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Abstract
The obscure mealybug, Pseudococcus viburni, is a serious agricultural pest worldwide. The biological control in commercial 
fields of P. viburni relies on predators and parasitoids, in particular the generalist coccidophagous ladybird Cryptolaemus 
montrouzieri and the specific parasitoid Acerophagus flavidulus. However, these two natural enemies can establish an 
intraguild predation interaction, reducing the efficiency of biological control. Cryptolaemus montrouzieri may negatively 
impact the population dynamics of A. flavidulus if it feeds indifferently on healthy and parasitized mealybugs. With the aim of 
improving the biological control of P. viburni, in this work, we studied the feeding behavior of C. montrouzieri in the absence 
or presence of A. flavidulus larvae of different age within mealybugs, in laboratory conditions. Subsequently, with the data 
obtained, we mathematically modeled the dynamics of P. viburni to study the impact on P. viburni control of different field 
implementation schedules for the release of ladybird and parasitoid populations. The ladybird fed on parasitized P. viburni 
but reduced its consumption when they were infested by parasitoids aged of 4 days or more. Modeling results suggest that 
these feeding preferences of predators may have a positive impact on pest control, that releasing predators and parasitoids 
together is in general more effective than releasing them independently, and that releasing highly effective predators alone 
could be the best choice. Modeling results also provide information on different release schedules.
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Introduction

The first successful case of biological control dates from 
1888, when a small number of individuals of the ladybird 
Rodolia cardinalis (Mulsant) were released to control the 
invasive scale Icerya purchasi Maskell (De Bach 1965). 
Since then, biological control of pests has improved, 
becoming another alternative available to producers to 
control pests by releasing mass-reared natural enemies 
(Parra and Coelho 2022), with even more than one natu‑
ral enemy species commercially available for some pest 
species. When there is more than a natural enemy avail‑
able, the question that arises is how many biological con‑
trol agents do we need to control an insect pest (Myers 
et  al. 1989). Some authors have described an additive 
effect of more than one natural enemy that tends to favor 
biological control (Cardinale et al. 2003; Aquilino et al. 
2005; Straub and Snyder 2008), while other studies have 
reported a decreased efficiency of pest control with mul‑
tiple releases (Rosenheim et al. 1993; Ferguson and Stil‑
ing 1996; Takizawa et al. 2000). A meta-analysis of 25 
successful projects involving the release of multiple bio‑
logical control agents release projects against insect pests 
revealed that only 44 % had two to four species responsible 
for success, and 56 % of these projects had only one spe‑
cies responsible for success (Denoth et al. 2002). These 
results depend mainly on interactions between natural ene‑
mies, especially a trophic interaction with each other such 
as parasitism or predation, also called Intraguild Predation 
(IGP) (Rosenheim et al. 1995; Snyder et al. 2004). One of 
the most representative intraguild predation interactions 
that can affect the result of biological control is preda‑
tors-parasitoids (Weber and Lundgren 2009). Immature 
parasitoids within their hosts are particularly vulnerable 
to predation by predators (Snyder et al. 2004) as the latter 
rarely discriminate between parasitized and unparasitized 
prey (Colfer and Rosenheim 2001; Bilu and Coll 2007), 
although this may depend on the age of the parasitoids 
because pupae or mummies tend to be less preferred than 
developing host larvae (Chong and Oetting 2007).

Release timing is of crucial interest when agricultural 
producers choose biological control as the strategy to 
control pests (Abell et al. 2020). A growing methodol‑
ogy to decide release timing of natural enemies is the use 
of mathematical models (Pfab et al. 2018). Mathematical 
models have emerged as a useful tool to predict the out‑
put of biological control in integrated pest management 
programs. Among the studies using mathematical models 
to gain insight into the biological control of insect pests 
(Mills and Getz 1996), many are based on the continuous-
time framework of the Lotka-Volterra model (Lotka 1925; 
Volterra 1926) and include different functional responses 

for parasitism or predation (Royama 1971; Holling 1959; 
Rogers 1972). For example, a recent article uses a differ‑
ential equations system to model a three-way pest-parasi‑
toid-predator interaction to control Tuta absoluta, a pest 
of tomato crops from South America, showing that the 
joint use of parasitoids and predators is the best option to 
control the pest (Rubio et al. 2022). In (Molter et al. 2023), 
the authors study the interaction between Diatraea sac-
charalis, key sugarcane pest, and its parasitoids through a 
system of differential equations, describing the dynamics 
of the host- parasitoid and implementing different optimal 
control strategies.

The dynamics of some evolving processes are subject 
to abrupt changes, involving perturbations of insignificant 
duration compared with the development of continuous 
dynamics. Such perturbations are represented by pulses and 
give rise to the so-called Impulsive Differential Equations 
(IDE). These types of equations have been used to model 
problems in physics, ecology, biological systems, epide‑
miology, and others (Benchohra et al. 2006; Córdova-Lepe 
et al. 2012; Gutiérrez-Jara et al. 2020, 2023). There are also 
models of IDE based on Lotka-Volterra systems, such as two 
models presented in (Tang and Chen 2004) about general 
pest management. In (Shi et al. 2009), the authors present 
an IDE model for integrated pest management, with disease 
in the prey and pulse release of an infective prey population.

Pseudococcus viburni is a mealybug that is widespread 
throughout the world and feeds on a wide range of hosts 
(Walton and Pringle 2004; Culik and Gullan 2005; da Silva 
et al. 2017). Damage caused by this mealybug includes 
direct damage produced by feeding, economic losses due 
to a depreciation of fruit commercial value (induced by 
the development of sooty mold on honeydew secreted by 
the mealybug), and virus transmission (Golino et al. 2002; 
Mathulwe et al. 2021). In several countries, biological con‑
trol is an alternative for integrated pest management of P. 
viburni. The main parasitoid used is the specific gregarious 
endoparasitoid Acerophagus flavidulus (Daane et al. 2008; 
Pacheco da Silva et al. 2021), and the main predator is the 
generalist coccidophagous coccinellid, Cryptolaemus mon-
trouzieri, that also feeds on several other mealybugs, i.e., 
Planococcus citri Risso, Maconellicoccus hirsutus Green, 
Ferrisia virgata Cockerell and Heliococcus bohemicus Šulc 
(Hamid and Michelakis 1994; Kairo et al. 2000; Kreiter et al. 
2004; Li et al. 2021).

Even if for decades A. flavidulus and C. montrouzieri 
have been promoted and sold as the best biological control 
agents for P. viburni, no mathematical modeling has been 
used to describe their dynamics and intra-guild predation, 
and to explore the best release timing for pest control. In this 
study, our aim is to pave the way for improving the control 
of P. viburni in vineyards using the most widely available 
biological control agents for this species, A. flavidulus and 
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C. montrouzieri. To do so, we: (i) study and characterize the 
intraguild predation of these two natural enemies in labo‑
ratory conditions by investigating the predation behavior 
of C. montrouzieri on P. viburni larvae parasitized by A. 
flavidulus of different age categories, and (ii) we present a 
mathematical model of impulsive differential equations that 
describes the dynamics of P. viburni populations, taking into 
account the effects of the interacting predator and parasitoid, 
to study their impact on the control of P. viburni under dif‑
ferent release schedules described by pulses.

Materials and methods

Insect rearing

The mealybug, parasitoid and predator populations used in 
this study were previously identified with molecular tools. 
The P. viburni population was initially founded with indi‑
viduals collected from various apple orchards and straw‑
berry greenhouses of Southern France. The mealybugs in 
the laboratory were reared on sprouted potato tubers placed 
in hermetic but ventilated plastic boxes placed inside a cli‑
matic room at 25 ± 1 ◦ C and 70 ± 10% of relative humid‑
ity (hereafter referred to as RH) in the dark. Potato tubers 
for mealybug rearing were harvested in autumn in southern 
France and placed in the dark for at least two months at 4± 
1 ◦ C. They were regularly moved at 15 ± 1 ◦ C for two up to 
3 months to facilitate germination. Finally, they were kept 
for two to three months at 25 ± 1 ◦ C to obtain long and thick 
sprouts.

Populations of A. flavidulus were obtained from para‑
sitized mealybugs collected in an apple orchard in Manosque 
(South East of France). Second instar (L2) and third instar 
(L3) P. viburni larvae, the preferred development stage for 
the A. flavidulus egg-laying (Karamaouna and Copland 
2000), were used as hosts. They were reared in boxes similar 
to their hosts, but with slightly different abiotic conditions 
(25 ± 1 ◦ C, 50 ± 10% RH and a 16 h:8 h light:dark photo‑
period). Small honey droplets were deposited on the box lid 
to ensure the nutrition of adult parasitoids.

Cryptolaemus montrouzieri was obtained in the same 
apple orchard as A. flavidulus and reared on P. viburni at 
INRA Sophia Antipolis (France) since 2001 using P. viburni 
as prey. Abiotic conditions were similar to those of A. fla-
vidulus except for the relative humidity (60 ± 10%). Water, 
honey, and pollen were given to adult ladybirds as comple‑
mentary resources.

Experimental setup

This experiment aimed to investigate the predation by C. 
montrouzieri on parasitized P. viburni by A. flavidulus 

of various age categories. First, we prepared parasitized 
mealybugs to be used in the experiment by using second or 
third instar larvae (L2 and L3) of P. viburni during 24 h by 
2-days-old parasitoids with a mealybugs:parasitoid ratio of 
1:5 to 1:10. These ratios of natural enemies: mealybugs were 
chosen according the biology of the parasitoid, A. flavidulus 
is a gregarious parasitoid that parasitize with a high number 
of eggs a reduced number of mealybugs (Karamaouna and 
Copland 2000). Parasitism was controlled through random 
mealybug dissection to verify parasitism, and 99.7 percent 
of dissections showed effective parasitism. Under these con‑
ditions, the pre-imaginal development time of A. flavidu-
lus was approximately 22 days (Karamaouna and Copland 
2009). For predators, third instar larvae of C. montrouzieri, 
previously starved for 24 h, were used, as this stage of devel‑
opment is known to be more voracious than adults (Rashid 
et al. 2012) and less fragile than younger larvae.

After parasitism, parasitoids were left to develop inside 
mealybugs for 1, 4, 8, 12, or 16 days (hereafter called M1, 
M4, M8, M12 and M16) before exposing them to preda‑
tion by the ladybird. A control group, with unparasitized 
mealybugs, was also prepared (M0). No-choice experiments 
were carried out in plastic boxes with 15 repetitions each. 
Each box contained five mealybugs belonging to one of the 
days group (M0 to M16) and one predator. Cryptolaemus 
montrouzieri was left for 48 h in each box. We counted the 
number of remaining live mealybugs in each box at five 
observation times (T): 1.5 h (T1.5), 3 h (T3), 5 h (T5), 7 h 
(T7), 24 h (T24) and 48 h (T48). Abiotic conditions were 
maintained at 25 ± 1 ◦ C, 50 ± 10% RH and 16 L: 8D.

To prevent confounding effects between age and time, 
two experimental designs (hereafter referred to as “design 
A” and “design B”) were used:

–	 Design A: P. viburni larvae were simultaneously exposed 
to the parasitoid, so the exposure to predator was realized 
on different days.

–	 Design B: groups of mealybugs were exposed to parasit‑
ism on several dates to provide all the parasitized mealy‑
bugs (M0 to M16) to the ladybird the same day.

Statistical analyses

A generalized linear mixed model was used to analyze the 
proportions of mealybugs preyed upon by C. montrouzieri 
with the LME4 package of R (R Development Core Team, 
2011). Our model was > model1< − lmer(cbind(t15, 5-t15) 
ddpi + (1|modalite), family=binomial, data=crypto). The 
model was the same at each observation event. The depend‑
ent variable was the number of preyed mealybugs (negative 
binomial distribution). The age mealybug group was con‑
sidered as a fixed effect, while the “design” (corresponding 
to a block effect with variations in the physiological states 
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of the mealybug and parasitoid ) was considered a random 
effect. Post-hoc least-square means pairwise differences 
were examined to check whether the proportions of preyed 
mealybugs parasitized for 1, 4, 8, 12 and 16 days were differ‑
ent to the proportion of unparasitized mealybugs that were 
preyed upon by the predator. All analyzes were performed 
with the LME4 procedure of SAS, with the negative bino‑
mial distribution.

Mathematical model

Systems of differential equations have been widely used 
to model natural phenomena, which, given the possibility 
of non-experimentation, have served as an essential tool to 
understand the evolution of the phenomenon. The biological 
control release of C. montrouzieri and A. flavidulus hap‑
pens only from time to time. However, the damage caused 
by P. viburni occurs in continuous time, so it is advisable 
to model the dynamics between P. viburni populations and 
their predator and parasitoid populations through IDE.

The model described by the schematics in Figs. 1 and 2 
is a model of coupled impulsive differential equations given 
in system (1) with positive initial conditions. The P. viburni 
population is divided into larval stages (parasitized and non-
parasitized) and one adult stage. In particular, as shown in 

Fig. 1   The schematic shows 
the flow between the states of 
parasitized ( Vi , i ∈ {1, 2, 3} ) 
and non-parasitized ( Vl,VL,VA ) 
stages of larval ( Vl , VL ) and 
adult ( VA ) populations of P. 
viburini, and the population of 
A. flavidulus ( FA ). The solid 
arrows represent transitions 
between compartments, whereas 
the dotted arrow represents the 
pulse release of A. flavidulus 
into the system for the biologi‑
cal control of P. viburni 

Fig. 2   The schematic shows the flow between the larval stage ( Cl ) 
and the adult stage ( CA ) of C. montrouzieri. The solid arrows rep‑
resent transitions between compartments, whereas the dotted arrow 
represents the pulse release of C. montrouzieri into the system for the 
biological control of P. viburni 

Table 1   Description of 
variables from the model in 
system (1)

v:=P. viburni, f:=A. flavidulus, m:=C. montrouzieri

Variable Description Units

P. viburni
Vl(t) Non-parasitized population at larval stage 1 at time t v
VL(t) Non-parasitized population at larval stages 2 and 3, at time t v
VA(t) Non-parasitized population at adult stage, at time t v
V1(t) Population parasitized for up to 4 days, at time t v
V2(t) Population parasitized for between 4 and 12 days, at time t v
V3(t) Population parasitized for more than 12 days, at time t v
A. flavidulus
FA(t) Population at adult stage, at time t f
C. montrouzieri
Cl(t) Population at larval stage, at time t m
 CA(t) Population at adult stage, at time t m
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Fig. 1, Vl represents the non-parasitized population in the 
first larval stage, with recruitment rate ΛV , which can then 
transition into non-parasitized larval stages 2 and 3 at a rate 
�1 , represented by VL . The latter can subsequently progress 
to the adult stage, denoted by VA , at a rate �2 . The average 
time P. viburni remains in the larval stage Vl before transi‑
tioning to the next larval stages, and without dying or being 
parasitized, is denoted by 1∕�1 . Equivalently, 1∕�2 denotes 
the average time spent in larval stages 2 and 3 ( VL ) before 
becoming an adult ( VA).

Parasitism by A. flavidulus, whose population is repre‑
sented by FA , occurs mainly in larval stages 2 and 3 ( VL ) of 
P. viburni. We assume that parasitism at these stages occurs 
at a rate � , transitioning to stage V1 , which represents para‑
sitized mealybug larvae that have been parasitized for up to 
four days. V2 and V3 represent the stages of parasitism that 
have lasted between 4 and 12 days and more than 12 days, 
respectively. Thus, 1∕�1 and 1∕�2 are the average times spent 
in the stages V1 and V2 , without dying, before transitioning 
to the next parasitized stage. It is during state V3 that A. fla-
vidulus ( FA ) emerges from its host at a rate ΛF . Therefore, 
and since A. flavidulus needs P. viburni to develop, in our 
model the population of A. flavidulus ( FA ) is considered an 
additional stage of P. viburni development, and hence share 
population units.

In addition, A. flavidulus ( FA-compartment) increases at 
certain times (pulses) ( tn in system (1)) by human release 
of these wasps into the system, as biological control, at an 
incremental factor ΨF . The natural mortality of A. flavidulus 
is denoted by dF ; similarly, for P. viburni, the natural mortal‑
ity is denoted by di , with i ∈ {l, L,A, 1, 2, 3} , whose subscript 
represents the respective compartment. The different stages 
associated with P. viburni are affected by the predation by C. 
montrouzieri, expressed by the Holling’s Type II functional 
response hi = pi(Vi∕(k + Vi)), i ∈ {l, L,A, 1, 2, 3} , with pi 
representing a predation preference for the i-th stage of P. 
viburni and k a constant. Thus, hiNc corresponds to preda‑
tion force, where Nc corresponds to the total population of 
C. montrouzieri.

Figure 2 explicitly presents the dynamics of C. montrouz-
ieri, where Cl and CA denotes the population of larval and 
adult stages, respectively ( Nc = Cl + CA ). Λc and 

∑
�ihiNc 

are the natural birth rate and the translation of the benefit of 
predation for C. montrouzieri, respectively, both contribut‑
ing to the larval stage Cl . This state ( Cl ) is affected by natural 
death, dcl , and death by cannibalism following larval over‑
population, expressed by Θ = �[NC∕K] , where [⋅] represents 
the integer part function and K the carrying capacity. The 
average time spent in the larval stage without dying is given 
by 1∕� , before transitioning to the adult stage. The adult 

stage, CA is impaired by natural death, dca , and its population 
is augmented by humans’ release of C. montrouzieri into 
the system on certain times (pulses) ( tm in system (1)), at an 
incremental factor Ψc.

The positive initial conditions of system (1) are 
denoted by Vi(0) = V0,i , i ∈ {l, L,A, 1, 2, 3} , FA(0) = F0,A , 
Cl(0) = C0,l , CA(0) = C0,A , and Tables  1 and 2 describe, 
respectively, the variables and parameters of the model.

Results

Predation behavior of  Cryptolaemus montrouzieri 
on parasitized Pseudococcus viburni

The parasitism rate of P. viburni larvae by A. flavidulus, 
estimated through dissection and direct observation of the 
parasitoid inside the mealybug, was 99.7% ( n = 290 ), con‑
firming that the mealybugs used for the experiments had a 
parasitism rate close to 100%. The results of the coccinel‑
lid predation behavior according to parasitism age (M) are 
represented by the average number of mealybugs remain‑
ing in boxes for each observation time (Fig. 3).

There was no significant difference in consumed mealy‑
bugs by the predator between experimental designs. Preda‑
tion on mealybugs not parasitized (M0) or parasitized for 
one and four days (M1 and M4, respectively) was com‑
plete, with an average of 0 mealybugs remaining after 
exposition to C. montrouzieri. For mealybugs parasitized 
for 8, 12, or 16 days (M8, M12, and M16), an average of 
1, 2, and 4 mealybugs remained (Fig. 3; Design A and 
Design B), respectively. There was no difference between 
the proportion of remaining mealybugs when mealybugs 
were infested by one-day old parasitoids (M1 category) 
or were not infested (M0), whatever the observation time 
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( 0.08 < P < 0.17 ). Those infested by 4-days old para‑
sitoids (M4) were significantly less consumed than the 
control group (M0) until observation time T7 ( P < 0.002 
at observation times T1.5, T3, T5, T7; P > 0.90 at T24 

and T48) (Fig. 3). Those infested by 8-days old or older 
parasitoids (M8, M12, M16) were consumed less than the 
control group (M0) at each observation event ( P < 0.0001 
in all cases) (Fig. 3).

Table 2   Description of parameters from the model in system (1)

i ∈ {l, L,A, 1, 2, 3} .       d:=day, v:=P. viburni, f:=A. flavidulus, m:=C. montrouzieri

Parameter Description Units Baseline Value Reference

Pseudococcus viburni
ΛV Recruitment rate vd

−1 [1/30, 1/2]
∑
i

di
Waterworth et al. (2011)

1∕�1 Mean larval duration in Vl 
before

transitioning to VL d [2, 4] 3 –
1∕�2 Mean larval duration in VL 

before
transitioning to VA d [4, 8] 6 –

� Parasitization rate of P. viburni
by A. flavidulus d

−1 f−1 [1/10, 1] 0.5 Karamaouna and Copland (2009)
1∕�1 Mean larval duration in V1 

before
transitioning to V2 d [0,4] 4 –

1∕�2 Mean larval duration in V2 
before

transitioning to V3 d [4,12] 8 –
di Natural mortality rate d

−1 [1/22,1/2] i l L A 1 2 3

0.25 0.5 0.071 0.5 1 1.5

–

pi Predator preference proportion 
for the

ith stage of P. viburni [0,1] i l L A 1 2 3

0.23 0.23 0.23 0.23 0.07 0.01

k [1,∞[ 1000 –
Acerophagus flavidulus
ΛF Recruitment rate d

−1 – 1∕(15 − (1∕�1 + 1∕�2)) Mathulwe et al. (2021)
dF Natural mortality rate d

−1 [1/12, 1/8] 0.1 –
ΨF  Release incremental factor.  Unitless –  Number released

FA(tn)
 Author chosen

Cryptolaemus montrouzieri
ΛC Recruitment rate cd

−1 [1/14, 1/7] 0.1 Mathulwe et al. (2021)
�i Predation conversion rate from 

P. viburni
to C. montrouzieri d

−1 [0,1] 0.001 –
� Cannibalism rate d

−1 [0,1] 1
1∕� Mean larval stage duration 

before
becoming adult d [20, 30] 25 –

dca Natural mortality rate of adults d
−1 [1/50, 1/40] 0.02 –

dcl Natural mortality rate of larvae d
−1 0.04 ∗ [1∕50, 1∕40] 0.04 ∗ dca –

ΨC  Release incremental factor.  Unitless –  Number released

CA(tm)
 Author chosen
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Numerical results of the model: 
the effect of Pseudococcus viburni 
natural‑enemies‑releasing‑strategies incorporating 
the intra‑guild predation of Cryptolaemus 
montrouzieri and Acerophagus flavidulus

In this section, we present numerical simulations of the 
model in the mealybug system (1). These were performed 
using the software (MATLAB version 9.1 (R2016b) 2016). 
With the aim of presenting the situation before any natural 
enemy release, we first present the base population dynamic 
of P. viburni: Fig. 4a shows the natural population dynam‑
ics of P. viburni without the presence of natural enemies, 
showing three populations curves (red, blue and black) cor‑
responding to the three generations presented by this mealy‑
bug species during an agricultural growing season (a total of 
∼ 6 months), with three clear population peaks at 30, 90 and 
150 days, and the green curve representing the total popula‑
tion of unparasitized P. viburni, ( where V = Vl + VL + VA ). 
Figure 4b shows the effect of releasing 1000 adult predators 
and parasitoids at the three population peaks of P. viburni 
(at days 30, 90, and 150), as will occur in the field when 
producers detect the maxima of P. viburni individuals. Fig‑
ure 4c shows three releases, but occurring at the onset of 
each P. viburni population increase (at days 0, 60, and 120), 
in this case, producers monitor the pest and release before 
P. viburni population reaches it maximum. We can observe 
that a larger effect on the reduction of P. viburni happens 
when the release occurs early, before the peak in the pest 
population.

Figure  5 shows the effect on P. viburni population 
reduction after one, two, or three releases of adult preda‑
tors and parasitoids at different times and in different 
amounts. The green curves correspond to the natural 
dynamics of P. viburni, without biological control, while 
the red and blue curves correspond to releases before and 
during P. viburni population peaks. Figure 5a, c, e, show 
the P. viburni population reduction when releasing 1,000 

predators and parasitoids, while Fig. 5b, d, e depicts the 
case of releasing 2,000 each. Furthermore, Fig. 5a–f, show 
one, two and three instances of release, respectively. We 
observe that the higher the frequency and quantity of 
release is and the sooner since the beginning of the season 
it occurs (see Fig 5 blue curves vs. red curves), the more 
significant is the reduction of the P. viburni population.

Figure 6 depicts the natural dynamics of P. viburni 
without biological control (green curves) and its popula‑
tion dynamics when releasing on three occasions adult 
parasitoids or predators or both: at the onset of each wave 
of P. viburni population growth (days 0, 60, and 120).

Figure 6a shows the dynamics when releasing only 
A. flavidulus (red curve) and only C. montrouzieri (blue 
curve) at the beginning of the season (day 0), showing a 
significant difference in the reduction of the P. viburni 
population between the cases. This difference is even more 
pronounced for three releases (days 0, 60, and 120) (see 
Fig. 6c). Figure 6b shows two cases of alternate release 
between parasitoid and predator, i.e., first, the red curve 
represents the case where initially (day 0) A. flavidulus are 
released and then (day 60) C. montrouzieri are released, 
which has a minor effect toward the initial decrease in P. 
viburni population compared to the opposite case repre‑
sented by the blue curve of initially releasing C. montrouz-
ieri and then A. flavidulus. However, both cases produce 
the same dynamics and reduction of the P. viburni popula‑
tion in time (see curves after day 90).

Figure 7 presents the population dynamics of P. viburni 
under one joint release of predators and parasitoids at 
the onset of the first population wave of P. viburni (day 
0), considering different predation preferences of C. 
montrouzieri for parasitoid-infested versus non-infested 
mealybugs. The blue curve represents predation with a 
greater preference for non-infested P. viburni according 
to the results presented in Sect. 3.1. In contrast, the blue 
and black curves represent cases where predation occurs 
without any preference and with a preference for infested 

Fig. 3   Average number of mealybugs in groups M0, M1, M4, M8, 
M12 and M16, remaining after predation of C. montrouzieri for 
experimental design A and B. Parasitoids were left to develop inside 

mealybugs for 1, 4, 8, 12, or 16 days (groups M1, M2, M4, M8, M12 
and M16) before exposing them to predation by the ladybird. M0 
refers to the control group with unparasitized mealybugs.
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mealybugs, respectively, in order to illustrate the differ‑
ence between all three scenarios.

Finally, Fig. 8 shows the dynamics of P. viburni with‑
out biological control (green curve), when predators and 
parasitoids are both released on days 0, 60 and 120 (red 
curve) and when only predators are released on those days. 
Each of the scenarios described above is depicted for dif‑
ferent values of the constant k of the model in system (1). 
More specifically, the figure aims to illustrate the variable 
effect that predation of C. montrouzieri on P. viburni may 
have due to uncertainty in natural factors that can alter 
it, as reflected in that constant k. In fact, in the proposed 
model, predation on each P. viburni stage occurs at a rate 
hi = pi[Vi∕(k + Vi)] , which is predetermined by predation 
preferences ( pi ), the population to be consumed ( Vi ) and 
the aforementioned constant k, whose values are variable 

and scarce in the literature. This constant affects the inten‑
sity of predation on the P. viburni population (see Fig. 8), 
indeed, from Fig. 8, it is explicitly observed that there is 
high predation for a small value for k (see e.g. k = 1 ), in 
which case the incorporation of another biological con‑
trol agent does not produce a significant additional impact 
(see dashed blue and red curves, and observe that, in fact, 
they overlap). However, this is far from reality, since other 
external factors may decrease predation. If this constant 
increases, predation decreases, and the positive effect of 
including parasitoids starts to become evident (solid red 
and blue curves, and dash-dot-dashed red and blue curves). 
Therefore, the level of predation of C. montrouzieri on P. 
viburni may be determinant in order to decide on a bio‑
logical control mechanism.
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(b) Release of 1000 predators and (c) Release of 1000 predators and
parasitoids, at days 30, 90, and 150. parasitoids, at days 0, 60, and 120.

Fig. 4   a the natural population dynamics of P. viburni without the 
presence of predators and parasitoids; in b the population dynam‑
ics of once releasing 1,000 predators (turquoise line) and parasitoids 
(yellow line) at the three population peaks of P. viburni, and in c, 
once releasing 1000 predators (turquoise line) and parasitoids (yellow 
line) at the onset of each pest population increase. The parameters 

used in the simulations are as in Table  2 and the initial conditions: 
V0A = 1000 , V0,i = F0,A = C0,l = C0,A = 0 , i ∈ {l, L, 1, 2, 3} . The 
variables referred to in the legend are defined in Table 1 and V rep‑
resents the total number of unparasitized mealybugs, i.e. V =

∑
j Vj , 

j ∈ {l,L,A}.
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Fig. 5   The figure shows in a, c, and e the dynamics of the P. viburni 
population without biological control (green curves), when releas‑
ing 1000 adult predators and parasitoids at the onset of the P. viburni 
population increase before a peak (red curves) and during a popula‑
tion peak (blue curves). Specifically, a shows the case of one release 
before (red curve) and at (blue curve) the first peak; c shows the case 
of two releases: before the first two peaks (red curve), at the first 

two peaks (blue curve) and at the first and third peaks (black curve); 
e shows three releases before each peak (red curve) and at each 
peak (blue curve). b, d, and f, depict the same release dynamics as 
shown in a, c, and e, respectively, but increasing the adult predator 
and parasitoid population to 2000 each. The parameters used in the 
simulations are as in Table 2 and the initial conditions: V0A = 1000 , 
V0,i = F0,A = C0,l = C0,A = 0 , i ∈ {l, L, 1, 2, 3}
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Discussion

In this work, we presented clear evidence of an interaction 
of the type of intraguild predation (Rosenheim et al. 1995; 
Colfer and Rosenheim 2001) between the mealybug predator 
C. montrouzieri and the specific parasitoid A. flavidulus of 
P. viburni. The ladybird consumed healthy and parasitized 
mealybugs and was able to even differentiate P. viburni 
parasitized for different lengths of time by A. flavidulus. In 
fact, C. montrouzieri differentiated between mealybugs para‑
sitized by A. flavidulus aged of more than 4 days. Although 
this ability to discriminate between healthy and parasitized 
mealybugs of C. montrouzieri have been previously docu‑
mented for other mealybug-parasitoid species (Chong and 
Oetting 2007; Muştu et al. 2008), here this detection ability 
occurs very early in the development of the parasitoid (4 

days) than in the mummification stage. However, it is impos‑
sible to determine whether the particularly early detection 
capacity observed in our study is due to a difference in the 
experimental protocol or to differences in the species and 
populations used.

The differences in feeding behavior may be due to 
the ability of C. montrouzieri to avoid unhealthy or dead 
mealybugs or to detect the presence of the parasitoid. Our 
results cannot distinguish between these two hypotheses, 
but strongly support at least the first one. Indeed, C. mon-
trouzieri clearly avoids mealybugs parasitized for 8 days and 
more. This corresponds to the beginning of the mummifica‑
tion process induced by the development of A. flavidulus lar‑
vae. Probably mealybugs starting the mummification process 
constitute “alternative" prey for the predator. Indeed, most 
of the Coccinellidae family are predaceous insects able to 
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(b)Release of 1,000 predators or, (c)Release of 1,000 predators or,
parasitoids, at days 0 and 60. parasitoids at days 0, 60, and 120.

Fig. 6   The figure shows the dynamics of P. viburni population 
without biological control (green curves) and when releasing para‑
sitoids and predators each time jointly (black curves) or individu‑
ally (red and blue curves). a shows the initial release (at day 0) of 
only F. flavidulus (red curve) and of only C. montrouzieri (blue 
curve). b depicts an alternate release of predators and parasitoids: 
the red curve represents the initial release (day 0) of only F. flavidu-

lus and, after 60 days, the release of only C. montrouzieri; and the 
blue curve represents the same release but first releasing predators 
and then parasitoids. c shows the dynamics of P. viburni under three 
F. flavidulus releases (red curve) and three C. montrouzieri releases 
(blue curve), each at days 0, 60 and 120. The parameters used in the 
simulations are as in Table 2 and the initial conditions: V0A = 1000 , 
V0,i = F0,A = C0,l = C0,A = 0 , i ∈ {l, L, 1, 2, 3}
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differentiate their prey as essential (main prey), alternative 
(they survive predating them, but growing and reproduc‑
tive traits are affected), and clearly rejected prey (Bhupen‑
dra Kumar 2023).

In scale insects, preference for parasitized and non-
parasitized hosts is not always the case, i.e., the interaction 
between the parasitoid Aphytis lingnanensis and the predator 
Chilocorus circumdatus, where the ladybird did not show 
differences in predation between healthy and parasitized 
hosts (Vanaclocha et al. 2013). Extending the comparison 
to other taxonomic groups reveals that the detection capacity 
displayed by C. montrouzieri does not seem to be a general 
rule in tri-trophic systems predator - parasitoids - phytopha‑
gous insects. Indeed, other studies with other species of coc‑
cinellid prey have documented a range of different situa‑
tions. In two cases, such a detection capacity was observed: 
(i) Serangium parcesetosum (Coleoptera: Coccinellidae) 
avoided Bemisia tabaci (Aleyrodidae) parasitized by Encar-
sia formosa (Hymenoptera: Aphelinidae) (Al-Zyoud and 
Sengonca 2004; ii) likewise, various development stages of 
coccinellid Delphastus catalinae rejected B. tabaci when 
parasitized by E. sophia (Zang and Liu 2007). On the con‑
trary, with aphids as prey, Coccinella undecimpunctata 
showed no preference for parasitized versus non-parasitized 
aphids when allowed to choose between two types of prey 
(Bilu and Coll 2007). Cases where parasitized preys were 
even preferred by coccinellids were also documented, for 
example, by Meyhöfer and Klug (2002) who showed that 
Coccinella septempuncata consumed more aphids para‑
sitized by Lysiphlebus fabarum (Hymenoptera: Aphidiidae) 
than healthy aphids. Whether this parasitized versus non‑
parasitized discrimination behavior of a predator depends 
on the predator or parasitoid species characteristics remains 
an open question, and before proposing a biological control 
program using a predator and a parasitoid, intensive labora‑
tory experiments should be performed (Bhupendra Kumar 
2023).

To support decision-making regarding biocontrol, math‑
ematical modeling may play a crucial role. In fact, when 
we take into account the laboratory experimental results to 
nourish the model presented here, we may be able to con‑
clude that the mealybug predator alone could– under cer‑
tain conditions– be the best choice when releasing natural 
enemies to control P. viburni. The results from the math‑
ematical model, through its hybrid effect, simulate biocon‑
trol field experimentation, while including predator prefer‑
ences obtained in the laboratory experiments in the model 
structure. The results show the effect of different release 
strategies of A. flavidulus and C. montrouzieri on the reduc‑
tion of the P. viburni population, with and without con‑
sidering the preference for predation of  C. montrouzieri 
(Figs. 4, 5, 6, 7). We observe that biocontrol most effectively 
reduces pest population—and hence the economic burden 
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Fig. 8   The figure shows the dynamics of the P. viburni popu‑
lation without biological control (green curves), when releas‑
ing 1000 adults of A. flavidulus and C. montrouzieri each, 
on days 0, 60 and 120 (red curves), and when releasing on 
those days only C. montrouzieri (blue curves). These curves 
are depicted for different values of the constant k, appear‑
ing in the expression hi = pi(Vi∕(k + Vi)), i ∈ {l, L,A, 1, 2, 3} , 
from the model in system (1). The blue and red curves for 
k = 1 overlap. The parameters used in the simulations are: 
pl = 0.23, pL = 0.23, pA = 0.23, p1 = 0.23, p2 = 0.07, p3 = 0.01   ; 
N0,C = 1000 and the remaining parameters as in Table 2. The initial 
conditions were chosen as: V0A = 1000 , V0,i = F0,A = C0,l = C0,A = 0 , 
i ∈ {l, L, 1, 2, 3}
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it conveys– when implemented at the beginning of each P. 
viburni population wave (see red vs. blue curves in Fig. 5e, f 
versus. a–d, which represent less frequent release schedules). 
This points to the necessity to perform field tests to iden‑
tify the onset of mealybug population growth. The results 
also show that a larger amount of parasitoids and predators 
released produce a larger effect on the reduction of pests (see 
Fig. 5a–d, e vs. b–f)).

Furthermore, the results indicate that the preference of 
predators for nonparasitized mealybugs (as described by the 
experimental results in Sect. 3.1) produce an important posi‑
tive impact on pest control. In fact, when the model param‑
eters consider such preference, the P. viburni population is 
reduced further than otherwise (red vs. blue and black curves 
in Fig. 7). This highlights the importance of our experimen‑
tal results, which when complemented with a mathematical 
model, can provide important insight for biocontrol.

Moreover, the predation rate (force of predation) of C. 
montrouzieri is a determining factor for decision making for 
biological control, determined in the model by the parameter 
k (Fig. 8), since it impacts model recommendations; and 
therefore needs to be further understood by experimental 
studies on site. We observe that at certain levels of C. mon-
trouzieri’s force of predation ( k = 1000 ), ladybird’s sole 
effect on P. viburni population reduction (blue curves in 
Fig. 6) is greater than the effect on pest reduction of solely 
A. flavidulus release (red curves in Fig. 6). Furthermore, 
we can observe that– under the same predation rate of C. 
montrouzieri– the contribution of A. flavidulus on P. viburni 
control when jointly released with C. montrouzieri may be 
marginal (black vs. blue curve in Fig. 6a, c). Additionally, 
alternating the release of only predators and only parasitoids 
is most effective when releasing first predators (blue vs. red 
curve in Fig. 6b), however, observe that this release strategy 
is slightly less effective than releasing both (predators and 
parasitoids) at each scheduled time (black vs. blue curve in 
Fig. 6b).

Also, taking into account in the proposed model the pre‑
dation preference of ladybirds toward unparasitized mealy‑
bugs has led to a decrease in the population of P. viburni 
available to be parasitized by A. flavidulus, reducing their 
impact on biological control. Thus, increasing the value of 
the model’s parasitization rate ( � ) is not a determining factor 
for control as long as predators are present. Additionally, it is 
worth mentioning that information on the values associated 
with parasitization and predation rates is scarce, and that in 
this article we have considered what was found in the litera‑
ture. Hence, future work must be conducted through labora‑
tory studies to more precisely determine the values of the 
rates indicated. This way, the proposed model could be better 
nourished and provide more concrete conclusions, which can 
serve as input for decision making. For the moment, we are 
evaluating the impact, through a novel mathematical model, 

that the release of these biological controllers may have in 
a scenario of predation preferences of ladybirds toward the 
unparasitized mealybugs, using as input the results from the 
laboratory study we present in this article.

Finally, it is important to note that the number of natural 
individuals will depend on environmental conditions, ter‑
rain, economic factors, and other variables, depending on 
each orchard; the same applies to the timing and recurrence 
of release. However, the model proposes possible effects 
that different biological control strategies may have under 
ideal conditions, highlighting that predation preferences of 
C. montrouzieri for parasitized and unparasitized P. viburni 
are a factor that alters the population dynamics of P. viburni. 
Hence, this factor should be taken into account for this type 
of study.
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