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Varying impact of neonicotinoid
insecticide and acute bee paralysis
virus across castes and colonies

of black garden ants, Lasius niger
(Hymenoptera: Formicidae)

Daniel Schlappi®2*¢, Nina Kettler!, Gaétan Glauser®3, Lars Straub®*, Orlando Yafiez®*
& Peter Neumann®#

Pesticides and pathogens are known drivers of declines in global entomofauna. However, interactions
between pesticides and viruses, which could range from antagonistic, over additive to synergistic, are
poorly understood in ants. Here, we show that in ants the impact of single and combined pesticide
and virus stressors can vary across castes and at the colony level. A fully-crossed laboratory assay

was used to evaluate interactions between a sublethal dose of the neonicotinoid thiamethoxam

and Acute bee paralysis virus (ABPV) in black garden ants, Lasius niger. After monitoring colonies
over 64 weeks, body mass, neonicotinoid residues and virus titres of workers and queens, as well

as worker behavioural activity were measured. ABPV, but not thiamethoxam, reduced activity of
workers. Neonicotinoid exposure resulted in reduced body mass of workers, but not of queens.
Further, thiamethoxam facilitated ABPV infections in queens, but not in workers. Overall, virus
exposure did not compromise detoxification and body mass, but one colony showed high virus titres
and worker mortality. Although the data suggest additive effects at the level of individuals and
castes, co-exposure with both stressors elicited antagonistic effects on colony size. Our results create
demand for long-term holistic risk assessment of individual stressors and their interactions to protect
biodiversity.

The global entomofauna is affected by precipitous declines in both abundance and diversity' . This is of major
concern because insects play indispensable roles in terrestrial ecosystems. They provide essential regulating
and supporting ecosystem services of high economic value and crucial for food security, such as pollination,
natural pest control, maintenance of soil fertility and soil formation*”. Consequently, the reported declines are
alarming and jeopardize the functions and services provided by insects®’. The main drivers are habitat loss and
fragmentation, anthropogenic pollution, invasive species, pathogens and climate change®-'°. Furthermore, there
is growing consensus that no single stressor is driving current declines, but rather complex interactions amongst
a plethora of intertwined stressors®!112.

Today’s human food production profoundly relies on agro-chemicals, which represent one major anthro-
pogenic pollution factor that acts as a known driver of insect declines®!?. The prophylactic abundant usage of
non-specific pesticides to combat pest species inevitably harms non-target organisms'*!°. As systemic pesti-
cides, neonicotinoids are usually applied as seed coatings and only a minor fraction of the active ingredients is
actually taken up by the plant roots, resulting in widespread environmental contaminations'®”. Even though
environmental concentrations of neonicotinoids are often low, they can persist for a long time in the environ-
ment as they often have long half-life times (DTj,)'®. For example, the DT, of thiamethoxam ranges between 7
and 92 days in field studies or between 34 and 233 days in laboratory studies'*~*!. For clothianidin, a metabolite
of thiamethoxam??, the degradation is even slower with the field DT;, in the range of 13.3-305.4 days and
DTy, ranging from 188 to more than 1000 days®**'. Chronic exposure of soil-dwelling organisms to fluctuating
concentrations and mixtures of neonicotinoids in the range of 1 to>100 ppb in arable farmlands are likely'”'8.
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Therefore, they may induce long-term inadvertent sublethal effects on insect physiology and behaviour”!*15.

Harmful impacts on cognitive abilities, foraging behaviour, immune functions, colony development, fertility
and reproductive output have already been reported to influence insects at individual, colony and commu-
nity levels'®?*4, Of particular concern is a reduction in fitness, as this ultimately governs the state of all wild
populations®. Social insects, which are to be considered among the most important insects from an ecological
perspective®, are unsurprisingly also affected by exposure to neonicotinoid insecticides***”,

Colonies of eusocial insects are characterized by overlapping generations, cooperative brood care and repro-
ductive division of labour between castes, whereby one or a few female individuals (queens) reproduce, and the
rest of the usually non-reproductive females (workers) perform all other tasks necessary to maintain the colony?.
These colonies are superorganisms, with individual insects being analogous to cells in multicellular organisms,
acting as a functional unit***°. Consequently, when studying the effects of stressors on eusocial insects, it is
crucial to consider life-history traits specific to such superorganisms®*-*. Therefore, a holistic understanding
incorporates effects ranging from the individual, over the caste to the colony level, which in turn needs to be
differentiated according to life-stages or caste-specific exposure risks and susceptibilities*®*!. At an individual
level, subtle effects of chronic exposure to sublethal insecticide doses can often be difficult to detect, yet over
time they may translate into negative long-term consequences affecting a colony’s fitness*.

Ants are ubiquitous social insects crucial for ecosystem functioning as they provide essential ecosystem
engineering and services such as natural pest control and pollination®**. The combination of the long persis-
tence of neonicotinoids'®?!, perennial sedentary colonies and long life-spans, which characterize queens of
many ant species, make long-term pesticide exposure highly likely?”-****. Furthermore, long-term exposure
inevitably leads to co-exposure and potential interactions with other stressors. Although interactions amongst
stressors are often assumed to be synergistic per se, they may be additive or even antagonistic depending on the
nature of the stressors and susceptibility of an organism***’, which in turn underlies inter- and intra-species
specific variability®!. Factors such as age, developmental stage or sex influence stressor susceptibility leading to
within-species differences®"*®. While varying levels of susceptibility have been shown for haploid male (drone)
and diploid female (worker) honey bees, data comparing queens and workers remain scarce®'. In most species,
queens and workers exhibit pronounced differences in morphology and longevity, and queens appear to be
more tolerant of toxins****. Consequently, it seems plausible that susceptibility and stressor interactions vary
between the two castes.

Interactions between pesticides and pathogens have recently received considerable attention?®*!. Sublethal
doses of pesticides may act as immune suppressors, thereby enhancing the spread and deleterious effects of
pathogens**™*. For example, thiamethoxam and its metabolite clothianidin have been shown to affect the immu-
nocompetence of honey bees, potentially enhancing susceptibility to viruses*~*’. Viral agents affecting the health
of Western honey bees (Apis mellifera) are well known*®. However, with the rise of the invasive ectoparasitic
mite Varroa destructor, the honey bee virus landscape has changed drastically*>*. This potent virus vector drives
prevalence, titres and adaptions of viruses associated with it*->!. With elevated titres of these emerging infectious
diseases in the apiary environment, the probability of host shifts increases®, ultimately affecting the wider insect
community>**. Viruses first described in honey bees, such as the two positive-sense single-stranded RNA viruses
Deformed wing virus and Acute bee paralysis virus (ABPV), are now considered multi-host pathogens with a
broad host range, including ants**-*%. However, to our knowledge, no study has yet addressed the co-exposure
to pesticides and viruses in ants*>*,

Here, we take advantage of recent findings that black garden ants, Lasius niger, are alternative hosts of ABPV,
which can display clinical symptoms®. These common ants, endemic to Europe, can exploit all food resources
known for ants except for direct granivory, and as ubiquitous generalist predators as well as being prey for other
animals they play an important role in food webs*. Since they frequently scavenge on honey bees, exposure
to honey bee viruses is likely and indeed there is a high prevalence of viruses in ants sampled in the surround-
ings of apiaries®®. L. niger is characterized by medium to small-sized usually subterranean colonies in cities,
gardens, meadows and arable lands®. Usually, the colonies are monogyne with extremely long-lived queens®
(up to 28 years®!). Therefore, black garden ants represent an ideal model system to study potential interactions
between long-term neonicotinoid insecticide exposure and viruses. We investigated sublethal effects of the
neonicotinoid insecticide thiamethoxam and ABPV on L. niger at the colony and individual queen/worker level
in a fully-crossed laboratory experiment. Thiamethoxam was chosen because it is amongst the most frequently
used neonicotinoid insecticides®’, and because it is metabolized into an active insecticide after entering the host,
i.e. its primary metabolite clothianidin??. Over 64 weeks, newly founded colonies were chronically exposed to
thiamethoxam (at a dose of 30 ppb'®¢*%*) or not (controls). Additionally, within each group, colonies were fed for
10 weeks with artificially ABPV infected honey bee pupae (A. mellifera) or control pupae. Workers were tested
in a behavioural assay and we measured colony sizes, as well as neonicotinoid residue concentration, virus titres
and body mass in both castes. Residue concentrations of both thiamethoxam and clothianidin were analysed to
estimate levels of uptake and detoxification?’.

In bees, clinical symptoms induced by ABPV include quickly progressing paralysis trembling movements,
inability to fly, loss of hairs on thorax and abdomen, gradual darkening appearance and adult mortality®®, and
in ants a reduced movement speed and impaired locomotion have been described®. Further, ABPV infections
can result in decreased colony size®®%. Sublethal effects of neonicotinoid insecticides on social insects include
impaired locomotion, changes in activity, negative impacts on cognitive abilities, fertility, colony growth, repro-
ductive output and effects on the immunocompetence®. Based on current literature, we therefore expected that
both the neonicotinoid and the virus would affect the behaviour of workers and colony development and that
thiamethoxam facilitates viral infections due to a compromised immune system, thereby resulting in a synergistic
interaction of the two stressors.
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Results

Survival, body mass and colony strength. Overall, queen mortality (i.e. colony failure) was 20%
until the end of the experiment (week 64). There was no significant difference among the four treatments (con-
trols, neonicotinoid = chronic exposure to thiamethoxam (30 ppb), virus=feeding regime with ABPV, com-
bined =exposure to thiamethoxam and ABPV; each N =10; log-rank test, X2=0.0, df=3, p=1.0). Overall, low
worker mortality was observed, but it was not further traced in detail because dead ants were deposed on waste
piles and therefore hardly recognisable®”. However, at the end of the feeding regime (week 61), 37 workers were
found lying dead in the foraging arena of one colony from the combined treatment. Six of the 40 queens were
not able to raise workers successfully, i.e. not a single worker emerged, despite laying eggs (control and virus one
queen each, neonicotinoid and combined treatment two queens each), but neither of the two treatment factors
(neonicotinoid—X2<1):0.78, p=0.37, virus—Xz(l):O, p=1.0) nor the interaction term (virus:neonicotinoid—
X%,y=0.0, p=1.0) had a significant effect (N =10 per treatment).

The body mass of workers was significantly affected by neonicotinoid exposure (N =8 per treatment,
F;y=16.7, p <0.001), while neither the virus exposure nor the interaction term showed significant effects (virus—
F4y=0.74, p=0.4; interaction—F;,=0.71, p=0.41; Fig. 1a; Table 1). The post hoc pairwise comparison revealed
that workers from the neonicotinoid and the combined treatment had a significantly lower body mass compared
to the controls (p <0.01, Fig. 1a), while workers from the virus treatment were not significantly different from
any other treatment group. The body mass of queens was not affected by either of the treatment factors or their
interaction (N =8 per treatment, neonicotinoid—F;,=0.4, p=0.53; virus—F;,=0.91, p=0.34; interaction—
Fyy=0.38, p=0.54; Fig. 1b).

Before the first overwintering (week 13), there were no significant differences in colony strength measured
as the number of adults (X?;=0.36, p=0.83, Fig. 2a) and the amount of brood produced between the two treat-
ments (control N =19, neonicotinoid N=18; Xz(z) =0.004, p=0.95, Fig. 2c). However, at the end of the experiment
(week 64), both the number of workers and the amount of brood differed significantly among the four treat-
ment groups (Fig. 2b,d): There were significant effects of the two treatments and an antagonistic interaction was
revealed for both workers and brood (workers: neonicotinoid—F;,=20.4, p <0.001, virus—F;,=7.7, p=0.01,
antagonistic interaction—F;)=4.8, p=0.037; brood: neonicotinoid—F;,=21.9, p <0.001, virus—F,=6.6,
p=0.015, antagonistic interaction—F;)="7.0, p=0.013; N =8 per treatment). Post hoc pairwise comparison
revealed that the controls had significantly more workers than the three treatment groups (all p’s <0.01), which
did not significantly differ among each other (all p-values>0.37). Furthermore, controls had significantly more
brood than the colonies from the neonicotinoid (p <0.01) and the combined treatment (p <0.01) , while the other
treatment pairs were not significantly different amongst each other (all p-values > 0.29).

Neonicotinoid residues. UHPLC-MS/MS analyses confirmed the absence of both thiamethoxam and
clothianidin from all samples of the control and the virus treatment, except for one queen from the virus treat-
ment (Table 1). In the other two treatment groups the residue concentration of thiamethoxam per gram dry
mass was significantly affected by the factor caste (F;)="7.3, p=0.016) while neither the virus treatment nor the
interaction term (caste:virus) showed significant effects (F;)=0.43, p=0.52; F(;)=3.48, p=0.08; N =8 per group;
Fig. le). The post hoc pairwise comparison did not reveal significant differences among the four groups (all
p-values>0.23). A significant caste effect was determined for clothianidin residue concentrations (F;,=89.5,
p<0.01), while virus and the interaction term had no significant effect (F;,=0.25, p=0.63; F(;)=0.09, p=0.76;
N =8 per group; Fig. 1f). Queens had significantly lower concentrations of clothianidin compared to workers
(all pairwise p-values < 0.05), but there was no difference between queens or workers of the different treatments.
Further, the queens had a significantly lower ratio of clothianidin to thiamethoxam ratio compared to workers
(X*1y=17,p<0.01).

Virusanalyses. Infection status (positive vs. negative) of workers were affected by virus exposure (X2, =32.9,
p<0.01), while thiamethoxam exposure and treatment interaction had no significant effect (neonicotinoid—
Xz(l) =3.06, p=0.08; interaction—Xz(l) <0.001, p<0.99; N =8 per treatment). No worker sample from the control
treatment was tested positive for ABPV. In contrast, all samples of the virus and the combined treatment were
positive, and interestingly two out of eight neonicotinoid treatment samples were positive (Table 1). Likewise,
virus titres found in workers were significantly affected by virus exposure, yet neither neonicotinoid exposure
nor the interaction term revealed significant effects (virus—F,=29.6, p<0.01; neonicotinoid—F;;=0.02,
p=0.9; interaction—F;,=0.03, p=0.86; Fig. 1c). The virus titre of workers that were found dead in one colony
of the combined treatment (week 61) was 7.15 log virus copies per mg tissue (sixty times higher than any other
ant sample).

In queens, six out of eight were positive in the virus treatment, four out of eight in the neonicotinoid treat-
ment, seven out of eight in the combined treatment and all controls were negative (Table 1). The infection status
of queens was significantly affected by virus and neonicotinoid exposure (virus—X?;y=13.74, p = 0.95; neonic-
otinoid—X?,=4.66, p <0.01) but no interactive effect was detected (X*;)=2.52, p=0.11; N =8 per treatment).
The same holds true for virus titres in queens (virus—F;,=13.4, p <0.01; neonicotinoid—F;)=6.42, p=0.02;
interaction—F(;,=1.02, p=0.86, additive effect; Fig. 1d). Queens and workers were not significantly different
with regards to virus titres when standardized for body mass differences (X?;,=0.42, p=0.51), thus suggesting
no significant caste effect.

Behavioural assay. Virus exposure, but not neonicotinoid or the interaction, had a significant effect on
overall movement (neonicotinoid—X?,,=0.94, p<0.33, virus—X*;,=19.1, p<0.01, interaction—X*;,=1.99,
Pp=0.16; N=40 per treatment). Pairwise comparison showed that workers form the controls and the neonicoti-
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Figure 1. Body mass, virus titres and neonicotinoid residues of queens and workers, Lasius niger. Body

mass (mg) of 20 pooled workers (a) and queens (b) as well as genomic copies of Acute bee paralysis virus
(ABPV) [log] per mg tissue of workers (c) and queens (d) under the following four treatments groups:
Controls, neonicotinoid = chronic exposure to thiamethoxam (30 ppb), virus =feeding regime with ABPV and
combined = exposure to both thiamethoxam and ABPV. Neonicotinoid residues [ng/g dry mass] of queens
(white boxplots) and workers (grey boxplots) in the neonicotinoid and combined treatment are depicted in
panels (e) for thiamethoxam and (f) for clothianidin. Boxplots with inter-quartile-ranges, medians and outliers
as well as the virus detection thresholds for both castes (dashed line) are shown as well as significant differences
(p<0.05) between treatments, which are indicated by bold letters (Tukey post hoc test).
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Treatment Control Virus Neonicotinoid | Combined

#9 13.1+£6.72 [19] - 14.1+6.47 [18]
Colony strength week 13

#brood |37+14.1[19] - 34.6+13.8 (18] |-

(3] 286.8+£60.7 193.9+61.3 | 161.3+£32.4 150.4+52
Colony strength week 64

#brood | 121+57 59.5+25.5 38+18.2 36.1+£12.8
M ) 20.8+1.54 19.7+22 17.5+1.85 17.4+2.09)

ass

Q 33.1+5.98 32.6+3.56 35.1+4.24 32.6+4.29

) 2.34+0.423 3.91+0.88 2.36+0.73 4.01+1.10
Virus titres

Q 2.22+0.506 3.27+0.93 3.02+0.36 3.61+0.61
Neonicotinoid residues

Q 0+0 0.13 [1] 0.52+0.47 0.27+0.15
Thiamethoxam [ng/g]

) 0+0 0+0 0.65+0.45 1.08+0.92

Q 0+0 0.14 [1] 0.25+0.28 0.16+0.11
Clothianidin [ng/g]

g 0+0 0+0 1.67+1.07 1.36+£0.67

Table 1. Summary table of response variables. Mean + standard deviation values for colony strength (week

13 & 64) measured as number of workers and amount of brood (eggs, larva and pupae), mass of Lasius niger
queens ({) and 20 pooled workers (%), virus titres [log genomic virus copies / mg] and neonicotinoid residues
[Ng/g(dryweighy] for the four treatment groups: (i) Controls, (ii) neonicotinoid = chronic exposure to thiamethoxam
(30 ppb), (iii) virus =feeding regime with Acute bee paralysis virus (ABPV), (iv) combined = exposure to
thiamethoxam and ABPV. N =8 each unless specified differently in square brackets [].

noid treatment covered significantly more distance compared to the workers of the combined treatment (both
P’s<0.01; Fig. 3a). No significant effects were observed regarding the amount of time workers were inactive
during the observation time (neonicotinoid—X?,y=1.24, p=0.27, virus—X?,,=0.57, p=0.45, interaction—
X%y=1.5, p=0.22; N=40 per treatment; Fig. 3b). Like overall movement, the average speed was significantly
reduced by the factor virus but not the factor neonicotinoid or the interaction term (neonicotinoid—Xz(l) =0.46,
p=0.5, Virus—Xz(l) =29.2, p<0.01, interaction—XZ(U =2.26, p=0.13; N=40 per treatment). The controls were
significantly faster than the workers of the combined treatment (p=0.002) and the workers of the neonicotinoid
treatment were faster than the workers of the virus and the combined treatment (p=0.017, p <0.01), but no more
significant pairwise differences were revealed by the post hoc testing (p’s>0.05; Fig. 3c). For the initial move-
ment speed (i.e. in the first ten seconds) the effect of the virus exposure was even more pronounced (X%;,=54.6,
p<0.01), while again, the factor neonicotinoid and the interaction term had no significant effects (Xz(l) =0.04,
p=0.84; X*;)=1.56, p=0.21; N =40 per treatment). Post hoc pairwise analysis revealed that workers of the con-
trol and the neonicotinoid treatment were significantly faster than the ones of the virus and the combined treat-
ment (p’s <0.05; Fig. 3d). Additionally, some workers of the virus and the combined treatment were observed
to move unnaturally slowly, followed by uncontrolled trembling or twitching motions, or with partly immobile
hind extremities, as described in Schlippi et al**. Neonicotinoid exposure had no effect on any of the measured
behavioural variables and is therefore considered neutral in this context, and it also follows that no interactive
effects were detected.

Discussion
Our results show that co-exposure to a sublethal dosage of thiamethoxam and to ABPV can impact ants in a
complex manner. Effects of the two stressors and their interaction vary, depending on the response variable and/
or the tested level (i.e. individuals, castes, colonies). Although queen mortality and consequent colony failure
are not affected, there is a clear effect at the colony level, where ABPV and thiamethoxam antagonistically affect
colony strength. This implies that the colonies of the combined treatment do equally poor as the colonies exposed
to individual stressors. Exposure to thiamethoxam appears to facilitate ABPV infections in queens, but not in
workers. However, the exposure to virus seems not to affect the detoxification of the insecticide?”. ABPV exposure
affected locomotion and activity of workers, while no such effect was observed for thiamethoxam. This study
highlights that the understanding of how ants and other social insects are impacted by multiple stressors requires
consideration of acute and long-term effects, stressor interactions and effects at individual, caste and colony level.
Across all treatments, we observed low mortality of queens (i.e. colony failure) and workers. We can con-
firm that thiamethoxam at 30 ppb appears to have only sublethal effects on ants®’, which matches the findings
for imidacloprid®®. Also, the queen’s ability to raise the first offspring was not affected. Even in the combined
treatment, where one could expect increased stress, as the colonies are co-exposed to both stressors, no effects
on either variable were detectable. Furthermore, we confirm that exposure to thiamethoxam reduces the body
mass of workers, but not queens”. Body mass can be used as an indicator of health with potential implications
on reproductive success®’. Therefore, a reduction in body mass can be a symptom of an organism’s susceptibil-
ity towards a stressor’". In conclusion, the observed differences between queens and workers indicate that the
latter are more susceptible towards thiamethoxam. In contrast, ABPV seems to have no effect on body mass
irrespective of treatment or caste and no interactive effect with thiamethoxam was detected. However, expo-
sure to ABPV resulted in impaired locomotion and reduced activity, confirming earlier results®: The distance
covered, the average speed and the speed in the first seconds of observations were negatively affected by virus
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Figure 2. Colony strength. The number of Lasius niger workers (a, b) and the amount of brood (sum of eggs,
larva and pupae; ¢, d) before the first overwintering (week 13, a, ¢) and the end of the experiment (week 64, b,
d). At the first overwintering only the neonicotinoid treatment (chronic exposure to 30 ppb thiamethoxam)
was established (controls N=19, neonicotinoid N =18). Colonies were then split in a stratified random way

to two more treatment groups (each N =8; virus =feeding regime with Acute bee paralysis virus (ABPV) &
combined = exposure to thiamethoxam and ABPV. The inter-quartile-ranges, medians and outliers of boxplots
are shown with significant differences (Kruskal Test (a, ¢), Tukey post hoc test (b&d); p <0.05) between
treatments being indicated by bold letters.

exposure. However, in contrast to our expectations, the behaviour of individuals was not affected by exposure
to thiamethoxam. Moreover, no interactive effects of combined exposure were observed. In comparison, effects
of neonicotinoid insecticide exposure on honey bee activity and locomotion have been shown, including longer
inactivity, lower movement, and hyperactivity followed by hypoactivity®®’2. Many aspects like foraging and
competition (intra- and interspecific) are restricted by impaired locomotor abilities. For example, a reduced
movement speed increases the time required to exploit available resources, which in turn can affect the colony
growth rate”®. A reduced work force impairs colony functioning, reduces competitive strength and decreases
the number of produced sexuals’*”’. Therefore, it is possible that the effects of virus exposure on locomotion
can result in a reduction of colony performance and ultimately fitness (i.e. number of produced males and gynes
that successfully contribute to the foundation of new colonies).

To determine possible caste specific differences in susceptibility towards ABPV, we used virus titres as an
indication of infection levels. When normalized to body mass, there were no differences regarding the virus
load of queens and workers. Despite the detection of clinical symptoms (i.e. impaired locomotion) the observed
virus titres did not reach the levels of overt infections in honey bees’®. However, there was one exception, as
the workers found dead in one colony towards the end of the experiment reached more than 107 copies per
mg tissue. Why titres were higher in these specimens and why worker mortality was induced in this particular
colony, but not in others, remains speculative. Our results suggest that ABPV infections can be lethal in L. niger,
in addition to symptoms reported earlier®®. A comparison of honey bees and ants is meaningful in this regard
because these viruses have been studied in depth in the former*®, but not in the latter. Both ants and honey bees
are highly eusocial with reproductive division of labour, overlapping generations and cooperative brood care and
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Figure 3. Behavioural assay. Movement analysis of Lasius niger workers from four different treatment groups
(controls, neonicotinoid = chronic exposure to thiamethoxam (30 ppb), virus =feeding regime with Acute bee
paralysis virus (ABPV), combined = exposure to thiamethoxam and ABPV) filmed for 120 s in a movement
arena: (a) Estimated total distance covered, (b) amount of time the workers were inactive, (c) Average speed
and (d) initial movement speed i.e. covered distance during the first ten seconds of observation. Significant
differences between treatment groups is indicated by different letters (a, b; linear mixed effect modelling with
post hoc Tukey correction, p <0.05).

therefore, they share key aspects of their life-history, which are clearly more important than other biological traits
such as body size?**. Indeed, comparisons of honey bees with solitary and even primitively eusocial bees (e.g.
bumblebees) are not as appropriate despite obvious similarities in the pollinator guild”, due to superorganism
resilience and other key features of eusociality*.

In queens, the data indicate that chronic exposure to thiamethoxam can result in higher virus titres. This
suggests that the immune system may be weakened and the susceptibility towards ABPV increased, thereby
supporting the idea that insect diseases can be linked to pesticides®. Clothianidin, the metabolite of thiameth-
oxam, modulates immune signalling, thus reduces immune defences and promotes virus replication in honey
bees bearing covert infections*. However, the effect of thiamethoxam on the susceptibility towards ABPV were
observed exclusively in queens, but not in workers. As the life expectancy of queens is much higher compared
to workers, the former might invest more into detoxification, which in turn could negatively affect the immune
response towards viruses. Another possible explanation could be that neonicotinoid insecticides interfere with
the social structure of colonies or their ability to detect a pathogen, restricting social immune defences and thus
increasing the chances of ABPV to reach the queen®. If or how neonicotinoids may affect the interaction network
and social immunity in ants, as it has been suggested for bumblebees™, remains to be investigated. Some samples
of the control and the neonicotinoid treatment being tested positive for the virus can perhaps be attributed to
feeding with untreated honey bee pupae, which may have been infected by this virus. Indeed, although magni-
tudes lower than in artificially infected pupae, low background levels of viruses (i.e. covert infections) commonly
occur in field-collected honey bee pupae®.

Further differences between the castes were revealed when looking at neonicotinoid residues to confirm
uptake and metabolization of thiamethoxam. The residue levels indicate that queens seem to be able to cope
better with the intoxication, indicating superior detoxification (as described in detail in Schldppi et al.?’). This
could also explain that thiamethoxam affects the body mass of workers but not of queens. Just as neonicotinoids
facilitate viral infections**, we might expect an inverted effect where the induced stress of an ongoing virus
infection vice versa affects detoxification negatively. However, exposure to ABPV had no detectable effect on the
residue concentration of either thiamethoxam or clothianidin. This would be in line with findings in honey bees,
where co-exposure to thiamethoxam and chronic bee paralysis virus resulted in an increase in virus loads, but
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neither the survival nor the ability to metabolize the insecticide to clothianidin was affected*. Noteworthy is the
observation that one queen of a treatment group without thiamethoxam was tested positive for the insecticide.
Given that no negative control was positive, thereby excluding cross-contaminations, the most parsimonious
explanation is exposure in the field prior to sampling.

Our data revealed that the effect of thiamethoxam exposure on colony strength only becomes visible in the
second year of colony development and that in colonies exposed to virus fewer adults emerged®”*®. In contrast
to our expectations, the colony strength (number of workers and brood) of the combined treatment was not
different from the neonicotinoid and virus treatment. Thus, at colony level, the two stressors interact antagonis-
tically, meaning that co-exposed colonies are doing better than expected if the individual effects of viruses and
neonicotinoids are summed up®**”#!. These findings are in line with studies in bees suggesting that interactions
between pesticides and pathogens are often antagonistic, particularly interactive effects on proxies of fitness
such as behaviour, parasite load and immune responses®*’. Overall, these results highlight that the nature of
stressor impacts and interactions strongly depends on the variable and effect level looked at. Examples such as
the increase in susceptibility of queens towards ABPV when exposed to thiamethoxam demonstrate that effects
at an individual level do not necessarily translate to colony level effects. When studying stressor impacts on
social insects, it is thus crucial to consider colony-level effects. Superorganism resilience and social immunity
are just two factors which show that effects on individuals have limited explanatory power when it comes to
colony fitness**. A limitation of this study is that colony fitness was not assessed directly, as L. niger typically
does not produce sexuals within the first years of colony development®. Therefore, we had to rely on colony size
as a token of fitness in L. niger. Nonetheless, the observed effects are likely to affect colony fitness, because the
number of workers and impaired locomotion affect many factors of colony functionality’*”>, especially foraging
as well as intra- and interspecies competition’®. Lastly, the onset of the reproductive stage is earlier and more
sexuals are produced in colonies with a larger workforce””. In this experiment, only a single concentration of
thiamethoxam was tested, which is not sufficient for the demonstration of a dose-response or more complex
response patterns such as dose-dependent synergism/antagonism®%. Therefore, our results are only valid at the
used neonicotinoid concentration and further experiments with a range of varying thiamethoxam concentrations
would be required to draw definite conclusions about combined effects with ABPV.

The use of chronic exposure in the laboratory constitutes a conservative approach as there are no foraging
risks due to predation, no competition and additional pathogens or unfavourable weather conditions. Further-
more, field colonies are usually exposed to multiple pesticides simultaneously, and exposure peaks that can occur
during times of insecticide applications are absent in such a laboratory setting®*. Hence, future studies should
address how frequently and how long ants are exposed to stressors under field conditions and measure how
high residues are in such specimen. Furthermore, the relative importance of multiple simultaneous exposure
routes (acute and chronic) such as contact with spray droplets, contaminated soils, foliage, and water, as well as
consumption of contaminated nectar, pollen, guttation fluid and seeds, honeydew, invertebrate prey and water
are all poorly understood?. The exposure scenario in this laboratory study only covers exposure via contact with
contaminated cotton reflecting contaminated soil and consumption of contaminated water reflecting soil pore
water, neglecting additional exposure pathways. Uptake via consumption of water seems to be more important
than topical contact with the toxicant because of the weak hydrophobicity of the neonicotinoids yielding a low
penetration through the cuticula®. Another topic not addressed within the scope of this experiment is the
question of bioavailability, i.e. what fractions of neonicotinoids present in soils are available for uptake, and
for causing adverse effects to biota®. Therefore, the extent of the actual exposure of ants in contaminated soils
remains elusive. Nonetheless, the neonicotinoid levels used in this experiment can be considered as a worst-case
scenario as they were constantly in the upper range of what can be found in arable fields'”'®. Furthermore, it
can be assumed that such arable fields are probably less suitable habitats for ants in the first place because fre-
quent disturbance, e.g. ploughing, will interfere with the construction of nest structures for perennial sedentary
colonies. Nevertheless, ants frequently settle in arable lands®®, and even if newly mated queens are successful in
establishing a colony at the edge of such fields, long-term chronic exposure at lower dosages is likely'’.

In conclusion, our results show that a holistic view is required to understand how an organism is affected by
interacting stressors. Life-history traits, all levels of action, acute and long-term effects need to be considered as
well as co-exposure to multiple stressors. In our case, it would not have been possible to estimate colony-level
effects based on individual variables or if measurements were taken too early. Furthermore, effects could vary
over time and therefore it would be necessary to monitor ant colonies over their entire life-cycle to understand
the ultimate impact of any stressor. However, in current pesticide risk assessment schemes none of the indicator
species for soil-dwelling insects are comparable to ants and other social insects®’-%. Moreover, long-term effects
as well as combined exposure scenarios with multiple pesticides and/or other stressors are mostly neglected so
far8487-0, Therefore, we emphasize the need to fully incorporate long-term effects, combined exposure scenarios
and ants as model organisms in holistic future risk assessments. We argue that incorporating fitness as a key
endpoint variable in future pesticide risk assessment schemes may substantially help to ensure more reliable and
robust stressor evaluations®. This would subsequently mean that for eusocial insects the lifetime reproductive
output of sexuals should be assessed either directly or with a reliable proxy in multi-generation laboratory essays
to mitigate the future impacts of chemicals and other stressors on biodiversity?.

Methods

Experimental set-up. A fully-crossed laboratory experiment was established at the Institute of Bee Health,
University of Bern, using L. niger colonies allocated to four treatment groups. The four treatment groups were (i)
controls, (ii) virus—colonies fed with honey bee pupae artificially spiked with ABPYV, (iii) neonicotinoid—colo-
nies chronically exposed to thiamethoxam (30 ppb), and (iv) combined—colonies co-exposed to thiamethoxam
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and ABPV. No ethical approval was required to work with these invertebrate species and all experiments were
performed in accordance with relevant guidelines and regulations. Gynes were collected in the field after their
nuptial flights (30.07.2016 in Bern, Switzerland; for a detailed timeline see supplementary Fig. 1 and supplemen-
tary Table 1). Upon initiation of the experiment, 40 egg-laying queens were randomly allocated to two groups
(Controls, Neonicotinoid; each N =20). The second treatment started in July 2017 (week 51), where the groups
were split in a stratified random way accounting for colony size, resulting in four treatment groups. Until the
first overwintering (week 13), the colonies were kept in prepared nesting tubes (155 mm length, 14 mm inner
diameter) wrapped in aluminium foil, maintained at RT (19-23 °C) and protected from direct sunlight”. After
overwintering (week 34), the colonies were transferred into new nesting tubes with an attached foraging arena
(135% 68x32 mm, supplementary Fig. 2), where they were kept until the experiment was ended with freezing and
storing of the colonies at— 80 °C prior to the second overwintering.

Neonicotinoid exposure. The nesting tubes were separated by a sterile cotton wool ball into two compart-
ments. The front compartment, closed by another cotton wool plug, housed the colony while the hind chamber
was filled with 10 ml treatment solution?. Solutions were freshly prepared at the beginning of the experiment
and after overwintering with Thiamethoxam (>99.9% purity, Sigma-Aldrich, St. Louis, Missouri, USA) directly
dissolved in distilled water. To test for the effects of chronic thiamethoxam exposure over the full experimental
duration (64 weeks), a concentration of thiamethoxam was chosen (30 ppb) as it may be detected in soils of
arable farmlands'®%*. This concentration is below the level found in fields where the insecticides have just been
applied but it is in the range of what can be found in fields up to 1 year post treatment'®. Ultra-high performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) was used to confirm neonicotinoid per-
sistence in pooled treatment solutions collected from the nesting tubes at the moment of nest translocation
(week 34) and at the end of the experiment (week 64).

Feeding regime. Before the first overwintering, colonies were provided twice with 30 pl droplets of sugar-
water (50% mass fraction of sugar) once the first workers emerged, due to claustral colony founding®. Post
hibernation, colonies received a sugar-water (40% mass fraction of sugar) drenched cotton ball and four fruit
flies (Drosophila hidey) weekly. With the start of the treatment feeding regime, we switched from Drosophila to
Western honey bee (Apis mellifera) pupae. The colonies in the virus treatments received honey bee pupae artifi-
cially spiked with ABPYV, while the controls received control pupae for 10 weeks. For this, white-eyed honey bee
pupae were obtained from sealed worker brood frames of local colonies (Bern-Liebefeld, Switzerland). Using
standard methods®’, half of the pupae were microinjected laterally between the second and third segment of
the abdomen with 2 pL of an ABPV solution for virus propagation. Then, all pupae were incubated in darkness
at 34.5 °C,250% RH for 5 days. Virus presence in injected pupae was confirmed using quantitative real-time
polymerase chain reactions (RT-qPCR; ABPV titres>10'! genomic copies per pupae) and pupae were frozen
at—80 °C until needed.

Parameter assessment. Colony size and body mass. 'The amount of brood (i.e. eggs, larvae and pupae)
and the number of workers were assessed before the first overwintering (week 13) and at the end of the experi-
ment after freezing the colonies (week 64). Further, the numbers of workers and pupae were counted at the start
of the second treatment (week 51). The body mass of individual queens and twenty pooled workers was meas-
ured using an analytical balance (METTLER TOLEDO AT400;+0.1 mg) at the end of the experiment.

Behavioural assay. For each colony, the behaviour of five randomly chosen foragers sampled from the forag-
ing arenas was analysed, as described in detail in Schldppi et al.*®, 2 weeks after the feeding regime ended (week
63). In brief, the movement of individual ants in an arena (® =90 mm) was video recorded for 120 s. Motion
data were visually evaluated from slow motions recordings by quantifying the movement of ants in relation to a
reference grid (grid cell: 8.5 mm x 8.5 mm), i.e. the number of grid cells passed over time. Only one grid cell was
counted if an ant touched two cells at the same time, e.g. when walking along a line. Thereby, the overall move-
ment, time inactive, average speed and initial speed was assessed. Overall movement was defined as the number
of grid cells passed during the entire 120 s, time inactive as the time the ants did not move (including grooming
and standing still), average speed as the number of cells passed in the time the ants were actively moving and
initial speed as the number of cells crossed during the first 10 s. For more information and an exemplary video
see Schléppi et al.>®.

Neonicotinoid analyses. Queens and workers of all colonies that lasted until the end of the experiment (week
64; N =8 per treatment) were analysed for both thiamethoxam and its metabolite clothianidin using UHPLC-
MS/MS analysis as depicted in Schlidppi et al.”’. In brief, an adapted QUEChERS protocol was used to pre-
pare and purify pooled samples with worker abdomens and individual abdomens of queens. Subsequently, an
Acquity UPLC system (Waters, Milford, MA) coupled to a TQ-S triple quadrupole (Waters) were used for the
analyses of the purified samples. Solutions in MeOH 25% at 0.005, 0.05, 0.5, 5 and 15 ng/ml, each containing
internal standards (concentration of 5 ng/mL) were used for internal calibration to quantify thiamethoxam and
clothianidin followed by linear regressions weighted by 1/x. We then normalised the samples to their mass and
expressed them as ng/g dry mass for comparisons. The quantification detection limits were 20 pg/g of tissue for
thiamethoxam and 40 pg/g for clothianidin. We included blank samples as negative controls.
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Virus analyses.  First, RNA was extracted from the queens and a pooled sample of 40 workers from each colony
using standard methods®>. However, only the head, thorax and extremities were used, as the abdomens were
used for the neonicotinoid analyses. Each sample was manually crushed with a mortar in TN buffer (100 mM
Tris, 100 mM NaCl, pH 7.6). Fifty microlitres of the homogenate were then used for the RNA extraction with a
NucleoSpin RNA II kit (MACHEREY-NAGEL, Oensingen, Switzerland). 0.3 ng Ambion RNA Control 250 was
added to each sample at the first extraction step to monitor the efficiency of the RNA purification and cDNA
synthesis®. After elution in 30 uL of elution buffer, RNA was stored at— 80 °C. Then, a M-MLV RT Kit (Promega,
Diibendorf, Switzerland) was used for reverse transcription by incubating the template RNA (0.05-0.25 pg)
in a Thermocycler (Biometra, Analytik Jena, Jena, Germany) with random hexamer oligonucleotide (0.75 pL,
100 uM) and RNase-free water in a final volume of 17.75 uL for 5 min at 70 °C. For, the cDNA synthesis, 5 x Buffer
(5 uL), nucleoside triphosphate (ANTP; 1.125 pL, 10 mM) and reverse transcriptase (M-MLV; 1 uL) were added
to a final reaction volume of 25 pL and incubated it at 37 °C for 60 min. The obtained cDNA was diluted 1/5 and
used for RT-qPCR to estimate ABPV titres using a KAPA SYBR FAST Universal qPCR kit (Kapa Biosystems,
Wilmington, North Carolina, United States). A duplicate of each sample was run for both the targeted virus and
the exogenous internal reference in a 12 L reaction mix containing SYBR green reaction mix (6 uL), Milli-Q
water (2.52 pL), diluted cDNA (3 pL) and each 0.24 pL of the forward and reverse primers (ABPV F6548—TCA
TACCTGCCGATCAAG, ABPV B6707—CTGAATAATACTGTGCGTATC, 197 bp®; RNA 250-F—TGGTGC
CTGGGCGGTAAAG, RNA 250-B—TGCGGGGACTCACTGGCTG, 227 bp*). In addition, four ten-folds
serial dilutions (1072 to 107° ng) of purified PCR products used as standard curves and two no-template nega-
tives were included on each plate. The reaction was processed in an ECO Real-Time PCR machine (Illumina,
San Diego, California, United States) according to the following cycling profile: 95 °C for 3 min (incubation) fol-
lowed by 40 cycles of 95 °C for 3 s (denaturation) and 57 °C for 30 s (annealing, extension and data collection).
Fluorescence reading at 0.5 °C intervals between 55 °C and 95 °C was used to perform a melting curve analysis
after the amplification for the verification of the specificity of the PCR products. RT-qPCR output data, standard
curves and the experimental dilution factors were used to calculate an estimate of viral copies per sample (virus
titres). To account the exponential distribution virus titres and for body mass differences between the castes,
virus titres were log-transformed, normalized to the mass of the samples and expressed as “Log,, genomic copies
/ g dry mass” throughout the manuscript and for the statistical analyses. A sample was considered negative with
zero viral copies if it had a shifted peak or no peak at all in the melting curve analysis. For both castes, Cq values
of the negative samples were transformed to hypothetical virus titres and of the maximum value of these “nega-
tive titres” a titre detection threshold was obtained normalized to the castes mean bodyweight.

Statistical analyses. R version 3.6.3 was used to run all statistical analyses and create Figs. **. The Sha-
piro-Wilk test and the Levene’s test were used to test data and model residues for normal distribution and
homogeneity of variances for the selection of statistical tests. Colonies were used as individual replicates unless
specified differently and upon queen death, the respective colony was no longer included in further analyses.
Consequently, sample sizes decrease from N =10 per treatment upon initiation of the experiment to N=8 per
treatment at the end.

Queen survival was analysed with a log-rank test using the survdiff function from the R package surviva
The ability of queens to raise workers (binary response variable), i.e. if queens were able to lay eggs and attend
eggs/larvae/pupae adequately so that at least one viable worker emerges (success or failure), was analysed using
a generalized linear model with binomial distribution®”. Both treatments (virus, neonicotinoid) and their inter-
action term (cross-product term—rvirus:neonicotinoid) entered the model as fixed effects. Queen and worker
body mass were analysed using linear models with body mass of either caste entering the model as a response
variable again with both treatments and their interaction as fixed effects. ANOVA was used as a likelihood
ratio test to obtain p-values by comparing the model with the effect in question against the model without it.
If a model revealed significant main effects, it was followed up by pairwise comparisons using Tukey’s Honest
Significant Difference test, thereby controlling for multiple comparisons. Based on the definitions of an additive
effects model, synergism or antagonism occur, when combined effect of multiple stressors is greater (synergism)
or less than (antagonism) the sum of effects elicited by the individual stressors®"#2. Therefore, if the interaction
term is non-significant additive effects were assumed and else, if the interaction (cross-product term) of the two
stressors was significant, a deviation from additive effects was assumed. In these cases, we consulted the model
estimates to claim synergism (estimate of the cross-product term < 0; greater than additive effect) or antagonism
(estimate of the cross-product term > 0; lesser than additive effect)®.

Colony strength, measured as the number of workers and the amount of brood (i.e. sum of eggs, larva and
pupae) was analysed before the first overwintering and at the end of the experiment. Because of the nature of
the data and as only the thiamethoxam treatment was established before the first overwintering, colony strength
was compared between two groups (controls, neonicotinoid) using a Kruskal-Wallis test (non-parametric). The
number of workers at the end of the experiment entered a linear model as response variable and was analysed
with both treatments and their interaction as fixed effects. As above, post hoc pairwise comparison was per-
formed using Tukey’s Honest Significant Difference test. The amount of brood (response variable) was analysed
using an aligned rank transformation for nonparametric factorial analyses with same fixed effects using the art
function from the R package ARTool®®. For cross-factor pairwise comparisons, we followed the developer’s rec-
ommendations and used Mann-Whitney U tests on the original data for each treatment pair and then corrected
the results for multiple comparisons using Holm’s sequential Bonferroni procedure correction.

Infection status of queens and workers each were analysed using a generalized linear model with binomial
distribution and virus titres were analysed with linear models as described above. To meet the model assumptions
for workers the response variable virus titre was log-transformed. Furthermore, the relationship between virus
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titre (response variable) and ant caste (fixed effect) was analysed with treatments and colony identity as random
factors using a linear mixed effect model with the Imer function of the R package Ime4®. Colony identity was
used as a random factor because samples of the same colony are not completely independent®”.

To compare neonicotinoid residues (thiamethoxam or clothianidin) detected in queens and workers among
the treatments we again used aligned rank transformation for nonparametric factorial analyses®. All samples of
the control and virus treatment were negative except for one queen sample, which was positive for thiamethoxam
and clothianidin. Non-positive negative controls confirmed that there was no detectable contamination. There-
fore, only the samples from the neonicotinoid treatment and the combined treatment were used in the subsequent
analysis. Consequently, each substance (concentration per gram dry mass) entered the model as a response
variable together with caste and virus treatment as fixed effects and colony identity as a random factor to respect
that both the queen and workers of each colony were tested. For pairwise comparisons, we then used Wilcoxon
signed-rank tests respecting when queens and workers of the same colonies were compared (paired =TRUE).
The ratio of clothianidin to thiamethoxam was calculated for all samples positive for both substances (queens
N =15, workers N =16). Then, the ratio was log-transformed and analysed using a linear mixed-effect model
with caste as a fixed effect and treatment as well as colony identity as random factors.

The variables of the behavioural assay overall movement and average speed were analysed with linear mixed
effect models, while time inactive and initial speed each entered a Poisson linear mixed effect model due to the
nature of their data, which reflects counts with large values being rare events, i.e. Poisson distribution®!. In all
cases, both treatments and their interaction were used as fixed effects with recording date and colony identity as
random factors to control for potential effects of the recording day and measurements of five workers per colony
that should not be regarded as independent measurements.

Data transparency appendix. Parts of the data reported in this manuscript have been previously pub-
lished in two other manuscripts. The first publication focused on foodborne transmission and clinical symptoms
of honey bee viruses in ants and contained, among other data, the two neonicotinoid control groups reported
in this manuscript*. In the second publication, the long-term impact of chronic neonicotinoid exposure on ant
colony development was investigated?’, based on the two neonicotinoid groups reported in this manuscript.
Here, although we confirm the findings of the previous studies with the expanded dataset, we focus on the
interaction of the two factors thiamethoxam and ABPYV, to provide an independent contribution to the ongo-
ing debate about stressor interactions. Due to the special focus on stressor interactions, the overlap is mostly
restricted to the material and methods section.

Data availability
The complete raw data and a statistics-summary table is available on figshare and it can be accessed using the
following digital object identifier (DOI): https://doi.org/10.6084/m9.figshare.14071373.

Received: 5 November 2020; Accepted: 7 September 2021
Published online: 15 October 2021

References
1. Hallmann, C. A. et al. More than 75 percent decline over 27 years in total flying insect biomass in protected areas. PLoS ONE 12,
€0185809. https://doi.org/10.1371/journal.pone.0185809 (2017).
2. Cardoso, P. et al. Scientists’ warning to humanity on insect extinctions. Biol. Conserv. https://doi.org/10.1016/j.biocon.2020.108426
(2020).
3. van Klink, R. et al. Meta-analysis reveals declines in terrestrial but increases in freshwater insect abundances. Science 368, 417-420.
https://doi.org/10.1126/science.aax9931 (2020).
4. Costanza, R. et al. The value of the world’s ecosystem services and natural capital. Nature 387, 253. https://doi.org/10.1038/38725
3a0 (1997).
5. Hill, D. S. The Economic Importance of Insects (Springer, 2012). https://doi.org/10.1007/978-94-011-5348-5.
6. Gallai, N, Salles, ].-M., Settele, J. & Vaissiére, B. E. Economic valuation of the vulnerability of world agriculture confronted with
pollinator decline. Ecol. Econ. 68, 810-821. https://doi.org/10.1016/j.ecolecon.2008.06.014 (2009).
7. Neumann, P. et al. Ecosystem services, agriculture and neonicotinoids. EASAC Policy Rep. 26, 1-53 (2015).
8. Sanchez-Bayo, F. & Wyckhuys, K. A. Worldwide decline of the entomofauna: a review of its drivers. Biol. Cons. 232, 8-27. https://
doi.org/10.1016/j.biocon.2019.01.020 (2019).
9. Seibold, S. et al. Arthropod decline in grasslands and forests is associated with landscape-level drivers. Nature 574, 671-674. https://
doi.org/10.1038/541586-019-1684-3 (2019).
10. Wagner, D. L. Insect declines in the Anthropocene. Annu. Rev. Entomol. 65, 457-480. https://doi.org/10.1146/annurev-ento-
011019-025151 (2019).
11. Potts, S. G. et al. Global pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25, 345-353. https://doi.org/10.1016/j.
tree.2010.01.007 (2010).
12. Goulson, D., Nicholls, E., Botias, C. & Rotheray, E. L. Bee declines driven by combined stress from parasites, pesticides, and lack
of flowers. Science 347, 1255957. https://doi.org/10.1126/science.1255957 (2015).
13. Chagnon, M. et al. Risks of large-scale use of systemic insecticides to ecosystem functioning and services. Environ. Sci. Pollut. Res.
22, 119-134. https://doi.org/10.1007/s11356-014-3277-x (2015).
14. Pisa, L. W. et al. Effects of neonicotinoids and fipronil on non-target invertebrates. Environ. Sci. Pollut. Res. 22, 68-102. https://
doi.org/10.1007/s11356-014-3471-x (2015).
15. Stanley, J. & Preetha, G. Pesticide Toxicity to Non-target Organisms (Springer, 2016). https://doi.org/10.1007/978-94-017-7752-0.
16. Wood, T. J. & Goulson, D. The environmental risks of neonicotinoid pesticides: a review of the evidence post 2013. Environ. Sci.
Pollut. Res. 24, 17285-17325. https://doi.org/10.1007/s11356-017-9240-x (2017).
17. Humann-Guilleminot, S. et al. A nation-wide survey of neonicotinoid insecticides in agricultural land with implications for agri-
environment schemes. . Appl. Ecol. 56, 1502-1514. https://doi.org/10.1111/1365-2664.13392 (2019).
18. Goulson, D. Review: an overview of the environmental risks posed by neonicotinoid insecticides. J. Appl. Ecol. 50, 977-987. https://
doi.org/10.1111/1365-2664.12111 (2013).

Scientific Reports |

(2021) 11:20500 | https://doi.org/10.1038/s41598-021-98406-w nature portfolio


https://doi.org/10.6084/m9.figshare.14071373
https://doi.org/10.1371/journal.pone.0185809
https://doi.org/10.1016/j.biocon.2020.108426
https://doi.org/10.1126/science.aax9931
https://doi.org/10.1038/387253a0
https://doi.org/10.1038/387253a0
https://doi.org/10.1007/978-94-011-5348-5
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1038/s41586-019-1684-3
https://doi.org/10.1038/s41586-019-1684-3
https://doi.org/10.1146/annurev-ento-011019-025151
https://doi.org/10.1146/annurev-ento-011019-025151
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1126/science.1255957
https://doi.org/10.1007/s11356-014-3277-x
https://doi.org/10.1007/s11356-014-3471-x
https://doi.org/10.1007/s11356-014-3471-x
https://doi.org/10.1007/978-94-017-7752-0
https://doi.org/10.1007/s11356-017-9240-x
https://doi.org/10.1111/1365-2664.13392
https://doi.org/10.1111/1365-2664.12111
https://doi.org/10.1111/1365-2664.12111

www.nature.com/scientificreports/

19. Hilton, M. J., Jarvis, T. D. & Ricketts, D. C. The degradation rate of thiamethoxam in European field studies. Pest Manag. Sci. 72,
388-397. https://doi.org/10.1002/ps.4024 (2016).

20. Lewis, K. A, Tzilivakis, J., Warner, D. J. & Green, A. An international database for pesticide risk assessments and management.
Hum. Ecol. Risk Assess. Int. J. 22, 1050-1064. https://doi.org/10.1080/10807039.2015.1133242 (2016).

21. Li, Y. et al. Adsorption-desorption and degradation of insecticides clothianidin and thiamethoxam in agricultural soils. Chemos-
phere 207, 708-714. https://doi.org/10.1016/j.chemosphere.2018.05.139 (2018).

22. Nauen, R., Ebbinghaus-Kintscher, U,, Salgado, V. L. & Kaussmann, M. Thiamethoxam is a neonicotinoid precursor converted to
clothianidin in insects and plants. Pestic. Biochem. Physiol. 76, 55-69. https://doi.org/10.1016/S0048-3575(03)00065-8 (2003).

23. Straub, L. et al. Neonicotinoid insecticides can serve as inadvertent insect contraceptives. Proc. R. Soc. B 283, 20160506. https://
doi.org/10.1098/rspb.2016.0506 (2016).

24. Blacquiere, T., Smagghe, G., Van Gestel, C. A. & Mommaerts, V. Neonicotinoids in bees: a review on concentrations, side-effects
and risk assessment. Ecotoxicology 21, 973-992. https://doi.org/10.1007/s10646-012-0890-7 (2012).

25 Straub, L., Strobl, V. & Neumann, P. The need for an evolutionary approach to ecotoxicology. Nat. Ecol. Evol. https://doi.org/10.
1038/541559-020-1194-6 (2020).

26. Wilson, E. O. The Insect Societies (Harvard University Press, 1971).

27. Schlippi, D., Kettler, N., Straub, L., Glauser, G. & Neumann, P. Long-term effects of neonicotinoid insecticides on ants. Commun.
Biol. 3, 335. https://doi.org/10.1038/s42003-020-1066-2 (2020).

28. Schlippi, D., Stroeymeyt, N. & Neumann, P. Unintentional effects of neonicotinoids on ants (Hymenoptera: Formicidae). Myr-
mecological News, in press.

29 Straub, L., Williams, G. R., Pettis, J., Fries, I. & Neumann, P. Superorganism resilience: eusociality and susceptibility of ecosystem
service providing insects to stressors. Curr. Opin. Insect Sci. 12, 109-112. https://doi.org/10.1016/j.c0is.2015.10.010 (2015).

30. Cremer, S. Social immunity in insects. Curr. Biol. 29, R458-R463. https://doi.org/10.1016/j.cub.2019.03.035 (2019).

31. Straub, L. et al. From antagonism to synergism: extreme differences in stressor interactions in one species. Sci. Rep. 10, 1-8. https://
doi.org/10.1038/541598-020-61371-x (2020).

32. Crall, ]. D. et al. Neonicotinoid exposure disrupts bumblebee nest behavior, social networks, and thermoregulation. Science 362,
683-686. https://doi.org/10.1126/science.aat1598 (2018).

33 Holldobler, B. & Wilson, E. O. The Ants (Springer, 1990). https://doi.org/10.1046/j.1420-9101.1992.5010169.x.

34. Del Toro, L, Ribbons, R. R. & Pelini, S. L. The little things that run the world revisited: a review of ant-mediated ecosystem services
and disservices (Hymenoptera: Formicidae). Myrmecol. News 17, 133-146 (2012).

35. Keller, L. & Genoud, M. Extraordinary lifespans in ants: a test of evolutionary theories of ageing. Nature 389, 958. https://doi.org/
10.1038/40130 (1997).

36 Bird, G., Wilson, A. E., Williams, G. R. & Hardy, N. B. Parasites and pesticides act antagonistically on honey bee health. J. Appl.
Ecol. https://doi.org/10.1111/1365-2664.13811 (2020).

37. Siviter, H. et al. Agrochemicals interact synergistically to increase bee mortality. Nature 596, 389-392. https://doi.org/10.1038/
541586-021-03787-7 (2021).

38. Ranjeva, S. et al. Age-specific differences in the dynamics of protective immunity to influenza. Nat. Commun. 10, 1-11. https://
doi.org/10.1038/541467-019-09652-6 (2019).

39. Dahlgren, L., Johnson, R. M., Siegfried, B. D. & Ellis, M. D. Comparative toxicity of acaricides to honey bee (Hymenoptera: Apidae)
workers and queens. J. Econ. Entomol. 105, 1895-1902. https://doi.org/10.1603/EC12175 (2012).

40 O'Neal, T. S., Anderson, T. D. & Wu-Smart, J. Y. Interactions between pesticides and pathogen susceptibility in honey bees. Curr.
Opin. Insect Sci. 26, 57-62. https://doi.org/10.1016/j.c0is.2018.01.006 (2018).

41. Feldhaar, H. & Otti, O. Pollutants and their interaction with diseases of social hymenoptera. Insects 11, 153. https://doi.org/10.
3390/insects11030153 (2020).

42. Doublet, V., Labarussias, M., de Miranda, J. R., Moritz, R. F. & Paxton, R. J. Bees under stress: sublethal doses of a neonicotinoid
pesticide and pathogens interact to elevate honey bee mortality across the life cycle. Environ. Microbiol. 17, 969-983. https://doi.
org/10.1111/1462-2920.12426 (2015).

43. Sanchez-Bayo, F. et al. Are bee diseases linked to pesticides?—a brief review. Environ. Int. 89, 7-11. https://doi.org/10.1016/j.envint.
2016.01.009 (2016).

44. Annoscia, D. et al. Neonicotinoid Clothianidin reduces honey bee immune response and contributes to Varroa mite proliferation.
Nat. Commun. 11, 1-7. https://doi.org/10.1038/s41467-020-19715-8 (2020).

45. Di Prisco, G. et al. Neonicotinoid clothianidin adversely affects insect immunity and promotes replication of a viral pathogen in
honey bees. Proc. Natl. Acad. Sci. 110, 18466-18471. https://doi.org/10.1073/pnas.1314923110 (2013).

46. Coulon, M. et al. Influence of chronic exposure to thiamethoxam and chronic bee paralysis virus on winter honey bees. PLoS ONE
14, €0220703. https://doi.org/10.1371/journal.pone.0220703 (2019).

47. Brandt, A. et al. Inmunosuppression in honeybee queens by the neonicotinoids thiacloprid and clothianidin. Sci. Rep. 7, 4673.
https://doi.org/10.1038/s41598-017-04734-1 (2017).

48. Beaurepaire, A. et al. Diversity and global distribution of viruses of the western honey bee, Apis mellifera. Insects 11, 239. https://
doi.org/10.3390/insects11040239 (2020).

49. Martin, S. . et al. Global honey bee viral landscape altered by a parasitic mite. Science 336, 1304-1306. https://doi.org/10.1126/
science.1220941 (2012).

50. Wilfert, L. et al. Deformed wing virus is a recent global epidemic in honeybees driven by Varroa mites. Science 351, 594-597.
https://doi.org/10.1126/science.aac9976 (2016).

51. Neumann, P, Yafiez, O., Fries, I. & De Miranda, J. R. Varroa invasion and virus adaptation. Trends Parasitol. 28, 353-354. https://
doi.org/10.1016/j.pt.2012.06.004 (2012).

52. Woolhouse, M. E., Haydon, D. T. & Antia, R. Emerging pathogens: the epidemiology and evolution of species jumps. Trends Ecol.
Evol. 20, 238-244. https://doi.org/10.1016/j.tree.2005.02.009 (2005).

53. McMahon, D. P. et al. A sting in the spit: widespread cross-infection of multiple RNA viruses across wild and managed bees. J.
Anim. Ecol. 84, 615-624. https://doi.org/10.1111/1365-2656.12345 (2015).

54. Levitt, A. L. et al. Cross-species transmission of honey bee viruses in associated arthropods. Virus Res. 176, 232-240. https://doi.
org/10.1016/j.virusres.2013.06.013 (2013).

55. Tehel, A., Brown, M. J. & Paxton, R. J. Impact of managed honey bee viruses on wild bees. Curr. Opin. Virol. 19, 16-22. https://
doi.org/10.1016/j.coviro.2016.06.006 (2016).

56 Martin, S. J. & Brettell, L. E. Deformed wing virus in honeybees and other insects. Ann. Rev. Virol. https://doi.org/10.1146/annur
ev-virology-092818-015700 (2019).

57. Schléppi, D., Lattrell, P,, Yanez, O., Chejanovsky, N. & Neumann, P. Foodborne transmission of deformed wing virus to ants
(Myrmica rubra). Insects 10, 394. https://doi.org/10.3390/insects10110394 (2019).

58. Schlippi, D., Chejanovsky, N., Yaiez, O. & Neumann, P. Foodborne Transmission and clinical symptoms of honey bee viruses in
ants Lasius spp. Viruses 12, 321. https://doi.org/10.3390/v12030321 (2020).

59. Seifert, B. Die Ameisen Mittel- und Nordeuropas (Lutra Verlags und Vertriebsgesellschaft, 2007).

60. Payne, A. N,, Shepherd, T. E. & Rangel, J. The detection of honey bee (Apis mellifera)-associated viruses in ants. Sci. Rep. 10, 2923.
https://doi.org/10.1038/541598-020-59712-x (2020).

Scientific Reports|  (2021) 11:20500 | https://doi.org/10.1038/s41598-021-98406-w nature portfolio


https://doi.org/10.1002/ps.4024
https://doi.org/10.1080/10807039.2015.1133242
https://doi.org/10.1016/j.chemosphere.2018.05.139
https://doi.org/10.1016/S0048-3575(03)00065-8
https://doi.org/10.1098/rspb.2016.0506
https://doi.org/10.1098/rspb.2016.0506
https://doi.org/10.1007/s10646-012-0890-7
https://doi.org/10.1038/s41559-020-1194-6
https://doi.org/10.1038/s41559-020-1194-6
https://doi.org/10.1038/s42003-020-1066-2
https://doi.org/10.1016/j.cois.2015.10.010
https://doi.org/10.1016/j.cub.2019.03.035
https://doi.org/10.1038/s41598-020-61371-x
https://doi.org/10.1038/s41598-020-61371-x
https://doi.org/10.1126/science.aat1598
https://doi.org/10.1046/j.1420-9101.1992.5010169.x
https://doi.org/10.1038/40130
https://doi.org/10.1038/40130
https://doi.org/10.1111/1365-2664.13811
https://doi.org/10.1038/s41586-021-03787-7
https://doi.org/10.1038/s41586-021-03787-7
https://doi.org/10.1038/s41467-019-09652-6
https://doi.org/10.1038/s41467-019-09652-6
https://doi.org/10.1603/EC12175
https://doi.org/10.1016/j.cois.2018.01.006
https://doi.org/10.3390/insects11030153
https://doi.org/10.3390/insects11030153
https://doi.org/10.1111/1462-2920.12426
https://doi.org/10.1111/1462-2920.12426
https://doi.org/10.1016/j.envint.2016.01.009
https://doi.org/10.1016/j.envint.2016.01.009
https://doi.org/10.1038/s41467-020-19715-8
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.1371/journal.pone.0220703
https://doi.org/10.1038/s41598-017-04734-1
https://doi.org/10.3390/insects11040239
https://doi.org/10.3390/insects11040239
https://doi.org/10.1126/science.1220941
https://doi.org/10.1126/science.1220941
https://doi.org/10.1126/science.aac9976
https://doi.org/10.1016/j.pt.2012.06.004
https://doi.org/10.1016/j.pt.2012.06.004
https://doi.org/10.1016/j.tree.2005.02.009
https://doi.org/10.1111/1365-2656.12345
https://doi.org/10.1016/j.virusres.2013.06.013
https://doi.org/10.1016/j.virusres.2013.06.013
https://doi.org/10.1016/j.coviro.2016.06.006
https://doi.org/10.1016/j.coviro.2016.06.006
https://doi.org/10.1146/annurev-virology-092818-015700
https://doi.org/10.1146/annurev-virology-092818-015700
https://doi.org/10.3390/insects10110394
https://doi.org/10.3390/v12030321
https://doi.org/10.1038/s41598-020-59712-x

www.nature.com/scientificreports/

62.

63.

64.

65.

66

67.

68.

69.

70

71.

72.

73.

74.

75.

76.

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

98.

. Kutter, H. & Stumper R. Hermann Appel, ein leidgeadelter Entomologe (1892-1966). in Proceedings of the VI Congress of the
International Union for the Study of Social Insects (eds Ernst, E., Frauchiger, L., Hauschteck-Jungen, E., Jungen, H., Leuthold, R.,
Maurizio, A., Ruppli, E. & Tschumi, P.), 275-279 (Organizing Committee of the VI Congress IUSSI, Bern, 1969).

Jeschke, P, Nauen, R., Schindler, M. & Elbert, A. Overview of the status and global strategy for neonicotinoids. J. Agric. Food Chem.
59, 2897-2908. https://doi.org/10.1021/jf101303g (2011).

Limay-Rios, V. et al. Neonicotinoid insecticide residues in soil dust and associated parent soil in fields with a history of seed treat-
ment use on crops in southwestern Ontario. Environ. Toxicol. Chem. 35, 303-310. https://doi.org/10.1002/etc.3257 (2016).
Schaafsma, A., Limay-Rios, V., Xue, Y., Smith, J. & Baute, T. Field-scale examination of neonicotinoid insecticide persistence in soil
as a result of seed treatment use in commercial maize (corn) fields in southwestern Ontario. Environ. Toxicol. Chem. 35, 295-302.
https://doi.org/10.1002/etc.3231 (2016).

De Miranda, J. R., Cordoni, G. & Budge, G. The acute bee paralysis virus-Kashmir bee virus-Israeli acute paralysis virus complex.
J. Invertebr. Pathol. 103, 30-47. https://doi.org/10.1016/j.jip.2009.06.014 (2010).

Decourtye, A. & Devillers, J. Ecotoxicity of neonicotinoid insecticides to bees. In Insect Nicotinic Acetylcholine Receptors (ed. Thany,
S. H.) 85-95 (Springer, 2010).

Diez, L., Lejeune, P. & Detrain, C. Keep the nest clean: survival advantages of corpse removal in ants. Biol. Let. 10, 20140306.
https://doi.org/10.1098/rsb1.2014.0306 (2014).

Wang, L., Zeng, L. & Chen, J. Impact of imidacloprid on new queens of imported fire ants, Solenopsis invicta (Hymenoptera:
Formicidae). Sci. Rep. 5, 17938. https://doi.org/10.1038/srep17938 (2015).

Moya-Larano, J., Macias-Ordoénez, R., Blanckenhorn, W. U. & Fernandez-Montraveta, C. Analysing body condition: mass, volume
or density?. J. Anim. Ecol. 77, 1099-1108. https://doi.org/10.1111/j.1365-2656.2008.01433.x (2008).

Knapp, M., Knappovd, J. & Miller, T. Measurement of body condition in a common carabid beetle, Poecilus cupreus: a comparison
of fresh weight, dry weight, and fat content. J. Insect Sci. https://doi.org/10.1673/031.013.0601 (2013).

Retschnig, G. et al. Sex-specific differences in pathogen susceptibility in honey bees (Apis mellifera). PLoS ONE 9, ¢85261. https://
doi.org/10.1371/journal.pone.0085261 (2014).

Suchail, S., Guez, D. & Belzunces, L. P. Discrepancy between acute and chronic toxicity induced by imidacloprid and its metabolites
in Apis mellifera. Environ. Toxicol. Chem. Int. J. 20, 2482-2486. https://doi.org/10.1002/etc.5620201113 (2001).

Helms, K. R. & Vinson, S. B. Plant resources and colony growth in an invasive ant: the importance of honeydew-producing hemip-
tera in carbohydrate transfer across trophic levels. Environ. Entomol. 37, 487-493. https://doi.org/10.1093/ee/37.2.487 (2008).
Dornhaus, A. & Franks, N. R. Colony size affects collective decision-making in the ant Temnothorax albipennis. Insectes Soc. 53,
420-427. https://doi.org/10.1007/s00040-006-0887-4 (2006).

Ruel, C., Cerda, X. & Boulay, R. Behaviour-mediated group size effect constrains reproductive decisions in a social insect. Anim.
Behav. 84, 853-860. https://doi.org/10.1016/j.anbehav.2012.07.006 (2012).

Sommer, K. & Holldobler, B. Colony founding by queen association and determinants of reduction in queen number in the ant
Lasius niger. Anim. Behav. 50, 287-294. https://doi.org/10.1006/anbe.1995.0244 (1995).

Boomsma, J., Van der Lee, G. & Van der Have, T. On the production ecology of Lasius niger (Hymenoptera: Formicidae) in suc-
cessive coastal dune valleys. J. Anim. Ecol. https://doi.org/10.2307/4017 (1982).

Zioni, N., Soroker, V. & Chejanovsky, N. Replication of varroa destructor virus 1 (VDV-1) and a varroa destructor virus 1-deformed
wing virus recombinant (VDV-1-DWV) in the head of the honey bee. Virology 417, 106-112. https://doi.org/10.1016/j.virol.2011.
05.009 (2011).

Wood, T. et al. Managed honey bees as a radar for wild bee decline?. Apidologie 51, 1100-1116. https://doi.org/10.1007/s13592-
020-00788-9 (2020).

Stroeymeyt, N. et al. Social network plasticity decreases disease transmission in a eusocial insect. Science 362, 941-945. https://
doi.org/10.1126/science.aat4793 (2018).

Folt, C., Chen, C., Moore, M. & Burnaford, J. Synergism and antagonism among multiple stressors. Limnol. Oceanogr. 44, 864-877.
https://doi.org/10.4319/10.1999.44.3_part_2.0864 (1999).

Gennings, C. et al. A unifying concept for assessing toxicological interactions: changes in slope. Toxicol. Sci. 88, 287-297. https://
doi.org/10.1093/toxsci/kfi275 (2005).

Jonker, M. J., Svendsen, C., Bedaux, J. J., Bongers, M. & Kammenga, J. E. Significance testing of synergistic/antagonistic, dose
level-dependent, or dose ratio-dependent effects in mixture dose-response analysis. Environ. Toxicol. Chem. Int. . 24,2701-2713.
https://doi.org/10.1897/04-431R.1 (2005).

Briihl, C. A. & Zaller, J. G. Biodiversity decline as a consequence of an inadequate environmental risk assessment of pesticides.
Front. Environ. Sci. 7, 177. https://doi.org/10.3389/fenvs.2019.00177 (2019).

Ortega-Calvo, J.-J. et al. From bioavailability science to regulation of organic chemicals. Environ. Sci. Technol. 49, 10255-10264.
https://doi.org/10.1021/acs.est.5b02412 (2015).

Dauber, J. & Wolters, V. Edge effects on ant community structure and species richness in an agricultural landscape. Biodivers.
Conserv. 13, 901-915. https://doi.org/10.1023/B:BIOC.0000014460.65462.2b (2004).

EFSA PPR Panel (EFSA Panel on Plant Protection Products and their Residues). Scientific Opinion addressing the state of the
science on risk assessment of plant protection products for non-target arthropods. EFSA Journal 13, 3996 (2015). https://doi.org/
10.2903/j.efsa.2015.3996

EFSA PPR Panel (EFSA Panel on Plant Protection Products and their Residues). Scientific Opinion addressing the state of the
science on risk assessment of plant protection products for in-soil organisms. EFSA Journal 15, 4690. https://doi.org/10.2903/j.
ef52.2017.4690 (2017).

Organization for Economic Cooperation and Development (OECD). OECD Guidelines for the Testing of Chemicals, section 2—
Effects on Biotic Systems. (OECD Publishing, 2019).

Storck, V., Karpouzas, D. G. & Martin-Laurent, E Towards a better pesticide policy for the European Union. Sci. Total Environ.
575, 1027-1033. https://doi.org/10.1016/j.scitotenv.2016.09.167 (2017).

De Miranda, J. R. et al. Standard methods for virus research in Apis mellifera. J. Apic. Res. 52, 1-56. https://doi.org/10.3896/IBRA.1.
52.4.22 (2013).

Evans, J. D. et al. Standard methods for molecular research in Apis mellifera. J. Apic. Res. 52, 1-54. https://doi.org/10.3896/IBRA.1.
52.4.11 (2013).

Lowenthal, M. S., Quittman, E. & Phinney, K. W. Absolute quantification of RNA or DNA using acid hydrolysis and mass spec-
trometry. Anal. Chem. 91, 14569-14576. https://doi.org/10.1021/acs.analchem.9b03625 (2019).

Locke, B., Forsgren, E., Fries, I. & De Miranda, J. R. Acaricide treatment affects viral dynamics in Varroa destructor-infested honey
bee colonies via both host physiology and mite control. Appl. Environ. Microbiol. 78, 227-235. https://doi.org/10.1128/ AEM.
06094-11 (2012).

R Development Core Team. R: A language and environment for statistical computing. R Version 3.6.3. R Foundation for Statistical
Computing (Vienna, 2020). http://cran.r-project.org.

Therneau, T. A Package for Survival Analysis in S. version 2.38 (2015). http://cran.rproject.org/package=survival

. Kutner, M. H., Nachtsheim, C. J., Neter, J. & Li, W. Applied Linear Statistical Models Vol. 5 (McGraw-Hill Irwin, 2005).
Wobbrock, J. O., Findlater, L., Gergle, D. & Higgins, J. J. The aligned rank transform for nonparametric factorial analyses using
only anova procedures. in Proceedings of the SIGCHI conference on human factors in computing systems (eds. Tan, D., Fitzpatrick,

Scientific Reports |

(2021) 11:20500 | https://doi.org/10.1038/s41598-021-98406-w nature portfolio


https://doi.org/10.1021/jf101303g
https://doi.org/10.1002/etc.3257
https://doi.org/10.1002/etc.3231
https://doi.org/10.1016/j.jip.2009.06.014
https://doi.org/10.1098/rsbl.2014.0306
https://doi.org/10.1038/srep17938
https://doi.org/10.1111/j.1365-2656.2008.01433.x
https://doi.org/10.1673/031.013.0601
https://doi.org/10.1371/journal.pone.0085261
https://doi.org/10.1371/journal.pone.0085261
https://doi.org/10.1002/etc.5620201113
https://doi.org/10.1093/ee/37.2.487
https://doi.org/10.1007/s00040-006-0887-4
https://doi.org/10.1016/j.anbehav.2012.07.006
https://doi.org/10.1006/anbe.1995.0244
https://doi.org/10.2307/4017
https://doi.org/10.1016/j.virol.2011.05.009
https://doi.org/10.1016/j.virol.2011.05.009
https://doi.org/10.1007/s13592-020-00788-9
https://doi.org/10.1007/s13592-020-00788-9
https://doi.org/10.1126/science.aat4793
https://doi.org/10.1126/science.aat4793
https://doi.org/10.4319/lo.1999.44.3_part_2.0864
https://doi.org/10.1093/toxsci/kfi275
https://doi.org/10.1093/toxsci/kfi275
https://doi.org/10.1897/04-431R.1
https://doi.org/10.3389/fenvs.2019.00177
https://doi.org/10.1021/acs.est.5b02412
https://doi.org/10.1023/B:BIOC.0000014460.65462.2b
https://doi.org/10.2903/j.efsa.2015.3996
https://doi.org/10.2903/j.efsa.2015.3996
https://doi.org/10.2903/j.efsa.2017.4690
https://doi.org/10.2903/j.efsa.2017.4690
https://doi.org/10.1016/j.scitotenv.2016.09.167
https://doi.org/10.3896/IBRA.1.52.4.22
https://doi.org/10.3896/IBRA.1.52.4.22
https://doi.org/10.3896/IBRA.1.52.4.11
https://doi.org/10.3896/IBRA.1.52.4.11
https://doi.org/10.1021/acs.analchem.9b03625
https://doi.org/10.1128/AEM.06094-11
https://doi.org/10.1128/AEM.06094-11
http://cran.r-project.org
http://cran.rproject.org/package=survival

www.nature.com/scientificreports/

G., Gutwin, C., Begole, B. & Kellogg, W. A.), 143-146, doi:https://doi.org/10.1145/1978942.1978963 (Association for Computing
Machinery, New York, United States, 2011)

99. Bates, D., Michler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48. https://doi.
0rg/10.18637/jss.v067.i01 (2015).

Acknowledgements

We wish to thank the editors of Scientific Reports as well as all the reviewers for constructive comments on
earlier drafts. Financial support was provided by the Béatrice Ederer-Weber Foundation to P.N, the Bundesamt
fiir Umwelt (BAFU) (16.0091.PJ/R102-1664) to L.S. and P.N., and by the Vinetum Foundation to PN. We wish
to thank Kaspar Roth and Elodie Cristina for laboratory assistance.

Author contributions

D.S. and PN. conceived and designed the study; D.S. conducted the research and performed the experiments
with help from N.K. and inputs from L.S., O.Y. and P.N,; D.S. performed the molecular laboratory analyses with
input from O.Y. and G.G.; PN. provided laboratory space and materials; D.S. designed and run the statistical
analyses with inputs from L.S; G.G. provided know-how, laboratory space and materials for the UHPLC-MS/
MS neonicotinoid analysis; D.S. wrote the manuscript with contributions from all authors. All authors edited
and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98406-w.

Correspondence and requests for materials should be addressed to D.S.
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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:20500 | https://doi.org/10.1038/s41598-021-98406-w nature portfolio


https://doi.org/10.1145/1978942.1978963
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/s41598-021-98406-w
https://doi.org/10.1038/s41598-021-98406-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Varying impact of neonicotinoid insecticide and acute bee paralysis virus across castes and colonies of black garden ants, Lasius niger (Hymenoptera: Formicidae)
	Results
	Survival, body mass and colony strength. 
	Neonicotinoid residues. 
	Virus analyses. 
	Behavioural assay. 

	Discussion
	Methods
	Experimental set-up. 
	Neonicotinoid exposure. 
	Feeding regime. 
	Parameter assessment. 
	Colony size and body mass. 
	Behavioural assay. 
	Neonicotinoid analyses. 
	Virus analyses. 

	Statistical analyses. 
	Data transparency appendix. 

	References
	Acknowledgements


