmer. Furthermore, management
by releasing parasitoids is only one of the control methods that comprise IPM, and it is essential to use
other tactics for sustainable and e�cient management of E. heros in soybean (Bueno et al. 2020a).
Among these are conservation of its natural enemies, cultivars tolerant to stink-bug attack, and when
necessary, chemical control with selective insecticides (Bueno et al. 2021). The success of biological
control depends on effective monitoring of the pest population to detect its arrival in the crop and
implement management tactics at the most appropriate time, according to the target stage of the
biocontrol agent (Crowder 2007). These considerations aside, our study is the �rst to compare 128
different T. podisi release strategies in addition to a control (without release), a range of strategies that
could only be compared using computational models. The release strategies recommended by our model
showed a satisfactory similarity to the release strategies recommended in the literature for T. podisi,
evidencing its ability to capture and faithfully reproduce general characteristics of biological systems.
However, �eld studies using the recommendations proposed by the model are still needed for proper
implementation by producers for the management of E. heros. Overall, our results allow the conclusion
that the release strategies capable of maintaining E. heros population below the ET were those that
released a total of at least 15,000 female parasitoids per hectare, with three to four releases of 5,000 or
more adult females of T. podisi per hectare, at points or strips spaced 25 m apart.
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Figure 1

Spatial con�guration of the Telenomus podisi release points and strips as a function of the spacing
between points and strips de�ned according to the release strategies (a). Two-dimensional representation
of the grid (and its border in black), the Euschistus heros release area for colonization of the grid at time
step 0, and the virtual T. podisi release area [within which the release points (gray dots) or strips were
distributed, according to the con�gurations shown in a] (b)
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Figure 2

Mean number of stink bugs (≥ 0.5 cm) per cell of the 100 × 100 central cells of the grid (a), and mean
total populations of eggs, nymphs, and adults (b) of Euschistus heros over 80 time steps (days) in a
soybean crop when no release of Telenomus podisi is performed. Dashed line in A indicates the
Economic Threshold for E. heros control de�ned for a soybean crop

Figure 3
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Population of Euschistus heros (≥ 0.5 cm) per cell over 80 time steps as a function of the Telenomus
podisi release strategies for a point release mode, considering the parasitism of the released parasitoids’
offspring. Release parameters represented: spacing between points (values   indicated at the top), number
of releases (lines, values   indicated on the right), and number of parasitoids per hectare (colors indicated
in the legend). Dashed line indicates the Economic Threshold (2 female stink bugs ≥ 0.5 cm per m²) for
E. heros control de�ned for a soybean crop

Figure 4

Population of Euschistus heros (≥ 0.5 cm) per cell over 80 time steps as a function of the Telenomus
podisi release strategies for a strip release mode, considering the parasitism of the released parasitoids’
offspring. Release parameters represented: spacing between strips (values   indicated at the top), number
of releases (lines, values   indicated on the right), and number of parasitoids per hectare (colors indicated
in the legend). Dashed line indicates the Economic Threshold (2 female stink bugs ≥ 0.5 cm per m²) for
E. heros control de�ned for a soybean crop
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Figure 5

Population of Euschistus heros (≥ 0.5 cm) per cell over 80 time steps as a function of the Telenomus
podisi release strategies for a point release mode, considering only the parasitism performed by the
released females (the offspring of the parasitoids were eliminated when they emerged). Release
parameters represented: spacing between points (values   indicated at the top), number of releases (lines,
values   indicated on the right), and number of parasitoids per hectare (colors indicated in the legend).
Dashed line indicates the Economic Threshold (2 female stink bugs ≥ 0.5 cm per m²) for E. heros control
de�ned for a soybean crop
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Figure 6

Population of Euschistus heros (≥ 0.5 cm) per cell over 80 time steps as a function of the Telenomus
podisi release strategies for a strip release mode, considering only the parasitism performed by the
released females (the offspring of the parasitoids were eliminated when they emerged). Release
parameters represented: spacing between strips (values   indicated at the top), number of releases (lines,
values   indicated on the right), and number of parasitoids per hectare (colors indicated in the legend).
Dashed line indicates the Economic Threshold (2 female stink bugs ≥ 0.5 cm per m²) for E. heros control
de�ned for a soybean crop
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Figure 7

Hierarchical clustering of the 128 release strategies of Telenomus podisi plus the control (third branch
from the right) as a function of the mean number of stink bugs (≥ 0.5 cm) per cell – classes of values   
indicated in the legend (a) in the last time step of the simulations of each strategy. Colored dots describe
the con�guration of each parameter (rows b to f) that make up the parasitoid release strategies, whose
values   are given in the legends. The dashed horizontal line was arbitrarily used to separate groups of
strategies that are most similar to each other. Red rectangle indicates the group of strategies that best
suppressed the population of Euschistus heros, whose strategies are described in the lower box [release
mode (p – points; s – strips): number of releases: number of parasitoids per release: spacing between
points or strips]
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Figure 8

Number of Euschistus heros (≥ 0.5 cm) per cell in time step 79 as a function of the total number of
Telenomus podisi females released (product of the number of releases by the number of parasitoids per
hectare) according to their different release strategies. Dashed line indicates the Economic Threshold (2
female stink bugs ≥ 0.5 cm per m²) for E. heros control de�ned for a soybean crop
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Figure 9

Model sensitivity to changes in Telenomus podisi release parameters and effects on the Euschistus heros
population (≥ 0.5 cm) per cell over 80 time steps. Red lines: point releases (top left); one release (top
right); 3,000 parasitoids per hectare per release (bottom left); and 5-m spacing between strips (bottom
right). Blue lines: strip release (top left); four releases (top right); 10,000 parasitoids per hectare per
release (bottom left); and 50-m spacing between strips (bottom right)
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Figure 10

Model sensitivity to variation in the values   of the dispersal parameters of Telenomus podisi adults (red
and blue lines correspond to the dispersal radius of 16 and 4 m, respectively), nymphs and adults of
Euschistus heros (red and blue lines correspond to the dispersal capacity of 1.0 and 0.25 meters,
respectively, for both stages of development) over the mean stink bug population (≥ 0.5cm) per cell or m²
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