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Abstract

Effects of low concentrations of pesticides, with no or moderate mortality of targeted species,
are poorly studied even though these low concentrations are common under natural
conditions. Studying their effects is critical because they can induce positive hormetic
responses, possibly leading to greater pest multiplication and promoting the evolution of pest
resistance. Here, we investigated the responses of the pest moth Spodoptera littoralis to low
concentrations of deltamethrin, and tested for variation in effects of the pesticide between
developmental stages and sexes. Indeed, we show that a given concentration of deltamethrin
has different effects between stages, and even between sexes. Two experimental
concentrations led to very high mortality early in S. littoralis development (4" larval instar),
but only to low mortality rates in adults. Moreover, our highest experimental concentration
had only detrimental effects in adult females, but improved the reproductive success of adult
males. Model projections showed that the lethality from treatments at the 4™ larval instar was
the predominant effect. Because of the high multiplication rate of S. littoralis, it was also
found that treatments with very similar effects on larval mortality can lead to either

population extinction or rapid pest resurgence.
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Introduction

The widespread use of pesticides results in environmental pollution, biodiversity loss and the
evolution of pest resistance (Casida 2009). Furthermore, in addition to the environmental
nuisances and mortality of pests caused by high concentrations of insecticides, lower
concentrations of pesticides can have unwanted impacts (Guedes et al. 2016, 2017). Low
concentrations of pesticides associated with no or moderate mortality of targeted species can
induce positive responses in exposed individuals with hormetic responses that may result in
greater pest multiplication and pest resurgence, and promote evolution of pest resistance
(Cutler 2013; Guedes et al. 2014). Although widely neglected, these nonlinear dose responses
(biphasic response of individuals with low-dose stimulation and high-dose inhibition) are
observed in all types of organisms and in response to many chemical and environmental
factors (Costantini et al. 2010; Guedes et al. 2014). In the case of pesticides, low
concentrations are common under natural conditions. Indeed, pesticide concentrations vary

greatly over space and time because of various biotic and abiotic processes (Cutler 2013).

This variation can especially result from concentrations that decrease over time due to the
progressive degradation of pesticides, and from the spread of pesticides into the environment
outside treated areas. The infrequent cases of partially exposed individuals of targeted species
when spraying pesticides in fields could also be considered. Indeed, while most individuals
face lethal doses of pesticides when fields are treated, the small proportion of individuals
facing lower doses should become a significant proportion of the few surviving individuals. In
our study, we considered low concentrations of pesticides with regard to pesticide treatments

in fields in order to compare the effects of the same low concentrations between different



developmental stages. For a sensitive developmental stage, it is therefore possible to induce a
high mortality with such low environmental concentrations. In other words, we considered
low concentrations of pesticides with regard to agricultural practices, not with regard to the

sublethal and lethal effects of pesticides.

Here, we focus on deltamethrin, one of the most widely used synthetic pyrethroids
(WHO 1989). Pyrethroids display high efficacy against target insects and decreased toxicity
to non-target vertebrates (Bradbury and Coats 1989; Goulding et al. 2013). The molecule
induces toxic responses in the central and peripheral nervous systems of insects by interacting
with voltage-gated sodium channels (Haug and Hoffman 1990). As a sprayed pesticide
(Soderlund 2004), deltamethrin can be spread outside of treated areas. Its persistence in the
environment is highly variable with half-lives ranging from 5.7 to 209 days in soil and 5.9-
17.0 days on plants (Johnson et al. 2010). However, its persistence in the environment is
generally expected to be moderate as deltamethrin has a high residual activity only in
protected environments. This moderate persistence limits the duration of exposure to low
concentrations, but opens up the possibility for individuals close to treated fields to quickly
encounter low concentrations of deltamethrin. These individuals close to treated fields may be
particularly numerous at the specific time of the field treatment. Therefore, low
concentrations of deltamethrin are expected for relatively short periods (1-2 weeks) after
pesticide spraying in fields and areas close to the treated fields, in addition to the immediate
drift of deltamethrin in areas near treated fields. As mentioned above, individuals partially
exposed when spraying pesticides in fields could also be considered for exposure to low

concentrations of deltamethrin.

Our research group previously found hormetic effects of deltamethrin in the moth

Spodoptera littoralis (Lalouette et al. 2016). In this study spanning levels from genes to



behaviour, it was shown that a low concentration of deltamethrin stimulates male sexual
behaviour. Relationships found at the molecular level suggested that this hormetic effect was
due to protection of the olfactory system by induced expression of various biotransformation
enzymes (including cytochromes P450 and glutathione-S-transferases) and modulation of
olfactory actors (antennal-specific carboxylesterases and odorant-binding proteins) after
exposure to deltamethrin. These responses may be crucial as the olfactory system enables this
moth to search for mating partners (male attraction to female-produced sex pheromone), egg-
laying sites and food sources. In the present study, we expand the scope of our tests on the
responses of S. littoralis to low concentrations of deltamethrin. We were interested in testing
the effects of deltamethrin between sexes and different developmental stages of the moth,
especially because pesticide effects can vary between developmental stages (Christie and
Wright 1990; Bouvier et al. 2002; Germano and Picollo 2018). We therefore conducted
experimental series on fourth-stage larvae and adults. The moth traits investigated were larval
mortality, adult mortality, and adult reproduction (clutch size and hatching success). We used
population projection models to evaluate the relative importance of the response of the
different moth traits tested. The observed responses were compared with estimates of the

asymptotic growth rate obtained from a matrix modelling of the life cycle of S. littoralis.

Materials and Methods

Study system

We studied the cotton leafworm Spodoptera littoralis, a major pest insect. The larvae of this
widespread African and Mediterranean moth damage 87 plant species of economic

importance such as cotton, maize, and tomato (CABI 2020), making this species one of the



most destructive agricultural pests. This species can complete two to seven generations per
year (Khafagi et al. 2016). Its larval development is complete with six or seven instars
(depending on environmental conditions, Baker and Miller 1974), and the last two larval
instars induce approximately 90 to 95% of plant defoliation (Khafagi et al. 2016). A
laboratory strain of S. littoralis was used in our study. Larvae were reared on a semi-artificial
diet (Hinks and Byers 1976) at 23°C and a 60-70% relative humidity, with a 16:8 light/dark

cycle until emergence. Individuals were sexed as pupae.

Experiments

The test solutions were prepared with deltamethrin (45423, Sigma Pestanal, France) diluted in
a pure hexane solution (Abdullah et al. 2015; Kraikrathok et al. 2013). In each of our
experimental series, these treatments were compared to a control group treated with only
hexane. In preliminary tests of the study of Lalouette et al. (2016), several solvents were
tested (hexane, acetone, ethanol) and only hexane had no or a very low toxicity. This is also
shown in the present study with high survival rates in the control groups treated with hexane.
We treated larvae at the fourth larval instar (hereafter referred as L4) to test the effects of
pesticide on larval survival rate. Topical applications of 0.5 pL of the test solutions to the
head of L4 larvae were performed using a micro-applicator (Hamilton 25 puL syringe and
Hamilton dispenser). The effect on larval survival was assessed on the basis of the survival
rate until pupation, i.e. under a period of 13 days between the topical application applied at
the beginning of the L4 stage and pupation. Treatments were also applied to two-day-old
adults of both sexes to test for effects on adult survival and reproduction. We topically applied
a 0.5 pL drop to each antenna. The effect on adult survival was assessed based on the survival

rate 24 hours after treatment, as in Lalouette et al. (2016). Effects on reproduction were



assessed based on the number of eggs laid (collected 24 hours after mating) and hatching
success. To investigate the respective sensitivities of reproduction to deltamethrin of adult
females and males, and potential combined effects, we performed experiments with

deltamethrin treatments applied to both parents, only females, and only males.

The choice of the route of exposure is a sensitive issue when testing the effects of
pesticides because pests can be exposed through different routes (contact during pesticide
spraying, contact and ingestion after pesticide treatments) and the variety of protocols is wide

(e.g., see https://irac-online.ora/methods/). Our methodological choice of topical

applications of deltamethrin was initially adopted to standardize our experimental treatments
as much as possible. Indeed, treatments with small amounts of pesticides can be particularly
sensitive to biases (e.g., variation in feeding activity between experimental individuals with
an ingestion method, variation in movements with a spraying on experimental surfaces). Our
choice of topical applications on the antennae of adults and the head of larvae (small antennae
size) was secondly based on our previous finding that a drop deposited on antennae is an
effective application mode to induce hormetic effects with low concentrations of deltamethrin
in S. littoralis (Lalouette et al. 2016). The main cause assumed for the high sensitivity of this
route of exposure is that the multiporous structure of the cuticular olfactory hairs facilitates

insecticide penetration into the insect body.

We selected low concentrations of deltamethrin based on recommended concentrations
in fields and the previous study of adult males of S. littoralis (Lalouette et al. 2016). The
recommended doses of deltamethrin to treat fields are 6.25 and 35 g of active ingredients per
hectare and correspond to the spraying of pure solutions (usually at 25 g/L) diluted from 500
to 3,000 fold (Chowdhury et al. 2001; Sharma et al. 2018). The insects are thus exposed just

after spraying to diluted solutions approximatively from 8 to 50 mg/L. We selected the three
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following concentrations of deltamethrin for our tests: 0.076, 0.76 and 5.05 mg/L of
deltamethrin. Although our highest concentration is close to the inferior limit of the
concentration recommended for spraying, we considered it as a low environmental
concentration for two reasons. First, we performed only a single topical application of the test
solutions on experimental animals whereas it can be expected repeated exposures in fields.
Second, our topical applications of the test solutions were performed with only the half of the
solution used in Lalouette et al. (2016) where our highest concentration (5.05 mg/L) of

deltamethrin induced 30% mortality in adult males.

Statistical analyses

We analysed our binomial data on larval, pupal and adult survival using logistic analyses with
deltamethrin treatments (including the control group) as a factor. We took sex and its
interaction with the deltamethrin into account in analyses of pupal and adult survival rates.
We also used logistic analyses to analyse clutch success because the hatching success of laid
eggs strongly deviated from normality. We created two classes of clutch success: clutches
with at least 95% of hatched eggs (135 clutches) and clutches with more than 5% of
unhatched eggs (89 clutches). The value of this split was chosen to balance the sample size
between the two classes. To analyse clutch success, we included treatment group
(experimental treatments of both parents versus only females versus only males) and its
interaction with deltamethrin as factors. We also included the factor date in the analyses.
Experiments were performed on several dates for the tests of survival of L4 larvae (2
experimental dates) and adults (6 dates in females and 9 in males), and for the tests of clutch
success (6 dates with both parents treated, 4 dates with females treated and 6 dates with males

treated). Sample sizes per experimental date are given in Online Resource 1. In our analyses



that combined the date of experiment, sex or treatment group factor with deltamethrin, we

selected models after backward elimination of independent factors for which P > 0.10.

For the analysis of the number of eggs laid, the only continuous dependent variable we
analysed, we used mixed-effects linear models with deltamethrin treatment, treatment group
and their interaction as fixed effects, and with the date of experiments included as a random
factor (6 dates with both parents treated, 4 dates with females treated, and 6 dates with males
treated). We checked the residuals of the initial model for normality and homoscedasticity,

and full models were simplified by backward stepwise removal of terms for which P > 0.10.

Projection matrix models

In order to evaluate the relative importance of the response of the different moth traits tested,
we build matrix models to estimate the multiplication rate at the population level (Caswell
2001). Precisely, we used the asymptotic growth rate (i.e., intrinsic rate of increase) as a
proxy for population dynamics (Caswell 2001; Metcalf and Pavard 2007). As usual for this
kind of demographic modelling, our models were based solely on females. This approach
assumes that male abundance is always high enough to ensure reproduction of most females
(Bessa-Gomes et al. 2010). This assumption was relevant to our study, where the sex-ratio
was nearly balanced (see Online Resource 2). We modelled the life cycle of S. littoralis from
an age-structured matrix where each age class was of 1 day, and we calculated the population
growth rate as the dominant eigenvalue of the matrix. We parameterised this daily matrix
model with the vital parameters estimated in the present study (survival from the fourth larval
instar to pupation, pupal survival, adult female survival, laying success after mating, number
of eggs laid, and hatching success). We used values obtained from a complementary study in

2017 with the same rearing conditions for survival between the first and fourth larval instars,
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sex-ratio, and duration of the different developmental periods. All the values used in the
models are given in Online Resource 2. Our modelling was performed with the computer

program ULM (“Unified Life Models’) (Legendre and Clobert 1995; Ferriere et al. 1996). The

ULM program can be downloaded from http://www.biologie.ens.fr/~legendre/ulm/ulm.htmi.
This program enabled us to estimate the growth-rate sensitivity and elasticity (i.e., relative
sensitivity) to change in the different vital parameters tested (Caswell 2001; Ferriere et al.

1996).

Results

Larval survival rate

Figure 1 shows the mortality effect of deltamethrin on larvae treated at stage L4. Deltamethrin
decreased larval survival rate until pupation (X%s=189.4 P<0.001). The experimental group
with the lowest concentration of deltamethrin (0.076 mg/L) did not differ from the control
groups (X?1=0.9 P=0.345). However, very few L4 larvae treated with the two highest
concentrations of deltamethrin survived until pupation (only 3 of the 60 L4 larvae treated with

0.76 mg/L of deltamethrin, and none of the 60 L4 larvae treated with 5.05 mg/L).

Adult survival rate

Because we observed variation in the adult survival rate among the experimental dates
(X?5=15.1 P=0.010 in females; X?s=26.3 P=0.001 in males), we made a special effort to
replicate our tests on the effect of deltamethrin on adults. Therefore, we performed our tests
on 528 adult females on 6 experimental days, and on 445 adult males on 9 experimental days.

We found a significant effect of deltamethrin on the adult survival rate in females (X%=13.5
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P=0.004) and males (X?s=8.5 P=0.036). Compared to the control group, the highest
concentration (5.05 mg/L) of deltamethrin decreased the adult survival rate (Fig. 2) of both
females (X?1=6.4 P=0.011) and males (X?,=6.8 P=0.009). Adult survival did not significantly
respond to the 0.76 mg/L concentration (females: X%1=1.3 P=0.258; males: X*=0.9 P=0.343),

or the 0.076 mg/L concentration (females: X%=3.1 P=0.077; males: X%=1.9 P=0.167).

Number of eggs laid

We first analysed clutch size using a mixed-effects linear model with the deltamethrin
treatment, treatment group (treatment of both parents versus only females versus only males)
and their interaction as fixed effects, and the date of the experiments as a random factor. We
did not find significant variation in clutch size among the dates of the experiments (Wald z-
tests: P=0.340 with deltamethrin applied to both parents, P=0.336 for treated females, and
P=0.102 for treated males). Consequently, we analysed the clutch size with ANOVA,
crossing the effects of deltamethrin and treatment groups. We detected an effect of
deltamethrin (F3218=9.2 P<0.001), and this effect did not significantly differ among treatment
groups (Fe212=0.5 P=0.785 for the interaction between deltamethrin and treatment groups).
Figure 3 shows that the clutch size was decreased by the treatment with 5.05 mg/L of
deltamethrin. This effect on the number of eggs laid was significant for deltamethrin applied
to both parents (t4s=-87.8 P<0.001) or to females (t30=-9.8 P=0.037), but not significant for
deltamethrin applied to males (t33=34.6 P=0.165). Clutch size was not significantly influenced
by the treatment with deltamethrin concentrations of 0.076 mg/L (P > 0.243) and 0.76 mg/L
(P > 0.306) in the three treatment groups. It should be noted that the high values of s.e.m. of

the number of eggs laid reported in the figure 3 were observed in another study on S.
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littoralis, and that this variation was at least partly explained by the female body mass

(unpublished data).

Clutch success

We found that clutch success depended on clutch size (X%1=26.2 P<0.001). Indeed, the larger
the number of eggs laid was, the more successful the clutches were (higher frequency of
clutches with at least 95% hatched eggs), as illustrated in Fig. 4 for our experimental series on
the treatment of males. The relationship between clutch size and success did not depend on
the deltamethrin treatment (X?3=2.5 P=0.476) or treatment group (X?,=0.3 P=0.846).
However, the average effect of deltamethrin significantly differed between the treatment
groups (X%=13.9 P=0.031). Indeed, we found a significant effect of deltamethrin only in
experiments on males. The males treated with the highest concentration of deltamethrin had
the highest clutch success (Fig. 4; X%1=6.2 P=0.013). However, the highest concentration of
deltamethrin had no significant effect when applied to females (X?1<0.1 P=0.905) or both to
males and females (X?1=3.0 P=0.084). The deltamethrin concentrations of 0.76 and 0.076

mg/L did not significantly affect the clutch success in the three treatment groups (P > 0.10).

Projection models

To integrate the different observed responses and evaluate their relative importance, we
parameterised our models with regard to the significant effects of deltamethrin found in our
experiments. The values used to fix the parameters are given in Online Resource 2. We
modelled scenarios for the treatments applied specifically to the different developmental

stages and sexes (L4, adult males and females, adult females only, and adult males only), and
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a scenario that combined the values of the treatments applied to all individuals. Because the
highest concentration (5.05 mg/L) of deltamethrin applied to the L4 stage induced the
mortality of all individuals (Fig. 1), it led to population extinction with a multiplication rate of
0 when applied to all stages or only the L4 stage (Fig. 5). All other scenarios resulted in a
population increase (multiplication rate > 1). However, the magnitude of the population
increase differed among scenarios. Compared to the control group, the intermediate
concentration of deltamethrin (0.76 mg/L) had the strongest negative impact on the
multiplication rate when applied to the L4 stage, resulting also in a strong effect when applied
to all stages (Fig. 5). This intermediate concentration had almost no effect on the
multiplication rate when applied to the adult stage. The highest concentration (5.05 mg/L)
induced weak effects when applied to the adult stages, but with a slight difference between
the deltamethrin treatments of adult males and females. The higher multiplication rate in
treated males was explained by their higher clutch success (Fig. 4). At the end of the spectrum
of population responses to deltamethrin, the lowest concentration of deltamethrin (0.076
mg/L) did not affect the vital rates tested in our study and consequently led to the same

multiplication rate as the control in all treatment scenarios.

We performed an elasticity analysis to estimate the sensitivity of the multiplication rate
to proportional change in the vital rates we tested. From these relative sensitivities, the
elasticity analysis allows comparison of the impact of variation in parameters of different
types (Caswell 2001; Ferriére et al. 1996). The elasticity analysis shows the highest
sensitivities of multiplication rate to variation in larval and pupal survival rates, and low
sensitivities for adult survival and reproduction. The elasticity was 0.30 for survival from the
L4 stage to pupation, 0.35 for pupal survival, 0.02 for adult survival, 0.02 for clutch size, and

0.09 for hatching success. This analysis explains that the observed effects of deltamethrin on



14

adult survival and reproduction induced only minor responses at the population level in the
treatment focused on adults (Fig. 5), despite the quite large effects of deltamethrin on clutch
size (Fig. 3) and clutch success (Fig. 4). The high elasticity for survival from the L4 stage to
pupation combined with the strong effect of the intermediate concentration (0.76 mg/L) of
deltamethrin when applied at the L4 stage (Fig. 1) explains the strong impact at the population
level of this intermediate concentration. Although this intermediate concentration and the
highest concentration (5.05 mg/L) had very similar effects on the survival of L4 larvae (see
Fig. 1), their impact on the population differed dramatically, with a population increase for
the intermediate concentration versus a population extinction for the highest concentration
(Fig. 5). This difference resulted from the mortality of all larvae at the highest concentration,
whereas 5% of larvae survived at the intermediate concentration. Such a qualitative difference
in larval mortality is relevant in the context of pest management because the survival of a few
individuals of a species with a high multiplication rate, such as S. littoralis, is enough to lead
to a quick resurgence of pest populations (see Online Resource 3 for projections obtained

from the values of vital parameters estimated in the control group).

Discussion

We report variation in the effects of deltamethrin between larvae and adults of S. littoralis.
Deltamethrin is mainly used against the larval stages of S. littoralis in order to fight the pest
as soon as possible (Riskallah 1980; Miles and Lysandrou 2002). However, adults are
simultaneously affected by the pesticide when different overlapping generations are present in
the treated field or areas closed to the treated field. Our study stressed that low environmental
concentrations of deltamethrin can have major effects. Indeed, we found that even our

intermediate concentration (0.76 mg/L) of deltamethrin led to very high mortality early in the
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development of S. littoralis, at its fourth larval instar. By contrast, our highest concentration
(5.05 mg/L) of deltamethrin induced only low mortality rates in adults. Interestingly, the
highest concentration was detrimental to clutch size but beneficial to the reproductive success
of adult males. To summarize, our results show that a particular concentration of pesticide can
have different effects depending on individuals in terms of the magnitude of the responses as
well as their direction (detrimental versus beneficial). Furthermore, the significance of the
observed responses at the population level was highly variable. Our model projections
emphasize the prominent influence of effects at early developmental stages, and show also the
narrow limit of these early effects leading to either population extinction or population

growth.

The early developmental stage studied (the fourth larval instar) was more sensitive to
deltamethrin than the adult stage (Fig. 1, 2 and 5). There are three possible causes for this
difference: (i) the quantity of pesticide applied to individuals was a function of their body
mass, (ii) developmental stages differed in their sensitivity to pesticides, and (iii) the duration
considered to test the effects of treatments differed between stages depending on the variables
measured. The first explanation related to variation in body mass is likely relevant because
body mass differs greatly among stages. Average dry weight is 1.5 mg in L4 larvae, 47.9 mg
in adult males, and 63.2 mg in adult females (estimates obtained from live body mass
measured in several experimental series on 1256 L4 larvae, 169 adult males and 163 adult
females, and using stage-specific ratios between live and dry weight). Thus, L4 larvae were
32 times lighter than adult males, and 42 times lighter than adult females. We accounted for
only a small part of the variation between L4 larvae and adults in our treatments by applying
2 times less of experimental solution to larvae than to adults (0.5 uL per larva versus 1 uL per

adult). Consequently, the amount of deltamethrin provided per insect was 16 times higher in
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L4 larvae than adult males and 21 times higher in L4 larvae than adult females, and should be
the main cause of the strongest response observed in L4 larvae. However, the second
possibility remains open, with developmental stages that differed in their sensitivity to
deltamethrin. Indeed, age dependence on the toxicity of another pesticide (abamectin)
between larval instars of S. littoralis was previously observed (Christie and Wright 1990).
The suggested mechanisms were age variation in cuticular penetration and metabolic
processes. Moreover, the age dependence in response to deltamethrin in another moth species,
the codling moth Cydia pomonella, was considered as part of explanation of the evolution of
deltamethrin resistance (Bouvier et al. 2002). The third explanation related to the duration
considered to test the effects of treatments can be rejected. The large difference in duration
between our larval and adult treatments (13 days for L4 larvae versus only 24 hours for
adults) is indeed not a concern because the response of larvae to deltamethrin is very rapid
(Online Resource 4). In this complementary experiment, high mortality in response to
deltamethrin was observed for our highest concentration of 5.05 mg/L, but not for the
intermediate concentration of 0.76 mg/L (Online Resource 4). This difference with our
previous result (Fig. 1) shows that the limit between high and low mortality effects on L4

larvae is very close to a deltamethrin concentration of 0.76 mg/L.

Low concentrations of pesticides are more and more studied because they are common
outside the treated areas and inside these areas after high lethal concentrations decline with
degradation (Cutler 2013). The infrequent cases of individuals partially exposed during
pesticide spraying in fields might also to be considered as they could be a significant part of
the few individuals surviving to pesticide treatments. Even if low lethal concentrations are
less influential on population dynamics than high lethal concentrations in the short-term, they

may lead to greater pest multiplication later because they can promote hormetic responses
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with the stimulation of exposed individuals (Cutler 2013; Guedes et al. 2014). Concerning
deltamethrin specifically, low concentrations can influence the reproduction of pest insects
(Cutler 2013; Lee et al. 1998; Yang and Du 2003), especially in males of S. littoralis
(Lalouette et al. 2016). Here, we also found effects of deltamethrin on reproduction, but with
a difference between males and females. The effect of our highest concentration of
deltamethrin (5.05 mg/L) was detrimental to the clutch size produced by females, but
beneficial to the clutch success of males. This concentration of deltamethrin is considered a
low lethal concentration in adults because more than 80% of adults survived in this treatment
(Fig. 2). Consequently, the beneficial response of clutch success of adult males to the 5.05

mg/L concentration might be a hormetic response.

In S. littoralis, a hormetic effect on male sexual behaviour was previously found
(Lalouette et al. 2016), but for our intermediate concentration (0.76 mg/L). The lower
concentration needed to detect this hormetic effect might be explained by the high sensitivity
of behaviours to toxicants (Gerhardt 2007). To be considered hormetic, the response of
individuals has to be biphasic, with low-dose stimulation and high-dose inhibition (Costantini
et al. 2010; Guedes et al. 2014). Male sexual behaviour was indeed stimulated by the 0.76
mg/L concentration and inhibited by the 5.05 mg/L concentration. Concerning the clutch
success of males, we do not know if the stimulation by the 5.05 mg/L concentration is
coupled with an inhibition by a higher concentration. If the response of clutch success is not
biphasic, an alternative hypothesis to hormesis is that the stimulation of clutch success by
deltamethrin results from an adaptive response of males to the decrease in their survival (Fig.
2). Indeed, a shortening of life expectancy can induce terminal investment in reproduction
(Stearns 1992), which might be a fertility insurance response of males to improve their clutch

success. This kind of response is expected when males have multiple reproductions, as
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observed in males of S. littoralis which can mate five times on average (Kehat and Gordon
1975). Because Kehat and Gordon estimated that females mate only two times on average,
improving their clutch success in response to the decrease in their survival would not be very
beneficial, which might explain the lack of stimulation of their clutch success by

deltamethrin.

Although insufficiently used, population modelling in ecotoxicology is increasingly
advised as a way to translate responses from individuals to the population level (Kéhler and
Triebskorn 2013; Moe et al. 2013). Here, our models showed that the different vital
parameters do not impact populations similarly, and that S. littoralis is mostly affected by the
pesticide early in development. As a consequence, even our intermediate concentration of
deltamethrin is sufficient to have a large effect at the population level. Another lesson of our
projection models is that pesticide treatments with nearly lethal effects can lead to either
population extinction or pest resurgence. In our experiments, the limit between these two
extreme responses resulted from a qualitative difference, namely, that the pesticide treatment
killed either all or almost all individuals. This result is not that surprising for S. littoralis, for
which we estimated that one to five clutches are sufficient to produce between 200 and 1,300
L4 larvae (Online Resource 3) some days later: 13 days at our experimental temperature of
23°C, 10 days at 25°C, 9 days at 27°C, or 8 days at 29°C (unpublished data). In the next
generation, the number of L4 larvae will be between 10,000 and 80,000 (Online Resource 3),
I.e., 41 days later at 23°C, 34 days later at 25°C, 29 days later at 27°C, and only 27 days later

at 29°C.

The next step in our study will be to investigate the influence of temperature on the
effects of deltamethrin. Indeed, Riskallah (1984) found that deltamethrin is more toxic to

larvae (at the fourth instar L4) at 20°C than at 35°C. We aim to investigate this response along
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a thermal gradient because of the non-linearity of most biological responses to temperature
(Sinclair et al. 2016). It is crucial to study the interaction between pesticides and temperature
in the context of global climate change (Hooper et al. 2013), and also to develop predictive
insect population models that consider multiple factors simultaneously (Bewick 2016). We
also aim to compare different routes of pesticides exposure (topical applications on antenna,

proboscis, abdomen and tarsus) that is a sensitive point to investigate the impact of pesticides.
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Figure Legends

Fig. 1 Effect of the deltamethrin treatments on the larval survival rate until pupation of the

two experimental cohorts of L4 larvae; sample sizes were 30 larvae per treatment and cohort

Fig. 2 Effect of the deltamethrin treatments on the adult survival rate of males and females;
the numbers indicate the sample sizes, and vertical lines represent s.e.m. between

experimental replicates

Fig. 3 Effect of the deltamethrin treatments on clutch size in the three experimental series:
treatment of both parents versus only females versus only males; the numbers indicate the

sample sizes, and vertical lines represent s.e.m. between treated adults

Fig. 4 Effect of the deltamethrin treatments in males on the frequency of successful clutches;
the curves indicate the predicted relationships from logistic regression between clutch success
(binomial variable for clutches with at least 95% hatched eggs versus clutches with more than

5% unhatched eggs) and clutch size

Fig. 5 Effect of deltamethrin on the multiplication rate of simulated populations with the
combined values resulting from the experimental treatments at all stages and from the
treatments applied specifically to the different developmental stages and sexes; the lowest
concentration (0.076 mg/L) of deltamethrin is not shown because it did not cause significant

differences compared to the control group
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ESM 1. Sample sizes for the four deltamethrin treatments in experimental series performed on survival of L4 larvae, adult survival, and
reproduction (number of eggs laid, clutch success). The numbers in the table indicate the sample size of the different experimental dates.

Experimental series

Control

Deltamethrin treatments

0.076 mg/L

0.76 mg/L

5.05 mg/L

Survival of L4 larvae

Survival of adult females

Survival of adult males

Reproduction with both parents treated
Reproduction with females treated

Reproduction with males treated

30, 30

24,25, 48 ,35, 22,12

15, 16, 19, 17, 21, 21, 17,7, 7

4,7,10,4,3,3

4,4,4,4

3,2,4,3,4,3

30, 30

24,27, 35,20,14,0

15,17,6,6,4,10,17,7,7

4,6,0,0,0,6

55,44

4,3,5,1,3,5

30, 30

24,10, 54, 35,14,0

14, 4,23,17,6,10,17,7,7

4,0,8,0,0,4

6,3,4,4

2,2,5,4,3,3

30, 30

28, 10, 10, 20, 22, 15

17,4,6, 10, 24,19, 17,7,7

4,0,0,7,8,0

6,4,3,3

1,1,4,3,2,5




ESM 2. Values of the parameters used in matrix models. The values reported in bold are for
the significant responses to deltamethrin we found, and for which we modelled values that
differed from the control group. For the hatching success, we performed the model with the
specific value we estimated for the 5.05 mg/L concentration of deltamethrin applied only to
males (value in bold), and also the models with no significant effect of deltamethrin for the
cases with the treatment applied to females or both sexes.

Deltamethrin treatment Control  0.076 mg/L  0.76 mg/L ~ 5.05 mg/L

Survival from L4 to pupation (%) 85.0 85.0 5.0 0.0
Pupal survival (%) 96.7 96.7 76.9 74.1
Adult female survival (%) 92.8 92.8 92.8 82.9
Number of eggs laid 371 371 371 227

Hatching success (%) 71.3 71.3 71.3 71.30r91.1

For other parameters used in models, their values were obtained in a complementary study
(spring 2017): 68.0 % of larval survival from L1 to L4 stages, sex-ratio with 47.1 % of
females, 78.3 % of laying after mating, duration of 4 days for the incubation period, duration
of 9 days for the period from L1 to L4 stages, duration of 13 days for the period between L4
stage and pupation, and duration of 15 days for the pupal period.



ESM 3. Relationship between the number of clutches and the numbers of L4 larvae at the
first and second generation (same relationship but respectively for the scales at left and right).
These projections were performed from the values of vital parameters reported for the control
group in the Table ESM 1 (Online Resource 1).
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ESM 4. Effect of the deltamethrin treatments over time on the cumulative percentage of
surviving larvae from L4 stage to pupation. Sample sizes were of 45 larvae for each treatment
(control group, concentrations 0.76 and 5.05 mg/L of deltamethrin) applied to the fourth
larval stage. This experiment was performed in February 2019 in the same laboratory
conditions (temperature, humidity, food, larval density) than the main experimental series. If
the curve of the 0.76 mg/L concentration did not significantly differ from the control group
(Wilcoxon test: X?1=1.0 P=0.312), a significant difference was found between the control
group and the 5.05 mg/L concentration (X?1=46.7 P<0.0001). This effect of the highest
concentration of deltamethrin took effect in less than 2 days.
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