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Abstract In recent years, Dactylopius opuntiae
(Cockerell) (Hemiptera: Dactylopiidae) has become
an increasing threat to the cultivation of prickly pear
crops in Morocco. To control this harmful insect
scale pest, biological control is usually accompanied
by chemical control applications. In this context,
the use of some insecticides can alter the numerical
response of beneficial organisms (predators) asso-
ciated with this cochineal. In this study, we investi-
gated the effect of the residues of some insecticides
«(d-limonene (60 g/L) applied at 100 mL/hL, mineral
oil (780 g/L) at 2000 mL/hL, potassium salts of fatty
acid (500 g/L) at 40 mL/hL, pyriproxyfen (100 g/L)
at 25 mL/hL, and potassium salts of fatty acid (C7-
C18) (500 g/L) at 300 mL/hL)» on the numerical
response of Cryptolameus montrouzieri (Mulsant)
(Coleoptera: Coccinellidae) feeding on D. opuntiae
females under laboratory conditions. The sublethal
concentration residues of all tested insecticides did
not have lethal effects on Cryptolaemus montrouz-
ieri females. D-limonene (Efficiency of Conver-
sion of Ingested food (E.C.I)= 1371.85), mineral
oil (E.C.I= 1383.06), potassium salts of fatty acid
(E.C.I= 1583.24), and pyriproxyfen (E.C.I= 987.13)
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were the most compatible with the predator C. mon-
trouzieri, as they did not significantly affect the
number of eggs laid by the females compared to the
untreated control. Potassium salt of fatty acid (C7—
C18) (500 g/L) (E.C.I=905.93) was the least com-
patible with C. montrouzieri, as it led to a significant
reduction in the number of eggs laid by predatory
females.

Keywords Biological control - Numerical
response - Dactylopius opuntiae - Cryptolameus
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Introduction

Recently, D. opuntiae (Cockerell) (Hemiptera: Dacty-
lopiidae) caused damage to Opuntia spp. cactus crops
in Morocco and many countries worldwide. The pest
was first detected in Morocco in 2014 during sam-
pling in the cactus crop (Bouharroud et al., 2016) in
the Sidi Bennour region (north-west of Marrakech).
Today, the cochineal has spread to other regions of
the country (e.g. Abda, Doukkala, Chaouia, Rhamna,
Youssoufia, Benguerir, Abda, Azilal, Benimellal,
Taourirt, Haouz, and Sous-Nord-Mekné¢s-Gharb)
where kilometers of cactus are totally destroyed with
heavy ecological and economic losses (El Aalaoui
et al., 2019).

Natural enemies associated with D. opuntiae and
other Dactylopiidae species comprise only predators
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(Baskaran et al., 1999; Adalma-Aguilera et al., 2005;
Vanegas-Rico et al., 2010; Lima et al., 2011; Cas-
tro et al., 2012; Barbosa et al., 2014; Giorgi et al.,
2017), including Coleoptera (Coccinellidae), Dip-
tera, and Lepidoptera. For the control of D. opuntiae,
biological control agents are usually accompanied
by chemical control applications (El Aalaoui et al.,
2019; Yousef-Yousef & Quesada-Moraga, 2020). The
effect of insecticides on biological control agents is
considered in integrated pest management (IPM) pro-
grams worldwide (Martinou & Stavrinides, 2015).
Biological control agents are often more sensitive to
insecticides compared to other insects (Khan et al.,
2012), and the use of pesticides compatible and safe
to natural enemies is recommended. In this context,
many studies have reported sublethal effects of some
pesticides that can affect biological and reproduc-
tive parameters and the behavior of predators (Sahito
et al., 2011; Halappa et al., 2013; Planes et al., 2013;
Anjitha et al., 2013; Wanumen et al., 2016; Xiao
et al., 2016; Nawaz et al., 2017). The predatory poten-
tial of a predator can be represented by two compo-
nents: numerical response and functional response.
A functional response is defined by the number of
prey attacked per predator as a function of prey den-
sity (Solomon, 1949; Holling, 1959; Li et al., 2006;
Ambrose et al., 2010; He et al., 2012; El Aalaoui
et al., 2020), and a numerical response is defined by
the number of progeny in relation to increasing prey
density (Solomon, 1949; Ofuya & Akingbohungbe,
1988; Omkar & Pervez, 2004). The study of numeri-
cal response under laboratory and field conditions is
monitored for conclusive estimation of the biocontrol
potential of each predator. It is evident that a part of
the energy derived from the prey biomass consumed
is converted into egg production, and the rest is lost
as the metabolic costs of food conversion and respira-
tion to maintain life (Baumgértner et al., 1987).

Many studies regarding the numerical response of
predators to offered prey have been carried out world-
wide. Hippodamia tredecimpunctata tibialis Says
showed a greater numerical response than Coleo-
magilla maculata lengi Timberlake at high densities
of Rhopalosiphum maidis (Fitch) due to higher fecun-
dity, with both predators exhibiting a linear response
by oviposition (Wright & Laing, 1980). The same
trend was obtained for Scymnus levaillanti (Mulsant)
at a lower density of prey Aphis gossypii (Glover)
(Hemiptera: Aphididae) (Uygun & Atlihan, 2000).
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However, a curvilinear relationship was also observed
between the density of A. gossypii and the number
of eggs laid by Propylea dissecta (Omkar & Pervez,
2004).

Many factors can affect egg production, such as
prey density, temporary prey isolation (Evans &
Dixon, 1986), body size (Agarwala & Bardhanroy,
1999), pesticides (Li et al., 2006; Ambrose et al.,
2010; He et al., 2012; Malaquias et al., 2014; Marti-
nou & Stavrinides, 2015), intraguild predation (Mar-
tinou et al., 2010), mutual interference, and cannibal-
ism (Chong & Oetting, 2006). However, the effects of
pesticides on the numerical responses of many impor-
tant natural enemies have not been investigated.

Recently, the role of Cryptolameus montrouzieri
(Mulsant) (Coleoptera:Coccinellidae) as a biological
control agent against D. opuntiae is expected to gain
further importance. This lady beetle was introduced
into Brazil for the biological control of D. opuntiae
and citrus mealybugs (Sanches & Carvalho, 2010).
In northern Israel, releases of Cryptolaemus mon-
trouzieri (approximately 100.000 individuals) were
not successful in managing the rapid and early out-
break of the cochineal D. opuntiae (Protasov et al.,
2017) but according to Mendel et al. (2018), the bee-
tle C. montrouzieri significantly reduced the cochi-
neal populations on cactus along the coast in Israel.
More recently, C. montrouzieri was introduced into
Morocco to control D. opuntiae, and laboratory stud-
ies have shown positive results for the successful
development, reproduction, and predation of D. opun-
tiae (El Aalaoui et al., 2019).

In the present study, we investigated the side
effects of some insecticides on the numerical response
parameters of C. montrouzieri feeding on D. opuntiae.

Materials and methods

Cryptolameus montrouzieri mature females used in
this study were obtained from a colony established
with adults imported by the Entomology laboratory
of INRA, Morocco (National Institute of Agricultural
Research). Adults were placed in entomological cages
(80x80x 80 cm) made of a wooden frame covered
by a mesh fabric to allow ventilation under laboratory
conditions at 26+2 °C, 60+ 10% RH, and a photo-
period of 12:12 (Light:Dark) h and were provided
with Opuntia ficus-indica (L.) (Miller 1768) cladodes
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infested by D. opuntiae collected from the fields of
Zemamra, Morocco (32°37'48“ N, 8°42°0” W) as a
source of nutrition and oviposition support (El Aal-
aoui et al., 2019). Access to water was provided via
a cotton wick inserted into a 25 ml glass vial filled
with water. The tested insecticides were d-limonene
(60 g/L) at 100 mL/hL, mineral oil (780 g/L) at
2000 mL/hL, potassium salts of fatty acid (500 g/L)
at 40 mL/hL, pyriproxyfen (100 g/L) at 25 mL/hL,
and potassium salts of fatty acid (500 g/L) (C7-C18)
at 300 mL/hL; all tested insecticides are authorized
for use by the National Plant Protection Organiza-
tion (NPPO) named ONSSA in Morocco for the
control of D. opuntiae. The insecticides had differ-
ent modes of action and exhibited a high mortality
against D. opuntiae nymphs, and d-limonene (60 g/L)
and mineral oil (780 g/L) had high mortality against
both nymphs and adult females of the scale pest (D.
opuntiae) under field conditions (El Aalaoui et al.,
2019; El Aalaoui & Sbaghi, 2022). Table 1 shows the
characteristics of the insecticides used. The rates of
each insecticide used in the current study were suble-
thal, as they did not cause short-term mortality in C.
montrouzieri females (El Aalaoui et al., 2019; El Aal-
aoui & Sbaghi, 2022). A determined amount of each
treatment was poured in a liter of water, and sprayed
as a mist over Petri dishes (9.5 cm in diameter), and
their lids cover using a Potter spray tower (Burkard
Scientifc Ltd., Uxbridge, UK) at a rate of 1 ml of pes-
ticide solution, which resulted in a spray deposit of
2.55 mg cm™ similar to that recommended for bio-
assays according to the IOBC Working Group “Pes-
ticides and Beneficial Organisms” (Candolfi et al.,
2001; Martinou & Stavrinides, 2015). We used Petri
dishes in this study as a support because the use of
living plants (cladodes) could affect prey consump-
tion and act as a confounding factor on numerical
response modeling (Martinou & Stavrinides, 2015).
Control Petri dishes were sprayed with tap water. The

Table 1 The different insecticides used and their characteristics

predator C. montrouzieri and D. opuntiae females
were not sprayed. After spraying, the Petri dishes
and their lids were allowed to dry out for 24 h under
laboratory conditions, and then a fixed number of D.
opuntiae adult females (5 days old) were introduced
into each Petri dish at the following densities: 1, 5,
10, 15, 20, and 25 with a paint brush. An individual
C. montrouzieri female (13 days old) was transferred
to each Petri dish after mating with sexually mature
male ladybeetles and was allowed to forage for 24 h,
after which it was removed. The consumed D. opun-
tiae adult females and the number of eggs laid by
each female were recorded. Ten replicates of each
prey density for each insecticide treatment tested
were used, and all experiments were repeated three
times. The Efficiency of Conversion of Ingested food
(E.C.D) (in number) into egg biomass (in number) was
calculated as the number of eggs laid X 100 / number
of prey consumed at different prey densities (Omkar,
2004). The data on oviposition, number of prey con-
sumed, and E.C.I at different prey densities were sub-
jected to analysis using Tukey’s LSD test (p <0.0001)
with the software package SPSS ver. 18.0 (Carver &
Nash, 2011).

Results

For all insecticides and controls tested in this study,
the number of eggs laid by C. montrouzieri females
(Fig. 1) was significantly different among treatments
(F=20.824, df=5, p <0.0001). The number of eggs
laid was significantly higher in the case of the con-
trol (21.96), d-limonene (21.26), mineral oil (22.22),
potassium salts of fatty acid (22.30), and pyriproxy-
fen (21.04) treatments and lower in the case of potas-
sium salts of fatty acid (C7-C18) (14.81) treatment.
The predatory C. montrouzieri females laid a maxi-
mum number of eggs at the highest prey density (25),

Product Active ingredient (Amount)

Formulation Manufacturer Country

Limocide D-limonene (60 g/L)

Insecticide 101 ~ Mineral oil (780 g/L)

Hamper Potassium salts of fatty acid (500 g/L)
Brai 10 EC Pyriproxyfen (100 g/L)
Nakar Potassium salts of fatty acid (C7-C18) (500 g/L)

Emulsifiable Concentrate ~ Vivagro France
Emulsifiable Concentrate  UPL India

Emulsifiable Concentrate  Gowan Crop Protection  Italy
Emulsifiable Concentrate ~ Lainco Spain

Emulsifiable Concentrate  SEIPASA Spain
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Fig. 1 Numerical response models of Cryptolaemus mon-
trouzieri for the five insecticide treatments and the control. A
D-limonene (60 g/L), D pyriproxyfen (100 g/L), B mineral oil

and a minimum at the lowest prey density (1). The
insecticide treatments tested did not alter the shape
of the numerical response curve compared to the
control treatment (tap water). Additionally, the num-
ber of prey consumed by C. montrouzieri females at

(780 g/L), E Potassium salts of fatty acid (C7-C18) (500 g/L),
C potassium salts of fatty acid (500 g/L), F control (tap water).
The error bar represents the standard deviation

different prey densities varied significantly with insec-
ticide treatments (F= 23.454, df =5, p <0.0001). The
number of prey consumed was significantly higher in
the case of pyriproxyfen treatment (2.30) compared
to the control and the other insecticide treatments

Table 2 Number of
D. opuntiae females
consumed by Cryptolaemus

Treatment

Number of D.opuntiae females E.C.I

consumed

montrouzieri adult females

for the five insecticide
treatments and the control
(tap water)

@ Springer

D-limonene (60 g/L)

Mineral oil (780 g/L)

Potassium salts of fatty acid
(500 g/L)

Pyriproxyfen (100 g/L)

Potassium salts of fatty acid
(C7-C18) (500 g/L)

Control (tap water)

1.73 (1.30-2.23) CD
1.86 (1.70-2.30) BC
1.65 (1.10-2.70) D

2,30 (2.00-2.80) A
1.83 (1.33-2.40) BCD

2.02 (1.73-2.40) B

1371.85 (938.33-2160) AB
1383.06 (774.44-2336.67) AB
1583.24 (700-3095) A

987.13 (582.22-1648.89) CD
905.93 (610-1535) D

1185 (805-1771.11) BC

Means within a column followed by the same letters are not significantly different according to

Tukey’s LSD test at «a=0.05
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tested (Table 2). The E.C.I value was significantly
higher (F=21.714, df=5, p<0.0001) in the case of
potassium salts of fatty acid (1583.24), d-limonene
(1371.85), and mineral oil (1383.06) treatments and
lowest in the case of potassium salts of fatty acid
(C7-C18) (905.93) and pyriproxyfen (987.13) treat-
ments (Table 2). During the observation period
(24 hours), no predator female mortality was recorded
in any tested treatment.

Discussion

For all insecticide treatments tested, the number of
eggs laid by C. montrouzieri females increased sig-
nificantly with increasing prey density (P <0.0001).
There was a quick and significant increase in ovipo-
sition between densities 1 and 15 compared to that
between densities 15 and 25, probably because of
the waxy cotton produced by D. opuntiae females
that makes C. montrouzieri females attractive for
oviposition. Vanegas-Rico et al. (2016) reported
that wax from D. opuntiae adults dried at 50 °C for
three days rendered Hyperaspis trifurcata Schaef-
fer (Coleoptera: Coccinellidae) females attractive for
oviposition. The insecticide treatments tested did not
alter the curvilinear shape of the numerical response
curve compared to the control treatment (tap water).
In the same context, a curvilinear relationship was
reported between the density of A. gossypii and the
number of eggs laid by Propylea dissecta (Mulsant)
(Coleoptera: Coccinellidae) (Omkar & Pervez, 2004)
and between the density of Aphis fabae (Scopoli)
(Hemiptera: Aphididae) and the number of eggs laid
by Scymnus syriacus (Marseul) (Coleoptera: Coc-
cinellidae) (Sabaghi et al., 2011). Additionally, the
prey density-dependent fecundity curve was sigmoi-
dal for Cheilomenes lunata (Fabricius) (Coleoptera:
Coccinellidae) (Ofuya & Akingbohungbe, 1988),
curvilinear for Cheilomenes sexmaculata (Fabricius)
(Coleoptera: Coccinellidae) feeding on the black bean
aphid, A. fabae (Agarwala & Bardhanroy, 1997) and
even for Lysiphlebus fabarum (Marshall) (Hyme-
noptera: Aphidiidae) parasitizing the same pest (A.
fabae) (Mahmoudi et al., 2010), linear for Hippo-
damia tredecimpunctata and C. maculate feeding
on R. maidis (Wright & Laing, 1980), and even for
S. levaillanti feeding on A. gossypii (Uygun & Atli-
han, 2000). D-limonene, mineral oil, potassium salts

of fatty acid, and pyriproxyfen was the most com-
patible with the predator C. montrouzieri in com-
parison to potassium salts of fatty acid (C7-C18), as
they did not significantly affect the number of eggs
laid by the females compared to the control treat-
ment (tap water). The toxic effect of d-limonene on
pests was initiated by Taylor and Vickery (1974) as a
plant insecticide that acts as a reproductive inhibitor
and growth regulator for many insect species (Karr,
1989); however, the work of Brennan et al. (2013)
reported that d-limonene causes chitin degradation in
pests. Mineral oils are known for their use in agricul-
ture against several pests on a range of crops. They
block the spiracles of pest adults and nymphs while
preventing gas exchange in the eggs, which causes
their asphyxiation and death (Cranshaw & Baxen-
dale, 2011; Helmy et al., 2012). The potassium salts
of fatty acids, which are contact agents, act by pen-
etrating the integument of arthropods, obstructing
cell membranes, and causing dehydration and death
(Tsolakis & Ragusa, 2008). Additionally, the use of
pyriproxyfen, which is an analog of the insect juvenile
hormone, results in the marked suppression of insect
metamorphosis, embryogenesis, and adult develop-
ment (Rimoldi et al., 2017). However, pyriproxyfen’s
mode of action is more specific and depends on the
presence of insecticide-specific endocrine receptors
in embryos developed within eggs (Sullivan & Goh,
2008). All these insecticides do not have lethal effects
on C. montrouzieri and do not significantly affect
its predation potential (consumption) (El Aalaoui &
Sbaghi, 2022).

The results of the number of prey consumed
by C. montrouzieri females in relation to insec-
ticide treatments tested were not similar to those
of the numerical response study since the num-
ber of prey consumed was significantly higher for
pyriproxyfen and lower for potassium salts of fatty
acid, d-limonene, and potassium salts of fatty acid
(C7-C18) (Table 2). We can explain these varia-
tions by the possibility that the hungry ladybird
could entirely consume the first few preys they
encounter and use the following prey with progres-
sively reduced voracity (Hodek & Honek, 1996).
Additionally, it is evident that a part of the energy
derived from the prey biomass consumed was con-
verted into egg production, and the rest was lost as
the metabolic costs of food conversion and respira-
tion to maintain life (Baumgirtner et al., 1987). In
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addition, at the time of oviposition, we observed
a depression in C. montrouzieri females, possibly
due to the high concentration of carminic acid in
the bodies of consumed D. opuntiae females, which
makes C.montrouzieri females suffer and spend a
lot of time laying eggs. In addition to pesticides,
many other factors can affect egg production, such
as prey density, temporary prey isolation (Evans &
Dixon, 1986), body size (Agarwala & Bardhanroy,
1999), intraguild predation, mutual interference,
and cannibalism (Chong & Oetting, 2006; Martinou
etal., 2010).

E.C.I values were significantly higher for potas-
sium salts of fatty acid, mineral oil, and d-limonene
treatments and lower for potassium salts of fatty
acid (C7-C18), pyriproxyfen, and control treat-
ments. The lower E.C.I. values recorded for some
insecticide treatments may be explained by the
fact that the predatory C. montrouzieri females
survive under these treatments, spending much of
the energy derived from consumed prey biomass
on maintenance and metabolic costs, which may
have a negative effect on the number of eggs laid
(Omkar & Pervez, 2004). Our results indicate that
d-limonene, mineral oil, potassium salts of fatty
acid, pyriproxyfen, and potassium salts of fatty acid
(C7-C18) residues do not have lethal effects on C.
montrouzieri females.

Conclusion

The results of the effect of the residues of some insec-
ticides on the numerical response of C. montrouzieri
in the current study showed that the predator was
compatible with some and least compatible with other
insecticide treatments. D-limonene (60 g/L), mineral
oil (780 g/L), potassium salts of fatty acid (500 g/L),
and pyriproxyfen (100 g/L) were the most compat-
ible with the predator C. montrouzieri, in contrast to
potassium salt of fatty acid (C7-C18) (500 g/L), as
they do not significantly affect the number of eggs
laid by females. Further open-field studies are needed
to confirm the results obtained in the present study
under controlled laboratory conditions. Indeed, many
biotic and abiotic factors, as well as pesticides and
other factors, can affect the establishment and repro-
duction of predators under field conditions.
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