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Prey contaminated with
neonicotinoids induces feeding
deterrent behavior of a common
farmland spider

Stanislav Korenko?, Pavel Saska?, Kristyna Kysilkova?, Milan Reza¢? & Petr Heneberg (23"

Neonicotinoids are thought to have negligible repellent or anti-feeding effects. Based on our
preliminary observations, we hypothesized that the contamination of spider prey with commonly
used neonicotinoids has repellent or feeding deterrent effects on spiders. We tested this hypothesis by
providing prey treated or not with field-realistic concentrations of neonicotinoids to the spiders and
determining the number of (a) killed only and (b) killed and eaten prey. We exposed adult freshly molted
and starved Pardosa agrestis, a common agrobiont lycosid species, to flies treated with neonicotinoids
(acetamiprid, imidacloprid, thiacloprid and thiamethoxam) at field-realistic concentrations or with
distilled water as a control. There were no effects of the exposure of the prey to neonicotinoids on the
number of flies captured. However, the spiders consumed less of the prey treated with neonicotinoids
compared to the ratio of control prey consumed, which resulted in increased overkilling (i.e., killing
without feeding). In female P. agrestis, the overkilling increased from only 2.6% of control flies

to 25-45% of neonicotinoid-treated flies. As the spiders avoided consuming the already captured
neonicotinoid-treated prey, the sublethal effects of neonicotinoids extend beyond the simple
attractivity/deterrence of the prey itself. The present study demonstrated that prey overkilling serves
as a physiological response of spiders to the contact with the prey contaminated with agrochemicals.
We speculate that primary contact with neonicotinoids during prey capture may play a role in this
unexpected behavior.

Neonicotinoids are compounds that act as potent insecticides but are thought to have negligible repellent or
anti-feeding effects. Nevertheless, Kessler et al.! published that major pollinators prefer food containing neonic-
otinoid insecticides when applied at concentrations ranging from 1 nM to 100 1M in sucrose solution. However,
the experimental data obtained by other research groups and/or using different model organisms are conflicting.
As indicated correctly by Easton and Goulson?, experimental confirmation is needed to show whether the food
containing neonicotinoids is indeed avoided or preferred and whether this applies equally to spiders, dipterans,
beetles, bees, etc. or whether there are taxon-specific responses. They found that pan traps with sucrose con-
taminated by 0.1 mgmL™! or 0.01 mg mL~! imidacloprid attracted more Lycosidae spiders than those with pure
sucrose®. As the spiders do not feed on sucrose, they speculated that the attraction of spiders to sites treated with
neonicotinoids, where the insects were killed by the insecticides, might result in a situation where the spiders
would find themselves in places with few insect prey>

Repellency is often difficult to distinguish from toxicity because the behavioral changes in response to insec-
ticide exposure can be caused by intoxication, chemoreception or a combination of both of these processes®. In
addition, repellency may prevent an insect from entering treated areas and acquiring a lethal dose of the tested
compound*. Kinetic response or nondirectional movements can reflect both neurotoxicity and detection, and
both manifest as a general increase in locomotor activity>®. As stated by Pekar and Haddad’, a selective pesticide
should ideally cause no repellency to beneficial arthropods. In the other words, beneficial predators should not be
repelled, and their behavior, such as prey capture rate, should not be negatively affected in order to protect their
ability to retain their biological control function’. Chemosensitive setae of spiders are located at distal and ventral

1Czech University of Life Sciences Prague, Faculty of Agrobiology, Food and Natural Resources, Prague, Czech
Republic. 2Crop Research Institute, Functional Biodiversity Group, Prague, Czech Republic. 3Charles University, Third
Faculty of Medicine, Prague, Czech Republic. *email: petr.heneberg@If3.cuni.cz

SCIENTIFIC REPORTS |

(2019) 9:15895 | https://doi.org/10.1038/s41598-019-52302-6


https://doi.org/10.1038/s41598-019-52302-6
http://orcid.org/0000-0002-0703-951X
mailto:petr.heneberg@lf3.cuni.cz

www.nature.com/scientificreports/

sides of tarsi of their first legs®; therefore, the spiders are able to identify at least some residues immediately after
touching the contaminated prey. Previously, spiders were shown to avoid surfaces contaminated with fresh (but
not 24h-old) residues of the organophosphate phosalone (Zolone 35EC)’, a pyrethroid permethrin (Ambush
25EC)’, chlorpyrifos and cypermethrin mixture®, deltamethrin®, and glyphosate!® (cf. Michalkova and Pekar!!
for contradictory data); some species avoided even Bacillus thuringiensis (Novodor SC) residues’. Concening
natural products, repellent effects were reported for 3-caryophyllene and nerolidol in Pisaura mirabilis'?, nicotin
in wolf spiders'®, chestnuts in multiple spider species'®, neem (Azadirachta indica) seed oil in multiple spider spe-
cies', and mint oil in Latrodectus geometricus'*. In some cases, the repellence (or toxicity itself) could be caused
by additives present in pesticide formulations'®. The repellency of additives is of use as a potential prevention of
ingestion of the pest contaminated by active compounds that are harmful to potential predators or scavengers.
Mechanistically, spiders that actively attempt to avoid contact with repellent residues display higher locomo-
tion, avoidance of contaminated surfaces’, building their webs distant from contaminated surfaces’, or increased
dispersal'”. Among the repellent effects of pesticides on spides that were summarized by Pekdr'® and in later
publications, there were no data on repellent effects of the pesticide contamination of the prey. Nevertheless, the
spiders that are specialized for capturing ants are repelled by formic acid, which causes up to 100% overkilling
of the prey'. This repellent effect is, however, only temporary and the spiders return to their prey and consume
it later®®. Repellency of neonicotinoids has been previously reported from multiple species of insects and other
invertebrates (Table 1), but experiments that involved neonicotinoids and claimed the absence of repellence were
also reported (Table 2).

Previous studies hypothesized that spiders often adapt to food-limited environments by overkilling their
prey*' 4. Overkilling is also termed wasteful killing, or unnecessary killing - all these terms refer to the kill-
ing of the prey without subsequent feeding or discarding partially consumed prey*. Overkilling was repeatedly
demonstrated as a feeding strategy of cursorial generalist spiders but occurs in specialized spider species as well.
Overkilling positively correlates with prey density'®**>**%”. The reasons for the use of overkilling as a feeding
strategy of spiders are unknown. The neural-constraints hypothesis claims that generalists make poorer decisions
than specialists when selecting prey and therefore achieve a higher level of satiation from a single prey item and
reduce their subsequent foraging activity?*-*°. This hypothesis expects that such a strategy minimizes the inges-
tion of noxious chemicals from unsuitable, i.e., noxious, prey?. This could be highly relevant in the context of
insecticide-treated prey experiments that were performed in the present study. Another hypothesis stated that
overkilling is a result of increased aggressivity of certain individuals (or species), which then engage in higher
levels of wasteful killing*"*!. Despite the causes of overkilling are unknown, overkilling, together with delayed
saturation of prey capture rates, and partial feeding are responsible for a high asymptote of capture frequency
of prey by spiders compared to other predators®?. To our knowledge, there are no data concerning the effects of
chemical compounds on overkilling rates in spiders.

Spiders are among the most abundant predators in agroecosystems, where they are considered major biolog-
ical control agents of moths, psyllids, aphids, planthoppers and other economically important organisms with
the potential to cause adverse effects on crop yields**-*’. Therefore, we hypothesized that the neonicotinoids that
are commonly used in agriculture (acetamiprid, imidacloprid, thiacloprid and thiamethoxam) have repellent or
feeding deterrent effects on spiders. We tested this hypothesis by providing prey treated or not with field-realistic
concentrations of neonicotinoids to the spiders and determined the number of a) killed prey, b) killed and eaten
prey, and c) overkilled prey that was killed but left uneaten.

Materials and Methods

As amodel, we used the lycosid spider Pardosa agrestis (Westring, 1861) (Araneae: Lycosidae). This spider actively
searches for prey on the ground. We collected juveniles of P. agrestis (n =280) from barley fields in the Tursko,
Czechia (50.11°N, 14.19°E, 300 m a.s.1.) environment in April and May 2017. We kept the spiders individually in
glass tubes (diameter 15 mm, length 60 mm) with a layer of plaster of Paris at the bottom. We moistened the plas-
ter of Paris with a few drops of water at three-day intervals to maintain adequate humidity. We kept the spiders at
20-22°C under a photoperiod of 16 h light/8 h darkness. We used wingless Drosophila melanogaster Meigen, 1830
(Diptera: Drosophilidae) flies and juvenile Acheta domestica (Linnaeus, 1758) (Orthoptera: Grillidae) crickets as
food during rearing to adulthood.

When spiders reached adulthood, we corroborated their species identity according to Nentwig et al.*®. The
average body size (prosoma and opisthosoma length) displayed sex-specific differences, with females being
longer (6.16 & 0.09 mm) than males (5.71 +0.08 mm) (Mann-Whitney U test U=798.5, p=0.002, n =50 in each
group). We took freshly molted individuals with no signs of harm and split them into five experimental groups
of 20 individuals each. Each experimental group contained ten females and ten males. During the experiments,
we fed spiders with flies treated with insecticides or with distilled water as a control (mock). The tested insecti-
cides consisted of the neonicotinoids acetamiprid (formulated as Mospilan 20 SP; dilution 7.32 ug L™%; treatment
3.9 mgcm2), imidacloprid (Confidor 200 OD; dilution 73.2 pg L~!; treatment 1.7 mgcm™2), thiacloprid (Biscaya
240 OD; dilution 24.4 ug L™Y; treatment 4.5 mg cm™~2) and thiamethoxam (Actara 25 WG; dilution 8.54 pg L™
treatment 3.7 mgcm™2). Thus, we applied all the neonicotinoids in dilutions recommended by their manufactur-
ers for use in spraying crops to eliminate pest insects.

Before the experiments, we starved the adult spiders for 10 days. We performed the experiments under con-
trolled laboratory conditions (shaded room with a natural day/night regimen, temperature 24 £ 1 °C). We placed
the standardized spiders (reared to adulthood and starved) individually into Petri dishes (10 mm tall and 50 mm
in diameter) with a layer of wet filter paper on the bottom to maintain humidity during the experiment. We
allowed the spiders to settle for 10 min to become acclimated to the experimental arena. We then provided the
spiders with wingless D. melanogaster that were treated with neonicotinoids or distilled water. Polyphagous pred-
ators, including Pardosa spiders, readily accept Drosophila flies®. We provided each spider with three flies that
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Compound Species (classification) Note Reference
Acetamiprid Reticulitermes flavipes (Blattodea) g}?gﬁz‘;gdmg effects of paralysis cannot be 49
Acetamiprid at > 1 ppm Reticulitermes hesperus (Blattodea) erocrllic()ilelgding effects of paralysis cannot be 50
Clothianidin at 10pgL~! Bombus terrestris (Hymenoptera) Sucrose consumption reduced 51
Imidacloprid Somaticus terricola (Coleoptera) Avoidance of treated areas 52
Imidacloprid Bemisia argentifolii (Hemiptera) Avoidance of treated areas 3
Increased dispersal from treated citrus
Imidacloprid Diaphorina citri (Hemiptera) Fii}?;i;é g:}ig;‘:gﬁzz:i:gggz:‘g:i 4
immediate repellency
Imidacloprid at 10 and 100 pgL~" Bombus terrestris (Hymenoptera) ie:rf:eibcl;i?g;eig;ndem reduction in 51
Imidacloprid Gammarus pulex (Amphipoda) Antifeedant 5
Imidacloprid Chironomus riparius (Diptera) Antifeedant 5
Imidacloprid Epeorus longimanus (Ephemeroptera) Antifeedant 57
Imidacloprid Lumbriculus variegatus (Lumbriculida) | Antifeedant 7
Imidacloprid Myzus persicae (Hemiptera) Antifeedant 58
Imidacloprid Bemisia tabaci (Hemiptera) Antifeedant »
Imidacloprid Anoplophora glabripennis (Coleoptera) | Antifeedant 60
Imidacloprid Plectrodera scalator (Coleoptera) Antifeedant 60
Imidacloprid Serangium japonicum (Coleoptera) Antifeedant o1
Imidacloprid aphids Antifeedant 58
Imidacloprid at 1-0.01mgL™! Diptera Decreased captures into yellow pan traps 2
Imidacloprid at I mgL~! Coleoptera Decreased captures into yellow pan traps 2
Thiacloprid Tersilochus obscurator (Hymenoptera) Repelled 62
Thiamethoxam Bactericera cockerelli (Hemiptera) Repelled 6
Increased dispersal from treated citrus
Thiamethoxam Diaphorina citri (Hemiptera) F;i}?;i; fi g:tfseg;l:gd;:zreizzg tS}:Z:]H"l:rCrl] 5
immediate repellency

Table 1. Previously reported repellent effects on insects and other invertebrates in response to neonicotinoids.

Compound Species (classification) Reference
Clothianidin 1 pgL~"! Bombus terrestris (Hymenoptera) 51
Imidacloprid < 250 ppm Macrotermes gilvus (Blattodea) o
Imidacloprid <250 ppm Reticulitermes flavipes (Blattodea) 05
Thiacloprid, 5 ppm in sucrose solutions Apis mellifera carnica (Hymenoptera) &
Thiamethoxam Agriotes obscurus (Coleoptera) 7
Thiamethoxam Bombus terrestris (Hymenoptera) 51
Thiamethoxam Bemisia tabaci (Hemiptera) o8
Thiamethoxam Reticulitermes flavipes (Blattodea) 49,69
Thiamethoxam Comtotermes formosanus (Blattodea) 9
g;iﬁ?}fig;?}ﬁz:lg I;ri‘li\;["tg 150 1M A. mellifera and B. terrestris (Hymenoptera) | !
Imidacloprid, from 1.0 to 0.01 mgL~! Araneae 2

Table 2. Previously reported absence of repellent effects on insects and other arthropods in response to
neonicotinoids.

were simultaneously present in a Petri dish. We recorded the number of killed flies in six periods, each lasting
30 min. We distinguished the prey that was only killed from the prey that was killed and eaten, i.e., sucked out.
During every control, we replaced any dead flies with live flies, aiming to maintain a constant density of prey in
the Petri dish. We excluded spiders that did not accept prey and molted within 24 h after the experiment (n=1)
from further analyses to avoid the effect of feeding cessation, i.e., a behavior known to be displayed by spiders
before molting*’. We measured the body size of each spider and analyzed possible relationships between spider
size, prey treatment and feeding deterrent behavior expressed as changes in the number of captured prey, the
number of fed prey and the number of overkilled prey. Data are shown as the mean =+ SE unless stated otherwise.
We used generalized linear model (GLM) with a Poisson structure of errors and a log link function to test for the
differences in killing behavior of spiders between treatments. We included the insecticide treatments, sex and
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Figure 1. Effects of the treatment of prey with field-realistic concentrations of neonicotinoids on the number of
flies captured only (a), captured and eaten (b), and overkilled (c).

their interaction as explanatory variables and the total number of killed flies, the number of killed flies from the
first batch, or the number of killed but not consumed flies as response variables, each fitted in separate models. We
used quasi-Poisson distribution when overdispersion appeared to be significant according to the overdispersion
test from the R package AER*.. We assessed the significance of individual terms by deletion tests. We conducted
the analysis in the R environment, version 3.1.2%2.
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Term ‘ Dy ‘ Deviance | Resid. D; | Residual deviance P
Total predation

Null 98 256.25

Treatment 4 12.40 94 243.85 0.27
Sex 1 24.83 93 219.02 0.002
Treatment:Sex 4 3.75 89 215.27 0.81
Predation of the first provided batch of flies

Null 98 140.13

Treatment 4 8.60 94 131.54 0.07
Sex 1 5.74 93 125.80 0.02
Treatment:Sex 4 0.62 89 125.18 0.96
Overkilling

Null 98 155.10

Treatment 4 21.63 94 133.47 0.0002
Sex 1 2.64 93 130.84 0.10
Treatment:Sex 4 3.96 89 126.88 0.41

Table 3. Effect of neonicotinoid treatment and sex on the predation of fruit flies by Pardosa agrestis. Total
predation was compared using GLM-quasi-Poisson and predation of the first provided batch and overkilling
using GLM-Poisson. Terms significant at o= 0.05 are in bold.

Treatment Predicted mean 95% CI

Actara 1.11 0.72-1.70
Biscaya 1.18 0.66-2.09
Confidor 1.13 0.63-2.02
Mospilan 1.27 0.72-2.23
Control 0.23 0.09-0.60

Table 4. Predicted mean values and 95% confidence intervals of overkilling by Pardosa agrestis under different
treatments of neonicotinoids. Prediction was based on GLM-Poisson.

Results

Mock-treated females captured more prey than did males (Fig. 1a). The initial GLM model that tested for the dif-
ferences in total consumption between treatments, using Poisson distribution, revealed overdispersion (z= 3.6,
p=0.00016). We therefore applied the quasi-Poisson model, which confirmed the significant contribution of sex
but not the neonicotinoid treatments to the predation rates (Table 3). The mean predation rate of females was 5.42
(95% CI 4.49-6.53); the mean predation rate of males was 3.31 (95% CI 2.63-4.18).

To avoid any effect of satiation, we also tested separately the effects of treatments and sex on predation of the
first batch of flies provided (three flies provided simultaneously). The initial GLM model for Poisson distribution
fit the data well, with no significant overdispersion present (z= —0.04, p=0.52). The Poisson model revealed a
significant contribution of sex, but the effect of treatments was again not significant (Table 3). The mean predation
rate of females was 1.71 (95% CI 1.38-2.12); the mean predation rate of males was 1.12 (95% CI 0.86-1.45).

However, prey treated by Confidor and Biscaya were eaten less compared to control prey (Fig. 1b). Therefore,
we tested the effects of treatments and sex on overkilling, i.e., the number of killed but not eaten prey items. In
female P. agrestis, the overkilling increased from only 2.6% of control flies to 21.1% (Actara) — 44.7% (Biscaya) of
neonicotinoid-treated flies, depending on the tested compound. In male P. agrestis, the overkilling increased from
10.0% of control flies to 25.0% (Actara) — 44.4% (Confidor) of neonicotinoid-treated flies. The initial GLM model
for the Poisson distribution of the data fit well, with no significant overdispersion present (z=1.54, p=0.06). In
contrast to the effects on predation, the Poisson model revealed a significant contribution of the treatments but
not the effect of sex (Table 3; Fig. 1¢). The analysis revealed that the spiders offered with the control diet exhibited
significantly lower overkilling (z= —3.540, p =0.0004) than those offered prey treated with any of the four neon-
icotinoids (Table 3). The mean overkilling by control spiders was 0.20 individuals (95% CI 0.08-0.49); the mean
overkilling by spiders fed with neonicotinoid-treated prey was 1.27 individuals (95% CI 1.04-1.54) and did not
differ among the tested compounds (Tables 3 and 4).

Discussion

We provided the first evidence of feeding deterrent behavior of common farmland spiders in response to
prey that is contaminated by neonicotinoids because the frequency of killed but not eaten prey increased in
insecticide-treated groups, although the total and initial predation did not differ. Therefore, the present study
confirmed previous speculation by Reza¢ et al.*?, who claimed in their study on the effects of Mospilan and other
pesticides on the functional response of spiders that “Although we have not studied whether all of the killed prey
was consumed, it is likely that P. cespitum performed overkilling”. Therefore, the part of the initial hypothesis that
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predicted the feeding deterrent behavior of spiders in response to the treatment of their prey with neonicotinoids
was supported with outcomes of the above-described experiments.

On the other hand, we did not observe that the tested spiders were repelled from the prey killing. Therefore,
the neonicotinoids did not provide a sort of chemical protection to the prey and did not cause any avoidance
of the prey by the spiders. The neonicotinoids also did not increase the attractiveness of the prey, as would be
expected from the study by Easton and Goulson?, who demonstrated that spiders were attracted to yellow pan
traps with aqueous glucose solution of imidacloprid at 0.01-1 pug L.

Except for the abovementioned paper by Easton and Goulson?, the data on feeding deterrence of neonicoti-
noids are absent for spiders and are available mostly for honeybees and bumblebees. However, even the physio-
logical experiments on honeybees did not provide an unanimous concensus concerning the deterrence of bees.
In some studies, different neonicotinoids displayed opposite effects*#**. In other studies, neonicotinoids generally
stimulated feeding but signaling from gustatory neurons or sucrose-sensitive neurons was not detectable, sug-
gesting no taste of neonicotinoids and no repellence effect in honeybees and bumblebees'. Moreover, the results
of field studies were inconsistent and were likely affected by the use of insufficiently characterized “pesticide-free”
control areas*®.

Combined, the inconsistency of available data makes it difficult to speculate on the causes of the feeding
deterrent behavior of spiders in response to neonicotinoids. It is possible that the first contact with neonicotinoids
during the prey capture affected the health of the spiders. Rez4¢ et al.*® recently reported that contact with neon-
icotinoids often leads to the temporary paralysis of spiders. We therefore speculate that the lack of taste and repel-
lence effects causes prey contaminated with neonicotinoids to be captured equally to untreated prey. However, the
initial contact with the prey causes adverse health effects that deter the spider from the consumption of already
captured prey. The paralysis that is induced by neonicotinoids might actually be behind the seemingly increased
number of spiders captured in the seminal study by Easton and Goulson?. During pan trapping experiments,
most spiders actually manage to escape unless the pans are deep enough to prevent such behavior. However, if
paralysis plays a role, the spiders would be unable to escape; therefore, they would be captured at higher rates
compared to control pan traps even in the absence of attractiveness of the neonicotinoids themselves.

In conclusion, we substantially broadened the knowledge on the sublethal effects of neonicotinoids in spi-
ders. As the spiders avoided consuming the already captured prey, the sublethal effects of neonicotinoids extend
beyond the simple attractivity/deterrence of the prey itself. We found that spiders behaved as proposed previously
for the contact with noxious prey. Overkilling of the prey, which increased substantially when we provided the
spiders with the prey contaminated with neonicotinoids, was previously hypothesized to minimize the ingestion
of noxious naturally present chemicals from unsuitable prey?®. We demonstrated that increased prey overkill-
ing serves as a physiological response of spiders to the contact with the prey contaminated with agrochemicals.
Neurophysiological studies are needed to elucidate whether the observed feeding deterrent behavior was caused
by the reception of the neonicotinoids or, more likely, by effects of the primary contact with neonicotinoids dur-
ing the prey capture.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 13 May 2019; Accepted: 16 October 2019;
Published online: 04 November 2019

References
1. Kessler, S. et al. Bees prefer foods containing neonicotinoid pesticides. Nature 521, 74-76 (2015).
2. Easton, A. H. & Goulson, D. The neonicotinoid insecticide imidacloprid repels pollinating flies and beetles at field-realistic
concentrations. PLoS ONE 8, 54819 (2013).
3. Kostromytska, O. S., Scharf, M. E. & Buss, E. A. Behavioral responses of pest mole crickets, Neoscapteriscus spp. (Orthoptera:
Gryllotalpidae), to selected insecticides. Pest Manag. Sci. 74, 547-556 (2018).
4. White, G. B. Terminology of insect repellents in Insect repellents: principles, methods and uses (eds Bebboun, M., Frances, S. P. &
Strickman, D. 31-46 (Taylor & Francis, Boca Raton, 2007).
5. Cooperband, M. F. & Allan, S. A. Effects of different pyrethroids on landing behavior of female Aedes aegypti, Anopheles
quedrimaculatus and Culex quiquefasciatus mosquitoes (Diptera: Culicidae). J. Med. Entomol. 46, 292-306 (2009).
6. Miller, J. R,, Siegert, P. Y., Amimo, F. A. & Walker, E. D. Designation of chemicals in terms of the locomotor responses they elicit from
insects: an update of Dethier et al. (1960). J. Econ. Entomol. 102, 20562060 (2009).
7. Pekar, S. & Haddad, C. R. Can agrobiont spiders (Araneae) avoid a surface with pesticide residues? Pest Manag. Sci. 61, 1179-1185
(2005).
8. Foelix, R. E. Chemosensitive hairs in spiders. J. Morph. 132, 313-334 (1970).
9. Pekar, S. & Benes, J. Aged pesticide residues are detrimental to agrobiont spiders (Araneae). J. Appl. Entomol. 132, 614-622 (2008).
10. Evans, S. C., Shaw, E. M. & Rypstra, A. L. Exposure to glyphosate-based herbicide affects agrobiont predatory arthropod behavior
and long-term survival. Ecotoxicology 19, 1249-1257 (2010).
11. Michalkova, V. & Pekar, S. How glyphosate altered the behavior of agrobiont spiders (Araneae: Lycosidae) and beetles (Coleoptera:
Carabidae). Biol. Control 51, 444-449 (2009).
12. Junker, R. R., Bretscher, S., Détterl, S. & Bluthgen, N. Phytochemical cues affect hunting-dite choices of a nursery web spider
(Pisaura mirabilis) but not a crab spider (Misumena vatia). J. Arachnol. 39, 113-117 (2011).
13. Kumar, P, Pandit, S. S., Steppuhn, A. & Baldwin, I. T. Natural history-driven, plant-mediated RNAi-based study reveals CYP6B46’s
role in a nicotine-mediated antipredator herbivore defense. Proc. Natl. Acad. Sci. USA 111, 1245-1252 (2014).
14. Fischer, A. Chemical communication in spiders — a methodological review. J. Arachnol. 47, 1-27 (2019).
15. Salem, S. A. & Matter, M. M. Relative effects of neem seed oil and Deenate on the cotton leafworm, Spodoptera littoralis Boisd. and
the most prevalent predators in cotton fields at Menoufyia Governorate. Bull. Fac. Sci. Cairo Univ. 42, 941-952 (1991).
16. Desneux, N., Decourtye, A. & Delpuech, J.-M. The sublethal effects of pesticides on beneficial arthropods. Annu. Rev. Entomol. 525,
81-106 (2007).

SCIENTIFIC REPORTS |

(2019) 9:15895 | https://doi.org/10.1038/s41598-019-52302-6


https://doi.org/10.1038/s41598-019-52302-6

www.nature.com/scientificreports/

17.

18.
19.

20.
21.

22.

23.

24

25.

26.

27.

28.

29

31.
32.
33.
34.
35.
36.

37.

38.
39.

40: Kleiber, C. & Zeileis, A. Applied Econometrics with R. Springer-Verlag, New York (2008).
I
44,
45.
46.
47.
48.
49.
50.
51.
52.

53.

54.

55.
56.
57.
58.

59.

Tietjen, W. & Cady, A. B. Sublethal exposure to a neurotoxic pesticide affects activity rhythms and patterns of four spider species. J.
Arachnol. 35, 396-406 (2007).

Pekir, S. Spiders (Araneae) in the pesticide world: an ecotoxicological review. Pest Manag. Sci. 68, 1438-1446 (2012).

Pekar, S. Predatory characteristics of ant-eating Zodarion spiders (Araneae: Zodariidae): Potential biological control agents. Biol.
Control 34, 196-203 (2005).

Pekar, S. Predatory behavior of two European ant-eating spiders (Araneae, Zodariidae). J. Arachnol. 32, 31-41 (2004).

Maupin, J. L. & Riechert, S. Superfluous killing in spiders: a consequence of adaptation to food-limited environments? Behav. Ecol.
12, 569-576 (2001).

Riechert, S. E. & Maupin, J. L. Spider effects on prey: tests for superfluous killing in five web-builders) in Proceedings of the 17"
European Colloquium of Arachnology, Edinburgh, 1997 (ed. Selden, P.A.) 203-210 (British Arachnological Society, Bucks, 1998).
Samu, E & Bir¢, Z. Functional response, multiple feeding, and wasteful killing in a wolf spider (Araneae: Lycosidae). Eur. J. Entomol.
90, 471-476 (1993).

. Smith, R. B. & Wellington, W. G. The functional response of a juvenile orb-weaving spider in Proceedings of the Ninth International

Congress of Arachnology, Panama, 1983 (eds Eberhard, W. G., Lubin, Y. D. & Robinson, B. C.) 275-279 (Smithsonian Institution
Press, Washington, D. C., 1986).

Conover, R. J. Factors affecting the assimilation of organic matter by zooplankton and the question of superfluous feeding. Limnol.
Oceanogr. 11, 346-354 (1966).

Mansour, E & Heimbach, U. Evaluation of lycosid, micryphantid and linyphiid spiders as predators of Rhopalosiphum padi (Hom.:
Aphdidae) and their functional response to prey density-laboratory experiments. Entomophaga 38, 79-87 (1993).

Benhadi-Marin, J., Pereira, J. A., Sousa, J. P. & Santos, S. A. P. Functional responses of three guilds of spiders: comparing single- and
multiprey approaches. Ann. Appl. Biol. 175, 202-214 (2019).

Pompozzi, G., Garcia, L., Petrdkova, L. & Pekar, S. Distinct feeding strategies of generalist and specialist spiders. Ecol. Entomol. 44,
129-139 (2019).

. Bernays, E. A. The value of being a resource specialist: behavioral support for a neural hypothesis. Am. Nat. 151, 451-464 (1998).
30.

Bernays, E. A. & Funk, D. J. Specialists make faster decisions than generalists: experiments with aphids. Proc. R. Soc. Lond. B 266,
151-156 (1999).

Michalko, R. & Rezucha, R. Top predator’s aggressiveness and mesopredator’s risk-aversion additively determine probability of
predation. Behav. Ecol. Sociobiol. 72, 105 (2018).

Michalko, R., Pekdr, S. & Entling, M. H. An updated perspective on spiders as generalist predators in biological control. Oecologia
189, 21-36 (2019).

Tahir, H. M. & Butt, A. Predatory potential of three hunting spiders inhabiting the rice ecosystems. J. Pest Sci. 82, 217-225 (2009).
Isaia, M., Beikes, S., Paschetta, M., Sarvajayakesevalu, S. & Badino, G. Spiders as potential biological controllers in apple orchards
infested by Cydia spp. (Lepidoptera: Tortricidae) in Proceedings of 24" European Congress of Arachnology (eds Nentwig, W., Entling,
M. & Kropf, C.) 25-29 (European Society of Arachnology, Bern, 2010).

Kuusk, A. K. & Ekbom, B. Feeding habits of lycosid spiders in field habitats. J. Pest Sci. 85, 253-260 (2012).

Pekar, S., Michalko, R., Loverre, P, Liznarova, E. & Cernecka, L. Biological control in winter: novel evidence for the importance of
generalist predators. J. Appl. Ecol. 52, 270-279 (2015).

Suenaga, H. & Hamamura, T. Effects of manipulated density of the wolf spider, Pardosa astrigera (Araneae: Lycosidae), on pest
populations and cabbage yields: a field enclosure experiment. Appl. Entomol. Zool. 50, 89-97 (2015).

Nentwig, W., Blick, T., Gloor, D., Hinggi, A. & Kropf, C. Spiders of Europe. Available from, http://www.araneae.unibe.ch (2018).
Wehling, A. et al. Method for testing effects of plant protection agents on spiders of genus Pardosa (Araneae, Lycosidae) in the
laboratory. IOBC Bull. 21, 109-117 (1998).

Foelix, R. F. Biology of spiders. Oxford University Press, New York (1996).

Crawley, M. J. The R book. John Wiley & sons, Chichester (2007).

Rez4¢, M., Pekar, S. & Stard, J. The negative effect of some selective biocides on the functional response of a potential biological
control agent, the spider Philodromus cespitum. BioControl 55, 503-510 (2010).

El Hassani, A. K., Dacher, M., Gauthier, M. & Armengaud, C. Effects of sublethal doses of fipronil on the behavior of the honeybee
(Apis mellifera). Pharmacol. Biochem. Behav. 82, 30-39 (2005).

El Hassani, A. K., Dupuis, J. P, Gauthier, M. & Armengaud, C. Glutamatergic and GABAergic effects of fipronil on olfactory learning
and memory in the honeybee. Invert. Neurosci. 9, 91-100 (2009).

Colin, M. E. et al. A method to quantify and analyze the foraging activity of honey bees: relevance to the sublethal effects induced by
systemic insecticides. Arch. Environ. Contam. Toxicol. 47, 387-395 (2004).

Pilling, E., Campbell, P, Coulson, M., Ruddle, N. & Tornier, I. A four-year field program investigating long-term effects of repeated
exposure of honey bee colonies to flowering crops treated with thiamethoxam. PLoS ONE 8, 77193 (2013).

Rez4¢, M., Rezacovd, V. & Heneberg, P. Contact application of neonicotinoids suppresses the predation rate in different densities of
prey and induces paralysis of common farmland spiders. Sci. Rep. 9, 5724 (2019).

Smith, J. A., Pereira, R. M. & Koehler, P. G. Relative repellency and lethality of the neonicotinoids thiamethoxam and acetamiprid
and an acetamiprid/bifenthrin combination to Reticulitermes flavipes termites. J. Econ. Entomol. 101, 1881-1887 (2008).

Rust, M. K. & Saran, R. K. Toxicity, repellency, and effects of acetamiprid on western subterranean termite (Isoptera:
Rhinotermitidae). J. Econ. Entomol. 101, 1360-1366 (2008).

Thompson, H. M., Wilkins, S., Harkin, S., Milner, S. & Walters, K. F. A. W. Neonicotinoids and bumblebees (Bombus terrestris):
effects on nectar consumption in individual workers. Pest Manag. Sci. 71, 946-950 (2015).

Drinkwater, T. W. Comparison of imidacloprid with carbamate insecticides, and the role of planting depth in the control of false
wireworms, Somaticus species, in maize. Crop Protect. 13, 341-345 (1994).

Marklund, S. K. et al. Influence of imidacloprid, a chloronicotinyl insecticide, on host choice and movement patterns of Bemisia
argentifolii (Homoptera: Aleyrodidae) on cantaloupe plants (Cucumis melo L.). J. Kansas Entomol. Soc. 76, 672-675 (2003).
Miranda, M. P, Yamamoto, P. T., Garcia, R. B., Lopes, J. P. A. & Lopes, J. R. S. Thiamethoxam and imidacloprid drench applications
on sweet orange nursery trees disrupt the feeding and settling behavior of Diaphorina citri (Hemiptera: Liviidae). Pest Manag. Sci.
72,1785-1793 (2016).

Nyman, A.-M., Hintermeister, A., Schirmer, K. & Ashauer, R. The insecticide imidacloprid causes mortality of the freshwater
amphipod Gammarus pulex by interfering with feeding behavior. PLoS ONE 8, 62472 (2013).

Azevedo-Pereira, H. V. S., Lemos, M. L. & Soares, A. V. M. Behaviour and growth of Chironomus riparius Meigen (Diptera:
Chironomidae) under imidacloprid pulse and constant exposure scenarios. Water Air Soil Pollut. 219, 215-224 (2011).

Alexander, A. C., Culp, J. M., Liber, K. & Cessna, A. J. Effects of insecticide exposure on feeding inhibition in mayflies and
oligochaetes. Environ. Toxicol. Chem. 26, 1726-1732 (2007).

Nauen, R. Behaviour modifying effects of low systemic concentrations of imidacloprid on Myzus persicae with special reference to
an antifeeding response. Pestic. Sci. 44, 145-153 (1995).

Nauen, R., Koob, B. & Elbert, A. Antifeedant effects of sublethal dosages of imidacloprid on Bemisia tabaci. Entomol. Exp. Applic. 88,
287-293 (1998).

SCIENTIFIC REPORTS |

(2019) 9:15895 | https://doi.org/10.1038/s41598-019-52302-6


https://doi.org/10.1038/s41598-019-52302-6
http://www.araneae.unibe.ch

www.nature.com/scientificreports/

60. Poland, T. M., Haack, R. A. & Bauer, L. S. Laboratory evaluation of the toxicity of systemic insecticides for control of Anoplophora
glabripennis and Plectrodera scalator (Coleoptera: Cerambycidae). J. Econ. Entomol. 99, 85-93 (2006).

61. He, Y, Zhao, K., Zheng, Y., Desneux, N. & Wu, K. Lethal effect of imidacloprid on the coccinellid predator Serangium japonicum and
sublethal effects on predator voracity and on functional response to the whitefly Bemisia tabaci. Ecotoxicology 21, 1291-1300 (2012).

62. Neumann, N. Lethal and sublethal effects of insecticides on mortality, migration and host searching behaviour of tersilochine
parasitoids on winter oilseed rape. PhD thesis, University of Gottingen (2010).

63. Gharalari, A. H. et al. Knockdown mortality, repellency, and residual effects of insecticides for control of adult Bactericera cockerelli
(Hemiptera: Psyllidae). J. Econ. Entomol. 102, 1032-1038 (2009).

64. Igbal, N. & Evans, T. A. Evaluation of fipronil and imidacloprid as bait active ingredients against fungus-growing termites (Blattodea:
Termitidae: Macrotermitinae). Bull. Entomol. Res. 108, 14-22 (2018).

65. Gahlhoff, J. E. Jr. & Koehler, P. G. Penetration of the eastern subterranean termite into soil treated at various thicknesses and
concentrations of Dursban TC and Premise 75. J. Econ. Entomol. 94, 486-491 (2001).

66. Tison, L. et al. Honey bees’ behavior is impaired by chronic exposure to the neonicotinoid thiacloprid in the field. Environ. Sci.
Technol. 50, 7218-7227 (2016).

67. van Herk, W. G. et al. Contact behavior and mortality of wireworms exposed to six classes of insecticide applied to wheat seed. J. Pest
Sci. 88,717-739 (2015).

68. Mason, G., Rancati, M. & Bosco, D. The effect of thiamethoxam, a second generation neonicotinoid insecticide, in preventing
transmission of tomato yellow leaf curl geminivirus (TYLCV) by the whitefly Bemisia tabaci (Gennadius). Crop Protect. 19, 473-479
(2000).

69. Remmen, L. N. & Su, N. Y. Tunneling and mortality of eastern and Formosan subterranean termites (Isoptera: Rhinotermitidae) in
sand treated with thiamethoxam or fipronil. J. Econ. Entomol. 98, 906-910 (2005).

Acknowledgements
The study was supported by the Czech Science Foundation project 17-109768.

Author contributions

S.K., K.K. and M.R. performed the experiments. S.K., M.R. and P.H. conceived and designed the experiments.
S.K., PS. and P.H. analyzed the data and wrote the paper. PH. is responsible for the integrity of this work. All
authors revised the article’s intellectual content and approved the final version.

Competing interests
S.K., PS., M.R. and PH. have been funded by the Czech Science Foundation project 17-10976S. The authors
declare no other competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15895 | https://doi.org/10.1038/s41598-019-52302-6


https://doi.org/10.1038/s41598-019-52302-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Prey contaminated with neonicotinoids induces feeding deterrent behavior of a common farmland spider

	Materials and Methods

	Results

	Discussion

	Acknowledgements

	Figure 1 Effects of the treatment of prey with field-realistic concentrations of neonicotinoids on the number of flies captured only (a), captured and eaten (b), and overkilled (c).
	Table 1 Previously reported repellent effects on insects and other invertebrates in response to neonicotinoids.
	Table 2 Previously reported absence of repellent effects on insects and other arthropods in response to neonicotinoids.
	Table 3 Effect of neonicotinoid treatment and sex on the predation of fruit flies by Pardosa agrestis.
	Table 4 Predicted mean values and 95% confidence intervals of overkilling by Pardosa agrestis under different treatments of neonicotinoids.




