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Fungicide and herbicide chemistries are commonly applied in agricultural production systems and other agricultural landscapes during flowering periods, which are concurrent with the timing of bee-dependent pollination services in many plant species. As a result, bees can be exposed to these pesticides while foraging crops and other flowering plants in the landscape where they have been administered. Laboratory and semi-field studies simulating these pesticide exposure scenarios have demonstrated lethal and sub-lethal impacts to both Apis and non-Apis species of domesticated bees. Exposure to fungicides and herbicides has also been attributed to bee genetic and molecular-level changes in some cases. Herbicides can also indirectly impact bees as a result of decreasing weeds and other flowering plants that serve as nutrient resources for foraging bees. We analyze a series of recent studies concerning the toxicity of fungicides and herbicides to Apis and non-Apis bees as a basis for forming our views on key priorities regarding the direction of future research initiatives in this area. Exploring the impacts of agricultural pesticides beyond insecticides to bees is timely given the documented bee declines in the last decade and the resulting widescale interest in identifying the different drivers of these declines among the biological and the ecological scientific communities.
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INTRODUCTION

Bees are important pollinators of cultivated crops and wild flowering plants, and the ecological services that they provide are integral to plant reproduction and ecosystem foundation. Therefore, bees are a critical variable in the function of agricultural systems used to produce food and fiber crops. Rising awareness of population declines of bees and other invertebrate pollinators over the last decade has dramatically increased the amount of research devoted to this particular area of ecological science, and as a result, several key contributing factors have been identified and reviewed (Maini et al., 2010; Meeus et al., 2018; Belsky and Joshi, 2019). One of these factors is the increased frequency of insecticide applications for plant protection against herbivorous insect pests in commercial agricultural and ornamental crop production. Beyond insecticides, bees are exposed to a diversity of other agricultural chemicals, as demonstrated by Mullin et al. (2010) who found 121 different pesticides and metabolites in beehives and associated hive materials and Hladik et al. (2016) who detected 19 pesticides and degradates in 54 samples of native bees collected from wheat field and grassland land covers. Fungicides (commonly used in agricultural crop production for controlling molds and fungal diseases) and herbicides (applied to reduce weeds and other unwanted plants) are among those other chemistries. Determining the impacts of fungicides and herbicides on bees is a new area of major scientific interest given that the global market value (Pesticides Industry Sales Usage, United States Environmental Protection Agency, 2017) and quantity of these chemicals sold and applied (in tonnage) outnumbers insecticides (Eurostat, 2018; Jess et al., 2018). Insecticide toxicity to bees has been extensively investigated over the last 15 years; however, comparatively little is known regarding the impacts of fungicides and herbicides to bees. Since they are often applied in agricultural crop production systems throughout the year, including periods of bloom (Bosch and Blas, 1994; Andert et al., 2016; Zubrod et al., 2019; Heller et al., 2020), Apis and non-Apis bee species can come into contact with these chemicals while actively pollinating. Simulating these scenarios, laboratory, and semi-field studies have demonstrated the impacts of fungicide and herbicide exposure (as both single chemicals and in combination with other pesticides) on lethal and sub-lethal toxicity to different species of managed bees (Fisher et al., 2017; Heard et al., 2017; Iverson et al., 2019). Several recent studies have also linked physiological changes at the molecular and the genetic levels in bees after exposure to these agricultural chemicals (Jumarie et al., 2017; Mao et al., 2017). Indirect effects on bees include diminished floral resources, resulting from herbicide usage on susceptible weeds and other flowering plants (Bohnenblust et al., 2016; Jacobson et al., 2018).

It is important to note that a small group of commercially bred Apis and non-Apis species comprises the principal agents of agricultural crop pollination. However, the plight of solitary wild bees is crucially important. Diverse pollinator communities are integral for the proper functioning of ecological systems (Ollerton, 2017; Winfree et al., 2018) and have been shown to drive increases in agricultural crop fruit set and yield, especially given the recent declines of domesticated honey bees (Klein et al., 2012; Blitzer et al., 2016; Garibaldi et al., 2016; Woodcock et al., 2019). Currently, less studies on pesticide toxicology to wild solitary bees have been done as a result of their not being regarded as major pollinators combined with the increased difficulty in administering pesticides to these bees (which are often smaller in size) in the laboratory and in the field. Despite this, future research exploring the differences in pesticide impacts among different bee species is warranted, given the discrepancies in the results of existing studies. Conflicting findings such as those suggesting differences in pesticide toxicology among bee species (Biddinger et al., 2013; Sgolastra et al., 2017) and those that do not (Spurgeon et al., 2016; Heard et al., 2017) must be further addressed, especially with regard to fungicide and herbicide chemistries. Although most of this work has and will continue to focus on the grouping of commercialized Apis and non-Apis species, taking this approach at least begins to expand into solitary bees. We address this subject along with disagreement in the discussion as to whether honey bees can serve as a surrogate for non-Apis species in pesticide toxicology testing.

Here we discuss recent studies that demonstrate the toxicity of fungicides and herbicides to commercialized Apis and non-Apis bee species. We also discuss current knowledge gaps and present our views on future research areas and regulatory framework needs to appropriately assess the risks of bee exposure to fungicide and herbicide chemistries.



FUNGICIDE AND HERBICIDE CHEMISTRIES AND MODES OF ACTION

Fungicides are classified into several families. Sterol biosynthesis inhibitors (SBI) and demethylation inhibitors (DMI) inhibit the cytochrome P450 monooxygenase-dependent step in fungal egosterol production and cell wall synthesis (Kuck et al., 2012; Casida and Bryant, 2017; Zubrod et al., 2019). Respiratory chain succinate dehydrogenase inhibitors of complex II impede respiratory chain succinate dehydrogenase (Angelini et al., 2014), while respiratory chain strobilurin-type quinone outside-site of complex III inhibitors inhibit mitochondrial respiration by interfering with proper electron transport from cytochrome b to cytochrome c1 (Bartlett et al., 2002; Zubrod et al., 2019). Chlorothalonil is a chloronitrile fungicide that functions through multiple modes of action (Zubrod et al., 2019).

Herbicides are classified by their mode of action. 4-Hydroxyphenylpyruvate dioxygenase inhibitors impair carotenoid biosynthesis, causing plant bleaching and subsequent death (Hawkes, 2012), while protoporphorinogen-IX-oxidase inhibitors facilitate the peroxidization of fatty acid unsaturated bonds within cell membranes (Theodoridis et al., 2012). Acetyl CoA carboxylase inhibitors prevent the normal metabolism of fatty acids (Bretschneider et al., 2012; Wenger et al., 2012). Cellulose biosynthesis inhibitors prevent the formation of crystalline cellulose fibers that are essential for the stability of plant cell walls (Dietrich and Laber, 2012). Acetolactate synthase inhibitors prevent the biosynthesis of branched amino acids, leading to cell division impairment (Jeschke, 2015). Auxin mimics function by mimicking the auxin hormone necessary for plant growth (Walsh and Schmitzer, 2012; Jeschke, 2015).



TOXICITY OF FUNGICIDES TO DIFFERENT SPECIES OF BEES


Apis Bees

Several recent studies have demonstrated the toxicity of field-realistic fungicide exposure to a variety of honey bee adult and larval health endpoints. The toxicities of both single active ingredient fungicides and the synergistic combinations of fungicides + other agricultural chemicals to honey bees have been demonstrated. Fungicide contact and oral LD50 values and toxicity assessment to honey bees are presented by Stoner and Eitzer (2013) and Ladurner et al. (2005) and may vary across different compounds. For instance, upon investigating the foliar spray toxicity of formulated fungicides commonly used in almond production to honey bees (Apis mellifera), Fisher et al. (2017) showed that both exposure to Iprodione 2SE Select® (iprodione) alone and spray-tank mixes with either Pristine® (boscalid and pyraclostrobin) or Quadris® (azoxystrobin) significantly decreased forager survival. Using technical-grade chemicals, Johnson et al. (2013) determined that four SBI fungicides increased the acute toxicity of the acaricide tau-fluvalinate to honey bee adult workers in a dose-dependent manner. This synergism is attributed to the inhibition of cytochrome P450 monooxygenase enzyme activity. An increased in the acute toxicity of the acaricides coumaphos and fenpyroximate was observed when honey bees were also exposed to the SBI fungicide prochloraz, while pre-treatment with the acaricide amitraz increased the acute toxicity of three other acaricides that are cytochrome P450-detoxified. Exposure to fungicides may also result in increased susceptibility to other pesticides, mainly insecticides. For instance, clothianidin and thiamethoxam became significantly more toxic to honey bee workers exposed to boscalid-contaminated pollen in maize fields by measuring of decreased LD50 levels (Tsvetkov et al., 2017). Feeding honey bees with syrup contaminated with either copper oxychloride for 108 h and thiram for 168 h, Migdał et al. (2018) determined a daily fungicide intake of 4.75 and 16.78 mm3/bee, respectively. The daily mortality was 35.15 bees/cage for copper oxychloride and 5.17 bees/cage for thiram.

Several studies have also analyzed the impact of fungicides on honey bees at the molecular level. For example, adult consumption of flavonol quercetin mixed with the triazole fungicide myclobutanil resulted in the down-regulation of five of the six mitochondrion nuclear genes (Mao et al., 2017). This study also concluded that bees ingesting 0.25 mM quercetin combined with 5 ppm myclobutanil displayed depressed thoracic ATP levels compared to bees ingesting quercetin only. Exposing different developmental life stages of honey bees to the fungicide prochloraz and the acaricide coumaphos individually and in combination, Cizelj et al. (2016) documented differentiated molecular-level immune responses in brood versus adults. Specifically, by examining the expression of 17 immune-related genes by quantitative RT-PCR, gene downregulation was found in prepupae, while gene upregulation for most genes was found in adults following all treatments. In adult bees, prochloraz + coumaphos exposure resulted in the upregulation of the antimicrobial genes abaecin and defensin-1. In a similar study, Christen et al. (2019) observed the effect of orally exposing honey bees to the fungicides azoxystrobin, chlorothanolin, and folpet over 24, 48, and 72 h on gene transcription within their brains. They found that while azoxystrobin and folpet induced minor changes, including the downregulation of hbg-3 and the induction of ndufb-7, respectively, chlorothanolin resulted in the major transcriptional down-regulation of genes related to oxidative phosphorylation and metabolism. In particular, chlorothanolin downregulated genes that include cyp9q1, cyp9q2, cyp9q3, acetylcholine receptors alpha 1, hbg-3, and ilp-1, all of which influence honey bee hormonal regulation and behavioral transition, such as nurse bees transitioning into foragers. Moreover, chlorothanolin exposure resulted in the largest overall impact on the transcriptional abundance of genes linked to honey bee energy production, metabolism, and the endocrine system, where the strongest effect was observed in the early spring as opposed to the early summer. Orally exposing Africanized honey bees to low concentrations (9 and 18 ppb) of the strobilurin fungicide picoxystrobin continuously at 24–96 h, Batista et al. (2020) conducted a Malpighian tubule and midgut histopathological diagnosis and labeling of resulting cell death. While their results did not show any impact on the Malpighian tubules, data of the histopathological effects on the midgut were observed for bees consuming both concentrations. Indication of cell death and other morphological changes were recorded beginning at 24 h following initial exposure, thereby indicating that picoxystrobin exposure may compromise the ability of the honey bee midgut to absorb nutrients at a long term, which may result in malnutrition and impaired performance. In disagreement with these results, Decio et al. (2019) show that honey bee exposure to thiamethoxam + the fungicide carbendazim does not (a) increase the acute toxicity of thiamethoxam and (b) induce alternative splicing of the mRNAs examined. Specifically, they investigated three genes that are important in honey bee neuronal function: the stress sensor gene X box binding protein-1, the Down Syndrome Cell Adhesion Molecule gene, and the embryonic lethal/abnormal visual system gene. Therefore, they conclude that no honey bee cellular response is triggered as a result of exposure to this fungicide in the presence of thiamethoxam.

Fungicides may affect larval development or may alter the physiological developmental in bees. Larval oral consumption of technical-grade propiconazole or iprodione + chlorantraniliprole significantly reduced adult eclosion compared to a larval dietary intake of only chlorantraniliprole (Wade et al., 2019). Similarly, larvae fed with iprodione + methoxyfenozide or diflubenzuron alone or as a mixture with any of the tested fungicides reduced adult emergence compared to controls fed with acetone solvents only. Examining synergism between the formulated Pristine® and the spray adjuvant Break-Thru® (polyether-polymethylsiloxane-copolymer) on honey bee queen rearing success, Johnson and Percel (2013) determined that neither chemical nor their combination had a significant effect on immature queen survival. However, low levels of pyraclostrobin (50 ppb), but not boscalid, were found in royal jelly secreted by nurse bees feeding on treated pollen. Similarly, in feeding honey bee larvae different doses of technical-grade boscalid, Simon-Delso et al. (2017) quantified the safety levels of 741 ppm in pollen and 27 ppm in nectar, which are higher than 1 ppm isolated in pollen (Johnson et al., 2010; Stoner and Eitzer, 2013) and 1.43 ppm isolated in nectar (Wallner, 2010).



Non-Apis Bees (Bombus and Solitary Species)

Fungicides have been also demonstrated to impose toxicity to non-Apis bees by impairing colony performance, output and behavior for social species, and reproductive capacity and behavior for solitary species. For instance, synergized mortality following exposure to combinations of fungicides + insecticides and molecular-level impacts of fungicides on bumble bee flight have also been reported. Feeding Bombus terrestris adults with sugar syrup laced with the ergosterol biosynthesis inhibitor (EBI) fungicide imazalil + an insecticide, Raimets et al. (2018) demonstrated that imazalil synergized the acute toxicity of fipronil, cypermethrin, and thiamethoxam. Therefore, the impact that EBI has in inhibiting P450 detoxification on bumble bees is different for individual pesticide chemistries. Conversely, feeding queenless B. terrestris microcolonies with pollen laced with captan at a field-realistic rate (10 mg/kg) had no effect on colony or individual worker longevity, consumption of pollen or sugar syrup, and normal larval development for all castes (Malone et al., 2007). Upon exposing queenless microcolonies of B. terrestris to honey water and pollen paste containing field-realistic average (23 mg/kg) or maximum (230 mg/kg) concentrations of the DMI fungicide propiconazole for 28 days, Elston et al. (2013) concluded that both concentrations reduced honey water consumption, while the smaller dose also decreased the quantity of wax cells produced. Separately, Bernauer et al. (2015) exposed five Bombus impatiens colonies to flowers treated with chlorothalonil at a field-realistic rate (20 g/L) over the course of 1 month. The treated colonies produced less than one-third as many workers, contained less than 50% of bee biomass, and were queened by mothers with 50% of body mass compared to controls. Considering the findings of these researchers, it is important to characterize the mode of action of fungicides in bees. In a recent study, exploring the sensitivity of B. terrestris flight muscle mitochondrion to 16 fungicides, Syromyatnikov et al. (2017) determined disconnected respiration following exposure to diniconazole and fludioxonil and inhibited respiration following exposure to dithianon and difenoconazole. These researchers found the inhibition of electron transport at complex I and glycerol-3-phosphate dehydrogenase by difenoconazole exposure. Diathianon also inhibits succinate dehydrogenase and the oxidation of both nicotinamide adenine dinucleotide substrates and glycerol-3-phosphate while not impacting complex I like difenoconazole (Syromyatnikov et al., 2017).

Exposure to fungicides may also result in increased susceptibility to other pesticides, mainly insecticides. An experimental design comparing the impact of oral consumption of insecticide + fungicide mixtures on three bee species (A. mellifera, B. terrestris, and Osmia bicornis) found a small but maintained increase in clothianidin toxicity when combined with propiconazole, which was especially pronounced for the two non-Apis species with an almost three-fold increase for O. bicornis (Robinson et al., 2017). In a similar study, contact exposure of insecticides + fungicides, approximating LD20 values and maximum sublethal levels, respectively, resulted in synergistic toxicity to B. impatiens workers (Iverson et al., 2019). Specifically, a synergistic interaction was noted for the triazole SBI fungicide difenoconazole when mixed with the pyrethroid bifenthrin, resulting in a maximum synergy ratio of 1.48. A separate synergistic interaction was observed for mixtures of the triazole fungicide myclobutanil with both bifenthrin and thiamethoxam, resulting in maximum synergy ratios of 11.0 and 2.38, respectively.

Although less examined, the toxicity of fungicides to commercially available solitary bees has also been assessed. Specific findings show synergisms arising from exposure to fungicide + insecticide combinations, differential toxicities of fungicides to solitary bees compared to honey bees, and direct impacts of fungicides on solitary bee female nest construction and provisioning. Feeding O. bicornis females with a sugar solution containing either propiconazole or clothianidin, or a combined mixture, Sgolastra et al. (2018) noted a significantly lower feeding for the combined mixture, which decreased as emergence time increased. A significant synergistic interaction was determined for clothianidin + propiconazole on day 4 of treatment by means of a survival curve analysis. Post-exposure assessment at 3 days also revealed a significant synergistic interaction for the combined mixture, where O. bicornis exposed to this mixture had shorter oocytes compared to bees in all other treatments. Similarly, comparing the toxicity of these same chemicals and their combination to three bee species, Sgolastra et al. (2017) identified significant synergism by the measure of mortality for all bee species exposed to clothianidin + propiconazole. However, this synergism only lasted for the duration of the experiment (96 h) for O. bicornis. Comparing the exposure of Osmia lignaria and A. mellifera to five fungicides in cage studies, Ladurner et al. (2005) determined that the oral ingestion of propiconazole was acutely toxic to both species, while oral and contact exposure to captan was chronically toxic to O. lignaria only by severely impacting survival between 72 h and 7 days after exposure. In another study, Biddinger et al. (2013) showed synergistic toxicity to Osmia cornifrons when the fungicide fenbuconazole was mixed with commonly used neonicotinoid insecticides.

Comparing fungicide spray toxicity to O. lignaria and Megachile rotundata in semi-field cage studies, Artz and Pitts-Singer (2015) document O. lignaria exposure to technical-grade iprodione, and a premix fungicide with boscalid pyraclostrobin active ingredients and the non-ionic spray adjuvant (polyethoxylated non-ylphenol) negatively affected female nest recognition ability. Similarly, M. rotundata female nest recognition was impacted following exposure to a treatment containing fungicide premix (boscalid and pyraclostrobin) and polyethoxylated non-ylphenol adjuvant. Conversely, in a separate semi-field cage study, Ladurner et al. (2008) concluded that O. lignaria foraging and nesting behavior were unaffected when sprayed with one of the fungicides iprodione, propiconazole, benomyl, and captan.



EFFECTS OF HERBICIDE EXPOSURE TO BEES


Apis Bees

Herbicide exposure has been found to negatively impact different aspects of honey bee life, including drone sperm count, adult worker survival, and larval midgut composition. Impaired honey bee metabolic activity has also been demonstrated following exposure to single herbicides and or combinations of herbicides + metal mixtures. Testing the impact of glyphosate on honey bee drone spermatozoa, Hoopman et al. (2018) determined an LD50 of 0.31 mg/ml, where the number of dead spermatozoa significantly increased with both exposure time and glyphosate concentration. Honey bee consumption of sugar syrup laced with bentazone and metamitron over a duration of 168 h resulted in a daily herbicide intake of 16.16 and 13.87 mm3/bee, respectively (Migdał et al., 2018). Daily mortality of 3.21 bees/cage and increased aggression were noted for bentazone, while metamitron exposure leads to a daily mortality of 13.00 bees/cage and low to moderate levels of increased bee aggression and mobility. Chronic in vitro larval exposure to glyphosate traces (1.25–5.0 mg/L of food) resulted in reduced brood weight and delayed molting (Vázquez et al., 2018). The authors acknowledge that while this experimental design does not account for nurse-bee feeding of brood, it does enable the researchers to control the glyphosate dose in the larval food and hence have it tested. Similarly, larval consumption of technical-grade glyphosate revealed significantly decreased survival (4 and 20 mg/L doses) and larval weight (0.08 and 4 mg/L doses) (Dai et al., 2018).

Several projects have also demonstrated the impacts of herbicides on impairing honey bee learning, sensory abilities, and navigation. For example, in analyzing the effects of chronic exposure to field-realistic concentrations of imidacloprid + glyphosate on honey learning, Mengoni Goñalons and Farina (2018) show reductions in sucrose responsiveness and impaired olfactory learning. Larva reared on food contaminated with glyphosate ate less, thereby further supporting the results of Dai et al. (2018) and Vázquez et al. (2018). Testing whether sub-lethal glyphosate concentrations affect honey bee homeward foraging and navigation, Balbuena et al. (2015) showed that bees fed sugar syrup laced with 10 mg/L (0.500 μg per bee) at a feeder spent more time flying home compared to controls or bees fed lower concentrations of 2.5 and 5 mg/L (0.125 and 0.250 μg per bee). Honey bees fed sugar syrup with the higher glyphosate concentration also performed more indirect flights; following a second release, the proportion of accurate homeward flights increased for controls, but not for treated bees. This result demonstrates that oral consumption of field-realistic doses of glyphosate (simulating that found in nectar) can impair the ability for honey bee foragers to learn a navigational task such as flying back to their hive.

An analysis of larval midgut bacteria composition demonstrated a significant decrease in beta diversity following an uptake of 20 mg/L glyphosate compared to controls (Dai et al., 2018). Confirming these results, Vázquez et al. (2018) also found that immune and detoxifying gene transcription within larval guts was variable among the numerous colonies studied following their exposure to glyphosate. Exposing adult bees to syrup contaminated with 0.12 mg/L glyphosate, atrazine, and 0.03 mg/L cadmium alone or in combination revealed that consuming herbicide + metal mixtures decreased the levels of alpha- and beta-carotene (Jumarie et al., 2017). Metabolically, herbicide + metal mixtures were indicative of impacting processes downstream of retinaldehyde formation and vitamin A metabolism and significantly increased thiobarbituric acid reactive substances (TBARS) levels compared to controls. Similarly, honey bee’s consumption of sugar solution over 10 days significantly decreased β-carotene and all-trans-retinol (at-ROH) when spiked with atrazine and increased lutein and at-ROH when spiked with metolachlor (Helmer et al., 2015). Glyphosate-spiked solutions significantly decreased β-carotene as doses increased and significantly increased the mean value of α-tocopherol at the dose of 1.25 ng/bee. Metolachlor ingestion of 20 ng/bee significantly reduced the TBARS levels compared to controls, oral uptake of glyphosate significantly decreased the protein levels as doses increased, and the highest dose of atrazine (5 ng/bee) significantly altered bee mass compared to controls. Similarly, Motta et al. (2018) show that honey bees exposed to field-realistic concentrations of glyphosate have decreased abundances of dominant species of the gut microbiota. In this study, young worker bees exposed to glyphosate, after being exposed to the pathogen Serratia marcescens, displayed higher levels of mortality. Moreover, this study confirmed that different species of honey bee gut microbiota responded differently in their susceptibility to glyphosate; this difference was largely driven by their possession of either 5-enolpyruvylshikimate-3-phosphate synthase (ESPS) class I (glyphosate-sensitive) or class II (glyphosate-insensitive). Subsequent in vitro experiments cloning the ESPS gene from honey bee gut bacteria into Escherichia coli further confirmed this difference – namely, reductions in most strains of the honey bee bacterial gut species Snodgrassella alvi were a consistent outcome. However, it was also found that some S. alvi strains are tolerant of glyphosate, indicating that they have an alternative resistance mechanism, warranting further investigation. In contrast, Decio et al. (2019) show that honey bee exposure to thiamethoxam + glyphosate does not (a) increase the acute toxicity of thiamethoxam and (b) induce the alternative splicing of the mRNAs examined. Specifically, they investigated three genes that are important in honey bee neuronal function: the stress sensor gene X box binding protein-1, the Down Syndrome Cell Adhesion Molecule gene, and the embryonic lethal/abnormal visual system gene, and they concluded that no honey bee cellular response is triggered as a result of exposure to glyphosate in the presence of thiamethoxam.



Non-Apis Bees (Bombus and Solitary Species)

In the recent past, the different toxicity of herbicides to non-Apis bee species, compared to honey bees, has also been determined. Stingless bee species oral ingestion resulted in paraquat inducing higher mortality for Tetragonisca fiebrigi and nicosulfuron inducing higher mortality in Tetragonisca angustula (Fermino et al., 2011). Increased superoxide dismutase isoenzyme activity was observed in both species after exposure to paraquat and is believed to be physiologically related to paraquat detoxification. A separate study observing the effect of oral and contact exposure to glyphosate, 2,4-D, picloram, and glyphosate + 2,4-D on the survival of Melipona scutellaris showed no decrease in longevity, following the application of 50% of the recommended field dose for all compounds (Nocelli et al., 2019). However, decreased M. scutellaris longevity was observed following a contact topical application of 100% of the recommended field dose for glyphosate + 2,4-D. Oral exposure of both 100% and twice the recommended field dose reduced the longevity for all compounds except for 2,4-D at twice the recommended field dose. Interestingly though, when separately evaluating the impact of these herbicides on M. scutellaris temperature control and colony weight in semi-field conditions, Nocelli et al. (2019) found no differences between control and exposure treatments.

A comparative toxicity study of 2,4-dichlorophenoxyacetic acid to three bee species over 10 days of ad libitum feeding found the same LC50 for A. mellifera and B. terrestris (>900 mg/L) and a higher LC50 for O. bicornis (>1,437.5 mg/L) (Heard et al., 2017). Although the premise of this study is that honey bees can serve as a surrogate for non-Apis bees, this discrepancy supports a separate assessment of individual bee species. Exposing A. mellifera and Hypotrigona ruspolii to plant material sprayed with 1 × and 2 × the label-recommended dose of Sunphosate 360 SL® (360 g/L glyphosate in 480 g/L isopropylamine salt) significantly impacted bee mortality as measured at 24 h after the treatment (Abraham et al., 2018). Similarly, significantly higher mortality was recorded at 24 h for H. ruspolii contacting dried filter paper drenched with the recommended dose of Sunphosate 360 SL® – namely, these studies bolster support for the notion that Apis species cannot serve as a surrogate for non-Apis species in assessing the impacts of herbicide toxicity, as has been previously shown for insecticides (Biddinger et al., 2013; Sgolastra et al., 2017). As a result, they strongly support the need for future research that specifically investigates the impacts of herbicides on the non-Apis species in question.



Indirect Effects of Herbicide Use: Decreasing Floral Resources in Farmscape

Multiple interactions between bees, weed abundance, and pollination have been identified in the recent past. For example, weeds are a quantitative limiting resource for honey bees in between massive pollination events and a qualitative limiting resource for wild bees that are specialist foragers (Bretagnolle and Gaba, 2015). Changes in New Hampshire bumble bee species richness have been linked to habitat degradation, agricultural practices, and urban development which reduce floral resources (Jacobson et al., 2018). Specifically, Bombus vagans has been ecologically replaced by the generalist B. impatiens, while the range of Bombus terricola has shifted to higher elevations in more northern latitudes. Examining genetically modified herbicide-tolerant canola and adjacent wildflower strips, O’Brien and Arathi (2018) concluded that these plants provide wild bees refugia habitats by calculating a higher species diversity index for a wildflower plot compared to two canola plots.

Evaluating synthetic-auxin herbicides, Bohnenblust et al. (2016) show that dicamba application, at doses simulating particle drift, delayed and reduced plant flower production and resulted in diminished pollinator visitation. Surveying herbicide presence in native bee tissue from samples collected in two ecologically distinct habitats, Hladik et al. (2016) detected maximum concentrations of atrazine (99 ng/g) and metolachlor (13 ng/g) in 19 and 9% of samples, respectively. County peak application levels for the period 2008–2012 were 28,000 kg for atrazine and 22,000 kg for metolachlor (Baker and Stone, 2013). Assessing honey bee pollen pesticide contamination over a 16-week period, Long and Krupke (2016) note that herbicides and fungicides comprised the most common pesticides. In non-agricultural areas, 83.3% of pollen samples contained metolachlor; adjacent to untreated maize, 75 and 54% of pollen samples contained metolachlor and atrazine, respectively, and adjacent to treated maize, 34–87.5% of pollen samples contained metolachlor, atrazine, and acetochlor.



CONCLUSION AND RECOMMENDATIONS

Pesticide toxicology studies on bees have primarily emphasized insecticides, given their specific design to kill insect species. As a result, a large quantity of data detailing if and how insecticides impact bee survival, at acute exposure, and behavior and normal function, at chronic exposure and sub-lethal doses, has been generated. However, in comparison, fairly little is known regarding the toxicity of other commonly used agricultural chemicals (namely, fungicides and herbicides) to bees. Moreover, the discovery of multiple dimensions of fungicide and herbicide toxicity to Apis and non-Apis species (as detailed in this review) elevates their likelihood of being potentially harmful to bees. For fungicides and herbicides, cases of direct acute mortality and sub-lethal impairment of normal biological behavior have been documented. Application of fungicides (unlike many insecticides) is widely permitted during crop bloom when bees actively pollinate, thereby exacerbating this situation for fungicides. Beyond directly imposing toxicity and impairment of normal functioning to bees, herbicides can also indirectly harm bees by decreasing the available forage resources. Weeds and other non-crop flowering plants provide essential food resources for bees. However, many of these naturally occurring flowering plants commonly foraged by bees are not genetically modified to tolerate herbicides. As a result, herbicide application often kills these flowering plants. Therefore, the importance of future research studies that build upon the results of current studies by continuing to investigate how exposure to these agricultural chemicals affects bees is highly elevated.

From our preliminary analysis of the published data on fungicide and herbicide toxicity to bees, we have identified several knowledge gaps that should be addressed in future work. First off, we explore how the plight of commercialized non-Apis species and specifically solitary bees should be addressed going forward. Currently, most research have focused on honey bees, which is reasonable given their widescale commercialization and usage in pollination events. However, for insecticides, it has been demonstrated that Apis and non-Apis species can react differently (Biddinger et al., 2013; Belsky, 2018), which may in part be explained by differences in how these bee species interact with their environmental surroundings where these insecticides are applied (Boyle et al., 2019; Hinarejos et al., 2019). Conversely, honey bees have been demonstrated to be suitable surrogates for non-Apis species in tier I insecticide assessments as in Thompson and Pamminger (2019). Although some work have investigated the impacts of fungicides and herbicides on non-Apis species, future studies should directly compare their acute and sub-lethal impacts on Apis and non-Apis species simultaneously in both lab and field settings. Additionally, extrapolation on how differences in environmental interaction between Apis and non-Apis species influence their exposure to fungicide and herbicide chemistries and, hence, resulting susceptibility or resistance is needed. It is important to note that most of these studies will address a handful of non-Apis species that are commercially bred for pollination services. Regarding the majority of solitary species remaining, although they are not utilized for commercial pollination, their plight is equally as important. These species are often specialist pollinators that only pollinate a small group of plants that flower in synchrony with their pupal eclosion (Wcislo and Cane, 1996). Therefore, work investigating how usage of fungicides and herbicides in agricultural environments indirectly impacts these bees by means of killing the plants they pollinate is a future direction for research efforts. Also, since most solitary bees construct their nests in the soil (Cane, 2001), an assessment of how they encounter fungicide and herbicide chemistries on these substrates would be useful and builds upon the findings of Boyle et al. (2019) and Hinarejos et al. (2019). Additionally, several non-commercialized bees such as Xylocopa, Exomalopsis, Centris, Oxaea, and many Halictidae species have been documented to contribute to eggplant pollination (Patricio et al., 2012), while Halictidae and Andrenidae species were found to be the predominant pollinators of blueberries (Tuell and Isaacs, 2009). New projects can explore how fungicide and herbicide application in agricultural crop production systems at least partially pollinated by non-commercialized bee species impacts their abundance and pollination performance.

Other knowledge gaps in our current understanding of how fungicide and herbicide chemistries impact bees relate to aspects of experimental design. While most studies have examined acute toxicity in a laboratory setting and a few have brought this initial work into field settings, more field work is needed. Specifically, semi-field studies exposing bees in tunnels or greenhouses and true field studies exposing bees in their natural environments will aid in our understanding of how bees encounter fungicides and herbicides through interacting with their environmental surroundings. Although some work have addressed chronic toxicity by feeding bees fungicide- or herbicide-laced syrup for multiple days and sub-lethal toxicity through mapping changes in bee functioning and behavior following exposure, this is only the beginning. Pinpointing the duration of exposure for bee chronic toxicity onset and determining precisely when sub-lethal exposure translates into bee behavioral changes will aid pesticide applicators in making improved decisions regarding the timing of fungicide and herbicide administration. Using these data, pesticide applicators will be able to incorporate procedures to protect non-target bees from these agricultural chemicals into their application protocols. A few studies have explored how fungicides and herbicides impact honey bee brood (and specifically larvae) (Dai et al., 2018; Vázquez et al., 2018). More studies in this direction that expand into non-Apis brood (probably starting with the domesticated Bombus species) are warranted. Another aspect that has briefly been investigated are the impacts of fungicides and herbicides on bees at the molecular and the genomic levels. Specifically, future work should build upon results such as those of Dai et al. (2018) and Motta et al. (2018) by mapping physiological changes at the molecular genomic level in more precise detail following contact with fungicides, herbicides, and their combination with insecticides or diseases. It is plausible that exposure to these chemicals alters normal gene expression and microbial composition (as has been demonstrated in several studies), which inhibits the ability for bees to detoxify an insecticide or combat a malady.

Findings of synergism arising from a combined contact with insecticides + fungicides or herbicides suggest that exposure to these chemicals in combination might in part instigate their observed hazard to bees. Therefore, the degree to which the potency of fungicides and herbicides to bees results from interactions with other stressors in their environments should be extrapolated in a future work. Most projects investigating herbicides have focused on glyphosate, which is a great start, however, there are a multitude of other herbicide chemistries that are commonly used to control weeds in agricultural settings. Therefore, future research endeavors should prioritize an examination of the toxicity of these different herbicide chemistries to bees.

Building upon our current data regarding insecticide toxicity to bees, the next wave of pesticide research on bees should strongly incorporate fungicides and herbicides. This work is timely given the widescale usage of fungicide and herbicide chemistries in agriculture by measure of market value (Pesticides Industry Sales Usage. United States Environmental Protection Agency, 2017). Moreover, the quantity of these chemicals sold and applied (in tonnage) outnumbers insecticides (Eurostat, 2018; Jess et al., 2018). Since fungicide and herbicide chemistries are commonly applied in environments where domesticated bees are placed for pollination services or that native bees inhabit, analyzing their impact on these organisms is of rising importance. Future research efforts moving in this direction will further illuminate our understanding (as scientists, growers, beekeepers, and pesticide applicators) of the consequences of bee interactions with the full spectrum of agricultural chemicals. Obtaining and utilizing this information will enable our ability to cohesively unify in modifying fungicide and herbicide application protocols to ensure that they do not impact non-target pollinating bees by means of appropriately reflecting the most recent data findings.
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