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12 Simple feature detectors in the visual system, such as edge-detectors, are likely to underlie 

13 even the most complex visual processing, so understanding the limits of these systems is 

14 crucial for a fuller understanding of visual processing. We investigated the ability of 

15 bumblebees (Bombus terrestris) to discriminate between differently angled edges. In a 

16 multiple-choice, “meadow-like” scenario, bumblebees successfully discriminated between 

17 angled bars with 7° differences, significantly exceeding the previously reported performance 

18 of eastern honeybees (Apis cerana, limit: 15°). Neither the number of choices required to 

19 learn, nor the bees’ final discrimination performance were affected by the angular orientation 

20 of the training bars, indicating a uniform performance across the visual field. Previous work 

21 has found that, in dual-choice tests, eastern honeybees cannot reliably discriminate between 

22 angles with less than 25° difference, suggesting that performance in discrimination tasks is 

23 affected by the training regime, and doesn’t simply reflect the perceptual limitations of the 

24 visual system. We used high resolution LCD monitors to investigate the limits of bumblebees’ 

25 angular resolution in dual-choice experiments. Bumblebee could still discriminate 7° angle 

26 differences under such conditions (exceeding the previously reported limit for Apis mellifera, 

27 of 10°, as well as that of A. cerana), eventually reaching similar levels of accuracy, but required 

28 longer learning periods than under multiple-choice conditions. Bumblebees show impressive 

29 abilities to discriminate between angled edges, performing better than two previously tested 

30 species of honeybee. This high performance may, in turn, support complex visual processing 

31 in the bumblebee brain.
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32 Introduction

33 Low-level feature detectors [1–5] such as edge orientation detector neurons [6] underlie 

34 visual object recognition, even in complex cognitive tasks [2,6–10]. Roper et al. [11] 

35 demonstrated that it is possible to identify and discriminate a wide variety of complex visual 

36 patterns, using a low number of edge orientation detectors, without any need for storing 

37 “snapshot” visual memories. Differences in edge detection performance are thus likely to 

38 underpin interspecies differences in many visual discrimination tasks, so a detailed 

39 understanding of visual learning by bees and other insects will require an understanding of 

40 the limits of edge orientation detection. Bumblebees are a popular model for studies of insect 

41 visual learning [12,13], providing significant advantages in that they can be can be bred and 

42 kept in indoor settings, which allows researchers to test them year-round in precisely defined 

43 laboratory conditions. There is currently no behavioural data available on how well 

44 bumblebees can discriminate between angled edges.

45 Wehner and Lindauer [14,15] trained European honeybee workers (Apis mellifera) to collect 

46 food from feeders bearing either vertical, horizontal or 45° black bars. In tests, bees could 

47 discriminate the training pattern from one with only a 10° difference in orientation; at 8°, 

48 bees’ performance deteriorated; and they failed completely at 5°. Chandra et al.  [6] trained 

49 eastern honeybee workers (Apis cerana) to feeders with black stripes of various angular 

50 orientations, presented on a white disk. Two tests were used: in one, the bees chose between 

51 two cues, one with stripes matching the trained orientation and one in a different orientation; 

52 the other test employed a multiple-choice paradigm, in which bees chose between the trained 

53 orientation and 11 deviations from it. Honeybees performed better in the multiple-choice 

54 situation, successfully choosing the trained orientation over alternatives rotated by 15°, 

55 whereas under the dual-choice conditions they only succeeded in differentiating between 

56 stripes that differed by 25°. This result gives a clear demonstration of the risks of inferring the 
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57 limits of discrimination from behavioural performance, since such performance depends not 

58 just on what the bee sees, but also on the training procedure. There is mounting evidence 

59 that the conditioning procedure plays an important role in how animals perform in visual 

60 discrimination tasks [16–19]. Comparative methodological approaches allow us to understand 

61 the advantages and limits of each type of protocol [9,20], and provide insight into the ways 

62 performance depends not just on sensory limitations but on how information is processed 

63 and used in different contexts.

64 We investigated the ability of bumblebee workers (Bombus terrestris audax) to discriminate 

65 between cues with differently oriented edges, in both a multiple-choice, meadow-like 

66 environment and in a dual-choice set-up, to determine whether their performance differs 

67 from that of honeybees and how it is affected by the behavioural context. 

68 Methods

69 Experiments 1 and 2: Multiple-choice (meadow paradigm)

70 Setup and pre-training

71 We tested bumblebee workers from two commercially bred colonies (Biobest, Belgium). Each 

72 colony was kept in a custom-built wooden nest box (280 × 160 × 110 mm high) and connected 

73 via a Perspex tunnel to a foraging arena (700 × 700 × 400 mm high) with white painted walls 

74 and green laminated paper floor. High frequency fluorescent lighting (TMS 24F lamps with HF-

75 B 236 TLD ballasts, Phillips, Netherland; fitted with Activa daylight fluorescent tubes, Osram, 

76 Germany) were used to illuminate the foraging arena; the flicker frequency of the lights was 

77 ~42kHz which is well above the flicker fusion frequency for bees [21,22].

78 During a pre-training phase, bees were allowed free access to the arena where they could 

79 forage on ad libitum sucrose solution (20% w/w) from ten feeders placed on the arena floor. 
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80 Each feeder consisted of a sucrose-solution-filled feeding tube (Ø 7mm) placed horizontally at 

81 the centre of a vertically aligned, circular disk (Ø 110mm), made of laminated white paper. 

82 Each feeder was supported by an attached block weight (15 × 25 × 45 mm high) that allowed 

83 the feeder disk to be aligned perpendicular to the floor arena (Figure 1b). Bees foraging from 

84 the feeders were individually marked with number tags (Opalithplättchen, Warnholz & 

85 Bienenvoigt, Germany) for identification. Numbered bees that were observed to forage in the 

86 arena frequently were allowed to advance to the individual training phase. Pollen was 

87 provided ad libitum into the colony.

88 Training and testing

89 During the training phase, bees were allowed to forage individually in the arena. Ten feeders 

90 (Figure 1B) were arranged in a circle, such that a bee could see all ten stimuli from the centre 

91 of the arena (Figure 1A). These feeders were identical to those used in pre-training, except 

92 that each white circle contained a single black bar (75 x 5 mm). Use of a 360° protractor 

93 attached to each feeding station, and spirit level on the arena base, allowed the experimenter 

94 to align the bar to precise angular orientations (Figure 1). Five feeders, randomly assigned, 

95 had the bar oriented at one angle, A, and provided 10µl sucrose solution (CS+: 30% w/w); the 

96 remaining five feeders had the bar oriented to a different angle, B, and were non-rewarding, 

97 filled with a 10µl water droplet (CS-). Feeding tubes were refilled from the rear, preventing 

98 sucrose or water from being deposited at the entrance of the tube. 

99 Figure 1. Experimental set-up

100 A: Multiple-choice arena. A bumblebee colony was housed in a wooden box, connected to 

101 the experimental arena by a transparent tunnel. Ten feeders were presented in a circle 

102 configuration so that all were visible from the centre of the arena. B: Feeder. Each feeder 

103 consisted of a white paper disc with a printed black bar, and a feeding tube in the centre. A 

104 heavy block weight at the rear of the feeder supported a rotatable 360° protractor, allowing 

105 the bar to be rotated to the required angle. Five feeders, allocated at random, had the bar 

106 oriented to angle A and contained a drop of sucrose solution; the others were oriented to 
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107 angle B and contained water only. C: Dual-choice arena. Two computer monitors were 

108 arranged at a 60° angle at the rear of the arena. Each presented a black bar in a white circle. 

109 A feeding tube was placed at the centre of each bar. One bar, allocated at random was 

110 oriented to angle A and the feeding tube contained a drop of sucrose solution; the other was 

111 oriented to angle B and contained water. D: Example stimuli used in dual-choice 

112 experiments. Top row, two stimuli used during pre-training, one on each screen. Bottom row, 

113 example bar stimuli used for training and testing: left, 0° bar; right, 7° bar. All stimuli were 

114 displayed in magenta (RGB: 255,0, 255) on a white background (RGB: 255, 255, 255).

115 This training paradigm was used for two experiments: in the first, three bees were trained to 

116 rewarding and unrewarding feeders with bars differing in orientation by 15°. Each bee 

117 experienced one angle A (CS+) and one angle B (CS-), but three different sets of angles were 

118 used, with one set assigned to each bee at random. Angle A was either 30°, -60° or -75° 

119 (clockwise from vertical); angle B was 45°, -75°, or -60° respectively.

120 In the second experiment, 25 bees were trained to bar orientations differing by 7°. A greater 

121 range of bar orientations was used in order to examine discrimination performance across the 

122 full range of possible orientations. We started with four base angles at -60°, 0°, 45° and 90°. 

123 These were paired with an angle that differed by 7°, either clockwise or anticlockwise (e.g. 45° 

124 could be paired with 38° or 52°), giving 8 pairs of angles. We assigned pair of angles to each 

125 bee at random and further randomised which of the two angles in the pair was associated 

126 with the sucrose reward and which with water. There were thus 16 possible combinations of 

127 angles A and B, although only 12 were assigned to bees in practice. Table 1 gives details of 

128 how many bees were trained with each pair of angles.
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129 Table 1. Number of bees tested with each pair of bar angles in experiment 2

Base 
angle 

(°)

Direction of 
difference

Base angle 
assignment

Angle A (°) Angle B (°) No bees

-60 + A -60 -53 1
-60 + B -53 -60 2
-60 - A -60 -67 4
-60 - B -67 -60 2

0 + A 0 7 1
0 + B 7 0 0
0 - A 0 -7 0
0 - B -7 0 0

45 + A 45 52 4
45 + B 52 45 3
45 - A 45 38 2
45 - B 38 45 0
90 + A 90 97 1
90 + B 97 90 1
90 - A 90 83 2
90 - B 83 90 2

130

131 Before training, all bees were removed from the arena and the setup was cleaned with 70% 

132 ethanol. The focal bee was allowed repeated access to the foraging arena until a total of 100 

133 consecutive feeder choices were recorded. A choice was defined as a bee landing on a feeding 

134 tube, and for each choice we recorded whether the feeder was rewarding or unrewarding. 

135 After each foraging bout (consisting of multiple feeder choices, typically 4-10, continuing until 

136 the bee filled its crop, and returned to the nest box), all feeders were cleaned and the 

137 positions of rewarding and unrewarding were randomized before the bee was allowed to re-

138 enter the arena. Rewarding feeders were refilled with 10µl sucrose solution once the bee each 

139 time a bee had drunk and departed from the feeder. Bees did not consume water from the 

140 unrewarding feeders, so they did not require refilling after each choice, but unrewarding 

141 feeders were cleaned and refilled after every foraging bout.
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142 Experiments 3 and 4: Dual-choice

143 Set-up

144 We tested bumblebee workers from a third colony (Biobest, Belgium) on dual-choice tests, 

145 including even smaller angular deviations. To test the bees’ ability to discriminate below 7o, it 

146 is important to ensure that the angular alignment is more precisely controlled than we could 

147 guarantee using physical stimuli. Instead, we presented stimuli on two high-resolution, high-

148 refresh-rate LCD computer monitors (Acer Predator GN246HLB, with 144Hz refresh rate, 

149 which is above the flicker fusion frequency of bees [22,23]). These monitors were aligned and 

150 fixed in position, and software-generated oriented bars were used to ensure uniform angles.

151 A second flight arena (1150 × 1300 × 500 mm high) was used for experiments 3 and 4. The 

152 flight arena was covered with a red Gaussian random dot pattern (generated with custom 

153 MATLAB code), printed onto white laser copy paper and laminated. At the top of the arena a 

154 fine fabric net was attached, this extended to the laboratory ceiling. High frequency 

155 fluorescent lighting (TMS 24F lamps with HF-B 236 TLD ballasts, Phillips, Netherland; fitted 

156 with Activa daylight fluorescent tubes, Osram, Germany) were used to illuminate the 

157 apparatus. 

158 Two monitor screens were positioned at the rear wall of the flight arena and aligned at 60° 

159 angle from each other, allowing the bee to see both screens from the entrance of the arena 

160 (980 mm in front of the monitors). A transparent Plexiglas sheet was placed 15 mm from each 

161 monitor screen with a small hole (Ø 10mm) at the centre, leading to a feeding tube (Ø 8mm, 

162 15mm long). As the tube was behind the Plexiglas from a bee’s point of view, it did not block 

163 any of her flight movements in front of presented stimuli and allowed us an unobstructed 

164 view of the bee’s movements. 
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165 Stimuli

166 Stimuli were created and displayed on the monitors using custom MATLAB (Mathworks) code 

167 and the PsychToolbox [24]. Each monitor displayed a single circle open circle (Ø 260 mm) on 

168 a white background, with one or more shapes inside. All stimuli were magenta (RGB: 255,0, 

169 255), allowing observers to easily see the dark body of a bee in front of the monitor while still 

170 providing high levels of green-photoreceptor-contrast for the bee, which is required for edge 

171 detection and angle discrimination tasks [4,25,26]. During pre-training, one monitor showed 

172 a Ø 20 mm filled circle surrounded by four concentric circles (Ø 95, 160, 210 and 260 mm), 

173 while the other showed the Ø 260 mm circle containing an arrangement of 17 filled circles (Ø 

174 20 mm; Fig 1D).

175 During training and tests, each monitor showed a circle containing a single bar (180 mm x 20 

176 mm, with rounded ends; Fig 1D). Each rewarding bar orientation was paired with an identical, 

177 unrewarding bar, at a different angle. Two experiments were carried out: in experiment 3, 

178 rewarding stimuli were assigned to 6 bees at random (angle A: 0°, 38°, 83°, 90°, 90° and 97° 

179 clockwise from vertical). The bar for the unrewarding feeder was rotated either +7° or -7°, 

180 relative to the rewarding stimulus (angle B: 7°, 45°, 90°, 83°, 97° and 90°, respectively). In 

181 experiment 4, three bees were trained to stimuli with angle A set to 85°, 90° and 90° clockwise 

182 from vertical. The bar for the unrewarding feeder was rotated by +5° or -5° relative to the 

183 rewarding stimulus (angle B: 90°, 85° and 85°, respectively).

184 Pre-training

185 During the pre-training phase, bees were individually trained to feed from the feeding 

186 platforms and to learn that certain visual stimuli were associated with a sucrose reward. 

187 During this phase, no oriented bars were presented, but bees learned to discriminate between 

188 filled or open circles placed within the 260 mm outer circles (Fig 1D). One stimulus, assigned 
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189 at random, provided 20μL of 50% (w/w) sucrose solution in the feeding tube (CS+). The other 

190 contained 20μL of water (CS-). 

191 A choice was recorded whenever a bee landed on one of the two feeding tubes. If the bee 

192 chose the tube in front of the unrewarding stimulus it was allowed to continue making choices 

193 it landed on the rewarding feeder. Once the bee had located and consumed the 20μL sucrose 

194 solution from the rewarding feeder, it was captured in a transparent ventilated transfer tube 

195 (Ø 30mm; 70mm long) and released again from the entrance of the arena to make another 

196 choice. Each foraging bout consisted of approximately four feeder visits, and lasted until the 

197 bee’s crop was full and it returned to the nest (mean crop capacity: 80 to 120μL, [27]). The 

198 positions of the rewarding and unrewarding stimuli were pseudo-randomized between bouts 

199 (with no more than two consecutive visits permitted with the same positions). Once a bee 

200 chose the rewarding pattern eight times out of the last ten feeder visits, it progressed to the 

201 experimental training phase. 

202 Training and testing

203 The experimental training phase followed the same procedure as above. During each foraging 

204 bout, each of the two monitors showed an oriented bar (one feeder providing reward of 20μL 

205 of 50% sucrose solution w/w, and the other providing 20μL water). The location of the 

206 rewarding stimulus was pseudo-randomized for each foraging bout. Each bee was trained for 

207 approximately 150 choices, continuing until the bee achieved at least 80% correct choices 

208 over two consecutive 10-choice batches. If the bee did not achieve this 80% accuracy after 

209 250 choices, the training was abandoned.

210 If the bee achieved ≥80% correct choices in two consecutive batches of 10 choices, it was 

211 subjected to a test bout. During tests, both feeding tubes had a 20μL drop of water within 

212 them regardless of the stimulus. After each batch of 10 choices between unrewarding stimuli, 

213 the bee was given 10 choices under training conditions, with the trained stimulus again 
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214 rewarded with sucrose, to maintain its motivation to visit the feeders. The proportion of 

215 choices for the trained stimulus was recorded for each batch of 10 choices for unrewarded 

216 stimuli. The test bout ended when the bee no longer attempted to visit either feeding tube.

217 Analysis

218 Learning performance was evaluated using the percentage of correct choices for every block 

219 of 10 consecutive feeder visits. Individual bees were categorised as having learned the task if 

220 they made more than 80% correct choices over two consecutive 10-choice blocks at any point 

221 during the learning phase. Experiments 1 and 4 had small sample sizes (of only 3 bees per 

222 experiment), so we evaluated bees’ performance based solely on how many had reached this 

223 learning criterion.

224 For experiments 2 and 3, we further tested whether the number of correct choices over the 

225 last 20 feeder visits by each bee, during training, was significantly greater than chance 

226 performance, using one-sample Wilcoxon signed-rank tests to compare the median number 

227 of correct choices to a chance level of 10 correct choices out of 20. The bees in experiment 3 

228 were also tested on their performance in unrewarding probe s. We tested whether their 

229 performance exceeded chance in these tests using a paired Wilcoxon signed-rank test, in 

230 which the number of correct choices made was compared to an expected value of half the 

231 total number of feeder visits during the test.

232 We investigated whether there was any effect of bar orientation on the final performance 

233 reached by each bee in experiment 2. Bees were assigned to one of four orientation groups, 

234 in which we tested their ability to differentiate between bars at one of four angles (-60°, 0°, 

235 45°, 90°) and bars ±7° from each of those angles (Table 1). Only one bee was tested in the 

236 0°±7° group, so it was excluded from this analysis. The other three groups (-60°, 45°, 90°) 

237 contained 9, 9 and 6 bees, respectively. We tested for differences in performance between 

238 these groups using a Kruskal-Wallis test, in which the dependent variable was the number of 
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239 correct choices over the last 20 feeder visits made by bees in each orientation group. Among 

240 those bees that reached a performance of 80% correct choices over at least 20 visits, we 

241 tested whether there was an effect of bar orientation on the speed of learning, using another 

242 Kruskal-Wallis test in which the dependent variable was the number of choices required to 

243 reach the 80% learning criterion by bees in each orientation group.

244 We investigated whether there were differences in final performance between bees trained 

245 to discriminate 7° orientation differences under dual- and multiple-choice conditions, using a 

246 pair of Kruskal-Wallis tests to compare the performance of bees from experiment 2 to those 

247 from experiment 3. The dependent variables were the number of correct choices by each bee 

248 during feeder visits 80-100 and the number of correct choices by each bee over its last 20 

249 choices. We tested whether there was a difference in the speed of learning between 

250 experiments 2 and 3, using another Kruskal-Wallis test in which the dependent variable was 

251 the number of choices required to reach the 80% learning criterion by bees in each 

252 experiment.

253 All statistical tests were 2-tailed. All statistics were calculated in Matlab (version R2018a; 

254 Mathworks Inc., Natick, USA).

255 Results

256 Experiment 1: Multiple-choice, 15° angular difference

257 The first experiment tested bumblebees’ ability to discriminate a 15° difference in edge 

258 orientation. The first three bees tested all reached the criterion for success (mean ≥80% 

259 correct choices over two consecutive blocks of 10 feeder visits) within 40-50 feeder choices 

260 (proportion correct choices over final 20 choices, mean ± standard error of the mean: 0.917 ± 
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261 0.033; Fig 2). Due to this clear evidence that bees could discriminate an angular difference of 

262 15°, we proceeded immediately to test a smaller difference of 7°. 

263 Figure 2. Learning curves for bees in multiple- and dual-choice experiments.

264 Each marker shows the mean proportion of choices (±S.E.) for the trained angle, A, across a 

265 block of 10 consecutive choices in multiple-choice experiments (red lines) and dual-choice 

266 experiments (blue lines). Dark red triangles indicate experiment 1 (multiple-choice, angles A 

267 and B differ by 15°, N=3); light red circles, experiment 2 (multiple-choice, angles A and B 

268 differ by 7°, N=25); dark blue circles, experiment 3 (dual-choice, angles A and B differ by 7°, 

269 N=6); light blue squares, experiment 4 (dual-choice, angles A and B differ by 5°, N=3). Dashed 

270 grey horizontal lines indicate a chance level of performance (0.5) and the criterion for our 

271 bees to be classified as having learned (0.8, but note that bees had to reach this proportion 

272 of correct choices over 20 feeder visits).

273 Experiment 2: Multiple-choice, 7° angular difference

274 Out of 25 bees tested on angled bars with a 7° difference, just three failed to reach 80% correct 

275 choices over at least two consecutive blocks of 10 feeder visits. Those bees that reached the 

276 80% learning criterion, did so after a mean of 71.36 ± 3.37 choices (range: 40-100; Fig 2). The 

277 mean proportion of correct choices by all 25 bees in this group over their last 20 feeder visits 

278 was 0.870 ± 0.025, significantly greater than expected by chance (Wilcoxon signed-rank test: 

279 V = 325, N = 25, P <0.0001), and similar to the performance seen in the 15° experiments (Fig 

280 2).

281 The three bees that failed to reach 80% successful choices were each trained with a different 

282 bar orientation, A (-60°, 52° and 45°) and each of these angles was also assigned to other bees 

283 that did reach the criterion (5, 2 and 5 successful learners, respectively). There were no 

284 significant differences between the groups of bees trained on each of three different base bar 

285 orientations (-60°±7°, 45°±7°, 90°±7°) in the number of correct choices over their final 20 

286 choices (Kruskal-Wallis test: χ2
2 = 4.98, P = 0.083; Fig 3A-B). Among the 21 bees in these three 

287 orientation groups that did reach the 80% learning criterion, there was no effect of bar 
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288 orientation on the number of choices required to reach this level of performance (Kruskal-

289 Wallis test: χ2
2 = 1.60, P = 0.450; Fig 3C). 

290 Figure 3. Angular discrimination is unaffected by training bar angles, in multiple-choice 
291 tests

292 A: Mean proportion of choices (±S.E.) for the trained angle, A, across a block of 10 

293 consecutive choices for bees in experiment 2. Dark red triangles indicate bees that were 

294 trained to discriminate bars of -60° ± 7° (N=9); blue circles, bees trained to discriminate bars 

295 of 45° ± 7° (N=9); light green squares, bees trained discriminate bars of 90° ± 7° (N=6). Dashed 

296 grey horizontal lines indicate a chance level of performance (0.5) and the criterion for our 

297 bees to be classified as having learned (0.8 but note that bees had to reach this proportion 

298 of correct choices over 20 feeder visits). B: Proportion of choices for angle A (correct choices) 

299 across the last 20 feeder visits by bees trained to each group of angular orientations (-60° ± 

300 7°, 45° ± 7°, 90° ± 7°). Red lines indicate group median, boxes indicate the interquartile range 

301 and whiskers indicate the range. Filled circles show the proportion of choices for angle A, 

302 made by each individual. There are no significant differences between groups. C: Number of 

303 feeder visits required to reach a performance level of at least 80% correct choices across a 

304 block of 20 consecutive feeder visits, by bees trained to each group of angular orientations 

305 (-60° ± 7°, N=8; 45° ± 7°, N=7; 90° ± 7°, N=6). Three bees that never reached this criterion 

306 have been excluded (one from the -60° ± 7° group and two from the 45° ± 7° group). There 

307 are no significant differences between groups.

308 Experiment 3: Dual-choice, 7° angular difference

309 We also tested bees’ ability to discriminate a 7° angle variance in a dual-choice paradigm. 

310 After 100 feeder visits (the total number experienced by bees in the multiple-choice 

311 experiments), six bees had a mean success rate of just 0.600 ± 0.058 across choices 80-100. 

312 This performance is significantly lower than in the multiple-choice setup (Kruskal-Wallis test: 

313 χ2
1 = 10.41, P = 0.0013; Fig 2). 

314 With continued training, all but two bees reached the 80% criterion within 130-170 choices 

315 (mean ± S.E.: 147.50 ± 8.54), demonstrating that bumblebees are capable of learning to 

316 discriminate angular deviations of 7° under these conditions. Bees in the dual-choice 

317 experiment required significantly more training to reach this criterion than those in the 
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318 multiple-choice experiment (Kruskal-Wallis test: χ2
1 = 9.99, P = 0.0016), and examination of 

319 the learning curves makes it clear that bees’ performance in experiment 3 improved at a lower 

320 rate than that of bees in experiment 2, throughout the entire training period (Fig 2). 

321 Even the two bees that never reached the 80% threshold showed evidence of learning, with 

322 final performances of 0.70 and 0.75 after 190 choices. The mean proportion of correct choices 

323 by all 6 bees in this group over their last 20 feeder visits was 0.800 ± 0.034, significantly greater 

324 than expected by chance (Wilcoxon signed-rank test: V = 21, N = 6, P = 0.031; Fig 2). There 

325 was no significant difference between the final performance reached by these bees and those 

326 discriminating 7° differences in experiment 2, under multiple-choice conditions (Kruskal-

327 Wallis test: χ2
1 = 2.72, P = 0.099).

328 The bees in this test were subjected to a learning test after they had reached the 80% criterion, 

329 or after 190 choices in the case of the two bees that never reached 80% performance. In this 

330 test, all feeders were unrewarding. Under these conditions, bees were as successful in 

331 discriminating angles as they were at the end of the training period, with a mean proportion 

332 of choices for the previously rewarding stimulus of 0.764 ± 0.065, significantly greater than 

333 expected by chance (Wilcoxon signed-rank test: V = 21, N = 6, P = 0.031).

334 Experiment 4: Dual-choice, 5° angular difference

335 We attempted to train a further three bees to discriminate oriented bars with only 5° angle 

336 differences. This sample size is too low for formal analysis, but Fig 2 suggests that these bees 

337 did show some improvement in performance with continued training. However, they 

338 appeared to improve in performance at a far slower rate than those discriminating 7° 

339 differences. Even after 250 feeder visits over the course of four to six full days, the bees did 

340 not obviously choose the correct bars more often than expected by chance (mean proportion 

341 correct choices ± S.E.: 0.600 ± 0.029; individual means: 0.500, 0.600, 0.650; Fig 2). 
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342 Performance in a subsequent learning test was similarly poor (mean proportion correct 

343 choices ± S.E.: 0.636 ± 0.016; individual means: 0.625, 0.667, 0.615).

344 Discussion

345 In this study, we demonstrate that bumblebees (Bombus terrestris) are able to discriminate 

346 between oriented bars with an angle difference of just 7°, in both a meadow-like multiple-

347 choice, and a dual-choice scenario, and regardless of bar orientation. Our data suggest that 

348 bumblebees are unlikely to be able to discriminate angular differences of 5° or less. This 

349 performance slightly exceeds that reported for European honeybees (Apis mellifera), which 

350 discriminated 10° differences with certainty and still showed some evidence of discrimination 

351 at 8°, in dual choice tests [14,15]. By contrast, previous work has found that eastern 

352 honeybees (Apis cerana) could not be trained to discriminate angle differences below 15° in 

353 a multiple-choice setup, and below 30° under dual-choice conditions [6].

354 While the final performance of bumblebees was similar in both experiments, it took far more 

355 training for them to reach a high level of performance when choosing between two options 

356 displayed on computer monitors than when 10 options were displayed in a physical array. A 

357 number of studies have demonstrated an influence of conditioning paradigm on bees’ 

358 behavioural performance in a variety of tasks [28–30]. Our study, in concert with that of 

359 Chandra et al. [6], demonstrates that the training procedure can affect the outcome of even  

360 apparently simple perceptual tasks and highlights the dangers of attempting to derive 

361 perceptual limits directly from behavioural studies.

362 Why might bees learn to discriminate angles more quickly in a multiple-choice experiment? 

363 There were several methodological differences between the experiments, so it is not possible 

364 to determine this conclusively, but one important factor may be the frequency with which 

365 bees were able to get feedback on their choices. In the meadow-like, multiple-choice 
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366 experiment, bees visited several feeders during every foraging bout (round-trip from the nest 

367 to the flight arena and back), but in the dual-choice experiment they could make only one 

368 choice before being returned to the arena entrance. The comparative difference in how 

369 rapidly they can sample different options and rewards may account for the difference in 

370 learning speed.

371 The stimuli for our multiple-choice test were printed on paper, while the dual-choice test was 

372 presented on computer monitors, which have previously been found make fine 

373 discriminations more difficult for bees [31]. However, Chandra et al. [6] reported differences 

374 between dual- and multiple-choice setups for eastern honeybees, even though their stimuli 

375 were printed on paper in both experiments, so the use of monitors is unlikely to account for 

376 the differences we observe. Chandra et al. [6] suggested that the variation in performance 

377 was due to their multiple-choice configuration providing only a one in twelve chance of the 

378 bee selecting the correct stimulus. Under dual-choice conditions it may be efficient to sample 

379 all stimuli at random, rather than investing time and computation in discriminating between 

380 them, since there is a 0.5 chance of reward from each feeder sampled. By contrast, when the 

381 odds of success fall to 0.0833, an investment in learning to discriminate between correct and 

382 incorrect stimuli may lead to a greater medium- or long-term rate of energy gain. The odds of 

383 success from random sampling were 0.5 in both of our experiments, however, so differences 

384 in expected reward from random sampling cannot account for the difference between 

385 paradigms.

386 While our results do show that aspects of the training procedure can affect bees’ performance 

387 in angular discrimination tasks, we can nonetheless draw some conclusions regarding the 

388 sensory/perceptual limitations faced by bumblebees. At the end of training, when bees had 

389 reached saturation-level performance, both groups of bees discriminated between edges 

390 differing by 7° with a high level of accuracy, clearly demonstrating that they could perceive 

391 differences of at least that magnitude. When trained to bars with a 5° difference under the 
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392 dual-choice paradigm, three bees did not perform above chance levels even after an extra 2-

393 3 days of training and 100 more choices than were required to learn a 7° difference. A greater 

394 sample size would be required to confirm that bees are unable to learn a 5° difference, but  

395 given the slow rate of improvement and the fact that bees typically invest relatively little time 

396 in learning how to handle flowers [32–34], we suggest that the practical limit for bumblebee 

397 angular perception during foraging tasks is likely to lie between 5°-7°. Note that it is difficult 

398 to derive conclusions about perceptual limits from behavioural data: discriminating 5° 

399 differences may not actually be beyond bees’ perceptual ability, just sufficiently difficult or 

400 costly that doing so was less efficient than random sampling in our experiment.

401 It is interesting to note that, even in a multiple-choice setup, the limit of angular discrimination 

402 previously reported for eastern honeybees [6] is double what we found for bumblebees, 

403 pointing to a significant variation in visual discrimination ability between the two species. One 

404 explanation might be that visual-spatial resolution is constrained by eye optics: bumblebee 

405 workers are generally larger than honeybees and their larger eyes have both larger 

406 ommatidial facets and reduced interommatidial angles [35–39]. As a result, bumblebees have 

407 been found to have higher visual acuity than European honeybees (Apis mellifera), in several 

408 behavioural contexts [23,36,37]. Recent work on X-ray micro computed-tomography of the 

409 honeybee and bumblebee eyes [37,38,40,41] may pave the way toward future experiments 

410 in which we can relate the behavioural performance of individual insects directly to the acuity 

411 of their eyes. Bumblebee workers exhibit a high degree of variation in body size, so a fruitful 

412 avenue of investigation may be to ask whether larger individuals, with larger eyes, perform 

413 better in angular discrimination tasks. In these experiments we did not take any measures of 

414 body size, but we took care to use individuals that were within the normal size range for 

415 bumblebee workers and the bees that failed to reach a high level of performance in our 

416 experiments did not appear notably smaller than successful bees.
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417 European honeybees have been reported to show levels of angular discrimination only a little 

418 less than those we found in bumblebees [15]. The size and morphology of A. mellifera eyes 

419 lies between that of A. cerana and B. terrestris in many aspects (e.g. ommatidial number: A. 

420 cerana = ~4921, A. mellifera = ~5375, B. terrestris = ~5656; eye surface (mm2): A. cerana = 

421 2.3, A. mellifera = 2.5, B. terrestris = 2.8; [39,42]), yet European honeybees performance was 

422 closer to that of bumblebees than this might predict. This perhaps suggests that optical 

423 resolution is not the limiting factor on honeybee performance; the characteristics of the 

424 neurons mediating edge orientation discrimination are also likely to play an important role. 

425 Our results and those of Chandra et al. [6], show that bees could discriminate angular 

426 differences regardless of bar orientation. Chandra et al. [6] used a mathematical model to 

427 suggest that a minimum of three orientation sensitive neurons would be required to account 

428 for this orientation indifference. However, this model assumed neurons with horizontal and 

429 vertical maximal sensitivities. Empirical work has subsequently identified two types of edge 

430 orientation sensitive neurons in the lobula, the third visual ganglion of the honeybee, with 

431 maximal sensitivity to edges angled at 115o and 220o from the vertical, respectively [43].  

432 Roper et al.  [11] presented computational-neuronal models based on the known properties 

433 of honeybee [43]  and dragonfly neurons  [44], which predicted performances remarkably 

434 similar to empirical honeybee results. Both models predicted that discrimination performance 

435 should be independent of the orientation of the training bars, as found in all three species of 

436 bees so far tested. These models support the hypothesis that angular discrimination 

437 performance is largely determined by the very limited number of orientation detector 

438 neurons identified in insects, and that these neurons’ angular tuning is adaptive in allowing 

439 uniform performance across a wide variety of orientations. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


20

440 Acknowledgments and funding

441 This study was supported by Human Frontier Science Program grant (RGP0022/2014; 

442 www.hfsp.org) to L.C.; Engineering and Physical Sciences Research Council program grant 

443 Brains-on-Board (EP/P006094/1; epsrc.ukri.org) to L.C.; European Research Council grant 

444 SpaceRadarPollinator (339347; erc.europa.eu) to L.C.; and a Royal Society Wolfson Research 

445 Merit Award (royalsociety.org) to L.C. The funders had no role in study design, data collection 

446 and analysis, decision to publish, or preparation of the manuscript.

447 Authors’ contributions

448 Conceptualization, M.R., M.G., S.W. and L.C.

449 Methodology, M.R., M.G. and S.W.

450 Investigation, M.R., M.G. and S.W.

451 Data Curation, M.G.

452 Software, M.G.

453 Formal analysis, M.G. and J.L.W.

454 Visualization, M.G. and J.L.W.

455 Writing - Original draft, M.G.

456 Writing – Review & editing, M.G., M.R., J.L.W. and L.C.

457 Funding acquisition, L.C.

458 Supervision, L.C.

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


21

459 References

460 1. Horridge GA. Pattern vision of the honeybee (Apis mellifera): The significance of the 

461 angle subtended by the target. J Insect Physiol. 1996; 42(7):693–703. doi: 

462 10.1016/0022-1910(96)00004-2

463 2. Horridge A. Pattern vision of the honeybee (Apis mellifera). What is an oriented edge? 

464 J Comp Physiol - A Sensory, Neural, Behav Physiol. 2000; 186(6):521–34. doi: 

465 10.1007/s003590000103

466 3. Horridge GA. The effect of complexity on the discrimination of oriented bars by the 

467 honeybee (Apis mellifera). J Comp Physiol A Neuroethol Sensory, Neural, Behav 

468 Physiol. 2003; 189(9):703–14. doi: 10.1007/s00359-003-0446-7

469 4. Horridge A. Visual resolution of the orientation cue by the honeybee (Apis mellifera). J 

470 Insect Physiol. 2003; 49(12):1145–52. doi: 10.1016/j.jinsphys.2003.08.008

471 5. Horridge A. What does an insect see? J Exp Biol. 2009; 212(17):2421–729. doi: 

472 10.1242/jeb.030916

473 6. Chandra BCS, Geetha L, Abraham VA, Karanth P, Thomas K, Srinivasan M V, et al. 

474 Uniform discrimination of pattern orientation by honeybees. Anim Behav. 1998; 

475 56(6):1391–8. doi: 10.1006/anbe.1998.0922

476 7. Brown MF, Sayde JM. Same/different discrimination by bumblebee colonies. Anim 

477 Cogn. 2013; 16(1):117–25. doi: 10.1007/s10071-012-0557-z

478 8. van Hateren JH, Srinivasan M V., Wait PB. Pattern recognition in bees: orientation 

479 discrimination. J Comp Physiol A. 1990; 167(5):649–54. doi: 10.1007/BF00192658

480 9. Zhang SW, Srinivasan M V. Visual perception and cognition in honeybees. In: The Visual 

481 Neurosciences. Cambridge, MA: MIT Press; 2004. p. 1501–13. 

482 10. Campbell HR, Strausfeld NJ. Learned discrimination of pattern orientation in walking 

483 flies. J Exp Biol. 2001; 204(1):1–14. doi: 10.1242/jeb.204.1.1

484 11. Roper M, Fernando C, Chittka L. Insect bio-inspired neural network provides new 

485 evidence on how simple feature detectors can enable complex visual generalization 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


22

486 and stimulus location invariance in the miniature brain of honeybees. PLOS Comput 

487 Biol. 2017; 13(2):e1005333. doi: 10.1371/journal.pcbi.1005333

488 12. Riveros AJ, Gronenberg W. Learning from learning and memory in bumblebees. 

489 Commun Integr Biol. 2009; 2(5):437–40. doi: 10.4161/cib.2.5.9240

490 13. Dyer AG. The mysterious cognitive abilities of bees: Why models of visual processing 

491 need to consider experience and individual differences in animal performance. J Exp 

492 Biol. 2012; 215(3):387–95. doi: 10.1242/jeb.038190

493 14. Wehner R, Lindauer M. Zur Physiologie des Formensehens bei der Honigbiene: I. 

494 Winkelunterscheidung an vertikal orientierten Streifenmustern. Z Vgl Physiol. 1966; 

495 52:290–324. 

496 15. Wehner R. Pattern recognition in bees. Nature. 1967; 215(5107):1244–8. doi: 

497 10.1038/2151244a0

498 16. Stach S, Benard J, Giurfa M. Local-feature assembling in visual pattern recognition and 

499 generalization in honeybees. Nature. 2004; 429(6993):758–61. doi: 

500 10.1038/nature02594

501 17. Stach S, Giurfa M. The influence of training length on generalization of visual feature 

502 assemblies in honeybees. Behav Brain Res. 2005; 161(1):8–17. doi: 

503 10.1016/j.bbr.2005.02.008

504 18. Burns JG, Dyer AG. Diversity of speed-accuracy strategies benefits social insects. Curr 

505 Biol. 2008; 18(20):R953–4. doi: 10.1016/j.cub.2008.08.028

506 19. Avargués-Weber A, Deisig N, Giurfa M. Visual cognition in social insects. Annu Rev 

507 Entomol. 2011; 56:423–43. doi: 10.1146/annurev-ento-120709-144855

508 20. Dyer AG, Griffiths DW. Seeing near and seeing far; behavioural evidence for dual 

509 mechanisms of pattern vision in the honeybee (Apis mellifera). J Exp Biol. 2012; 

510 215(3):397–404. doi: 10.1242/jeb.060954

511 21. Srinivasan M V., Lehrer M. Temporal acuity of honeybee vision: behavioural studies 

512 using flickering stimuli. Physiol Entomol. 1984; 9(4):447–57. doi: 10.1111/j.1365-

513 3032.1984.tb00787.x

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


23

514 22. Skorupski P, Chittka L. Differences in photoreceptor processing speed for chromatic 

515 and achromatic vision in the bumblebee, Bombus terrestris. J Neurosci. 2010; 

516 30(11):3896–903. doi: 10.1523/JNEUROSCI.5700-09.2010

517 23. Srinivasan M V., Lehrer M. Spatial acuity of honeybee vision and its spectral properties. 

518 J Comp Physiol A. 1988; 162(2):159–72. doi: 10.1007/BF00606081

519 24. Brainard DH. The Psychophysics Toolbox. Spat Vis. 1997; 10(4):433–6. doi: 

520 10.1163/156856897X00357

521 25. Spaethe J, Tautz J, Chittka L. Visual constraints in foraging bumblebees: Flower size and 

522 color affect search time and flight behavior. Proc Natl Acad Sci U S A. 2001; 98(7):3898–

523 903. doi: 10.1073/pnas.071053098

524 26. Srinivasan M V., Zhang SW, Witney K. Visual discrimination of pattern orientation by 

525 honeybees: Performance and implications for “cortical” processing. Philos Trans R Soc 

526 B Biol Sci. 1994; 343(1304):199–210. doi: 10.1098/rstb.1994.0021

527 27. Wolf S, Roper M, Chittka L. Bumblebees utilize floral cues differently on vertically and 

528 horizontally arranged flowers. Behav Ecol. 2015; 26(3):773–81. doi: 

529 10.1093/beheco/arv010

530 28. Giurfa M, Hammer M, Stach S, Stollhoff N, Müller-Deisig N, Mizyrycki C. Pattern 

531 learning by honeybees: Conditioning procedure and recognition strategy. Anim Behav. 

532 1999; 57(2):315–24. doi: 10.1006/anbe.1998.0957

533 29. Chittka L, Dyer AG, Bock F, Dornhaus A. Psychophysics: Bees trade off foraging speed 

534 for accuracy. Nature. 2003; 424(6947):388–388. doi: 10.1038/424388a

535 30. Giurfa M. Conditioning procedure and color discrimination in the honeybee, Apis 

536 mellifera. Naturwissenschaften. 2004; 91(5):228–31. doi: 10.1007/s00114-004-0530-z

537 31. Nityananda V, Skorupski P, Chittka L. Can bees see at a glance? J Exp Biol. 2014; 

538 217(11):1933–9. doi: 10.1242/jeb.101394

539 32. Raine NE, Chittka L. Pollen foraging: Learning a complex motor skill by bumblebees 

540 (Bombus terrestris). Naturwissenschaften. 2007; 94(6):459–64. doi: 10.1007/s00114-

541 006-0184-0

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


24

542 33. Laverty TM, Plowright RC. Flower handling by bumblebees: a comparison of specialists 

543 and generalists. Anim Behav. 1988; 36(3):733–40. doi: 10.1016/S0003-3472(88)80156-

544 8

545 34. Chittka L, Gumbert A, Kunze J. Foraging dynamics of bumble bees: correlates of 

546 movements within and between plant species. Behav Ecol. 1997; 8(3):239–49. doi: 

547 10.1093/beheco/8.3.239

548 35. Land MF. The resolution of insect compound eyes. Isr J Plant Sci. 1997; 45(2–3):79–91. 

549 doi: 10.1080/07929978.1997.10676675

550 36. Macuda T, Gegear RJ, Laverty TM, Timney B. Behavioural assessment of visual acuity 

551 in bumblebees (Bombus impatiens). J Exp Biol. 2001; 204(3):559–64. doi: 

552 10.1242/jeb.204.3.559

553 37. Spaethe J, Chittka L. Interindividual variation of eye optics and single object resolution 

554 in bumblebees. J Exp Biol. 2003; 206(19):3447–53. doi: 10.1242/jeb.00570

555 38. Taylor GJ, Tichit P, Schmidt MD, Bodey AJ, Rau C, Baird E. Bumblebee visual allometry 

556 results in locally improved resolution and globally improved sensitivity. Elife. 2019; 

557 8:e40613. doi: 10.7554/eLife.40613

558 39. Streinzer M, Spaethe J. Functional morphology of the visual system and mating 

559 strategies in bumblebees (Hymenoptera, Apidae, Bombus). Zool J Linn Soc. 2014; 

560 170(4):735–47. doi: 10.1111/zoj.12117

561 40. Baird E, Taylor G. X-ray micro computed-tomography. Vol. 27, Current Biology. 2017. 

562 p. R289–91. doi: 10.1016/j.cub.2017.01.066

563 41. Chakravarthi A, Rajus S, Kelber A, Dacke M, Baird E. Differences in spatial resolution 

564 and contrast sensitivity of flight control in the honeybees Apis cerana and Apis 

565 mellifera. J Exp Biol. 2018; 221(20). doi: 10.1242/jeb.184267

566 42. Streinzer M, Brockmann A, Nagaraja N, Spaethe J. Sex and caste-specific variation in 

567 compound eye morphology of five honeybee species. PLoS One. 2013; 8(2):e57702. 

568 doi: 10.1371/journal.pone.0057702

569 43. Yang EC, Maddess T. Orientation-sensitive neurons in the brain of the honey bee (Apis 

570 mellifera). J Insect Physiol. 1997; 43(4):329–36. doi: 10.1016/S0022-1910(96)00111-4

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


25

571 44. O’Carroll D. Feature-detecting neurons in dragonflies. Nature. 1993; 362(6420):541–3. 

572 doi: 10.1038/362541a0

573

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 17, 2022. ; https://doi.org/10.1101/2022.01.17.476662doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476662
http://creativecommons.org/licenses/by/4.0/

