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Abstract
Assessments of compatibility between targeted insecticides and beneficial organisms are important for integrated pest man-
agement programs. In this study, we investigated the effect of some biorational insecticides: D-limonene (applied at 1 g/L), 
mineral oil (applied at 20 g/L), potassium salts of fatty acid (applied at 0.4 g/L), pyriproxyfen (applied at 0.25 g/L), and 
potassium salts of fatty acid (C7-C18) (applied at 3 g/L) on the functional response of Cryptolaemus montrouzieri (Mulsant) 
feeding on Dactylopius opuntiae (Cockerell) females under controlled conditions (26 °C). Previous experiments established 
that the insecticide rates used in the present study were sublethal, as they did not cause short-term mortality to the predator. 
In the absence of insecticides, the predator exhibited a type II functional response. All insecticide treatments in this study 
did not hamper the ladybird functional response, but it altered the shape of the curve compared to the control (tap water). 
Our results showed that all insecticides treatments residues do not have lethal effects on C. montrouzieri adult, and do not 
affect significantly his predation. Pyriproxyfen and potassium salts of fatty acid (C7-C18) seem to be the least compatible 
with C. montrouzieri as it led to both a significant reduction of attack rate (0.01–0.05) and an increase in handling time 
(2.57–12.77 h). In contrast D-limonene (applied at 1 g/L), mineral oil (applied at 20 g/L) were the most compatible with 
the predator, as it led to both a significant increase in attack rate (0.05–0.12) and a decrease in handling time (3.91- 5.71 h).
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Introduction

In the last few years, many insect predators have been 
consistently observed associated to Dactylopius opuntiae 
(Cockerell) (Hemiptera: Dactylopiidae) colonies world-
wide (Vanegas-Rico et al. 2010; Castro 2011; Lima et al. 
2011; Barbosa et al. 2014; Giorgi et al. 2017; El Aalaoui 
et al. 2019a). For control of D. opuntiae, biological control 
is usually accompanied by chemical control application in 
the field. Generally, the effect of insecticides on natural ene-
mies take into consideration by integrated pest management 
(IPM) programs. Natural enemies are often more sensitive to 
insecticides compared with other insects (Khan et al. 2012), 
and the use of pesticides compatible and safe to biological 
control agents was recommended. Recently many research 

studies showed the sublethal effects of pesticides that can 
affect biological and reproduction parameters, and behavior 
of predators (Halappa et al. 2013; Planes et al. 2013; Anjitha 
et al. 2013; Martinou et al. 2014; Wanumen et al. 2016; Xiao 
et al. 2016; Nawaz et al. 2017; El Aalaoui et al. 2021). But, 
a complete understanding of the impact of plant protection 
products on predation potential of natural enemies is still 
lacking (Martinou and Stavrinides 2015).

The predation potential of predators has two components 
(predator’s numerical and functional response). Functional 
response defined by the number of prey attacked per predator 
as a function of prey density (Solomon 1949; Holling 1959), 
and numerical response can be defined by the number of its 
progeny in relation to increasing prey density (Solomon 1949). 
The functional response is a good indicator of the suitability 
of a predator as a biological control agent against target pest 
(Wiedenmann and O’Neil 1991; Fernàndez -Arhex and Corley 
2004). Many types of functional responses are described for 
biological control agents (Hodek 1996). Among these types of 
functional responses, type II and III in which predators cause 
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negative (type II) or positive (type III) density-dependent mor-
tality of their prey have received the most attention (Murdoch 
et al. 2003), because most natural enemies show these types, 
and type II response was the most common type for coccinel-
lids predators (Collins et al. 1981; Seo and DeAngelis 2011). 
Functional response models should not be ignored in inte-
grated pest management (IPM) programs, in order to identify 
predators that impose positively density-dependent mortality 
on prey species (type III functional response) because such 
mortality is thought to stabilize prey populations (Murdoch 
et al. 2003; Martinou and Stavrinides 2015). These models are 
also exploited by ethologists to estimate predator dynamics, 
and to understand prey-predator relationships (Hassell et al. 
1977; Murray et al. 2013). Yet, the effects of pesticides on the 
functional response of many important natural enemies have 
not been investigated.

Recently, the role of Cryptolaemus montrouzieri (Coc-
cinellidae: Scymninae) as a biological control agent against 
D.opuntiae is expected to gain further importance. This lady 
beetle was introduced into Brazil for biological control of 
D.opuntiae, and primarily mealybug attacking cassava and 
citrus (Sanches and Carvalho 2010). In Israel, 100,000 natu-
ralists C. montrouzieri were successfully released in infested 
areas in the north of the country (Protasov et al. 2017). The 
ladybeetle was also introduced into Morocco to control 
D.opuntiae. Laboratory studies have shown positive results 
for successful development, reproduction, and predation on 
the mealybug (El Aalaoui et al. 2019a, b, c). In the field, 
the release of 30 C. montrouzieri adults per m2 of ground 
surface significantly reduced the mealybug population by 
92% within 77 days of their release in areas with minimum 
temperatures above 5 °C (Bouharroud et al. 2018).

D-limonene is a monoterpene extracted from citrus peels 
(Kim et al. 2004) and likely acts on insect nervous system 
(Karr 1989). D-Limonene has been frequently used to con-
trol pest diseases. Indeed, the toxic effect of D-limonene 
on pests was started by Taylor and Vickery (1974). Also, 
this botanical insecticide acts as a reproduction inhibitor 
and growth regulator on many insect species (Karr 1989). 
Brennan et al. (2013) found that D-limonene causes chitin 
degradation in pests. D-limonene (60 g/l) has been found to 
be compatible with C. montrouzieri. Feeding on D. opun-
tiae treated females with this botanical insecticide does not 
result in significant mortality for all C. montrouzieri larval 
stages and pupae compared to the control treatment (tap 
water), also, does not affect significantly the predator long-
term population parameters, including the mean generation 
time, the intrinsic rate of natural increase, the finite rate of 
increase compared to the control treatment (tap water) (El 
Aalaoui et al. 2021).

Mineral oil blocks spiracles in pest adults and nymphs and 
prevents gas exchange in eggs, causing asphyxiation and death 
(Cranshaw and Baxendale 2011; Helmy et al. 2012). Mineral 

oil has been used frequently in agriculture against several pests 
on a variety of crops (Agnello 2002; El Aalaoui et al. 2019c). 
Many studies showed that mineral oil has ovicidal activity 
(Smith and Pearce 1948; Riedl et al. 1995) and sometimes 
may prevent pest oviposition (Zwick and Westigard 1978; 
Riedl et al. 1995; Fernandez et al. 2001). Mineral oil reduces 
the number of eggs laid as well as the level of egg survival of 
pests (Wins-purdya et al. 2009). Mineral oil has been shown 
to be highly compatible with C. montrouzieri. This biologi-
cal insecticide does not significantly affect C. montrouzieri 
females fertility, does not cause any reduction in egg hatch 
percentage (100%), and does not affect significantly the preda-
tor long-term population parameters compared to the control 
treatment (tap water) (El Aalaoui et al. 2021).

The potassium salts of fatty acids are contact agents and act 
by penetrating inside the integument of arthropods, clogging 
cell membranes, and causing dehydration and death (Tsolakis 
and Ragusa 2008). Since their discovery as biocidal agents 
(1947), fatty acid salts have been reported to have very low 
toxicity to humans and are considered safe to the environment 
(Prats et al. 1999), although their phytotoxicity limits their 
use on some crops (Pasini et al. 1997). Potassium salts of fatty 
acid affect the ovicidal of many insect species (Osborne and 
Petitt 1985). In addition, potassium salts of fatty acid showed 
a negative impact on survival rate (direct loss of females) and 
fecundity (decreased viability of the eggs and population) of 
many arthropods (Tsolakis and Ragusa 2008). Sublethal con-
centrations of this insecticide do not alter the development 
time of C. montrouzieri larvae and pupae compared to the 
control treatment (tap water) (El Aalaoui et al. 2021).

Pyriproxyfen, an analog of the juvenile insect hormone, 
causes marked suppression of metamorphosis, embryogen-
esis, and adult development (Rimoldi et al. 2017). Insect 
growth regulators (IGRs) generally do not affect egg survival 
of natural enemies (Rill et al. 2008; Rimoldi et al. 2008). 
However, the mode of action of pyriproxyfen is more spe-
cific and depends on the presence of insecticide-specific 
endocrine receptors in embryos that develop inside of eggs 
(Sullivan and Goh 2008).

In the present study, we investigated the effects of suble-
thal concentrations of the insecticides: D-limonene, mineral 
oil, potassium salts of fatty acid, and pyriproxyfen on the 
functional response parameters of C. montrouzieri feeding 
on D.opuntiae.

Materials and methods

Predator

The C. montrouzieri colony was developed from adults intro-
duced by the Entomology Laboratory of INRA-Morocco, 
as described by EL-Aalaoui et al. (2020). Cryptolaemus 
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montrouzieri adults were placed in entomological cages 
(80 × 80x80 cm) consisting of a wooden frame covered with 
a mesh fabric to allow ventilation and maintained for more 
than 50 generations under 26 ± 2 °C and 60 ± 10% RH in the 
laboratory. Access to water was provided by a cotton wick 
inserted in a 25 ml glass water bottle. Opuntia ficus-indica 
(L.) (Miller, 1768) cladodes infested with D. opuntiae col-
lected from the fields at Zemamra in Morocco (32°37′48" N, 
8°42′0" W) were introduced into the cages weekly to provide 
food and substrate for C. montrouzieri females oviposition. 
C. montrouzieri new emerged larvae were moved to another 
cage with the same characters described above to complete 
their development and avoid the risk of cannibalism. Also, 
all reared ladybug beetle adults received supplementary 
feeding (a mixture of water, honey, and brewer’s yeast in 
a proportion of 20:40:40), which was replaced daily. All 
trials with C. montrouzieri in this study were carried out at 
26 ± 2 °C, 60 ± 10% RH, and 12:12 (L:D) hours.

Insecticides

The effect of five insecticides in the predation potential of 
C. montrouzieri (a potential predator against D.opuntiae) 
was evaluated in this study. Limocide (60 g D-limonene per 
L; applied at 1 g/L; Vivagro, Martillac, France), Insecticide 
101 (780 g mineral oil per L; applied at 20 g/L; UPL, Ankle-
shwar, India), Hamper (500 g potassium salts of fatty acid 
per L; applied at 0.4 g/L; Gowan Crop Protection, Faenza, 
Italy). Brai 10 EC (100 g pyriproxyfen per L; applied at 
0.25 g/L; Lainco company, Barcelona, Spain), and Nakar 
(500 g potassium salts of fatty acid (C7-C18) per L; applied 
at 3 g/L; Seipasa company, Valencia, Spain). The selected 
insecticides have different modes of action.

All the insecticides concentration used in this study had 
high mortality against nymphs of D.opuntiae (74.46–97.54% 
mortality, 24 h after treatment) (El Aalaoui et al. 2019c). 
D-limonene (60 g/L), and mineral oil (780 g/L) had high 
mortality against both nymphs and adult females (90.28% 
and 91.94% mortality, 120 h after treatment respectively) of 
the scale pest under semi-field conditions (El Aalaoui et al. 
2019c). Also, the rate of each insecticide used in the current 
study was sublethal, as they did not cause short-term mortal-
ity to the predator (El Aalaoui et al. 2021).

Trail

A determined amount of each treatment was poured into 
one liter of tap water and sprayed onto the petri dish (9.5 cm 
diameter) and its lid cover at a rate of 1 ml of pesticide solu-
tion, resulting in a deposition of 2.55 mg/cm2 which is simi-
lar to what is recommended for biological trials according to 

the IOBC working group "Pesticides and Beneficial Organ-
isms" (Candolfi et al. 2001; Martinou and Stavrinides 2015). 
A Potter spray tower (Burkard Scientific Ltd, Uxbridge, UK) 
was used to apply insecticide solution of a prescribed active 
ingredient and concentration as a mist over Petri dishes at 
150 kPa. We use Petri dishes in this study as a testing sub-
strate because the use of living plants (cladodes) could affect 
predator–prey consumption and act as a confounding factor 
in functional response modeling (Martinou and Stavrinides 
2015). Control Petri dishes were sprayed with tap water. The 
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 in the laboratory condi-
tion, then a fixed number of D.opuntiae females collected 
from infested cactus in fields at Zemamra and El-Gharbia 
(33°15’ N, 8°30’ W) localities, Morocco were introduced 
in each Petri dishes at the following densities: 1, 5, 10, 15, 
20, and 25 with a paintbrush. An individual C. montrouzieri 
adult stage (72 h old) was transferred in each Petri dish and 
was allowed to forage for 24 h, after which it was removed 
and the consumed D.opuntiae females were counted. Each 
density was replicated 10 times for each of the five pesticide 
treatments and the control, and all experiment was replicated 
five times. The mean body weights and size of D. opuntiae 
adult females used in the studies were 5.40 ± 0.5 mg, and 
2.33–3.27 mm.

Functional response

Briefly, the functional response was determined by fit-
ting a logistic regression of the proportion of prey con-
sumed (Ne) against prey offered (N0) (Trexler et  al. 
1988; Pervez 2005). The relationship between Ne/
N0 and N0 was estimated by Juliano equation (Juliano 
2001): Ne∕N
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Where P0, P1, P2, and P3 represent the intercept, linear, 
quadratic, and cubic coefficients to be estimated, respec-
tively. Juliano (2001) reported that P1 > 0 and P2 < 0, indi-
cate density-dependent predation and describing a type III 
functional response. If P1 < 0, the proportion of prey con-
sumed declines monotonically with the initial number of 
prey offered, thus describing a type II functional response.

The results showed that the functional response type 
exhibited by this predator in all treatments was type II. The 
type II functional response model is described by the equa-
tion: Ne=aTN  0/(1 + aN0Th)—where Ne is the number of 
preys consumed, a is the attack rate or the instantaneous rate 
of discovery, N 0 the initial number of prey offered or prey’s 
density, T  the time when prey and predator are mutually 
exposed or the experiment duration (24 h) and Th the han-
dling time associated with each prey consumed. Handling 
time (Th) and attack rate ( a ) were estimated by both the 
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Fig. 1   Type II functional response models for C. montrouzieri for the 
five insecticide treatments and  the control. A) D-limonene (60 g/L) 
applied at 1 g/l, B) mineral oil (780 g/L) applied at 20 g/L, C) potas-

sium salts of fatty acid (500 g/l) applied at 0.4 g/L, D) Pyriproxyfen 
(100 g/l) applied at 0.25  g/L, E) potassium salts of fatty acid (C7-
C18) (500 g/L) applied at 3 g/L, F control (tap water)
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disc equation (Holling 1959) and the random attack equa-
tion (Rogers 1972). Mean values of Th were used to calcu-
late maximum attack rate defined as ( T∕Th ), and searching 
time ( Ts ): Ts = T − ThNe (Juliano and Williams 1987; Elliot 
2003; Flores et al. 2013). The data of handling time (Th), 
attack rate ( a ), and maximum attack rate ( T∕Th ) were sub-
jected to analysis using Tukey’s LSD test (α = 0.05) with the 
software package SPSS ver. 18.0 (Carver and Nash 2011).

Results

For all the insecticide treatments, and control tested in this 
study, the values of P1 were negative, indicating a type II 
functional response (Fig. 1). The insecticides tested did not 
alter the type of the functional response, but it altered the 
shape of the curve compared to the control (Fig. 1). The 
number of prey consumed by C. montrouzieri at differ-
ent prey densities varied significantly among treatments 
(f = 52.751, df = 5, p ≤ 0.05). The number of preys consumed 
was significantly higher for D-limonene, and mineral oil 
than for the control and other insecticide treatments tested. 
The model estimated handling time was significantly higher 
(f = 15.167, df = 5, p ≤ 0.05) for pyriproxyfen, potassium 
salts of fatty acid (C7-C18), and control treatments, and low 
for D-limonene, and mineral oil treatments. There were no 
significant differences in handling time among potassium 
salts of fatty acid (C7-C18), potassium salts of fatty acid, 
and control treatments (Table 1). The attack rate of the pred-
ator was significantly higher (f = 116.704, df = 5, p ≤ 0.05) 
for D-limonene treatment than for all the other treatments 
tested. No significant difference in attack rate was observed 

between potassium salts of fatty acid, and control treatments 
(Table 1). The maximum attack rate value was significantly 
higher (f = 7.029, df = 5, p ≤ 0.05) for D-limonene, and min-
eral oil, and similar for control and potassium salts of fatty 
acid, pyriproxyfen, and potassium salts of fatty acid (C7-
C18) treatments. Total handling time (Tht) ( Tht = Th ∗ Ne ) 
was significantly higher for D-limonene, and mineral oil 
than for all the other treatments tested (Table 1). The total 
searching time (Tst) ( Tst = Ts ∗ Ne) was significantly lower 
for D-limonene, and mineral oil (f = 6.617, df = 5, p ≤ 0.05). 
For the total searching time, no significant difference was 
observed among control, and potassium salts of fatty acid, 
pyriproxyfen, and potassium salts of fatty acid (C7-C18) 
treatments. No predator mortality was observed in any treat-
ment tested during the study observation period.

Discussion

The present study tested the effect of some biorational insec-
ticides on predation potential (functional response) of C. 
montrouzieri feeding on D. opuntiae females. A previous 
study by (El Aalaoui et al. 2019c) showed that all the tested 
insecticide concentrations were effective against D. opuntiae, 
and at the same time had a minimum impact on adults and 
larvae of C. montrouzieri (did not cause short-term mortal-
ity to the predator). For all the insecticide treatments tested 
in this study, the predator C. montrouzieri exhibited a type 
II functional response when feeding on D.opuntiae females. 
In type II functional response the number of preys consumed 
by the predator does not obligatory increase with prey den-
sity (Hassell et al. 1977), because hungry ladybeetles could 

Table 1   Parameters for type II functional response models for C. montrouzieri for the five insecticide treatments and the control

Means within a column followed by the same letters are not significantly different according to Tukey’s LSD test at α 0.05

Treatment Attack rate (a) Max. attack rate (T/Th) Hand. time (Th) Total handling time (Tht) Total searching
time (Tst)

D-limonene (60 g/L)
(1 g/L)

0.10 a
(0.07- 0.12) 

5.83 a
(4.29- 6.99) 

4.43 c
(3.91- 5.71) 

17.62 a
(6.68- 21.83) 

6.39 c
(2.17- 17.32) 

Mineral oil (780 g/L)
(20 g/L) 

0.08 b
(0.05- 0.09) 

5.79 a
(4.16- 7.03) 

4.55 c
(3.96- 5.86)

16.79 a
(5.80- 21.32) 

7.21 c
(2.68- 18.20) 

Potassium salts of fatty 
acid (500 g/L)

(0.4 g/L)

0.05 c
(0.03- 0.07) 

4.52 b
(2.68- 7.11) 

6.14 b
(3.78-  9.29) 

15.74 ab
(4.73- 20.64) 

8.26 bc
(3.36- 19.27) 

Pyriproxyfen 
(100 g/L)
(0.25 g/L) 

0.02 d
(0.01- 0.05) 

4.18 b
(2.10- 9.77) 

7.86 a
(2.57- 12.77) 

12.77 c
(2.70- 18.25) 

11.23 a
(5.75- 21.30) 

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

(3 g/L)

0,03 d
(0.01- 0.06) 

4.22 b
(2.26- 8.81) 

7.64 ab
(2.94- 12.12) 

13.80 bc
(3.27- 19.14) 

10.20 ab
(4.86- 20.73) 

Control (tap water) 0.04 c
(0.02- 0.07) 

4.49 b
(2.48- 7.78) 

6.35 ab
(3.45- 9.81) 

15.27 abc
(4.32- 20.30) 

8.73 abc
(3.70- 19.68) 
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be consumed completely the first few preys they encounter 
and utilize subsequent prey with gradually reduced voracity 
(Hodek and Honek 1996). Many studies reported that type II  
response is the most common model type for coccinellids (Collins  
et al. 1981; Murdoch and Oaten 1975; Seo and DeAngelis 
2011). The predation potential of the predator (C. montrouz-
ieri) does not affect significantly by pesticide-treated patches. 
Exposure of C. montrouzieri to either insecticide treatments 
was associated with a change in the shape of the curve but not 
in the functional response. The lower change of the predator 
functional response curve where insecticides are applied is an 
indication of a change in predation efficiency, either because 
the predator attacks a different number of prey or because of 
a change in searching time (Martinou and Stavrinides 2015). 
The total time of the functional response devise on two com-
ponents (searching time (Ts) + handling time (Th)) and an 
increase in the handling time results in a decrease in the time 
available for prey searching (Martinou and Stavrinides 2015). 
All insecticides tested in this study do not affect negatively the 
searching time (Ts) and handling time (Th) of the predator. In 
all the treatments tested, the prey handling time by the predator 
(C. montrouzieri) was relatively higher, because D. opuntiae 
females cover themselves with white waxy cottony filamen-
tous, therefore the predators spent most of the Th removing 
the waxy covering to access the cochineal females bodies. 
Generally, many factors can affect the functional response of 
predators such as pesticides (Li et al. 2006; Ambrose et al. 
2010; He et al. 2012; Malaquias et al. 2014), intraguild preda-
tion (Martinou et al. 2010), and mutual interference (Chong 
et al. 2006). Pyriproxyfen and potassium salts of fatty acid 
(C7-C18) seem to be the least compatible with C. montrouzieri 
as it led to both a significant reduction of attack rate and an 
increase in handling time compared to other insecticide treat-
ments tested. In contrast, D-limonene, and mineral oil were the 
most compatible with the predator, as they led to both a sig-
nificant increase in attack rate and a decrease in handling time 
compared to other treatments tested. D-limonene and mineral 
oil are biological insecticides that act by contact on many 
pests of crops (Taylor and Vickery 1974; Helmy et al. 2012). 
Indeed D-limonene, which has a physical effect on the cuticle 
of insects (Taylor and Vickery 1974), surely possess a spec-
trum of action very broad and not very selective, but the lack 
of studies does not allow us to conclude as to this assumption 
(El Aalaoui et al. 2019c). The physical effect of these biologi-
cal insecticides alters the mechanical barrier provided by the 
waxy cottony-covered D.opuntiae females and helps the preda-
tors to access directly to their prey bodies (El Aalaoui et al. 
2019c). Our results showed that D-limonene (60 g/L) applied 
at 1 g/l, mineral oil (780 g/L) applied at 20 g/L, potassium 
salts of fatty acid (500 g/l) applied at 0.4 g/L, Pyriproxyfen 
(100 g/l) applied at 0.25 g/L, and potassium salts of fatty acid 
(C7-C18) (500 g/L) applied at 3 g/L residues do not have lethal 
effects on C. montrouzieri, and does not affect significantly 

his predation potential (consumption). The reduction of attack 
rate in some insecticide treatments may be due to the suble-
thal effects of these insecticides. The preference of predator 
between pesticide-treated and non-treated prey patches could 
be further tested in choice experiments.

Conclusion

The study of functional response of C. montrouzieri on D. 
opuntiae females in this current study shows that this preda-
tor (C. montrouzieri) could be more effective against this 
devastating pest of prickly pear cactus in a suitable IPM 
program. Also, both biological insecticides D-limonene 
(60 g/L) applied at 1 g/l, mineral oil (780 g/L) applied at 
20 g/L could alter the waxy cottony coved the mealybug 
body and affect positively the predator predation (consump-
tion). It is important to confirm the results obtained in this 
study under field conditions. This is because many different 
factors such as the density and diversity of other non-prey 
species, pesticides, temperature, and other environmental 
factors and other factors could affect the predator establish-
ment and functional response in field conditions.
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