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a b s t r a c t

Compatibility assessments between selective insecticides and the natural enemies of pests are essential
for integrated-pest-management programs. Chrysoperla externa and Eriopis connexa are two principal
Neotropical predators of agricultural pests whose conservation in agroecosystems requires a toxicity
evaluation of pesticides to minimize the impact on those beneficial insects on the environment. The
objective of this work was to evaluate the toxicity of the insecticides pyriproxyfen and acetamiprid on
C. externa and E. connexa eggs exposed to the maximum recommended field concentrations of each along
with three successive dilutions. The survival and the immature developmental time were assessed daily
until adulthood and the mean survival time calculated over a 10-day period. The cumulative survival of
E. connexawas reduced at all concentrations of both insecticides, while that of C. externawas significantly
decreased by �50 mg L�1 of acetamiprid and �37.6 mg L�1 of pyriproxyfen. In both species, the re-
ductions occurred principally on the eggs and first larval instar. Survival curves, in general, differed from
those of the controls, with the mean survival time of E. connexa being significantly shorter in insecticides
treatments than that of the controls. Certain concentrations of each of the insecticide lengthened the egg
and first-larval-instar developmental periods of E. connexa and C. externa, respectively. Also, pyriproxyfen
reduced the first-larval-instar period and lengthened the fourth of E. connexa. Acetamiprid was more
toxic to E. connexa than to C. externa at the two highest concentrations. Conversely, at those same
concentrations of pyriproxyfen, the relative toxicity to the two species was reversed. The present work
represents the first investigation on the comparative susceptibility of two relevant Neotropical biological
control agents to acetamiprid and pyriproxyfen. Also, it highlights the necessity of assessing long-term
effects in the compatibility studies between natural enemies of agricultural pests and insecticides.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The use of broad-spectrum conventional insecticides to control
agricultural pests has escalated worldwide since the 1950's
(S�anchez-Bayo, 2011). The high toxicity of some of these com-
pounds leads to adverse effects on nontarget organisms like fish,
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amphibians, microcrustaceans, vascular plants, and the natural
enemies of agricultural pestsdpredators and parasitoids alike
(Fogel et al., 2013, 2016; Rimoldi et al., 2008; Ronco et al., 2008;
Schneider et al., 2004, 2009).

In recent decades, certain countries have implemented regula-
tions to bring the use of pesticides closer to a more sustainable
agriculture, according to the premises of integrated-pest-
management (IPM) programs (European Commission, 2009) aimed
at making the chemical control of pests compatible with their bio-
logical control by natural enemies. That goal requires the incorpo-
ration of new and more selective pesticides to improve the
ecosystem service by conserving those nontarget species that
participate in the natural control of pests (Jacas and Urbaneja, 2009).
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Within the framework of a more sustainable agriculture, new
synthetic pesticides have been registered (Guedes et al., 2016). In
many instances, these compounds have been considered as bio-
rational on the basis of short term toxicity assessments with
cosmopolitan or Nearctic and Palearctic species (FAO, 2013). The
registration and utilization of those products in Argentina not re-
quires the toxicity testing on native natural enemies (CASAFE, 2013/
2015). An evaluation of the side effects of a novel pesticide on the
local flora and fauna is highly relevant in order to ascertain the
potential impact of that product on the productive systems of a
given region, particularly when key biological control agents could
be affected.

On the basis of the above criteria, pyriproxyfen and acetamiprid
have accordingly become considered selective insecticides (Ishaaya
et al., 2007; Moscardini et al., 2013; USEPA, 2015) and are thus
commonly used on Argentine horticultural crops for controlling
sap-sucking phytophagous pests.

Pyriproxyfen, an analog of the insect juvenile hormone, causes a
marked suppression of embryogenesis, metamorphosis, and adult
formation. Of molecular weight 321.5 g mol�1, the active ingredient
exhibits a high octanol-waterepartition coefficient (log Ko/w 5.37),
which lipophilicity facilitates the incorporation into organisms
(Ghanim and Ishaaya, 2010; Sullivan and Goh, 2008).

Acetamiprid is a neonicotinoid insecticide that antagonizes the
insect central nervous system through a specific interaction with
nicotinic acetylcholine receptors to produce excitation, paralysis,
and death (Tomizawa and Casida, 2005). Of molecular weight of
222.67 g mol�1, the active ingredient has an octanol-water-
epartition coefficient of Log Ko/w ¼ 0.8. Recent research on the
lethal and sublethal effects of this insecticide on beneficial organ-
isms has led to a questioning of the compatibility of neonicotinoid
pesticides like acetamiprid with beneficial insects (Christen et al.,
2017; Fogel et al., 2013, 2016; He et al., 2012; Malagnoux et al.,
2015).

Generalist arthropod predators are known worldwide as regu-
lators of phytophagous arthropod populations (Symondson et al.,
2002). Eriopis connexa Germar (Coleoptera: Coccinellidae) and
Crysoperla externa Hagen (Neuroptera: Chrysopidae) are two
beneficial Neotropical predators considered as potential biological
agents for the control of different agricultural pestsdi. e., aphids,
whiteflies, mites, and thrips (Almeida-Sarmento et al., 2007; Fogel,
2012; Rimoldi, 2009; Rodrigues Barbosa et al., 2008). The conser-
vation of E. connexa and C. externa in agroecosystems is, however,
compromised by the indiscriminate application of pesticides.
Therefore, the development, introduction, and application of new
reduced-risk chemicals are critical to conserve these beneficial
organisms in agroecosystems.

Conversely, an additional relevant criterion for selecting bio-
logical control agents concerns their susceptibility to pesticides
since a high tolerance or resistance would result in better fitness
upon possible exposure. Hence, information on the relative sus-
ceptibility to insecticides among different natural enemies of pests
would be an aid to decision-making when selecting biological
control agents in IMP programs. Studies on the compatibility be-
tween insecticides and natural enemies, however, are mainly ori-
ented towards the assessment of effects when products are
exposed to the developmental stages at which the organisms
control the pest (i. e., the predatory phase); but, the analysis should
take into account the entire life history of a pest predatordi. e., the
protected stages like eggs or pupae along with the adult stage that
in some species is not predatory such as Chrysopidae species.
Previous studies have been done on only certain development
stages (Fogel et al., 2016; Rimoldi et al., 2008, 2012) but any
comparative studies have not been conducted regarding to the
susceptibility of predators species to pesticides.
Within this context, the purpose of the study was to evaluate
under laboratory conditions both the short- and long-term effects
of acetamiprid and pyriproxyfen on the two beneficial Neotropical
predators, C. externa and E. connexa, after exposure of their eggs to
pyriproxyfen and acetamiprid. Besides, the comparative suscepti-
bility of both species to both insecticides was assessed.

2. Materials and methods

2.1. Origin and maintenance of the organisms

Predators colonies were initiated and established from adults
collected on horticultural crops of the La Plata region, Argentina
(34� 570 1700 S, 57� 530 2600 W). After quarantining, the individuals
were maintained in the laboratory and housed for multiplication
under controlled environmental conditions (temperature,
25 ± 2 �C; relative humidity, 75 ± 5%; and photoperiod, 16:8-h
light:dark), according to pre-established protocols (Fogel, 2012;
Rimoldi, 2009). Every year the colonies were infused with wild
stock collected from the same geographical origin, in order to
maintain genetic variability. In the bioassays, insect cohorts from
the laboratory colonies were used.

Chrysoperla externa larvae were fed with Sitrotoga cerealella
Olivier (Lepidoptera: Gelechiidae) eggs ad libitum as a “factitious
prey” and provided by the insectaria IMYZA-Castelar, Argentina,
while adults were fed with an artificial diet according to Nu~nez
(1998). Eriopis connexa larvae and adults were fed with the bird-
cherry aphid Rhopalosiphum padi L. (Hemiptera: Aphididae) ad
libitum (Fogel, 2012), and an artificial diet was added as a nutri-
tional supplement (Haramboure et al., 2016).

The bioassays were carried out in a growth chamber under the
same controlled environmental conditions as those mentioned
above.

2.2. Insecticides

Commercial formulated insecticides were used in the bioassays:
Epingle® (10% [w/v] pyriproxyfen; Summit-Agro, Buenos Aires,
Argentina), and Mospilan® (acetamiprid 20% [w/w]; Summit-Agro,
Buenos Aires, Argentina). For each insecticide the maximum rec-
ommended field concentrations (MRFCs) registered in Argentina
(CASAFE, 2013/2015) was used along with the dilutions corre-
sponding to 50, 25, and 12.5%. Therefore, the respective concen-
trations applied, when expressed as the concentration of active
ingredient (a.i.), were: for pyriproxyfen 75, 37.6, 18.7, and 9.4 mg
a.i.L�1 and for acetamiprid 200, 100, 50, and 25 mg a.i.L�1.

2.3. Bioassays

The bioassays were done in eggs where embryos of both species
have a similar development and drying of the proteinaceous
chorion that wrap eggs.

Less than 24-h-old C. externa eggs were exposed by dipping for
15 s into each insecticide concentration to be tested. Thereafter the
eggs were placed individually in plastic Petri dishes (9 cm diameter,
1.3 cm depth), and the emerged larvae were fed ad libitum on
S. cerealella eggs following the protocols in Rimoldi et al. (2008).

For the E. connexa experiments, 48-h-old eggs were exposed by
dipping for 15 s in each insecticide concentration. The controls of
each species were dipped in distilled water. The emerged larvae of
E. connexa were placed individually in plastic Petri dishes (9 cm
diameter, 1.3 cm depth) to avoid cannibalism and fed ad libitum
with the same food used for rearing the colonies.

At the time of exposure, the embryos were under development
inside the eggs of both predator species. Each treatment consisted
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in three replications, though the number of individuals per repli-
cation was variable, in all instances, a minimum of 10 was main-
tained. For C. externa the total number of exposed eggs in each
treatment (n) was from 32 to 61, while to E. connexa the nwas from
77 to 228 individuals (this specie lay eggs in batches).

Every 24 h, and until each species reached the adult stage, the
effects of the insecticides on different life parameters, were
assessed: immature developmental time (in the instars or stages
where survival was greater than 30%) and survivorship (both the
cumulative survivaldi. e., the total number of adults emerging from
the exposed eggsdand the survival at each developmental
stagedi. e., egg, larva, pupa). The survival probability was also
analyzed, taking into account the first 10 days after egg exposure,
along with the mean survival time.

The relative susceptibility to the two insecticides between
E. connexa and C. externawas assessed from the cumulative survival
at all concentrations of each insecticide, whereas the survival
curves were calculated from only the data corresponding to treat-
ment at the two MRFCs (200 mg a.i.L�1 of acetamiprid and 75 mg
a.i.L�1 of pyriproxyfen).
2.4. Statistical analysis

The results are presented as the mean ± standard error. The
Shapiro-Wilk's test was employed to assess the distribution of the
data. If the data had a normal distribution, the one-way analysis of
variance (ANOVA) was used to observe differences between the
treatments. When the proportional data required normalization,
the arc-sine square-root transformation was done before analysis.
After the ANOVA, the means were separated by applying the least-
significant-difference (LSD) test to assess differences among
treatments (a � 0.05). The Kruskal-Wallis test was used for the set
of data not reaching normality, and in this circumstance the Dunn
test was used for multiple pairwise comparisons. The analysis of
survival during the first 10 days after exposure was used to deter-
mine the mean survival time in each treatment. The survival
functions were estimated by the Kaplan-Meier method along with
the log-rank test for treatment comparisons, through the use of the
Bonferroni correction for paired comparisons between treatments.
In the comparisons between species, the data were corrected to the
control values through the use of the Abbott correction. The XLStat
program (Addinsoft XLstat for Excel, Paris, France. 2009. http://
xlstat.softonic.com) was used for the analysis.
Table 1
Toxicity of acetamiprid and pyriproxyfen on the survival of immature stages of Chrysope

Treatments Concentration
(mg a.i./L)

Survival (%)

Eggsa Larval

1sta 2

Control 88.24 ± 6.79abc 74.89 ± 7.30a 9
Acetamiprid 200c 60.44 ± 8.79d 31.48 ± 8.07cd 8

100 95.05 ± 2.48a 43.38 ± 3.44bcd 7
50 65.76 ± 15.89cd 63.81 ± 6.92ab 7
25 72.42 ± 8.79bcd 51.85 ± 4.52bc 9

Pyriproxyfen 75c 57.30 ± 3.69d 30.94 ± 8.53d 9
37.6 88.06 ± 4.80abc 47.78 ± 10.60bcd 8
18.7 91.67 ± 4.81ab 51.82 ± 4.30bc 8
9.4 70.73 ± 7.62bcd 63.54 ± 4.58ab 1

a < 0.05 F ¼ 3.186 F ¼ 4.545 K
p ¼ 0.020 p ¼ 0.004 p
df ¼ 8; 18 df ¼ 8; 18 d

Letters in bold font indicate significant differences respect to control.
a One-way ANOVA test. Means were separated by a least significant difference (LSD) m
b Kruskal-Wallis test. Dunn test was used to multiple pairwise comparisons (p � 0.05
c Maximum recommended field concentration.
d Number of adults respect to exposed eggs.
3. Results

3.1. Effects of insecticides on Chrysoperla externa

The insecticides reduced the cumulative survival of C. externa
significantly from concentrations of 50 mg a.i.L�1 acetamiprid and
37.6 mg a.i.L�1 pyriproxyfen (F ¼ 3.132; df ¼ 8, 18; p ¼ 0.021)
(Table 1). The analysis of the survival at each developmental stage
indicated that the eggs and first larval instars were more suscep-
tible to the insecticides than the later stages. Acetamiprid caused a
significant decrease in the survival of those two stages at 200 mg
a.i.L�1, whereas the insecticide was also toxic to the first larval
instar at 100 and 25 mg a.i.L�1 (F ¼ 3.186; df ¼ 8, 18; p ¼ 0.020 eggs
and F ¼ 4.545; df ¼ 8, 18; p ¼ 0.004 first larval instar).

In contrast, pyriproxyfen at 75 mg a.i.L�1 significantly reduced
the survival of eggs (F¼ 3.186; df¼ 8, 18; p¼ 0.020); whereas at 75,
37.6, and 18.7 mg a.i.L�1 the pesticide decreased the survival of the
first larval instar (F ¼ 4.545; df ¼ 8, 18; p ¼ 0.004). No significant
effects on the survival of the second and third larval instars or on
the pupal stage were detected in any of treatments tested (Table 1)
(K ¼ 7.741; df ¼ 8, 18; p ¼ 0.459. F ¼ 1.081; df ¼ 8, 18; p ¼ 0.419.
K ¼ 7.317; df ¼ 8, 18; p ¼ 0.503).

The survival pattern of C. externa during the 10 days after
insecticide exposure provides information on the rapidity of the
action of those compounds. In all the acetamiprid treatments and
after exposure to pyriproxyfen at 75, 37.6, and 9.4 mg a.i.L�1 a
difference in the survival curves occurred with respect to those of
the controls (Fig. 1a and b) (Long-rank ¼ 62.837; p < 0.0001). The
mean survival time of C. externa, however, was reduced signifi-
cantly with respect to the control values only at 200 mg a.i.L�1 of
acetamiprid and at 75 mg a.i.L�1 of pyriproxyfen (MRFCs) (Table 3).
When we compared the corrected survival curves for the MRFCs of
each insecticide, we observed that acetamiprid and pyriproxyfen
produced similar profiles for the survival of C. externa (Fig. 1c)
(Long-rank ¼ 0.015; p ¼ 0.902).

Acetamiprid at 50 mg a.i.L�1 and pyriproxyfen at 9.4 mg a.i.L�1

significantly lengthened the duration of the first larval-instar
period with respect to the control time of 3.71 ± 0.27 days by
1.25 ± 0.19 and 1.35 ± 0.32 days, respectively (F ¼ 6.371; df ¼ 6, 14;
p < 0.001). Nevertheless, in these treatments, no significant effects
on the rest of developmental stages were observed. The other
pesticide concentrations did not produce significant effects on any
of developmental stages tested (F ¼ 2.364; df ¼ 8, 18; p ¼ 0.062
rla externa. The data correspond to mean values (±SEM).

Pupalb Cumulative survivala d

ndb 3rda

4.87 ± 2.56 83.33 ± 8.33 94.44 ± 5.56 49.02 ± 7.07a
8.89 ± 11.11 91.67 ± 8.33 72.22 ± 14.70 10.07 ± 2.66d
5.24 ± 7.80 83.33 ± 9.62 78.33 ± 11.67 19.60 ± 2.70bcd
3.81 ± 14.48 86.67 ± 13.33 88.89 ± 11.11 25.76 ± 12.40bcd
3.33 ± 6.67 100.00 ± 0.00 80.56 ± 10.02 28.18 ± 5.33abc
4.44 ± 5.56 100.00 ± 0.00 83.33 ± 16.67 14.60 ± 5.43cd
6.11 ± 7.35 80.11 ± 5.04 72.50 ± 5.20 20.11 ± 3.13bcd
8.89 ± 11.11 93.33 ± 6.67 86.11 ± 7.35 33.33 ± 4.81ab
00.00 ± 0.00 75.24 ± 18.10 100.00 ± 0.00 34.40 ± 9.60ab
¼ 7.741 F ¼ 1.081 K ¼ 7.317 F ¼ 3.132
¼ 0.459 p ¼ 0.419 p ¼ 0.503 p ¼ 0.021
f ¼ 8; 18 df ¼ 8; 18 df ¼ 8; 18 df ¼ 8; 18

ultiple range test (p � 0.05).
).
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Fig. 1. Survival analysis (Kaplan eMeier test) of Chrysoperal externa after 10 days of exposed to: a) 200 mg.L�1 (MRFC), 100 mg.L�1, 50 mg.L�1 and 25 mg.L�1 of acetamiprid; and b)
75 mg.L�1 (MRFC), 37.6 mg.L�1, 18.7 mg.L�1, and 9.4 mg.L�1 of pyriproxyfen. The Log-rank test was used for pairwise comparisons. c) Survival analysis (Kaplan eMeier test) of
C. externa exposed to the maximum recommended field concentrations (MRFCs) registered in Argentina of acetamiprid and pyriproxyfen after 10 days of exposure. In this case,
survival data were corrected with control to be possible the comparison.
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eggs. F ¼ 1.057; df ¼ 4, 10; p ¼ 0.426 second larval instar. F ¼ 0.818;
df ¼ 2, 6; p ¼ 0.485 third larval instar. F ¼ 2.363; df ¼ 1, 4; p ¼ 0.199
pupal stage).

3.2. Effects of insecticides on E. connexa

Acetamiprid and pyriproxyfen at all concentrations tested
significantly reduced the cumulative survival of E. connexa from the
egg to the adult stage (Table 2) (F ¼ 16.741; df ¼ 8, 18; p < 0.0001).
An analysis the survival of each developmental stage indicated that
acetamiprid reduced egg survival at the highest concentration
(200 mg a.i.L�1) (K ¼ 19.207; df ¼ 8, 18; p ¼ 0.014), but decreased
the survival of first larval instar both at that maximal concentration
(200 mg a.i.L�1) and at the half-maximal (100 mg a.i.L�1)
(K¼ 22.948; df¼ 8, 18; p¼ 0.003). In contrast, pyriproxyfen did not
affect survival at any concentration, nor did acetamiprid at 50 mg
a.i.L�1 or 25 mg a.i.L�1altered the survival of any developmental
stage (K ¼ 15.705; df ¼ 7, 16; p ¼ 0.280 second larval instar.
K ¼ 8.449; df ¼ 7, 16; p ¼ 0.459 third larval instar. K ¼ 3.478; df ¼ 7,
16; p ¼ 0.838 fourth larval instar. F ¼ 0.476; df ¼ 7, 16; p ¼ 0.838
pupal stage). Nevertheless, these partial mortalities, though not in
themselves statistically significant, determined the significant re-
ductions in cumulative survival relative to the control values
(Table 2).

In all the insecticide treatments, the survival curves of E. connexa
differed significantly from those of the controls (Fig. 2a and b), thus
demonstrating that survival probability of this predator became
compromised (Long-rank ¼ 365.920; p < 0.0001). Moreover, in all
instances the mean survival times estimated were significantly
lower than those of the control group (Table 3).

As to a comparison of the selectivity between both insecticides
at the respective MRFCs (200 mg a.i.L�1 of acetamiprid and 75 mg
a.i.L�1 of pyriproxyfen) in terms of the toxicity to E. connexa, acet-
amiprid caused a much higher mortality than did pyriproxyfen.
Furthermore, acetamiprid treatment resulted in curves with more
pronounced slopes than those of pyriproxyfen, thus evidencing a
more rapid action (Fig. 2c) (Long-rank ¼ 90.202; p < 0.0001).

Pyriproxyfen at 75 and 37.6 mg a.i.L�1 and acetamiprid at
100 mg a.i.L�1 lengthened the duration of the egg stage relative to
the control period (4.00 ± 0.01 days) by 0.4 ± 0.07, 0.23 ± 0.03, and
0.25 ± 0.09 days, respectively (F ¼ 5.913; df ¼ 7, 16; p ¼ 0.002).
Moreover, pyriproxyfen at those two highest concentrations also
shortened the first larval-instar period relative to the control time
of 2.45 ± 0.01 days by 0.26 ± 0.1 and 0.33 ± 0.1 days, respectively
(F ¼ 7.971; df ¼ 6, 14; p ¼ 0.001). This insecticide at 75 mg a.i.L�1

lengthened the duration of third larval instar respect to the controls
(3.98 ± 0.08 days) by 0.5 ± 0.28 days (F ¼ 7.059; df ¼ 6, 14;
p ¼ 0.001). The rest of the treatments did not cause any significant
effect on the developmental time of other instars or stages
(F ¼ 1584; df ¼ 6, 14; p ¼ 0.224 second larval instar. F ¼ 1.791;
df ¼ 6, 14; p ¼ 0.173 fourth larval instar. F ¼ 0.685; df ¼ 4, 10;
p ¼ 0.618 pupal stage).



Table 2
Toxicity of acetamiprid and pyriproxyfen on the survival of immature stages of Eriopis connexa. The data correspond to mean values (±SEM).

Treatments Concentration
(mg a.i.L-1)

Survival (%)

Eggsb Larval Pupal1 Cumulative survivala d

1stb 2ndb 3rdb 4thb

Control 85.53 ± 2.01a 92.34 ± 0.72a 94.94 ± 2.02 98.80 ± 0.60 91.45 ± 2.59 82.49 ± 1.98 55.88 ± 2.87a
Acetamiprid 200c 6.41 ± 3.39b 0.00 ± 0.00b 0.00 ± 0.00e

100 68.39 ± 9.25ab 32.44 ± 7.01b 100.00 ± 0.00 100.00 ± 0.00 90.00 ± 10.00 76.19 ± 12.60 13.92 ± 1.89d
50 71.18 ± 3.60ab 79.50 ± 6.74ab 100.00 ± 0.00 100.00 ± 0.00 91.38 ± 5.27 79.07 ± 4.93 40.41 ± 3.03b
25 57.58 ± 3.03ab 77.51 ± 5.69ab 100.00 ± 0.00 100.00 ± 0.00 70.00 ± 15.28 82.22 ± 9.69 25.15 ± 5.61cd

Pyriproxyfen 75c 84.76 ± 5.92a 53.65 ± 4.84ab 100.00 ± 0.00 96.97 ± 3.03 85.86 ± 9.99 90.00 ± 5.77 32.91 ± 1.13bc
37.6 73.29 ± 4.42ab 57.84 ± 2.60ab 95.66 ± 2.20 97.44 ± 2.56 84.47 ± 4.84 94.29 ± 2.97 31.46 ± 3.42bc
18.7 59.95 ± 8.69ab 79.01 ± 2.83ab 93.89 ± 3.09 100.00 ± 0.00 91.67 ± 8.33 77.78 ± 11.11 30.27 ± 2.17bc
9.4 59.92 ± 3.04ab 62.18 ± 4.23ab 100.00 ± 0.00 100.00 ± 0.00 88.89 ± 11.11 79.17 ± 15.02 27.33 ± 7.85c

a < 0.05 K ¼ 19.207 K ¼ 22.948 K ¼ 15.705 K ¼ 8.449 K ¼ 3.478 F ¼ 0.476 F ¼ 16.741
p ¼ 0.014 p ¼ 0.003 p ¼ 0.280 p ¼ 0.459 p ¼ 0.838 p ¼ 0.838 p < 0.0001
df ¼ 8; 18 df ¼ 8; 18 df ¼ 7; 16 df ¼ 7; 16 df ¼ 7; 16 df ¼ 7; 16 df ¼ 8; 18

Letters in bold font indicate significant differences respect to control.
a One-way ANOVA test. Means were separated by a least significant difference (LSD) multiple range test (p � 0.05).
b Kruskal-Wallis test. Dunn test was used to multiple pairwise comparisons (p � 0.05).
c Maximum recommended field concentration.
d Number of adults respect to exposed eggs.

Table 3
Mean survival time estimated from survival analysis, for Chrysoperla externa and
Eriopis connexa exposed to several concentrations of acetamiprid, pyriproxyfen and
distilled water (control). The data correspond to mean values (±SEM).

Treatments
(mg a.i./L)

Mean survival time*

Chrysoperla externa Eriopis connexa

Control 8.686 ± 0.127 7.741 ± 0.159
Acetamiprid 200 6.450 ± 0.499* 2.104 ± 0.051*

100 8.610 ± 0.238 3.686 ± 0.158*
50 8.313 ± 0.357 3.438 ± 0.088*
25 7.781 ± 0.286 4.370 ± 0.105*

Pyriproxyfen 75 6.607 ± 0.348* 3.725 ± 0.124*
37.6 8.533 ± 0.229 5.299 ± 0.244*
18.7 9.111 ± 0.236 5.485 ± 0.231*
9.4 8.263 ± 0.379 4.231 ± 0.197*

*Indicate significant differences respect to Control.
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3.3. Comparative susceptibility of E. connexa and C. externa to
acetamiprid and pyriproxyfen

An analysis of the cumulative mortality indicated a differential
relative susceptibility on the part of the two species to the in-
secticides, but only at concentrations of 100% or 50% of the MFRCs
(acetamiprid U ¼ 9.00; p ¼ 0.037e200 mg a.i.L�1. Z ¼ �2.364;
p ¼ 0.018e100 mg a.i.L�1. Z ¼ 0.837; p ¼ 0.402e50 mg a.i.L�1. Z ¼ -
0.949; p ¼ 0.343e25 mg a.i.L�1. Pyriproxyfen Z ¼ 2.491;
p ¼ 0.013e75 mg a.i.L�1. Z ¼ 1.969; p ¼ 0.049e37.6 mg a.i.L�1.
Z ¼ �1.385; p ¼ 0.166e18.7 mg a.i.L�1. Z ¼ �0.924;
p ¼ 0.355e9.4 mg a.i.L�1). Whereas, at those concentrations
E. connexa was more susceptible to acetamiprid than C. externa
whereas E. connexa was less susceptible to pyriproxyfen than
C. externa (Fig. 3).

The survival patterns for both predators during the 10 consec-
utive days after exposure to the insecticides revealed that
E. connexa was more susceptible than C. externa to acetamiprid
(Fig. 4a) (Long-rank ¼ 65.407; p < 0.0001). Moreover, the estima-
tion of mean survival times (corrected respect to control) for this
insecticide, were different for the two speciesdi. e., 6.1 days
(5.2e6.9) for C. externa and 2.2 days (2.0e2.3) for E. connexa. The
survival curves of both predators after exposure to pyriproxyfen
furthermore demonstrated significant differences with this insec-
ticide (Fig. 4b), though here stronger toxic effects were observed
with C. externa (Long-rank ¼ 4.659; p ¼ 0.031). Nevertheless, the
mean survival times recorded with both predators for this insec-
ticidewere quite similar at 6.9 (6.2e7.6) days with E. connexa and at
7.0 (6.3e7.8) days with C. externa.
4. Discussion

Compatibility studies between insecticides and natural enemies
of agricultural pests have indicated that the differential toxicity of
pesticides to beneficial insects depends mainly of the route of
exposure and the developmental stage of the individuals exposed
(Desneux et al., 2007; Fogel et al., 2013, 2016; Moscardini et al.,
2013; Rimoldi, 2009; Rimoldi et al., 2008, 2012; Youn et al.,
2003). The present study has focused on the comparative toxicity
to two relevant Neotropical pest predators, E. connexa and
C. externa, of the insecticides acetamiprid and pyriproxyfen, those
being commonly used to control agricultural pests in Argentina.
4.1. Effects on egg survival

The eggs and the first larval instars of both species exhibited a
high susceptibility to acetamiprid, especially at the two highest
concentrations, where survival was substantially affected, with
E. connexa being more susceptible than C. externa. This greater
susceptibility of E. connexa eggs to insecticides than those of
C. externa had been similarly cited previously for the neurotoxic
insecticide cypermethrin. This latter insecticide was toxic to the
eggs or embryos of E. connexa (Fogel, 2012), but was harmless to the
eggs or embryos of C. externa (Rimoldi et al., 2008).

Moreover, the high toxicity of acetamiprid on the eggs of
E. connexa previously reported by Fogel et al. (2013) agrees with
other studies on Coccinelidae species, such as Harmonia axyridis
Pallas (Coleoptera: Coccinellidae) (Mirande, 2016; Youn et al.,
2003). Several reports have cited the ovicidal effects of various
pesticides on chrysopids (Ferreira et al., 2005; Silva et al., 2012). In
particular, Ayuvi et al. (2013) reported similar toxic effects of the
neonicotinoids imidacloprid and thiamethoxam on Chrysoperla
carnea Stephens (Neuroptera: Chrysopidae).

In the present study, pyriproxyfen reduced the survival of eggs
and first larval instars of C. externa, though no mortality was
observed in those same stages of E. connexa. Although most insect-
growth regulators (IGRs) do not usually affect the egg survival of
the natural enemies of pests (Medina et al., 2003; Rill et al., 2008;



Fig. 2. Survival analysis (Kaplan eMeier test) of Eriopis connexa after 10 days of exposed to: a) 200 mg.L�1 (MRFC), 100 mg.L�1, 50 mg.L�1 and 25 mg.L�1 of acetamiprid; and b)
75 mg.L�1 (MRFC), 37.6 mg.L�1, 18.7 mg.L�1, and 9.4 mg.L�1 of pyriproxyfen. The Log-rank test was used for pairwise comparisons. c) Survival analysis (Kaplan eMeier test) of
E. connexa exposed to the maximum recommended field concentrations (MRFCs) registered in Argentina of acetamiprid and pyriproxyfen after 10 days of exposure. In this case,
survival data were corrected with control to be possible the comparison.

Fig. 3. Cumulative survival of Chrysoperla externa and Eriopis connexa to acetamiprid
and pyriproxyfen. The survival data were corrected with control to be possible the
comparison. The statistical comparison between species for each treatment was
evaluated by the Student and Mann-Whitney test. The data correspond to mean values
(means ± SEM). The asterisks (*) indicate significant differences between species.
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Rimoldi et al., 2008), certain reports have indicated otherwise. For
example, similar to the present results, Chen and Liu (2002)
observed toxic effects of pyriproxyfen on the eggs of Chrysoperla
rufrilabris Burmeister (Neuroptera: Chrysopidae).

The egg chorion provides physical and chemical protection for
the embryo during development, preventing desiccation and the
entry of hydrophilic substances (Nation, 2008). Hoffmann et al.
(2008) stressed the correlation between the ovicidal effect on the
pest Conotrachelus nenuphar Herbst (Coleoptera: Curculionidae) of
several neonicotinoid insecticides and their corresponding Ko/w
values. Kilpatrick et al. (2005) observed that acetamiprid (log Ko/

w ¼ 0.8) caused significant ovicidal effects; whereas imidacloprid
(log Ko/w ¼ 0.57), exhibited a lower activity, and compounds like
thiamethoxam (log Ko/w ¼ �0.13) could not reach the target site of
the embryo (Smith and Salkeld, 1966). Nevertheless, those same
authors themselves cautioned that partitioning coefficients are not
absolute predictors of insecticide activity. Taking account these
observations, we could hypothesize that the ovicidal effects of
acetamiprid in the present study could be directly related to the
uptake of the compound by the egg. Moreover, since this insecticide
acts on general insect physiologic processes, the low selectivity
observed with this pesticide might well be expected.

The higher Ko/w of pyriproxyfen (Log Ko/w ¼ 5.37) would predict
that the insecticide could surmount the hydrophobic barriers of the
chorion, though certain authors have considered that this com-
pound's poor permeability to eggs is owing to the relatively high
molecular weight of 321.37 g mol�1 (Moscardini et al., 2013).
Nevertheless, the mode of action of pyriproxyfen is more specific



Fig. 4. Comparative survival analysis (Kaplan eMeier test) of Chrysoperla externa and
Eriopis connexa exposed to the maximum recommended field concentrations (MRFCs)
registered in Argentina of a) acetamiprid (200 mg.L�1) and b) pyriproxyfen (75 mg.L�1)
along 10 days. Survival data were corrected with control to be possible the comparison.
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than that of acetamiprid and depends on the presence of
insecticide-specific endocrine receptors in the embryos developing
inside of egg (Sullivan and Goh, 2008). These considerations could
explain the lack of ovicidal effects of this insecticide on E. connexa.
Although the ovicidal effects of this IGR on C. externawould best be
discussed in view of the particular characteristics of the chorion in
different species, the available literature on those details is insuf-
ficient to resolve this question; and therefore further research along
those lines would be necessary to do so.

4.2. Effects on the developmental stages after pesticide exposure

Acetamiprid at 200 mg a.i.L�1 caused a significant impact on the
survival of the neonatal larvae of both predators. In C. externa, the
neonatal larvae were dead upon hatching and were not able to
detach from the chorion. Cypermethrin had produced a similar
larval mortality after exposure of the eggs in this species (Rimoldi
et al., 2008). In order to emerge from the egg, the larvae of
C. externa use their mandibles to break the chorion, whereas the
neonatal larvae of E. connexa have in the head and prothorax a
structure referred to as the egg tooth that likewise is believed to
play a role in hatching (Nedv�ed and Hon�ek, 2012). In addition, the
neonatal larvae of the latter species consume part of the chorion
right after hatching. Therefore the effects on the neonatal larvae
that were observed could be related to exposure to the insecticide
during the act of hatching. The survival of the first larval instar was
also affected by the other treatments, but in these instances, the
resulting lethality was not detected immediately after hatching so
that the larvae were able to emerge completely.

The effects of neonicotinoids on the larvae of the natural en-
emies have been documented by several authors (Ayuvi et al., 2013;
Cloyd and Bethke, 2011; Yao et al., 2015), though the IGRs usually
have low larvicidal activity on those beneficial insects (Rill et al.,
2008; Rimoldi et al., 2008; Vivek et al., 2012). Notwithstanding,
certain authors have reported the opposite result (Biondi et al.,
2015; Moscardini et al., 2013; Schneider et al., 2004). In partic-
ular, and in keeping with the results of the present study, Rugno
et al. (2016) detected adverse effects of pyriproxyfen and other
IGRs on the survival of Ceraeochrysa cincta Schneider (Chrysopidae:
Neuroptera).

4.3. Effects on cumulative survival (from the egg to the adult)

The earliest studies on the compatibility of insecticides with the
natural enemies involved short-term assessments (Vivek et al.,
2012; Vogt et al., 2000), though more recently the emphasis has
shifted to further investigations aimed at revealing long-term im-
pacts that would not be evident over the short term (Dhadialla
et al., 1998; Fogel et al., 2013; Rimoldi et al., 2008; Schneider
et al., 2009). In the present work, we observed that most of the
concentrations of both insecticides investigated reduced the cu-
mulative survival of C. externa and E. connexa. In general, this
reduction was associated with significant effects on the survival of
the egg or the first larval instar since the survival of the rest of the
larval instars and the pupae were not affected. Nevertheless, in
certain instancesdsuch as, for example, at all the concentrations of
pyriproxyfen tested on E. connexadeffects on cumulative survival
were detected; but without any significant mortality for each
developmental stage being observed, thus suggesting that the
toxicity in these instances was less immediate and less intense, but
longer lasting. This type of response had also been observed for
C. externa in previous experiments involving the insecticide spi-
nosad (Rimoldi et al., 2008) as well as for Coccinella septempunctata
L. (Coleoptera: Coccinellidae) with hexaflumuron (Yu et al., 2014).

4.4. Survival analysis

Survival analyses enable an understanding of how cumulative
survival is modified over time. In studies of the compatibility of
insecticides with the natural enemies of pests, the technique serves
to analyze both the intensity and rapidity of action of the com-
pounds. In the present work, the background of natural deaths in
the C. externa controls during the first days of the experiment was
very low and increased only slightly throughout the rest of the ten-
day period investigated. None of the treatments appeared to
modify the shape of the survival curves substantially. The action of
these pesticides affected proportionally the intensity of daily
mortality, but not so much the slopes of the survival curves; hence,
no noticeable changes were evident in the mean survival time.
Therefore, the effects of the two compounds under study on the
survival of this species were both concentration-dependent and
long-term. This delay in the expression of the mortality observed in
C. externa might be explained by a mechanism whereby the in-
secticides and/or their metabolites accumulate in the tissues of the
different stages to then be slowly released within the insect, thus
leading to a form of chronic exposure. Sullivan and Goh (2008)
referred to a tendency of pyriproxyfen to bioaccumulate because
of the insecticide's high Ko/w, though previous studies had indicated
that the compound had a short internal half-life as a result of
elimination. For example, it was found a 93% elimination of pyr-
iproxyfen in fish after two weeks, although Brunet et al. (2005)
documented that only 40% of acetamiprid and its metabolites
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were eliminated from Apis mellifera, thus suggesting substantial
persistence after 72 h.

The control survival curve in E. connexa showed an asymptotic
negative shape, but the insecticidesdmainly acetamipriddaltered
the shape of this curve by changing the slope. Thus, in these
treatments, the mean survival times were significantly lower,
evidencing drastic short-term effects. Youn et al. (2003) also re-
ported the short-term mortality of neonicotinoids on other Cocci-
nellidae species. A comparison of the responses of this species to
the two insecticides indicated that the effect of acetamiprid
involved a concentration-dependent increase in the killing in-
tensity and the speed of action; whereas, although pyriproxyfen
also produced significant toxic effects, the extent of this com-
pound's action was quite similar at all the concentrations tested.

4.5. Effects on immature developmental time

Several studies have reported an alteration in the immature
developmental period of pest-predatory arthropods in response to
pesticide exposure (Desneux et al., 2007; Li et al., 2015; Rimoldi
et al., 2008). With the two predators investigated in the present
work, we found that some of the concentrations of acetamiprid and
pyriproxyfen tested altered the developmental time of the eggs and
early larval instars.

Previous studies had reported that exposure to spinosad and
cypermethrin caused a shortening of the egg period of C. externa
(Rimoldi et al., 2008); whereas fenoxycarb and pyriproxyfen had
been found to lengthen of the developmental time of eggs in
C. rufilabris (Chen and Liu, 2002; Liu and Chen, 2001), as did the
action of imidacloprid in the pest predator Apolygus lucorum
Meyer-Dur (Hemiptera: Miridae) (Tan et al., 2012). In contrast,
Rugno et al. (2016) reported that pyriproxyfen caused no effects on
the duration of the larval period in C. cincta, while Li et al. (2015)
observed a lengthening of certain larval instars of Serangium japo-
nicum Chapin (Coleoptera: Coccinellidae) after exposure to pyr-
iproxyfen. The juvenile hormone together with 20-
hydroxyecdysone regulates the molting and metamorphosis of in-
sects (Nation, 2008). The effects observed on developmental time
with pyriproxyfen in the present experiment could be related to
alterations in the endogenous levels of the juvenile hormone as a
result of the uptake of the juvenoid. Accordingly, certain studies
had registered alterations in the time required for the development
and metamorphosis of crustaceans that were caused by juvenoids
(McKenney, 2005). In contrast, as mentioned above, acetamiprid
acts on the insect central nervous system, producing a more
generalized alteration in the targeted individual that, as a conse-
quence, potentially affects as well the developmental time.

4.6. Compatibility between insecticides and the natural enemies of
pests: insecticide selectivity and species susceptibility

A comparison of the differential susceptibility between
C. externa and E. connexa to toxicity by the two insecticides under
investigation in terms of the species' cumulative survival (from egg
to adult) demonstrated that E. connexa was more susceptible to
both, since all the treatments significantly affected that parameter;
whereas, with the neuropteran predator, only higher concentra-
tions of both insecticides produced deleterious effects. Notwith-
standing, if only high concentrations are considered, E. connexawas
more susceptible to acetamiprid than C. externa, with the relative
susceptibility being the reverse for pyriproxyfen.

The evaluation of the relative selectivity of the two insecticides
by means of the survival curves after exposure to the MFRCs indi-
cated that pyriproxyfen treatment resulted in a similar cumulative
survival at ten days for both predators. Nevertheless, the effects on
C. externa were evident on the long term but on E. connexa on the
short term, thus indicating that the mean survival times were
different between both species. In this regard, in the example of
acetamiprid, the differences in susceptibility between the two pest
predators were more evident since E. connexa exhibited a more
intense and rapid toxicity. Field studies have demonstrated that
acetamiprid reduces the densities of several pest predators
(Naranjo and Akey, 2005), but Garz�on et al. (2015) reported that the
insecticide sulfoxaflor caused a greater toxicity to the coccinellid
Adalia bipunctata L. (Coleoptera: Coccinellidae) than to C. carnea.

5. Conclusions

This work provides relevant data on the significance of evalu-
ating the long-term compatibility between pesticides and natural
enemies of pests, in order to avoid an underestimation of potential
adverse effects on those beneficial species and compares the rela-
tive susceptibility between two relevant Neotropical pest-predator
species, thus providing basic information for the selection of these
predators for field liberations.
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