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Supplementary Information
Section S1. Primary study-level data extraction
Table S1 provides the complete study-by-study dataset underlying this scoping review. For each included publication (cited by author and year), we report applied dose, application method, exposure duration, targeted life stage, observed effect type, and qualitative interpretation. Full bibliographic details for all cited studies are given in the main reference list.
Table S1. Per-study extraction (key fields). See Dataset 2 for the full machine-readable table. Foraging types and detailed behavioural outcomes are summarised in Figure 5 and encoded in Datasets 2–3.

	Article
	Study type
	Species studied
	Pesticide name
	Applied dose
	Application method
	Target life stage
	Exposure duration
	Observed effect type
	Interpretation of results

	Wu et al. (2023)
	Laboratory; semi-field
	A. mellifera
	Flumethrin
	Sublethal
	Contact exposure
	Young adults
	Acute
	Sublethal; lethal
	Immune, cognitive, physiological and biochemical impairments

	Capela et al. (2022)
	Semi-field
	A. m. iberiensis
	Acetamiprid; sulfoxaflor
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Acetamiprid: non-significantly positive; sulfoxaflor: Sublethal
	Sulfoxaflor: impaired detoxification; acetamiprid: increased movements

	Ohlinger et al. (2022)
	Semi-field
	A. m. ligustica
	Imidacloprid
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	Pharmacological effects (reduced motivation or perception of reward, cognitive and motor abilities)

	Barascou et al. (2022)
	Semi-field
	A. mellifera
	Sulfoxaflor
	Sublethal
	Oral exposure
	Young adults
	Acute
	Sublethal
	Cognitive and neurophysiological impairments

	Guo et al. (2021)
	Semi-field
	A. mellifera
	Flupyradifuron
	Sublethal
	Oral exposure
	Hive
	Chronic
	Lethal; no effects
	Impaired nursing behaviour

	Tamburini et al. (2021)
	Semi-field
	A. mellifera
	Sulfoxaflor; azoxystrobin
	Sublethal
	Spraying 
	Adult foragers
	Chronic
	No effects
	N/A

	Tison et al. (2020)
	Semi-field
	A. m. carnica
	Clothianidin
	Sublethal
	Oral exposure
	Adult foragers
	Chronic
	Sublethal
	Cognitive dysfunction; reduced motivation to forage

	Shi et al. (2020)
	Semi-field
	A. mellifera
	Acetamiprid
	Sublethal
	Contact exposure
	Young adults
	Acute
	Sublethal; lethal
	Changes in behaviours (increased day-off rotation - resting time)

	Ma et al. (2019)
	Laboratory; semi-field
	A. cerana
	Thiamethoxam
	Sublethal
	Oral exposure
	Adult pollen foragers
	Acute
	Sublethal; positive
	Neuronal disruption; cognitive dysfunction; hormesis-induced hyperactivity

	Shi et al. (2019)
	Laboratory; semi-field
	A. mellifera
	Acetamiprid
	Sublethal
	Contact exposure
	Young adults
	Acute
	Sublethal; lethal
	Cognitive dysfunction; impaired nervous system

	Colin et al. (2019)
	Semi-field
	A. mellifera
	Imidacloprid
	Sublethal
	Oral exposure
	Larvae
	Chronic
	Sublethal; lethal
	Accelerated behavioural maturation leading to imbalance the age-based division of labor in a colony and reduce foraging efficiency

	Wilson et al. (2019)
	Laboratory; semi-field
	A. mellifera
	Pyrifluquinazon 
	Sublethal
	Oral exposure
	Adult foragers
	Laboratory: acute; semi-field: chronic
	Sublethal
	Laboratory: antifeedant response; semi-field: behavioural changes (learned and avoidant behaviours)

	Prado et al. (2019)
	Semi-field
	A. mellifera
	Pesticide mixtures (cyprodinil; fludioxonil; pyrimethanil; naftylacetamide; tau-fluvalinate; chlorothalonil; metolachlor S; pendimethalin; prothioconazole; difenoconazole; dodine; chlorpyrifos ethyl; iprodione; cyproconazole; fenoxycarb)
	Sublethal
	Oral exposure
	Young adults
	Chronic
	Sublethal; positive 
	Synergistic interaction effects between fungicides and insecticides; metabolic disruption

	Abdel razik (2019)
	Laboratory; field
	A. mellifera
	Dipel; abamectin; spinosad; emamectin benzoate; lambda-cyhalothrin; chlorpyrifos; pyridalyl
	Laboratory: lethal; field: Sublethal
	Laboratory: oral exposure; field: spraying
	Laboratory: young adults; field: adult foragers
	Acute
	Sublethal; lethal
	N/A

	Karahan et al. (2015)
	Semi-field
	A. m. anatoliaca
	Imidacloprid
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	No interpretation specified for the reduced returning rate and foraging trips but suggesting that the lower doses of imidacloprid do not interfere with the cognitive processes involved in foraging efforts

	Balbuena et al. (2015)
	Semi-field
	A. mellifera
	Glyphosate 
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	Cognitive dysfunction

	Tan et al. (2014)
	Semi-field
	A. cerana
	Imidacloprid
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	Cognitive dysfunction; motor deficits (reduced physical capacity to forage)

	Henry et al. (2014)
	Semi-field
	A. m. ligustica
	Thiamethoxam 
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	Cognitive dysfunction; environmental interactions (cold temperatures and low landmark density exacerbated homing failure)

	Matsumoto (2013)
	Semi-field
	A. mellifera
	Clothianidin; dinotefuran; etofenprox; fenitrothion
	Sublethal
	Contact exposure
	Adult foragers
	Acute
	Sublethal
	Cognitive dysfunction

	Schneider et al. (2012)
	Semi-field
	A. m. carnica
	Imidacloprid; clothianidin
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	Cognitive dysfunction; motor deficits

	Tremolada et al. (2010)
	Field
	N/A
	Thiamethoxam; fludioxonil; metalaxyl-M
	Sublethal
	Contact exposure
	Adult foragers; young adults
	Acute
	Sublethal; lethal
	Toxicity caused by direct contact with airborne thiamethoxam particles

	Stanley et al. (2010)
	Laboratory; semi-field; field
	Laboratory (A. c. indica); semi-field (A. c. indica;) field (A. dorsata)
	Diafenthiuron
	Laboratory (lethal); semi-field (sublethal); field (sublethal)
	Laboratory (contact exposure); semi-field (oral exposure); field (spraying)
	Laboratory (young adults); semi-field and field (adult foragers)
	Laboratory (acute); semi-field (acute); field (chronic)
	Sublethal; lethal
	Motor deficits; metabolic disruption

	Yang et al. (2008)
	Semi-field
	A. mellifera
	Imidacloprid
	Sublethal
	Oral exposure
	Adult foragers
	Acute
	Sublethal
	Cognitive dysfunction; decreased recovery with increased doses

	Guez et al. (2005)
	Semi-field
	A. m. ligustica
	Methyl parathion
	Sublethal
	Contact exposure
	Adult foragers
	Acute
	Sublethal; positive
	Neurological disruption; behavioural hyperactivity (hormesis)

	Decourtye et al. (2004)
	Laboratory; semi-field
	A. m. ligustica
	Imidacloprid; deltamethrin
	Sublethal
	Oral exposure
	Adult foragers
	Chronic
	Sublethal; lethal
	Imidacloprid: reduced foraging activity due to avoidance behaviour resulted from an antifeedant/repellent effect; deltamethrin: reduced foraging activity due to increased mortality and 'knock-down' effect (trembling and paralysis)

	Schmuck et al. (2003)
	Laboratory; semi-field
	Laboratory (A. m. carnica); semi-field (A. m. carnica, A. m. mellifera)
	Thiacloprid; tebuconazole; prochloraz; tolylfluanid; mancozeb; cyprodinil; azoxystrobin
	Laboratory (sublethal, lethal); semi-field (sublethal)
	Laboratory (contact exposure); semi-field (spraying)
	Laboratory (adult worker bees); semi-field (adult foragers)
	Laboratory (acute); semi-field (acute)
	Laboratory (sublethal; lethal); semi-field (sublethal)
	Laboratory: synergism (impaired detoxification); semi-field: N/A


N/A indicates that the information is either unknown or not specified in the articles. Foraging types and detailed behavioural outcomes are summarised in Fig. 5 and encoded in Datasets 2–3.
Note on counting: Where a single article reported multiple compounds/classes or endpoints, each mention was counted in the corresponding category summaries; totals in some figures therefore exceed the number of included studies.





Section S2. Post‑hoc verification of search results (September 2025)
To assess robustness to database backfilling after our prespecified search horizon (23 February 2023), we re‑ran the identical Boolean query in Web of Science All Databases in September 2025. This review is not a living review; the primary evidence base therefore remains the dataset indexed as of 23 February 2023. The post‑hoc verification is documented here for transparency and reproducibility.
Database and query (reproducibility)
Table S2. Search metadata.
	Item
	Value

	Database
	Web of Science All Databases

	Search date (primary)
	23 February 2023

	Timespan
	1 January 1945 to search date

	Indexing horizon
	Records reflect Load Date as of 23 February 2023

	Verification date
	September 2025



Exact Boolean query used:
ALL=(("honey bee*" OR "honeybee*")
AND ("acaricide*" OR "fungicide*" OR "herbicide*" OR "insecticide*" OR "miticide*" OR "pesticide*")
AND ("adverse" OR "lethal" OR "sub*lethal" OR "survi*")
AND ("effect*")
AND ("foraging" OR "homing")
AND ("feeder*" OR "feeding" OR "field*" OR "RFID" OR "semi*field*")
NOT ("ant*" OR "brood*" OR "bumblebee*" OR "bumble bee*" OR "Osmia*" OR "queen*" OR "stingless bee*" OR "solitary bee*" OR "solitarybee*" OR "wildbee*" OR "wild bee*")
NOT ("brain*" OR "carbon*" OR "coat*" OR "evolution" OR "gustator*" OR "learning and memory form*" OR "learning and memory perform*" OR "malnutrition*" OR "molecular" OR "modelling" OR "nutrition*" OR "pollutant*" OR "protein*" OR "repellent*" OR "reproductive*" OR "residue level*" OR "simulati*" OR "thermoregulation" OR "yield"))
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Figure S1. PRISMA 2020 flow diagram for the prespecified search horizon (Web of Science All Databases; search performed 23 February 2023; records reflect Load Date on that day). A post-hoc verification in September 2025 identified three additional eligible studies indexed after the search date; these are documented in the Supplement and were not included in the primary dataset. Repeating our category-based summaries and χ² goodness-of-fit tests with these additions did not change any significance decisions (see sensitivity check).


Table S3. Post‑hoc eligible studies from Sep 2025 after the original search date in Jan 2023 (not included in the primary dataset).
	Article
	Study type
	Species studied
	Pesticide category
	Pesticide class
	Pesticide name
	Pesticide type
	Exposure duration
	Observed foraging behaviour
	Observation method
	Observation level
	Observed outcome

	Shi et al. (2024)
DOI: 10.1016/j.pestbp.2024.105909
	Laboratory + semi-field/field study
	Apis mellifera
	Acaricides
	Pyrethroid
	Flumethrin
	Non-formulated (pure active ingredient) product
	Chronic (developmental stage)
	Foraging (not specified)
	RFID tracking (hive entrance)
	Individual bee
	Earlier foraging onset; fewer/shorter trips; reduced homing success

	Barascou et al. (2023)
DOI: 10.1016/j.scitotenv.2023.163928
	Field study
	Apis mellifera
	Insecticides
	Sulfoximine
	Sulfoxaflor
	Non-formulated (pure active ingredient) product (sucrose solution)
	Acute / short-term feeding
	Foraging (not specified)
	Bee counter (colony flight activity)
	Colony
	No effect at 0.59 μg/mL; ~10× higher daily losses at 2.36 μg/mL

	Shepherd et al. (2024)
DOI: 10.1016/j.heliyon.2024.e29886
	Semi-field study
	Apis mellifera
	Insecticides; Fungicides
	Neonicotinoid; QoI; DMI
	Clothianidin; Pyraclostrobin; Metconazole
	Formulated fungicide; non-formulated low-ppb insecticide dose
	Chronic (multi-day; two-season experiment)
	Foraging (not specified)
	Semi-field tunnel (activity/weight monitoring)
	Colony
	↑ mortality (~2.9×), ↓ activity and weight; ↑ Varroa infestation


These records were retrieved by the 2025 verification but were not included in the primary analyses because they lie outside the prespecified search horizon (non‑living review).

Table S4. χ²-Goodness-of-Fit (Before vs After). We repeated the descriptive summaries and χ² goodness‑of‑fit tests used in the main analysis after appending the three post‑2023 studies to the 2023 dataset. No χ² significance decisions changed (0/13 criteria). 
	Criterion
	n_levels_before
	n_before
	p_before (GOF)
	n_levels_after
	n_after
	p_after (GOF)
	Significance change?

	Study type
	5
	26
	1.73676E-07
	8
	29
	5.20986E-11
	no change

	Species studied
	8
	25
	2.97757E-06
	8
	28
	3.474E-09
	no change

	Pesticide category
	5
	26
	7.62494E-11
	8
	29
	1.04409E-15
	no change

	Pesticide class
	17
	26
	2.4255E-05
	18
	29
	0.000108071
	no change

	Pesticide type
	3
	25
	0.001159229
	6
	28
	7.68639E-08
	no change

	Applied dose
	4
	26
	4.53081E-12
	7
	29
	2.34842E-19
	no change

	Application method
	6
	26
	5.10347E-08
	9
	29
	8.35661E-11
	no change

	Target organism or life stage
	9
	26
	1.11606E-08
	12
	29
	5.41513E-10
	no change

	Exposure duration
	5
	26
	1.73676E-07
	8
	29
	5.20986E-11
	no change

	Observed effect type
	7
	26
	0.000126795
	8
	29
	0.0002106
	no change

	Observed foraging behaviour
	6
	26
	0.002584502
	6
	29
	0.000417374
	no change

	Observation level
	9
	26
	1.32518E-13
	10
	29
	4.29851E-15
	no change

	Observation method
	15
	26
	0.421467585
	18
	29
	0.501950585
	no change





Table S5. χ²- Top-Category-Shares (Before vs After). Category shares shifted only marginally; the top category for 'Observed foraging behaviour' shifted from 'Nectar foraging' to 'Foraging (not specified)' with nearly identical proportions. All other top categories remained unchanged. Thus, the interpretation of the review is robust to inclusion of these studies.
	Criterion
	Top category before
	Share before (%)
	Top category after
	Share after (%)
	Top category changed?

	Study type
	Semi-field
	65.4
	Semi-field
	58.6
	no

	Species studied
	Apis mellifera
	52
	Apis mellifera
	57.1
	no

	Pesticide category
	Insecticide
	76.9
	Insecticide
	69
	no

	Pesticide class
	Neonicotinoid
	38.5
	Neonicotinoid
	34.5
	no

	Pesticide type
	Non-formulated
	64
	Non-formulated
	57.1
	no

	Applied dose
	Sub-lethal
	88.5
	Sub-lethal
	79.3
	no

	Application method
	Oral intake
	61.5
	Oral intake
	55.2
	no

	Target organism or life stage
	Adult foragers
	53.8
	Adult foragers
	48.3
	no

	Exposure duration
	Acute
	65.4
	Acute
	58.6
	no

	Observed effect type
	Sub-lethal
	42.3
	Sub-lethal
	37.9
	no

	Observed foraging behaviour
	Nectar foraging
	38.5
	Foraging (not specified)
	37.9
	yes

	Observation level
	Individual bee
	65.4
	Individual bee
	62.1
	no

	Observation method
	Mark-release-track; manual observation
	19.2
	Mark-release-track; manual observation
	17.2
	no



Data and versioning
All extraction files (Datasets 1–3) and the post‑hoc update tables are archived in the Open Science Framework repository (DOI: 10.17605/OSF.IO/H7J4C). Note that Web of Science indexing is dynamic; later backfilling can surface records not present at the time of the original search. This supplement documents the 2025 verification and its neutral impact on results.
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Figure S2. Exposure duration in the reviewed studies. Pie slices represent study-level mentions per category. Acute exposures were more common than chronic exposures (acute: 22 vs. chronic: 8; χ² = 6.53, df = 1, P = 0.01). Slices may exceed the number of studies when a paper contributes multiple mentions.
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Figure S3. Targeted life stages/organisms during exposure. Pie slices represent study-level mentions per category. Distributions were highly uneven (adult foragers: 19; young adults: 8; larvae: 1; adult worker bees: 1; hive: 1; χ² = 41.33, df = 4, P = 2.29×10⁻⁸). Slices may exceed the number of studies when a paper contributes multiple mentions.
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Figure S4. Observation level used to quantify foraging outcomes. Pie slices represent study-level mentions per category. Individual-level observations predominated relative to colony-level observations (individual: 26 vs. colony: 9; χ² = 8.26, df = 1, P = 0.004). Slices may exceed the number of studies when a paper contributes multiple mentions.
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Figure S5. Sample-size classes across studies. Pie slices show low (n = 2–20), medium (n = 20–50), and high (n > 50) categories. For inference, we contrasted high vs. low+medium; high sample sizes were less common (high: 29% vs. low+medium: 71%; χ² = 7.05, df = 1, P = 0.008). The pie displays three classes for transparency; the χ² test uses the pre-specified two-group contrast.
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