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            Abstract
Intensive agriculture currently relies on pesticides to maximize crop yield1,2. Neonicotinoids are the most widely used insecticides globally3, but increasing evidence of negative impacts on important pollinators4,5,6,7,8,9 and other non-target organisms10 has led to legislative reassessment and created demand for the development of alternative products. Sulfoximine-based insecticides are the most likely successor11, and are either licensed for use or under consideration for licensing in several worldwide markets3, including within the European Union12, where certain neonicotinoids (imidacloprid, clothianidin and thiamethoxam) are now banned from agricultural use outside of permanent greenhouse structures. There is an urgent need to pre-emptively evaluate the potential sub-lethal effects of sulfoximine-based pesticides on pollinators11, because such effects are rarely detected by standard ecotoxicological assessments, but can have major impacts at larger ecological scales13,14,15. Here we show that chronic exposure to the sulfoximine-based insecticide sulfoxaflor, at dosages consistent with potential post-spray field exposure, has severe sub-lethal effects on bumblebee (Bombus terrestris) colonies. Field-based colonies that were exposed to sulfoxaflor during the early growth phase produced significantly fewer workers than unexposed controls, and ultimately produced fewer reproductive offspring. Differences between the life-history trajectories of treated and control colonies first became apparent when individuals exposed as larvae began to emerge, suggesting that direct or indirect effects on a small cohort may have cumulative long-term consequences for colony fitness. Our results caution against the use of sulfoximines as a direct replacement for neonicotinoids. To avoid continuing cycles of novel pesticide release and removal, with concomitant impacts on the environment, a broad evidence base needs to be assessed prior to the development of policy and regulation.
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                    Fig. 1: The impact of sulfoxaflor exposure on life-history trajectories of bumblebee colonies.[image: ]


Fig. 2: Male offspring production.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Concentrations of sulfoxaflor in forager-collected resources from a USA EPA cotton study.
Mean Âµg of active ingredient (a.i.) per kg (meanâ€‰Â±â€‰s.e.m.) found in the nectar (a, c, e) and pollen (b, d, f) of honeybees foraging on cotton crops sprayed with sulfoxaflor. Note the differences in y-axis scale between graphs, owing to considerably higher concentrations in pollen. Red lines indicate spray application. Dosage: twice over ten days at 0.045 pounds a.i. per acre (a, b); once over ten days at 0.045 pounds a.i. per acre (c, d); twice over ten days at 0.089 pounds a.i. per acre (e, f). The black dotted horizontal line indicates the equivalent amount of sulfoxaflor (5Â ppb) that was fed to sulfoxaflor-treated colonies in sucrose in our experiment. Data are means from two hives; number of individual bees sampled is not published27.


Extended Data Fig. 2 Timing of colony life-history events.
aâ€“c, The probability of reproductive onset (a), queen survival (b) and colony survival (c) for control (nâ€‰=â€‰26) and sulfoxaflor-treated (nâ€‰=â€‰25) colonies (Â± confidence intervals).


Extended Data Fig. 3 Pollen foraging.
The proportion (meanâ€‰Â±â€‰s.e.m.) of foragers returning to the nest with large pollen loads, for control (nâ€‰=â€‰25) and pesticide-treated (nâ€‰=â€‰22) colonies (note that not all of the colonies in the experiment had pollen foragers).


Extended Data Fig. 4 Distribution of colonies across the Royal Holloway Campus.
Blue dots indicate control colonies; red dots indicate treated colonies. Grid reference: TQ000706; Imagery Â© Google, Map Data Â© 2018 Google.
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