NRRRRRRERRERRE R
COONOUIDWNRFRPROOONOUITAWNR

w w w w w w w w w N NDNNNNNDNDDN
oo ~ (o3} o1 ~ w N - o [{e] O ~NOYOUIT R~ WN -

A comparison of acute toxicity methodologies for Bombus spp.

Kayla A. Mundy*
Nigel E. Raine!

1School of Environmental Sciences, University of Guelph, Canada

Corresponding Author:

Kayla A. Mundy

ORCID: 0000-0001-9395-5591

kmundy03@uoguelph.ca

1-416-894-8912

University of Guelph, School of Environmental Sciences, 50 Stone Road East, N1G 2W1

Abstract

Acute toxicity testing (lethal dose and lethal concentration for 50% of the population; LDso and LCso)
is a required component of the first level of pesticide risk assessment. A review of peer-reviewed and
ECOTOX database toxicity values was conducted to assess methodology and toxicity value
consistency. Bumble bee LDsy and LCs tests varied in five key areas: test subject, active ingredient
specifications, test solution specifications, test conditions, test procedure. Only recently has a
consistent methodology for bumble bee LDso tests been released, but differs substantially from
previous methods. Study methodologies have varied in at least one component and comparison of
acute toxicity values can differ substantially between studies. Although a current standard, the
appropriateness of the contact LDsy method of anaesthetisation and test location should be revisited.
This work demonstrates inconsistency in current peer-reviewed analysis of acute toxicity to bumble
bees and that current standard methods may not be perfected.

1. Introduction

Pollinators are responsible for $235-577 billion dollars (USD) in pollination services
annually (IPBES 2016), a majority of which is accomplished by insects and humans are reliant upon
particular nutrients from pollinator dependent crops, such as Vitamin A (Klein et al. 2007; Smith et
al. 2015). The honey bee (Apis mellifera) is considered to be the most important managed insect for
agricultural production and is considered a bioindicator for agricultural pesticides (Porrini et al.
2003). Thus, there is opposition to the importance of wild pollinators in crop pollination services
(Kleijnetal. 2015) however, the specificity of greenhouse production (Velthuis & van Doorn 2006),
the additional benefits to crops with wild pollinators present (Garibaldi et al. 2016), the realization

that globally pollinators differ, and that it is short-sighted to rely on a single species for important
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pollinator-dependent crops (Allen-Wardell et al. 1998; IPBES 2016; Winfree et al. 2007) makes it
clear that more data should be gathered about wild bees. Wild bees are present on many orchard,
berry and cucurbit vegetable crops in North America and Europe, providing added pollination benefit
to crop quality and yield (Garibaldi et al. 2013). For example, bumble bees (Bombus spp.) are heavily
managed for greenhouse production (Velthuis & Van Doorn 2006) and two solitary bees, the Alfalfa
Leafcutting Bee (Megachile rotundata) and the Blue Orchard Bee (Osmia lignaria) are used to
supplement pollination of alfalfa and tree fruit crops, respectively (Pindar et al. 2017).

Bumble bees are also important wild pollinators, particularly in North America where
intricate plant-pollinator relationships have evolved (Ollerton 2017). The use of bumble bee
pollination services within greenhouse tomato production has been calculated as over $14 billion
dollars (USD) in 2004 (Velthuis & Van Doorn 2006)), however the exact value of bumble bee
pollination services remains unknown (Goulson et al. 2011). Sapir et al. (2017) demonstrated
enhanced seed set and cross pollination by honey bees when bumble bees are present. A diverse
assemblage of pollinators can support the stabilization and resiliency of ecosystem services (Folke
2006). Stabilization is necessary to buffer temporal and spatial changes in resources and particularly
when the reaction of any one species within an ecosystem is unknown (Winfree & Kremen 2009).
Evidence from Illinois suggests plant pollinator relationships are currently under stress from reduced
redundancy, the resiliency of the system is in question and potential further change may cause
irreversible damage (Burkle et al. 2013). In an agricultural setting, pesticides, including insecticides,
fungicides and herbicides are one of the most heavily studied bee stressors. The neonicotinoids are a
popular class of insecticides and have been heavily studied with a mix of results between species in
field or semi-field studies (Rundlof et al. 2015; Woodcock et al. 2016 Cutler & Scott-Dupree 2014;
Whitehorn et al. 2012).

To address potential effects of pesticides on bees, protocols to assess the toxicity of pesticides

exist. The focus is mainly on A. mellifera as it is typically used as a bioindicator for pollution by
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pesticides (Porrini et al. 2003) due to the heavy industrial agriculture use. These protocols give an
approximation of potential hazard to A. mellifera for both pollinator dependent and independent
crops. The Organization for Economic Co-operation and Development (OECD) has published
guidelines for honey bee acute contact (OECD 1998a) and oral (OECD 1998b) toxicity and the
United States Environmental Protection Agency (US EPA) has released a different acute contact
protocol (US EPA 2012). There have been continuous attempts to create an acceptable assessment
factor from honey bee data to wild bees (Arena & Sgolastra 2014; Heard et al. 2017; Thompson
2015), but there is still debate. An outcome of this assessment may have been the release of bumble
bee OECD protocols for acute contact (OECD 2017a) and oral (OECD 2017b) toxicity that can
follow the risk assessment scaffold of honey bees. However, A. mellifera is a poor model for bumble
bees and other wild bees due to the different level of sociality expressed and the level of human
management. A. mellifera is advanced eusocial, with whole hives of thousands of bees overwintering
and new colonies created by fisson, whereas bumble bees and solitary bees overwinter as individuals
and in the case of bumble bees found a colony in the spring or in the case of solitary bees mate and
establish nests for the laying of eggs. As A. mellifera risk assessment ultimately focuses upon colony
level effects, the most sensitive exposure periods for wild bees are overlooked (Stoner 2016).
Additionally, like solitary bees that have been commercialized, testing bumble bees is not typically
required. For example, Canada only tests honey bees as required component for pesticide registration
when exposure is possible (Government of Canada 2005). Nonetheless, acute toxicity tests have been
completed for bumble bees, which will be the focus of this paper. The objectives were to determine
to consistency between LDso and LCso methods and compare the LDsp and LCsp results for the same
active ingredient across studies for bumble bees. We tested the hypothesis that if studies are consistent
in the assessment of the LDsg or LCso then similar LDsg or LCso values for the same active ingredient
will be obtained.

2. Methods
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89 A literature search was conducted between March and April 2017 for peer-reviewed articles
90 thatassessed the fifty-percent lethal dose (LDso) for bumble bees. The University of Guelph literature
91  database was used, which includes databases such as Web of Science and CAB Direct. Record date
92 limits were set from January 1900 to January 2017. Search terms included were “lethal dose”,
93 “toxicity”, “acute oral”, “acute contact”, “method”, “methodology” and “Bombus”. These were
94  combined to search for bumble bee specific toxicity values and methodologies. Papers were cross-
95  referenced with those in the US EPA’s ECOTOX database (US EPA 2017). Papers that appeared
96  withinthe ECOTOX database and the literature search were included in analysis, a total of 38 papers.
97  The rationale for the inclusion of papers represented within both searches was to include values that
98  are used in risk assessment by the US EPA and to ensure the values being compared were from peer-
99  reviewed literature.
100 The methodology was analyzed for similarities and variances within 5 categories; test subject,
101 active ingredient specifications, test solution specifications, test conditions, test procedure (Table 1).
102  As the solution fed to or applied on a bumble bee can be quite different, an additional category
103  relevantto oral or contact toxicity was also included depending on the type of study performed (Table
104  2). In order to compare a standardized value, only those papers that assessed the LDso or the LCsp are
105  reported here, a total of 6 papers. Toxicity values of the same active ingredient within these papers
106  were recorded for comparison across studies.
107 Protocols for the assessment of the acute contact and oral LDso for honey bees were obtained
108  from the OECD (1998a; 1998b) and the US EPA (2012) in April 2017. Having been published after
109 the initial search for papers, the protocol for the assessment of the acute contact and oral LDs, for
110  bumble bees were obtained from the OECD (2017a; 2017b) in January 2018 and included in the

111  methodologies comparison.
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112 3. Results and Discussion

113 3.1. Test Subject

114 In most cases, the average weights of the bees tested are not reported which may have an
115  impact on the toxicity as noted by Drescher and Guesen-Pfister (1991), van der Steen (1994) and
116  Thompson (2015). When comparing the methomy| oral LDso of workers above and below 220 mg,
117  Drescher and Geusen-Pfister (1991) found quite a difference at the 24-hr assessment (3.02 ug/bee
118  vs 3.808 ug/bee), but reported the same values at the 48 and 72-hr assessments. van der Steen

119  (1994) found a substantial link between the size and the LDso of bumble bees. Comparing the

120  smallest and largest groups based upon the average weight shows the small group of 0.162g

121  produced an LDsp of 5.5 ug dimethoate/bee whereas the large group of 0.297g produced an LDs, of
122 13.0 ug dimethoate/bee (van der Steen 1994). The impact of size on relative toxicity has been used
123  to explain why honey bees may be more susceptible to pesticides, but serves more as a generality
124  not true in all cases. For example Megachilie rotundata and Nomi melanderi react similarly to

125  pesticides, but differ by 3-6 mm in size and both react differently than Apis mellifera which is

126  approximately the size of N. melanderi (Devillers et al. 2003). Evidence from Cresswell et al.

127  (2012) suggests bumble bees are more sensitive to dietary imidacloprid than honey bees, suggesting
128  that bumble bees many have a lower threshold for neonicotinoids. Based upon the limited data for
129  bumble bees, it is recommended that further assessment occur on different Bombus spp. to

130  determine if size within species and between species impacts susceptibility to pesticides.

131 Size concerns also factor into the volume of test solution fed to the bee. With variation in
132  size there is an argument that there should be variation in the volume given, however how much
133  variation within size is acceptable for the determination of a changing volume within bumble bees

134 has not been addressed in the current literature. Nonetheless, no study has altered the volume for the
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135  size of the bee, instead attempting to remove average size and age workers from colonies prior to
136  the experiment and administering a fixed volume of test solution.

137 The current database of LDsg values is inundated with Bombus terrestris, in fact the only
138  other species to have a reported oral LDs, for some active ingredients is B. lapidarius and the only
139  other species with a reported contact LDsy is B. terricola. Only B. terricola is native to North

140  America, the other two being part of the European bumble bee fauna. Given that B. impatiens is a
141  commercial pollinator in Canada and exposure to pesticides is highly likely, the lack of any LDs
142  for this species prevents a risk assessment from taking place that requires such a value. There have
143  been attempts at the creation of a lethal concentration (LCso) value, (Gradish et al. 2012; Scott-
144 Dupree et al. 2009), however they are overwhelmingly contact toxicity with only one oral LCs
145  value for a commercial formulation of deltamethrin (33.8ppm, Decis 5EC, BayerCropScience;

146  Gradish et al. 2012). Furthermore, the LCs is not measured in the same manner and cannot be used
147  with the current honey bee (EPPO 2010) or general bee (Sanchez-Bayo & Goka 2014) risk

148  assessment calculations. This is not an ideal situation given the importance of this species within
149  greenhouses across the country and the various pesticides they may be exposed to. Better toxicity
150 testing for greenhouse specific chemicals is required as the model A. mellifera is not appropriate
151  given that they are not used within greenhouses.

152 3.2. Active Ingredient Specifications

153 An active ingredient as defined by the Pest Control Products Act (PCPA) as “a component
154  of a pest control product to which the intended effects of the product are attributed and includes a
155  synergist but does not include a solvent, diluent, emulsifier or other component that is not primarily
156  responsible for those effects” (PCPA 2002). Thus, an active ingredient is a technical or analytical
157  compound typically with >90% purity. The supplier should be acknowledged and the active

158 ingredient tested should be as close to 100% as possible to align with the Pest Control Products Act

159  (2002). However, the OECD considers a commercial formulation to be an active ingredient as well
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160 (OECD 1998a; 1998b; 2017a; 2017b). A commercial formulation can include other components
161  and therefore is not an active ingredient according to the PCPA. This distinction is important as
162  there is variation in the amount of the active ingredient within products. For example, sulfoxaflor
163  can be 50% in a water dispersible granule product (Transform WG Insecticide, Dow AgroSciences)
164  or 24% in in a suspension concentrate (Closer Insecticide, Dow AgroSciences). The amount of

165 active ingredient put into the environment can also be adjusted based upon application instructions,
166  Integrated Pest Management (IPM) decisions and farmer error.

167 The variation in amount of active ingredient being tested for LDso purposes is a cause of
168  concern as there can be differential toxicities assessed between the technical and the commercial
169  formulation. For example, sulfoxaflor and flupyradifurone have different acute oral lethal dose

170  (LDso) values for honey bees between the technical and commercial formulations (Figure 1). In both
171  cases the active ingredient and commercial formulation do not have the same value. Thus, a base
172  line toxicity test may be conducted with the technical compound, but should always be followed up
173 with the specific formulations that will be applied in the environment.

174 3.3. Maintenance Solution Specifications

175 The OECD (1998b) guidelines for oral toxicity stipulate a 50% w/v sucrose solution,

176  however some studies utilized honey. The potential impact of honey as compared to sucrose with an
177  active ingredient is not known. However, honey does have a greater tendency to ferment, requiring
178  more frequent replacement of the feeder solution, but bees are able to locate honey faster due to the
179  stronger odour (Pomeroy & Plowright 1980). More research is required to determine if it is best for
180  sucrose or honey to be used in test and control solutions.

181 3.4. Test Conditions

182 The laboratory conditions that the bees are kept in may induce a small amount of error

183  across studies as all variables are not held constant. Temperature variations that are not ideal for

184  bumble bees may produce some negative impacts upon worker bees, particularly when they are held
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185 individually for days. The OECD (1998a; 1998b; 2017a; 2017b) requirements for honey bees and
186  bumble bees is 25 + 2°C, but Pomeroy and Plowright (1980) found that natural bumble bee colonies
187  maintained at 29-32°C, with an optimal temperature of 30°C to be the best for long periods.

188 Bees are activated to fly with light, and when confined for the test duration, may become
189 increasingly exhausted or stressed compared to those bees held in constant darkness. This may

190 impact the survivorship of the bees between studies and thus not be totally representative of the

191  toxicity of the active ingredient. However, there has not been research into stress on bees trapped in
192  light and/or dark conditions. It is hypothesized that the most movement would occur at the switch
193  points between light and dark.

194 An underrated aspect of bumble bee survival is the relative humidity of the room in which
195  they are kept. A higher relative humidity allows the supplemental nectar solution to remain moist,
196 rather than hardening as the water evaporates. Previous work conducted in lab suggested that a

197  lower relative humidity was causing solution supplies to run out prematurely and potentially

198 contributing to death rates (personal observation). It would be interesting to determine what relative
199  humidity is maintained within natural colonies in order to mimic these conditions as Pomeroy and
200  Plowright (1980) did with temperature.

201 3.5. Test Procedure

202 Mortality times reported are 24, 48 and 72 hours. In some instances, studies only report a
203  single time point, which can prevents a comparison to other active ingredients if they do not include
204 that same time point. The standard acute toxicity time is 48 hours, but Marletto et al (2003) failed to
205  include this in a large test of oral LDso analysis of B. terrestris, providing the 24 and 72 hour

206  results.

207 In some instances, particularly for contact toxicity tests, bees are to be anesthetized. Most

208  often researchers use CO- and this is recommended in both the OECD and EPA (Table 3) contact

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27436v1 | CC BY 4.0 Open Access | rec: 18 Dec 2018, publ: 18 Dec 2018




209 toxicity guidelines. However, Marletto et al (2003) used a combination of cold and CO; to

210  anesthetise the bumble bees, using those that fell under after a few minutes for the toxicity trials
211  (Table 3). Unfortunately, exposure to CO- for as little as one second can produce a retarded ability
212  tobegin activity over time, even though they are initially more active (Poissonnier et al. 2015).
213  Exposure to cold (5°C) for 13 to 15 minutes initially produces no difference in activity from

214 controls, but overtime demonstrate a greater activity decline than control or CO; exposed

215  (Poissonnier et al. 2015). At 96-hr, which would be the final time point in an extended toxicity test,
216  the CO; and cold treated bees had failed to regain initial activity levels (Poissonnier et al. 2015),
217  suggesting that the methodology itself interferes with a bees ability to cope with a pesticide. In LDso
218  testing, recording whether or not bees are affected by the test active ingredient is required. If the
219 anesthetic induced behaviour is mistakenly attributed to the test active ingredient then the toxicity
220  profile will be incorrect. Thus, the anesthetic used may be a huge confound in contact testing.

221 Although not tested for mortality risk, the removal of bees from a nest box with an aspirator
222  and then blowing them out of the tube can cause injury to the bee (personal observation).

223  Depending on the experience of the individual bees can be killed if ejected too quickly from the
224 tube onto a hard surface. To avoid this risk, removal of bees with forceps allows for more control
225  for the placement of bees. It is quite easy to collect bees in this manner when the colony is back
226  light with red light allowing the legs to be visible.

227 Active ingredients can be dissolved in a variety of mediums, but oral field exposure would
228  only be in nectar, pollen and water. Studies examined adhered to this principle and as discussed
229  previously, either mixed it with a sugar based or honey based solution. For contact exposure, a

230  bumble bee would be sprayed with a tank mixture or land on wetted or dried plant parts. There are
231  protocols for mixtures of specific products, but in a lab test all of these factors may not be

232  replicable. Nonetheless, the application of an active ingredient in acetone is unlikely and leads to an

233 unnecessary control group for acetone application alone in addition to a zero control. Ideally, the
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234  active ingredient should be mixed in water and if examination of the product formulation is to be

235  conducted, the mixture should as closely as possible reflect mixing directions as if it will be applied

236  infield.
237 3.6. Contact Toxicity
238 Application amounts vary in contact toxicity tests (Table 3), with honey bee requirements

239  set fairly low by the OECD at 1 uL and bumble bees at 2 puL (1998a; 2017a). Previous work on
240  LDsgs ranged from 1 to 10 uL applications and LCses had 1 to 5 mL applications. With more active
241  ingredient applied, it is hypothesized that the longevity of the bee would decrease thus suggesting a
242  different LDso or LCso value.

243 The control provided by different application tools may have an impact on toxicity and this
244 s closely tied to the location of the test solution on a bee. A complete spraying of the bee is not
245 ideal and neither is a direct drop where a bee may have access to it. All LDso protocols call for the
246  application to occur on the dorsal thorax (Table 3). Two LCso studies used a potter spray tower for
247  application, which has received criticism due to departure from the standard honey bee protocol of
248  drop application (Table 3; Arena & Sgolastra 2014). However, work completed by Tong and

249  Huang (2018) on grooming intensity and safe pollen sites demonstrated that bumble bees (B.

250  friseanus in this study) are capable of intense grooming on the dorsal thorax. The two areas

251  delineated for the dorsal thorax had the most intense grooming of all areas examined on the bee.
252  The application of an active ingredient to a location that is easily and well-groomed by a bumble
253  bee may lead to ingestion of the test active ingredient, therefore confounding the result of the acute
254  contact test with oral exposure.

255 Assuming the risk of oral exposure should be minimized for any contact exposure test, it
256  would be ideal to spray on sites where the least grooming efficiency is found. The areas along the

257  midline abdomen of the bumble bee, dorsal or ventral were the least efficiency groomed and would
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258  pose the least risk to oral exposure (Tong and Huang 2018). There is no LDs study that compares
259  the same active ingredient with different application locations, but an approximation may be made
260  from two LCs studies. Deltamethrin has been tested with application to the dorsal thorax (Gradish
261  etal. 2012) and ventral thorax (Scott-Dupree et al. 2009) and deltamethrin was found to be 5 times
262  more toxic when applied ventrally (69ppm vs 346.5ppm). However, Gradish et al. (2012), applied
263  only 1 mL and did not report an anesthetic whereas Scott-Dupree et al. (2009) applied 5 mL and
264  used CO,. Both of these factors may also influence the toxicity.

265 3.7. Oral Toxicity

266 Similar to contact toxicity, variations in the amount of test solution given may alter the
267  longevity of bees and affect the calculated LDso or LCso. The amount of test solution fed to the bees
268  has largely not been reported and those reported vary between 10 and 30 pL per bee, which means
269  that bees receive 0.1 and 0.3 pg due to volume change (Table 4). The OECD (2017b) protocols call
270  for 40uL of test solution to be administered to bumble bees, which is larger than anything used
271  previously and there is no justification for this change in the document.

272 Although the starvation period is longer than honey bees, there is general agreement

273  between all documents, typically ranging from 2-4hours (Table 4). However, the time period

274  allowed to feed is quite different between the OECD protocols for honey bees (1998b) and bumble
275  bees (2017b). The maximum time allowed to consume the solution in studies was a maximum of 2
276  hours, but at least one LDs and one LCsp allowed for 15 minutes (Table 4). Starvation period along
277  with many other changes in methods may have implications on mortality at the times assessed,

278  particularly if the first mortality scoring will be done within 8 hours (Table 5).

279 A major difference between the oral toxicity tests of bumble bee and honey bees, is the
280 treatment of honey bees as a group of 10 and bumble bees as individuals, which suggests that there

281  may be some issues with direct comparison between the two LDso values. More research into
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282  mortality in light and dark conditions, as well as if bumble bees can be kept in groups to more

283  closely mimic the honey bee protocol is necessary. One argument for the change in methods from
284  the honey bees is that bumble bees do not practice trophallaxis (van der Steen 2001) and bumble
285  bees when kept in microcolonies will display aggressive behaviour until one becomes the dominant
286  (Besard etal. 2010). Nonetheless, it would be interesting to see if these adaptations produced

287  substantially different acute oral LDso values.

288 3.8. Acute toxicity comparability

289 Ideally, honey bees would be an appropriate indicator species for wild bees. Honey bees are
290  plentiful in the environment, particularly when they are brought in for pollination services, but are
291  not the most sensitive to pesticide effects (Devillers et al. 2003). When a pesticide reports as non
292  toxic to a honey bee, this does not mean it will respond the same within other species of wild bees,
293  including bumble bees (Devillers et al. 2003). There have been attempts at comparing the LDs of
294 bumble bees and honey bees to estimate which species is on average most sensitive (see Arena and
295  Sgolastra 2014), however the variable methods used to produce these values may influence this
296  comparison. Even with multiple attempts to create an appropriate safety factor (Thompson 2015;
297  Heardetal. 2017), the inability to find one that encapsulates variation suggests that multiple indicator
298  species are required. These indicator species would be spread out across genus to include variation in
299  exposure profiles and sensitive periods. For example, a mated bumble bee queen hibernates over
300  winter and upon emergence, must provision and establish a colony. For about a month (Thompson &
301  Hunt 1999) she is the sole provider for her brood until these workers emerge and can assist in brood
302  care and foraging. With an emphasis on the colony, as in honey bee protocols, the actual sensitive
303  time points will be missed (Stoner 2016). Further, bumble bees also forage at cooler temperatures
304  and at earlier and later times of the day than honey bees (Corbet et al. 1993; Thompson & Hunt
305  1999). This disparity in flight periods means that exposure to bumble bees can vary quite greatly from

306  honey bees. For example, current EPPO high risk active ingredients are to place warnings on these
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products, one of which includes spraying earlier, which would disproportionately impact bumble bees
over honey bees. However, the warning of not spraying during flowering can be beneficial to both
species. Thus, it is important to consider in what ways current methods of ‘pollinator’ protection are
specifically aimed at Apis mellifera.

4. Conclusion

LDsg values are calculated to estimate the environmental risk faced when pollinating crops.
These risk results then influence how the product is used. For bumble bees, the study methods
varied on a least one component of assessment and the comparison of values for the same active
ingredient do suggest methods can influence the results. We could not support the hypothesis that
consistent methods would produce consistent LDso and LCso results. The differences in methods
may or may not impact the results obtained from the analysis. However, based upon study
comparison of oral acute toxicity values, there certainly is justification for unease. The most
concerning issue, which can vary globally is the definition of an active ingredient, this should be
standardized across all laws, policies and protocols. This will ensure similar purity products are
being used as pure product and commercial formulations can impact toxicity, such as in sulfoxaflor
and flupyradifurone. The lack of consistency in reporting times between studies, can prevent
comparison of active ingredients and species.

Bumble bees only recently obtained a standard acute toxicity testing protocol (OECD
2017a; 2017b), which differs from all previous bumble bee acute toxicity assessments. The acute
contact toxicity methodology (OECD 2017a) contains some confounding issues regarding the
allowance of anaesthetization of bees (Poissonnier et al. 2015) and the placement of the compound
in a readily groomed area (Tong & Huang 2018). The acute oral toxicity method (OECD 2017b)
has increased the volume of test solution for consumption and extended the acceptable consumption
period, the impacts of these changes are not known. More analysis of these factors upon bee

behaviour and mortality should be gathered to attempt to predict possible interactions between the
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methodology and active ingredient toxicity. Further, as more bee species are used for crop
pollination, more protocols should be developed to adequately assess acute toxicity. These new
protocols should also consider the differences the exposure profile and sensitive periods, especially

as higher level risk assessments become necessary.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27436v1 | CC BY 4.0 Open Access | rec: 18 Dec 2018, publ: 18 Dec 2018




15

339 5. References
340  Allen-Wardell G, Bernhardt P, Bitner R, Burquez A, Buchmann SL, Cane J, Cox PA, Dalton V,

341 Feinsinger P, Ingram M, Inouye D, Jones CE, Kennedy K, Kevan P, Koopowitz H, Medellin R,

342 Medellin-Morales S, Nabhan GP, Pavlik B, Tepedino V, Torchio P, Walker S (2008) The potential
343 consequences of pollinator declines on the conservation of biodiversity and stability of food crop
344 yields. Conserv Biol, 12(1): 8-17.

345  Arena M, Sgolastra F (2014) A meta-analysis comparing the sensitivity of bees to pesticides.

346 Ecotoxicology, 23: 324-334. https://doi.org/10.1007/s10646-014-1190-1

347  Baron GL, Raine NE, Brown MJF (2014) Impact of chronic exposure to a pyrethroid pesticide on

348 bumble bees and interactions with a trypanosome parasite. J Appl Ecol, 51: 460-469.

349 https://doi.org/10.1111/1365-2664.12205

350  Besard L, Mommaerts V, Vandeven J, Cuvelier X, Sterk G, Smagghe G (2010) Compatibility of

351 traditional and novel acaricides with bumble bees (Bombus terrestris): a first laboratory assessment
352 of toxicity and sublethal effects. Pest Manag Sci, 66: 786—793. https://doi.org/10.1002/ps.1943

353  Burkle LA, Marlin JC, Knight TM (2013) Plant-pollinator interactions over 120 years: loss of species, co-
354 occurrence, and function. Science, 339(6127): 1611-1616. https://doi.org/10.1126/science.1232728
355  Cresswell JE, Page CJ, Uygun MB, Holmbergh M, Li Y, Wheeler JG, Laycock I, Pook CJ, Hempel de
356 Ibarra N, Smirnoff N Tyler CR (2012) Differential sensitivity of honey bees and bumble bees to a
357 dietary insecticide (imidacloprid). Zoology, 115:365-371. https://doi.org/10.1016/j.z00l.2012.05.003
358  Cutler CG, Scott-Dupree CD (2014) A field study examining the effects of exposure to neonicotinoid
359 seed-treated corn on commercial bumble bee colonies. Ecotoxicology, 23: 1755-1763.

360 https://doi.org/10.1007/s10646-014-1340-5

361  Corbet SA, Fussell M, Ake R, Fraser A, Smith K (1993) Temperature and the pollinating activity of
362 social bees. Ecol Entomol, 18: 17-30.
363  Dance C, Botias C, Goulson D (2017) The combined effects of a monotonous diet and exposure to

364 thiamethoxam on the performance of bumble bee micro-colonies. Ecotox Environ Safe, 139: 194—
365 201. https://doi.org/10.1016/j.ecoenv.2017.01.041

366  Devillers J, Decourtye A, Budzinski H, Pham-Delégue MH, Cluzeau S, Maurin G (2003) Comparative
367 toxicity and hazards of pesticides to Apis and non-Apis bees. A chemometrical study. SAR QSAR in
368 Environ Res, 14(5-6): 389-403. https://doi.org/10.1080/10629360310001623980

369  Drescher W, Geusen-Pfister H (1991) Comparative testing of the oral toxicity of acephate, dimethoate
370 and methomyl to honey bees, bumble bees and syrphidae. Acta Hortic, 288, 133-138.

371  EPPO (European and Mediterranean Plant Protection Organization) (2010) Environmental risk

372 assessment scheme for plant protection products. Chapter 10: honeybees. EPPO Bulletin, 40: 323—
373 331.

374 Fauser-Misslin A, Sadd BM, Neumann P, Sandrock C (2014) Influence of combined pesticide and

375 parasite exposure on bumble bee colony traits in the laboratory. J Appl Ecol, 51: 450-459.

376 https://doi.org/10.1111/1365-2664.12188

377  Folke C (2006) Resilience: The emergence of a perspective for social-ecological systems analyses.

378 Global Environmental Change, 16: 253-267. https://doi.org/10.1016/j.gloenvcha.2006.04.002

379  Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco R, Cunningham SA, Kremen C,
380 Carvalheiro LG, Harder LD, Afik O, Bartomeus I, Benjamin F, Boreux V, Cariveau D, Chacoff NP,
381 Dudenhoffer JH et al. (2013) Wild pollinators enhance fruit set of crops regardless of honey bee
382 abundance. Science, 339(6127). https://doi.org/10.1126/science.1230200

383  Goulson D, Rayner P, Dawson B, & Darvill B (2011) Translating research into action; bumble bee

384 conservation as a case study. J Appl Ecol, 48: 3-8. https://doi.org/10.1111/j.1365-

385 2664.2010.01929.x

386  Government of Canada. (2005). Use Site Category (DACO Tables) - Agriculture and Forestry. Retrieved
387 July 27, 2017, from https://www.canada.ca/en/health-canada/services/consumer-product-

388 safety/pesticides-pest-management/registrants-applicants/product-application/use-site-category-
389 daco-tables/agriculture-forestry-pesticides.html

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27436v1 | CC BY 4.0 Open Access | rec: 18 Dec 2018, publ: 18 Dec 2018




16

390  Gradish AE, Scott-Dupree CD, Frewin AJ, Cutler GC (2012) Lethal and sublethal effects of some

391 insecticides recommended for wild blueberry on the pollinator Bombus impatiens. Can Entomol,
392 144: 478-486. https://doi.org/10.4039/tce.2012.40

393  Gretenkord C, Drescher W (1993) Effects of 4 pesticides (Decis, Metasystox, Pirimor, Rubitox) on the
394 bumble bee Bombus terrestris L: determination of the oral LDso and preliminary results with semi-
395 field tests. Apidologie, 24(5): 520-521.

396  Health Canada Pest Management Regulatory Agency (2015) Proposed Registration Decision Sulfoxaflor,
397 PRD2015-08. Ottawa, Ontario, Canada.
398  Health Canada Pest Management Regulatory Agency (2014) Proposed Registration Decision

399 Flupyradifurone, PRD2014-20. Ottawa, Ontario, Canada.

400 Heard MS, Baas J, Dorne J-L, Lahive E, Robinson AG, Rortais A, Spurgeon DJ, Svendsen C, Hesketh, H
401 (2017) Comparative toxicity of pesticides and environmental contaminants in bees: are honey bees a
402 useful proxy for wild bee species? Sci Tot Environ, 578: 357—-365.

403 https://doi.org/10.1016/j.scitotenv.2016.10.180

404  Helson BV, Barber KN, Kingsbury PD (1994) Laboratory toxicology of six forestry insecticides to four
405 species of bee (Hymenoptera: Apoidea). Arch Environ Con Tox, 27: 107-114.

406 https://doi.org/10.1007/BF00203895

407  IPBES (2016) Summary for policymakers of the assessment report of the Intergovernmental Science-
408 Policy Platform on Biodiversity and Ecosystem Services on pollinators, pollination and food

409 production. S.G. Potts, V. L. Imperatriz-Fonseca, H. T. Ngo, J. C. Biesmeijer, T. D. Breeze, L. V.
410 Dicks, L. A. Garibaldi, R. Hill, J. Settele, A. J. Vanbergen, M. A. Aizen, S. A. Cunningham, C.
411 Eardley, B. M. Freitas, N. Gallai, P. G. Kevan, A. Kovacs-Hostyanszki, P. K. Kwapong, J. Li, X. Li,
412 D. J. Martins, G. Nates-Parra, J. S. Pettis, R. Rader, and B. F. Viana (eds.). Secretariat of the

413 Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn,

414 Germany. 36 pages.

415  Kerr JT, Pindar A, Galpern P, Packer L, Potts SG, Roberts SM, Rasmont P, Schweiger O, Colla SR,

416 Richardson LL, Wagner DL, Gall LF, Sikes DS, Pantoja A (2015) Climate change impacts on

417 bumble bees converge across continents. Science, 349(6244): 177-180.

418 https://doi.org/10.1126/science.aaa7031

419  Kleijn D, Winfree R, Bartomeus I, Carvalheiro LG, Henry M, Isaacs R, Klein AM, Kremen C, M’Gonigle
420 LK et al. (2015) Delivery of crop pollination services is an insufficient argument for wild pollinator
421 conservation. Nat Commun, 6: 7414. https://doi.org/10.1038/ncomms8414

422  Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter |, Cunningham SA, Kremen C, Tscharntke T

423 (2007) Importance of pollinators in changing landscapes for world crops. P R Soc B-Biol Sci,

424 274(1608): 303-313. https://doi.org/10.1098/rsph.2006

425  Marletto F, Patetta A, Manino A (2003) Laboratory assessment of pesticide toxicity to bumble bees.

426 Bulletin of Insectology, 56(1): 155-158.

427  OECD (Organization for Economic Cooperation and Development) (1998a) OECD guidelines for the
428 testing of chemicals. Honeybees, acute contact toxicity test, 214.

429  OECD (Organization for Economic Cooperation and Development) (1998b) OECD guidelines for the
430 testing of chemicals. Honeybees, acute oral toxicity test, 213.

431  OECD (Organization for Economic Cooperation and Development) (2017a) OECD guidelines for the
432 testing of chemicals. Bumblebee, acute contact toxicity test, 246.

433  OECD (Organization for Economic Cooperation and Development) (2017b) OECD guidelines for the
434 testing of chemicals. Bumblebee, acute oral toxicity test, 247.

435  Ollerton J (2017) Pollinator Diversity: Distribution, Ecological Function, and Conservation. Annu Rev
436 Ecol Evol Syst, 48: 353-76. https://doi.org/10.1146/annurev- ecolsys- 110316- 022919

437  Pest Control Products Act (S.C. 2002, c. 28). Retrieved from http://www.laws-

438 lois.justice.gc.ca/eng/acts/P-9.01/

439  Pindar A, Mullen EK, Tonge MB, Guzman-Novoa E, Raine NE (2017) Status and trends of pollinator
440 health in Ontario. Comprehensive literature review report.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27436v1 | CC BY 4.0 Open Access | rec: 18 Dec 2018, publ: 18 Dec 2018




17/

441  Poissonnier L-A, Jackson AL, & Tanner CJ (2015) Cold and CO; narcosis have long-lasting and

442 dissimilar effects on Bombus terrestris. Insect Soc, 62: 291-298. https://doi.org/10.1007/s00040-
443 015-0404-8

444 Pomeroy N, Plowright RC (1980) Maintenance of bumble bee colonies in observation hives

445 (Hymenoptera: Apidae). Can Entomol, 112: 321-326.

446  Porrini C, Sabatini AG, Girotti S, Fini F, Monaco L, Celli G, Bortolotti L, Ghini S (2003) The death of
447 honey bees and environmental pollution by pesticides: the honey bees as biological indicators. B
448 Insectol, 56(1): 147-152.

449  Rortais A, Arnold G, Dorne, J-L, More SJ, Sperandio G, Streissl F, Szentes C, Verdonck F (2017) Risk
450 assessment of pesticides and other stressors in bees: principles, data gaps and perspectives from the
451 European Food Safety Authority. Sci Tot Environ, 587-588: 524-537.

452 https://doi.org/10.1016/j.scitotenv.2016.09.127

453  RundIof M, Andersson GKS, Bommarco R, Fries I, Hederstrém V, Herbertsson L, Jonsson O, Klatt, BK,
454 Pedersen TR, Yourstone J, Smith HG (2015) Seed coating with a neonicotinoid insecticide

455 negatively affects wild bees. Nature, 521: 77-80. https://doi.org/10.1038/nature14420

456  Sanchez-Bayo F, Goka K (2014) Pesticide residues and bees — a risk assessment. PLoS ONE, 9(4):

457 £94482. https://doi.org/10.1371/journal.pone.0094482

458  Sapir G, Baras Z, Azmon G, Goldway M, Shafir S, Allouche A, Stern E, Stern RA (2017) Synergistic
459 effects between bumble bees and honey bees in apple orchards increase cross pollination, seed

460 number and fruit size. Scientia Horticulturae, 219: 107-117.

461 https://doi.org/10.1016/j.scienta.2017.03.010

462  Scott-Dupree CD, Conroy L, Harris CR (2009) Impact of currently used or potentially useful insecticides
463 for canola agroecosystems on Bombus impatiens (Hymenoptera: Apidae), Megachile rotundata
464 (Hymentoptera: Megachilidae), and Osmia lignaria (Hymenoptera: Megachilidae). Ecotoxicology,
465 102(1): 177-182.

466  Smith MR, Singh GM, Mozaffarian D, Myers SS (2015) Effects of decreases of animal pollinators on
467 human nutrition and global health: a modelling analysis. Lancet, 386: 1964—72.

468 https://doi.org/10.1016/S0140-6736(15)61085-6

469  Stoner K (2016) Current pesticide risk assessment protocols do not adequately address differences

470 between honey bees (Apis mellifera) and bumble bees (Bombus spp.). Front Environ Sci, 4: 79.
471 https://doi.org/10.3389/FENVS.2016.00079

472  Thompson H (2015) Extrapolation of acute toxicity across bee species. Integr Environ Asses, 12(4): 622—
473 626. https://doi.org/10.1002/ieam.1737

474  Thompson HM, Hunt LV (1999) Extrapolating from honeybees to bumblebees in pesticide risk

475 assessment. Ecotoxicology, 8(3): 147-166.

476  United States Environmental Protection Agency (US EPA) (2012) Ecological effects test guidelines

477 OCSPP 850.3020: honey bee acute contact toxicity test. Retrieved from http://www.regulations.gov
478  United States Environmental Protection Agency (US EPA) (2017) ECOTOX Database. Accessed from
479 https://cfpub.epa.gov/ecotox/quick_query.htm

480  van der Steen JJM (1996) A method to determine the acute oral LDs, of pesticides for bumble bees

481 (Bombus terrestris L). Apidologie, 27: 276-277.

482  van der Steen JJM (2001) Review of the methods to determine the hazard and toxicity of pesticides to
483 bumble bees. Apidologie, 32: 399-406.

484  van der Steen JJM (1994) Method development for the determination of the contact LDso of pesticides for
485 bumble bees (Bombus terrestris L). Apidologie, 25(5): 463-465.

486  Velthuis HHW, van Doorn A. (2006). A century of advances in bumble bee domestication and the

487 economic and environmental aspects of its commercialization for pollination. Apidologie, 37: 421—
488 451. https://doi.org/10.1051/apido:2006019

489  Whitehorn PR, O’Connor S, Wackers FL, Goulson D (2012) Neonicotinoid pesticide reduces bumble bee
490 colony growth and queen production. Science, 336(6079), 351-352. DOI: 10.1126/science.1215025

491  Winfree R & Kremen C. (2009). Are ecosystem services stabilized by differences among species? A test

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27436v1 | CC BY 4.0 Open Access | rec: 18 Dec 2018, publ: 18 Dec 2018




492
493
494
495
496
497
498
499
500

18

using crop pollination. P R Soc B-Biol Sci, 276(1655): 229-237. https://doi.org/10.
1098/rspb.2008.0709

Winfree R, Williams NM, Dushoff J, Kremen C (2007) Native bees provide insurance against ongoing
honey bee losses. Ecology Letters, 10: 1105-1113. https://doi.org/10.1111/j.1461-
0248.2007.01110.x

Woodcock BA, Isaac NJB, Bullock JM, Boy DB, Garthwaite DG, Crowe A, Pywell RF (2016) Impacts of
neonicotinoid use on long-term population changes in wild bees in England. Nat Commun, 7:12459.
https://doi.org/10.1038/ncomms12459

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27436v1 | CC BY 4.0 Open Access | rec: 18 Dec 2018, publ: 18 Dec 2018




19

501

= N w
PO N O WG

LD;, dose (ug A.l. / bee)

o
o

Sivanto 200 SL Sivanto 200 SL Closer
+ tebuconazole Insecticide

o

Technical Commercial Technical Commercial

502 Flupyradifurone Sulfoxaflor
503 Figure 1. Variation in acute oral toxicity reported as LDsp at 48-hrs for the honey bee Apis mellifera (Health Canada,

504  2014; Health Canada, 2015)

505
506  Table 1. Methodology information recorded regardless of test type.
Test Active Ingredient Maintenance Solution Test Test Procedure
Subject Specifications Specifications Condition
Species Technical or Sugar or honey to sweeten | Light: Dark Mortality time reported
Commercial
Purity (%) Concentration of Temperature Anaesthetised
sweetener
Supplier or Humidity Duration of
Manufacturer Anaesthetisation
Removal from colony
Active ingredient
dissolved in
507
508  Table 2. Methodology information specific to acute oral or contact toxicity testing.
Oral Toxicity Contact Toxicity
Amount fed Amount applied
Starvation period | Application tool
Feed allowance | Application location

509
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Table 3. Comparison of methodologies used to produce contact LDsp values for Apis mellifera (OECD #214 & EPA Guide) and bumble bees as well as the
methodology for LCs values for bumble bees (Bombus terrestris).

LD50 LCSO
OECD OECD Unl_ted SIS Marletto St Gradish Marletto
Environmental van der Helson et al. Dupree
ey ose ELmsle Protection Agency | Steen (1994) (1994) il et al clell el
: *
(1998a) bee (2017a) (2012) (1993) (2000)* (2012) (2003)
. Micro- Micro- Micro-applicator Microdoser/ | Automatic Potter Potter Automatic
Applicator aoplicator applicator OR Impregnated Microiniector Pipette Spray Spray Pinette
PP or pipette Dust Chamber . P Tower Tower P
Ventral
. Thorax
Application Dorsal Dorsal Dorsal Thorax OR Between Ventral Dorsal Cage
. Between Dorsal Thorax
Location Thorax Thorax Whole Body base of 2 coxae Thorax Thorax Bottom
and 3 Legs
. C arbon C arbon Cold, Carbon Carbon Carbon Carbon
Anaesthetic dioxide or dioxide or L - - o o . - -
. dioxide, Nitrogen dioxide dioxide dioxide
Nitrogen Cold
Exposure
Length of - . =3 ~10-12
Anaesthetic | Snould be . b ) - VETBEE i seconds | seconds :
minimized
Volume of
Solution 1uL 2uL Do not exceed 5 pL lpuL 2-5uL 10 uL 5SmL 1mL 1.1mL
Light .
Conditions Dark Dark Dark - 18L: 8D Dark Dark Dark Dark
Tem?,eé;"t“re 2542 25+2 25-35 - 16* 28 25+1 | 2541 28
Relative
Humidity (%) 50-70 40- 80 50-80 - 60-70 60 - 40-60 60
- B Y N
Expression | ug A.l bee? Hg A'll' bee ug A.l. bee? ug A.l. bee? | ugA.l bee? Hg A'll' bee flvg/;/ Mg A{'I' L ppm

*Bioassay conducted on B. impatiens
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Table 4. Comparison of methodologies used to produce oral LDsg values for the honey bee, Apis mellifera (OECD #213) and bumble bee, Bombus terrestris as

well as the methodology used for LCso values for bumble bees.

LDso L Cso
Hgni;:[t?ee Bu%i%eDbee (I;De ?ssg:gf?srt]gr Marlettoet | Gretenkord and van der Gradish et Besard et al.
(1998b) (2017) (1991) al. (1993) Drescher (1993) | Steen (1996) | al. (2012)* (2010)**
wgt’; Group of 10 |  Individual Individual Individual Individual Individual | Individual | Group of 5
g:lcurt‘l’gf] 50% wiv 50% wiv 50% 50% (Honey) 50% 50% (Honey) -
Starv«:ition Up to 2-hr 2-4-hr - 3-hr - 2-3-hr 3-hr -
Period
50lug:2 PEr 1 1020 uL 40 pL - 10 pL 30 uL 10 pL 25 uL 500mL***
Time Allowed | 5 1\, 4 hr : 15 min : 2-hr 15 min :
to Feed
CorIT(iigi]Pif)ns Dark Dark - Dark - Dark Dark Dark
Tem'([f,ecri‘ture 2542 25+2 - 28 25 25+2 25+1 28-30
Huﬁq‘iﬁi})"z% | 50-70 40-80 - 60 50 - 30 60-65
Expression pg Al bee | pg Al bee' ng A.l. bee! ug A.l. bee? ug A.l. bee! ug Al bee | Al.mgL? A'I];dn;_% (L

*Bioassay conducted on B. impatiens
**Included in the table, but major methodology differences aside from those within the chart
*** This was given to a microcolony so the exact amount consumed by each individual is unknown
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518 Table 5. Comparing the LDso acute oral values (ug A.l. bee'!) for Bombus terrestris of differing methodologies.

Gretenkord and Vg?egﬁr Marletto et al. Drescher and Geusen-Pfister
Drescher (1993) (1996) (1993) (1991)
Time Point (hr) 24 - 24 72 24 48 72
Acephate - - 8.36 7.37 135.47 13.40 3.98
Deltamethrin 0.6 0.54 - -
Dimethoate - 1.7 0.44 0.33 -* -* -*
Lambda-
cyhalathrin - 0.16 0.21 0.16 - - -
3.164, 2.752, 2.608,
Methomy! - - 346 | 33 | o7gowx | 2365%* | 2177%
Oxydemeton- 0.75 0.76 ) ) i : i
methyl
Phosalone 60 59.7 3.98 3.98

519  *Tested but a value could not be determined
520  **Assay was completed with Bombus lapidaries
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