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Low concentrations of acetamiprid, 
deltamethrin, and sulfoxaflor, 
three commonly used insecticides, 
adversely affect ant queen survival 
and egg laying
Jakub Svoboda 1, Pavel Pech 2 & Petr Heneberg 3*

Ants are key ecosystem service providers and can serve as important biological control agents in 
pest management. However, the effects of insecticides on common farmland ant species are poorly 
understood. We tested the effects of three commonly used insecticides on ants (Hymenoptera, 
Formicidae). The tested insecticides were acetamiprid (neonicotinoid; formulated as Mospilan 20 
SP), deltamethrin (pyrethroid; formulated as Sanium Ultra), and sulfoxaflor (sulfilimine; formulated 
as Gondola). We tested two ant (Hymenoptera: Formicidae) species with different colony founding 
strategies, Lasius niger (Linnaeus, 1758) and Myrmica rubra (Linnaeus, 1758). We sprayed their queens 
with insecticides at concentrations recommended for use in foliar applications in agriculture, i.e., at 
1.25 g L−1 (acetamiprid), 0.6 g L−1 (sulfoxaflor), and 0.875 g L−1 (deltamethrin). Further, we diluted 
the compounds in distilled water and tested them at 10%, 1%, and 0.1% of the field-recommended 
concentrations, and used distilled water as a control. We monitored the survival of the queens and the 
number of eggs laid. All three tested insecticides caused severe lethal and sublethal concentration-
dependent effects. Even at concentrations three orders of magnitudes lower than recommended for 
field applications, significantly lower numbers of eggs were found in the queens’ nests. The extent 
of the sublethal effects of acetamiprid and sulfoxaflor was concentration-dependent and differed 
between the two ant species. Besides bees and bumblebees, ants represent an important group of 
hymenopterans that are severely affected even by low concentrations of the tested compounds and 
therefore should be included in risk assessment schemes.

The ideal insecticide should show high efficacy to target and low toxicity to non-target organisms. Unfortunately, 
it is seldom possible. The effects of low, sublethal concentrations of insecticides on non-target organisms are 
particularly important because these effects are difficult to observe until the changes in whole communities in 
nature occur. The spectrum of mandatorily tested invertebrate organisms is relatively narrow, and the mandatory 
tests focus predominantly on lethal effects and other easy-to-test effects1,2. Sublethal effects of insecticides in 
non-target organisms include changes in fertility, behavior, and interspecific interactions, including effects on 
insect parasitoids3–6. This leads to the disruption of ecosystem services provided by non-target organisms [e.g., 
Refs.7–11]. Ants represent key ecosystem service providers12. They have a great potential to serve as biological 
control agents13–15. Ants are essential in terrestrial ecosystems as predators, herbivores, scavengers, and seed 
dispersers16. Moreover, they strongly influence soil chemical and physical properties17.

The key to the high fitness of these eusocial insects is the survival and fertility of queens. For most of their 
life, the queens may be less susceptible to agrochemicals than workers. Data suggest that queens have a superior 
detoxification mechanisms compared to workers18, are hidden in the nests, and are therefore protected from 
direct exposure to freshly applied agrochemicals. After spraying droplets of insecticides on target plants, up to 
30% of the compounds applied flow down from the plants to the soil surface19. Soil contamination can also occur 
by washing pesticides from the plant surface with water due to rain, dew, transpiration, or gutting of the plant20. 
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Many ant species build their nests only a few centimeters below the soil surface21, and thereby they might be 
exposed to significant concentrations of applied insecticides. Moreover, queens may be exposed to agrochemicals 
during and after nuptial flights and searching of nest sites and may be chronically exposed to agrochemicals 
present in water and provisioned food.

Here, we focus on the effects of representatives of three groups of commonly used insecticides: neonicoti-
noids, pyrethroids, and sulfilimines. Neonicotinoids are widely used as a replacement for organophosphates 
and carbamates. Neonicotinoids are superior to them regarding the presence of only limited adverse effects on 
vertebrates22. Despite that, the negative impact of neonicotinoids on pollinators7 led to a ban on several neoni-
cotinoids in many countries23. The neonicotinoids are highly mobile due to their solubility in water; therefore, 
they can enter soil water and remain there for up to two years following their application20. The ban on several 
neonicotinoid compounds led to their replacement with other agrochemicals24,25. Pyrethroids and sulfilimines 
predated neonicotinoids by over two decades. Despite many were displaced from the market, some are still 
allowed and broadly used. Pyrethroids induce insects’ paralysis and death26,27. In contrast to neonicotinoids, 
pyrethroids are nonpolar and readily adsorb on soil and other particulate matter [e.g., Ref.28]. Ant queens can 
be typically exposed to pyrethroids by ingesting contaminated food; therefore, queens of ants with claustral 
colony founding mode may be protected against their effects. Sulfilimines have a similar mechanism of action 
as neonicotinoids but do not show cross-resistance29 (cross-resistance refers to the situation where the contact 
of an organism with a first compound confers changes that reduce the efficacy of a second, unrelated compound 
that may be in contact with the respective organism at a later time). The sulfoximine insecticide Gondola is 
already known to adversely affect the reproduction of bumblebees30–32. In contrast to the first generations of 
neonicotinoids, it does not have the anti-olfactory effects33. Sulfoxaflor, the active ingredient of Gondola, is also 
toxic to ants (Hymenoptera: Formicidae) Solenopsis invicta Buren, 1972 at 1–2 mg L−1 p.o.34 and Tetramorium 
caespitum (Linnaeus, 1758) at 1 mg L−1 p.o.35. Sulfoxaflor is still broadly used in many countries. Controversies 
regarding its effects resulted in long-lasting disputes between U.S. Environmental Protection Agency and the U.S. 
9th Circuit Court of Appeals [e.g., Ref.36], and France terminated the registration of two sulfoxaflor formulations, 
Closer and Transform, in 201737.

The present study aimed to elucidate the effects of commercial formulations of the neonicotinoid acetamiprid 
(formulated as Mospilan 20 SP), the pyrethroid deltamethrin (formulated as Sanium Ultra), and the sulfilimine 
sulfoxaflor (formulated as Gondola). All three have detrimental effects on soil organisms, such as earthworms38–40. 
Acetamiprid has negligible sorption and low mineralization rates; therefore, acetamiprid residues have extremely 
long persistence within the environment41. Deltamethrin also undergoes negligible mineralization and persists 
long in the environment42,43. Only sulfoxaflor has a short half-life in the soil (less than one day44), but it does 
not adsorb to solid particles and, therefore, can quickly disperse with the seeping water45. We tested the effects 
of the three insecticides on the survival and reproduction of queens of two ant (Hymenoptera: Formicidae) 
species that differ in colony founding strategies. As model species, we used the black garden ant Lasius niger 
(Linnaeus, 1758) and the European fire ant Myrmica rubra (Linnaeus, 1758). Different colony founding strate-
gies (the need for food of sufficient quality and quantity during colony founding for species using semiclaustral 
colony founding) seem to stay behind a part of differences in species richness and diversity of ant communities 
in agrocenoses differing in the management type and intensity and the use of agrochemicals46,47. Based on our 
previous experiments with neonicotinoids and the previously reported data on the adverse effects of Gondola 
on the reproduction of bumblebees30–32, we hypothesized that sublethal concentrations of the tested insecticides 
affect the reproduction of ant queens. The two tested ant species differ in their colony founding strategies and 
thus have different sources of building blocks for their metabolism during the colony founding period21. There-
fore, we further hypothesized that the effects of tested insecticides differ between the two unrelated ant species.

Materials and methods
Studied species.  We used queens of two common ant (Hymenoptera, Formicidae) species, L. niger and M. 
rubra as model organisms. These species are distributed across the Palearctic and have been repeatedly intro-
duced in North America21,48–50. The ecological requirements of the studied species partially overlap51,52 and may 
also be exposed similarly. Both species are common and abundant in open landscapes, light forests, and human 
settlements, but differ in colony founding21.

We collected 182 L. niger queens using a sweeping net after their nuptial flight on 22. July 2021 in Pecka 
(50°28.80’ N, E 15°36.50’ E) and 124 M. rubra queens on 2. July 2021 by digging them out of their nests in Hradec 
Králové (50°11.28’ N, E 15°36.50’ E) and on 4.–7. July 2021 in Jaroměř (50°21.74’ N, 15°55.28’ E).

Experimental design.  We designed the experiment as an acute contact (topical; applied as a direct spray 
on the organism) exposure of individually placed ant queens. We randomly assigned 14 queens of L. niger or 
17–18 queens of M. rubra to each treatment type. We applied the insecticides using the auto-load Potter Preci-
sion Laboratory Spray Tower (Burkard Scientific, Uxbridge, United Kingdom). Before the treatment, the ant 
queens were allowed 11–16 days (M. rubra) or 18 days (L. niger) for acclimation under laboratory conditions 
at 22 °C, natural day/night cycle, and 40–60% humidity. While applying the insecticides, the ant queens were 
placed individually in Petri dishes. After the application, the ant queens were removed to clean Petri dishes and 
maintained as specified below.

We kept the queens individually in polystyrene Petri dishes of 90 mm diameter under laboratory conditions at 
22 °C, natural day/night cycle, and 40–60% humidity (Fig. 1). Each Petri dish was equipped with a plastic 1.5 ml 
Eppendorf tube filled with water and plugged by a piece of cotton wool and with another plastic 1.5 ml Eppendorf 
tube that was empty and served as a shelter. We supplemented the queens of M. rubra with one larva of Tenebrio 
molitor and a drop of honey once per three days. Queens of L. niger did not need to eat during the experiment as 
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they represent a species with claustral colony founding. We terminated the experiment after six weeks, as soon 
as the first larva hatched, and counted the laid eggs immediately. We also measured the mortality of queens dur-
ing the experiments, and calculated the mortality as the percentage of queens that died during the period from 
the start of the treatment until the termination of the experiment six weeks later. We monitored the survival 
every three days (during the feeding of M. rubra). Still, the exact time of the death of individual queens was not 
recorded except for those that died during the first 24 h following the administration of studied compounds.

Insecticides.  We exposed the ant queens to the following three insecticides: the neonicotinoid acetami-
prid (formulated as Mospilan 20 SP; Nippon Soda Co. Ltd., Japan), the pyrethroid deltamethrin (formulated as 
Sanium Ultra; Dow AgroSciences s.r.o., Czech Republic), and the sulfilimine sulfoxaflor (formulated as Gondola; 
SBM Developpement S.A.S, France). These products are used as insecticides in foliar applications against her-
bivorous insect pests worldwide. Acetamiprid and sulfoxaflor are competitive inhibitors of nicotinic acetylcho-
line receptors, whereas deltamethrin acts as a phosphoprotein phosphatase inhibitor, a calcium channel agonist, 
and an antifeedant. According to the manufacturers’ instructions, Mospilan 20 SP, which contains acetamiprid 
at 200 g kg−1, is recommended to be used at 250 g 200–1000 L−1 of H2O 10,000 m−2 in foliar application on fruit 
bushes and trees once to twice during the season53. The half-life of acetamiprid in the soil depends on moisture 
level and ranges between 16 and 151 days54. Sanium Ultra, which contains deltamethrin at 15 g L−1, is recom-
mended to be used at 3.5 mL 4 L−1 of H2O 100 m−2 to treat potato fields55. Deltamethrin has low mobility in soil 
(but this does not apply to sandy soils56). Gondola, which contains sulfoxaflor at 120 g L−1, is recommended to 
be used at 200 mL 200–600 L of H2O 10,000 m−2 to treat potato fields57. Due to their physicochemical properties, 
Mospilan 20 SP and Gondola are distributed in the plants (and soil) systemically, whereas Sanium Ultra adsorbs 
only locally. Therefore, the application treatment with Sanium Ultra includes spraying the whole plant. As a 
control, we used distilled water.

As the recommended volumes per surface unit overlapped, we applied all three compounds in identical 
volumes (0.2544 mL 58 cm−2) (58 cm2 represents the surface area of a 90-mm Petri dish). We prepared the work-
ing concentrations of the tested insecticides, which corresponded to the concentrations recommended by the 
manufacturers for the use in foliar applications (further termed 100% concentrations): Mospilan 20 SP 1.25 g L−1, 
Gondola 0.6 g L−1, and Sanium Ultra 0.875 g L−1. We applied the working (100%) concentrations to the tested 
ants as specified below. Further, we diluted the working concentrations by 1:10 (further termed 10% concentra-
tions), 1:100 (1% concentrations), and 1:1000 (0.1% concentrations). All four concentrations were used to treat 
queens of L. niger, while only the 100% and 10% concentrations were used for M. rubra. We initially used the 
100% and 10% concentrations to treat M. rubra. To further extend the study and reflect the detrimental effects 
of the studied compounds in M. rubra, we next treated L. niger with 100%, 10%, 1%, and 0.1% concentrations 
of the studied compounds. Distilled water was used both as the vehicle and as a control.

Statistics.  Data are shown as the mean ± SE unless stated otherwise. As the obtained data were normally dis-
tributed (Shapiro–Wilk test p > 0.05) and had equal variance (Levene’s test p > 0.05), we used one-way ANOVA 
with Bonferroni post-tests to compare the differences in effects of insecticides on the number of eggs produced 
by queens in L. niger. One-tailed t-test was used to compare the differences in effects of insecticides on the num-
ber of eggs produced by queens in M. rubra. To calculate LD50, we used Finney`s Probit Analysis58. To character-
ize the concentration dependence of the declines in the produced number of eggs, we performed polynomial 

Figure 1.   Design of experimental arenas to maintain the tested ant queens.
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regression analyses (linear regression for Mospilan and Gondola, and inverse third-order regression for Sanium 
Ultra). The analyses were performed in SigmaPlot 12.0.

Results
Mospilan.  Among the three tested insecticides, Mospilan 20 SP was the only formulation that did not induce 
lethal effects on the tested queens of L. niger in any of the four concentrations, including the recommended 
concentration of 1.25 g L−1. The highest Mospilan concentration was associated with 14% mortality (2 out of 14 
queens died). Among the queens treated with lower Mospilan concentrations (10%, 1%, and 0.1% of the field 
recommended concentrations), we recorded 7% mortality (1 out of 14 queens died in each treatment). This is 
the same mortality as in control, water-treated queens (7% mortality, 1 out of 14 control queens died). Because of 
limited Mospilan-induced mortality, the LD50 of Mospilan cannot be calculated (only a single point is available 
for Finney`s Probit Analysis).

All the tested Mospilan 20 SP concentrations significantly decreased the number of eggs produced by L. niger 
(one-way ANOVA F = 16.6, p < 0.001). The effects were concentration-dependent. While the control queens had 
the number of eggs at 90.9 ± 5.7 eggs per queen, the lowest concentration of Mospilan used (0.1% concentra-
tion) decreased the number of eggs to only 58.1 ± 5.5 eggs (Bonferroni post-test t = 3.7, p < 0.001). The number 
of eggs decreased to 42.8 ± 7.2 eggs at a 1% concentration of Mospilan, 34.9 ± 6.0 eggs at a 10% concentration of 
Mospilan, and only 25.8 ± 5.4 eggs at the recommended concentration of Mospilan (Fig. 2A,B). The concentra-
tion dependence can be expressed by a polynomial linear regression f = 58.2–0.34x (R2 0.34, adjusted R2 0.31, 
Shapiro–Wilk normality test P > 0.05, constant variance test P > 0.05).

In M. rubra, the recommended concentration of Mospilan and the treatment with 10% of the recommended 
concentration induced 100% lethality of the tested ant queens (Fig. 2C,D). When treated with these concentra-
tions, M. rubra did not produce any eggs.

Gondola.  Gondola had more detrimental effects compared to the Mospilan. The recommended concentra-
tion of Gondola (0.6 g L−1) was lethal to all tested queens of L. niger (n = 14). The lower concentrations of Gon-
dola were also associated with increased mortality (14–36% in each treatment). The Gondola-induced LD50 was 
6.6% of the field-recommended dose (95% CI 1.6–27.9%; slope 0.699; intercept 4.367).

The surviving Gondola-treated queens of L. niger had significantly decreased the number of eggs (one-way 
ANOVA F = 32.5, p < 0.001). The effects were concentration-dependent. The lowest concentration of Gondola 
used (0.1% concentration) decreased the number of eggs to only 65.3 ± 5.5 eggs (Bonferroni post-test t = 3.7, 
p < 0.001). The number of eggs decreased to 29.9 ± 7.3 eggs at 1% concentration of Gondola, and only 12.9 ± 2.9 
eggs at 10% of the recommended concentration of Gondola (Fig. 2A,B). The concentration dependence can be 
expressed by a polynomial linear regression f = 65.8–5.70x (R2 0.38, adjusted R2 0.36, Shapiro–Wilk normality 
test P > 0.05, constant variance test P > 0.05).

In M. rubra, the recommended concentration of Gondola induced 94% mortality. In contrast, 10% of the 
recommended concentration of Gondola induced only 5.6% mortality, similar to the mortality of queens subject 
to the control treatment (5.8%). The only queen of M. rubra that survived the treatment with recommended Gon-
dola dose laid eight eggs. The M. rubra queens treated with 10% of the recommended concentration of Gondola 
also laid low numbers of eggs (8.4 ± 1.2, n = 17). The control, water-treated M. rubra queens laid 24.9 ± 1.7 eggs 
per queen (n = 17). The differences between the queens treated with 10% of the recommended concentration of 
Gondola and the control queens were statistically significant (t-test t = 7.84, p < 0.001) (Fig. 2C,D).

Sanium Ultra.  Sanium Ultra had the most detrimental effects among the three tested insecticides. The 
recommended concentration of Sanium Ultra (0.875 g 1 L−1) and 10% of the recommended concentration of 
Sanium Ultra were lethal to all tested queens of L. niger (n = 14 each). The lower concentrations of Sanium Ultra 
were also associated with increased mortality (29% and 14%, respectively). The Sanium Ultra-induced LD50 was 
0.77% of the field-recommended dose (95% CI 0.21–2.78%; slope 0.824; intercept 5.123).

The surviving Sanium Ultra-treated queens of L. niger retained a relatively high number of eggs compared to 
the other two insecticides. Despite that, the declines in the number of eggs were significant (one-way ANOVA 
F = 11.1, p < 0.001). The lowest concentration of Sanium Ultra used (0.1% concentration) decreased the the 
number of eggs to only 47.4 ± 7.6 eggs (Bonferroni post-test t = 4.7, p < 0.001). However, the highest sublethal 
dose of Sanium Ultra (1% of the recommended concentration) did not induce a significant decrease in the 
number of eggs, and it remained at 77.7 ± 6.3 eggs per queen (Bonferroni post-test t = 1.2, p > 0.05) (Fig. 2A,B). 
The concentration dependence can be expressed by a polynomial inverse third-order regression f = 111.1 + (− 1
121.1/x) + (1111/x2) + (− 100/x3) (R2 1.00, adjusted R2 1.00, Shapiro–Wilk normality test P > 0.05, constant vari-
ance test P < 0.01).

In M. rubra, recommended concentration of Sanium Ultra and the treatment with 10% of the recommended 
concentration induced 100% lethality of the tested ant queens (Fig. 2C,D). In contrast to other treatments, 
Sanium-Ultra-induced death was observed within an hour after the treatment.

Discussion
All three tested insecticides caused severe lethal and sublethal concentration-dependent effects. The sublethal 
effects remained significant even when we decreased insecticide concentrations by three orders of magnitude 
compared to their recommended dosage. The decrease in concentrations by three orders of magnitude (compared 
to the concentrations recommended for foliar applications) was insufficient to avoid the sublethal effects of these 
insecticides. These concentrations caused severe declines in the number of eggs (and lethality at concentrations 
closer to the recommended ones). A higher number of eggs likely results in a larger workforce and a larger 
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workforce is likely to result in a greater number of individuals of reproducing ant castes (drones and gynes)59,60. 
In social insects, reproductive success is determined by the number of drones and gynes, which successfully 
contribute to the foundation of new colonies61,62. Therefore, low doses of the tested insecticides can potentially 
decrease ant colonies’ fitness substantially, and their use may lead to colony death. Massively occurring colony 
deaths adversely affect other organisms closely bound to ants. These include, for example, myrmecochorous 
plants, which seeds are dispersed by ant workers63. The susceptibility to agrochemicals varies among the ant 
species64–66.

The three studied groups of insecticides have a broad range of detrimental effects on ants. Regarding neo-
nicotinoids, the previous studies reported acute lethal effects and cumulative toxicity in Linepithema humile 
(Mayr, 1868) (Hymenoptera: Formicidae)67. The extrapolation from acute to long-term effects is essential, par-
ticularly for the long-lived species, like the studied species L. niger, the queens of which have a lifespan of up to 
30 years. Sublethal effects of neonicotinoids were studied but included the effects of imidacloprid, thiacloprid, 

Figure 2.   The effects of topical application (applied as a direct spray on the organism) of insecticide 
formulations on the the number of eggs produced per queen during the study period (A,C) and survival (B,D) 
of L. niger (A,B) and M. rubra (C,D) queens. The survival is quantified as the percentage of queens that survived 
the treatment and the follow-up period during the experiment. Only egg counts from queens that survived until 
the end of the experiment are shown. The maximum concentrations used: 1.25 g L−1 (acetamiprid, A, formulated 
as Mospilan), 0.6 g L−1 (sulfoxaflor, S, formulated as Gondola), and 0.875 g 1 L−1 (deltamethrin, D, formulated as 
Sanium Ultra). The concentrations lower by up to three orders of magnitude are indicated by fractions. Asterisks 
indicate significant numbers of eggs that significantly differed from the controls (Bonferroni post-test p < 0.05). 
Numbers of eggs are shown using individual datapoints, with short lines indicating the means. ND number of 
eggs was not defined because of 100% mortality of queens at the respective concentration.
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and thiamethoxam65,68–71. The first of the mentioned studies reported that L. humile colonies produced sig-
nificantly less brood when treated with sublethal concentrations of imidacloprid65. We found that queens had 
a lower number of eggs with increasing dose of insecticide, irrespective of the type of insecticide used. These 
findings are in line with Barbieri et al.65 who showed that L. humile produced fewer brood when treated with 
sublethal concentrations of the neonicotinoid imidacloprid. A lower egg-laying rate could also explain the 
results reported by Schläppi et al.71, who showed that despite thiamethoxam exposure having weak effects on 
the colony size after the first overwintering, it strongly affected the colony size after the second overwintering. 
As we show in the present study, exposure to the neonicotinoid insecticide acetamiprid was also directly related 
to the decline in the number of eggs (Fig. 2). Effects on the development of insects were previously shown for 
Mospilan in the more commonly studied groups of arthropods, like in the solitary bee Osmia bicornis (Linnaeus, 
1758) (Hymenoptera: Megachilidae). Mospilan-treated larvae of O. bicornis have difficulty emerging when fed 
with Mospilan-contaminated pollen72.

Pyrethroids are known to dysregulate the function of the ovary, particularly the development of follicles 
and reproductive hormone levels73. The studies on ants mainly focus on the lethal effects of pyrethroids [e.g., 
Refs.74,75]. Sublethal concentrations of lambda-cyhalothrin delay the growth of M. rubra larvae and reduce the 
adult body mass of males76. In the present study, we show that severe sublethal effects of pyrethroids must be 
considered, as they were still detectable when we decreased the working concentrations by three orders of mag-
nitude (Fig. 2). Sublethal doses of deltamethrin (the active compound of Sanium Ultra) reduce the fertility of 
honeybees and parasitoid wasps77,78, impair larval development in honeybees79 and inhibit molting processes in 
the fly Stomoxys calcitrans (Linnaeus, 1758) (Diptera: Muscidae)80.

The third group of insecticides, sulfilimines, is used mainly against sap-feeding insects. Sulfoxaflor is, so far, 
the only frequently applied sulfilimine insecticide81. These authors concluded that sulfoxaflor is much less active 
against other insects, including Diabrotica undecimpunctata howardi Barber, 1947 and Leptinotarsus decemlineata 
Say, 1824 (both Coleoptera: Chrysomelidae), than neonicotinoids. Sulfoxaflor was expected to replace neoni-
cotinoids in areas of their ban32. However, note that on April 7, 2022, the European Commission announced an 
upcoming ban on the outdoor use of sulfoxaflor in the European Union82 because of the evidence-based data on 
its adverse effects on pollinators and biodiversity83. It degrades more quickly than the neonicotinoids but still 
persists in the nectar and pollen for at least 11 days, which is the maximum tested interval84,85. However, severe 
mortality, decreased food consumption, and reduced interspecific aggressiveness were reported in S. invicta 
treated with sulfoxaflor at 1 μg mL−1 and 2 μg mL−1 p.o.34. Similarly, mortality, decreased locomotion, and altered 
interactions were reported in Tetramorium caespitum (Linnaeus, 1758) (Hymenoptera: Formicidae) treated 
with sulfoxaflor at concentrations from 1 mg mL−1 to 50 mg mL−1 p.o.35. In the present study, we found that the 
field-recommended concentrations of sulfoxaflor and even concentrations lower by three orders of magnitude 
are sufficient to induce severe declines in the number of eggs produced by ant queens (Fig. 2). In honeybees, 
sublethal doses of sulfoxaflor disrupt the development of larvae and lead to metamorphosis to adults failure86. 
Post-spray field exposure of 5 ng g−1 decreased the number of reproductive offspring in bumblebees30 and reduced 
the number of bumblebee eggs and larvae31.

The presence and abundance of both studied ant species strongly influence the populations of other arthro-
pods: the density of Collembola, Hemiptera (non-tended by ants), spiders, and hymenopteran parasitoid Blacus 
spp. (Hymenoptera: Braconidae) increased in plots with L. niger and/or M. rubra compared to plots without 
ants, but the effect varied with ant species, the duration of the experiment, and ant abundance87. Thus, the 
insecticide-driven reduction of ant fitness may project beyond ants. These effects may extend to species that may 
not be sensitive to the respective agrochemical populations. Lasius niger is associated with a broader spectrum 
of myrmecophilous lycaenid butterflies concerning the two studied species. However, caterpillars of obligately 
myrmecophilous and strongly endangered Phengaris (Lepidoptera: Lycaenidae) species develop in Myrmica 
(including M. rubra) colonies88. Lasius niger changes the chemical properties of soil and vegetation surrounding 
their nests differently and to a larger extent than the M. rubra89,90. Myrmica rubra is more effective in dispersing 
seeds of myrmecochorous plants91. They also differ in prey specialization, as L. niger focuses predominantly on 
aphid honeydew, whereas M. rubra is considered rather predatory92.

A major limitation of the present study consists of the use of only two study species. Further research should 
elucidate, whether the observed differences between the two studied species were species-specific, or whether 
they were indeed related to their different colony founding strategies. Queens of L. niger do not forage and utilize 
their wing musculature until the first workers emerge, representing characteristic claustral colony founding93. 
In contrast, the wing musculature of queens of M. rubra is less developed. Thus, the M. rubra queens must 
hunt to feed themselves and their larvae, representing a characteristic semiclaustral colony founding mode21. 
Multiple species within the claustral and semiclaustral colony founding categories need to be tested to provide 
a definitive answer.

As the studied insecticides have detrimental effects on the survival and the number of eggs of both studied 
ant species, safer alternatives are needed. This also calls for improving approval procedures for these insecticides 
to avoid the repeatedly happening situation when a well-characterized insecticide with known adverse effects is 
replaced with its more recent derivative, for which the knowledge of non-target effects is limited. This applies even 
to bioinsecticides; all newly developed compounds must be thoroughly tested before their approval as they also 
may be toxic to organisms and the environment94. In this regard, it is essential to note that ants are not consid-
ered soil-dwelling organisms and, thus, are not subject to current EFSA and OECD risk assessment schemes95,96. 
Another issue is the missing data on novel formulations of already approved compounds. The formulations with 
improved insecticidal properties may have a prolonged half-life and increased bioavailability, which can also be 
associated with increased toxicity97,98. Nanoformulations of the tested compounds were already published99–101. 
Therefore, their effects on ants and other organisms must be thoroughly tested. The extent of the detrimental 
effects of the examined insecticides on the two tested common ant species was unexpected. It may partly explain 
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the recent declines in insect diversity in agricultural landscapes. Further research should extend the study to 
the field conditions and consider insecticides’ effects that could be related to the eusocial aspect of the studied 
species. The approvals of newly released agrochemicals should not be allowed unless they are tested for adverse 
effects using robust risk assessment schemes. These schemes must involve representatives of organisms affected 
by related chemical compounds. In the case of newly released neonicotinoid formulations, these organisms would 
include not only honey bees and bumblebees (these are represented now) but also ants.

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