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ABSTRACT OF THE THESIS

The effects of thiamethoxam on Apis mellifera visual learning and behavior

by

Joshua Cobi Ludicke

Master of Science in Biology

University of California San Diego, 2019

Professor James C. Nieh, Chair

Learning is important for both honey bee fitness and the pollination services they
provide. Neonicotinoid pesticides impair learning, fitness, colony health, and pollination.
However, most studies on learning have only looked at the effect of neonicotinoid pesticides on
olfactory learning. We found that bees fed field realistic doses of 0.8 ng/bee and 1.34 ng/bee of
the neonicotinoid pesticide, thiamethoxam had increased abnormal behaviors such as falling. In
addition, the doses decreased the time they took to complete each learning trial and took less
time to make decisions, suggesting hyperactivity. However, there was no effect of these
thiamethoxam doses on bee learning or memory. We used an adaptation of a T-maze bioassay

from Han et al. (2010) and simulated flower color with blue and yellow colored lights to



classically condition bees. By using a previously developed bioassay we hope that our methods
are easily replicable and can be improved upon easily. Our results suggest that more studies
should be conducted on the effects of pesticides in visual learning in A. mellifera and other

related species.



Introduction

With the widespread use of neonicotinoids, a class of insecticides that block nicotinic
acetylcholine receptors (Tosi et al. 2017) and over-stimulate cholinergic neurons (Johnson et al.
2010), concern is growing about the effects of such pesticides on key pollinators such as the
western honeybee (Apis mellifera) (Gallai et al. 2009). Honey bees can provide important
pollination services for natural and agricultural ecosystems (Quarles 2011). Their efficacy as
pollinators is enhanced by their visual and olfactory memory because bees can learn the
appearance and odors of rewarding food, thereby facilitating their search for the same floral
species throughout the landscape (Dukas & Visscher 1994). Honey bees have an excellent visual
and olfactory memory (Pahl et al. 2007; Gross et al. 2009), and can learn complex visual patterns
(Srinivasan 2010) and odors (Takeda 1961). However, multiple studies have now demonstrated
that neonicotinoid pesticides can harm honey bee learning and foraging (Decourtye et al. 2013;
Han et al., 2010), impairing colony fitness and likely reducing their ability to pollinate (Lundin,
Ola, et al. 2015).

Neonicotinoids can significantly impair A. mellifera olfactory learning (Decourtye et al.
2005) and memory (Williamson & Wright 2013). Exposure to even very small, field-realistic
doses of imidacloprid can harm olfactory learning in A. mellifera (Yang, En-Cheng, et al.
2012). Some studies have shown that neonicotinoids can harm short-term memory formation in
foragers, while leaving long-term memory unaffected (Wright et al. 2015). However, other
studies show that both short-term and long-term memory can be harmed (Williamson & Wright
2013).

Unlike studies on olfactory learning, relatively few studies have examined the effects of

neonicotinoids on honey bee visual learning. A homing study of free flying bees dosed with



neonicotinoids impairmed the ability of bees to landmark and return to their hive, suggesting
visual learning impairment (Fisher et al. 2014). Han et. al (2010) reported that honey bees had
impaired visual learning in a visual color maze when they were fed pollen containing
imidacloprid. The relative lack of studies on how pesticides affect visual learning may arise
because honey bee visual learning is more robust when conducted with unrestrained, freely
flying bees (Avargués-Weber et al. 2016). However, laboratory assays of visual learning are
desirable because they facilitate testing larger numbers of bees under highly controlled
conditions that do not depend upon favorable weather (Avargues-Weber et al. 2016). For
example, the development and implementation of risk assessment protocols by pesticide
regulatory agencies would be facilitated with a lab assay.

We focused on thiamethoxam (TMX), a neonicotinoid, because it is used on a wide range
of crops and is the second most used neonicotinoid in the United States (Elbert et al. 2008). The
major breakdown product of TMX, clothianidin, is also highly toxic to insects (Nauen et al.
2003), which contributes to the long-term environmental hazards of this pesticide (Kah et al.
2018). In fact, concerns about the effects of neonicotinoids on beneficial pollinators has led the
European Union to ban all neonicotinoids on plants if this use could impact pollinators
(European Commission 2018).

Our goals were therefore to refine the assay of Han et al. (2010) to test the effects of a
different neonicotinoid, thiamethoxam, on honey bee visual learning. We also wished to add a
more detailed assay of bee behavior, because it is known that thiamethoxam can impair honey
bee locomotion (Tosi & Nieh 2017) and other nicotinic acetylcholine receptor agonists can

increase the number of abnormal bee behaviors (Tosi & Nieh 2019).



Materials and Methods

Study site and colonies

Experiments were conducted with 8 healthy honey bee colonies at the apiary at the
Biology Field Station (32°53'07.9"N 117°13'55.1"W), University of California, San Diego. Bees
were tested in a dark, temperature-controlled room (30°C and 40% relative humidity). We used
an elevated room temperature (and corresponding lower humidity) because our preliminary
experiments showed that bees tended to have increased motivation to feed under these

conditions.

Visual learning apparatus

We modified a T-maze bioassay (Han et al. 2010) developed to test the effects of
pesticides on A. mellifera visual learning and behavior. We used LED lights as the visual
stimulus instead of filter paper (Han et al. 2010) due to LEDs having the ability to be calibrated
to the same light intensity. Bees were randomly selected for reward conditioning to either blue or
yellow light. The maze consisted of clear plastic tubes (FORMUFIT PO0O1FGP-UV-5 schedule
40 clear PVC pipe, furniture grade, 2.54 cm outer diameter, 2.5 cm inner diameter, and matching
clear FOOLTEE-UV Tee fittings). Lights were mounted on a breadboard with 12 blue and 12
yellow lights alternated along the board on the left and identically on the right arm of the maze.
Each side had a switch that controlled the colors illuminated, allowing the experimenter to
control which color was displayed on each side. In each trial, one side was yellow, and one side
was blue; these colors were randomly determined at the start of the conditioning trails. The
intensity of these lights (CO-RODE Amazon store; yellow: 589-591 nm; blue: 460-465 nm) was

adjusted until they were 120 lux, as measured with a digital illuminance meter (DrMeter,



LX1220B) for blue and yellow light shining through the tube (to account for the absorption of
light by the tube).

Forager bees were collected, fed 2.0 M sucrose to satiation, and then incubated overnight
to bring them to a similar hunger stage (Avargués-Weber et al. 2016) in an incubator that had a
temperature of 32.5°C and 60% humidity. Bees were then selected at random and given either
2uL of 50% sucrose solution or a 50% sucrose solution containing TMX (concentrations given
below). These bees were then incubated in the dark (32.5°C and 60% humidity) for 1 h (Tosi et

al. 2017). Mortality was recorded after the starvation period.

Pesticide doses

We exposed bees to an acute dose of 0.8 ng TMX/bee (lower dose) or 1.34 ng TMX/bee
(higher dose). The lower and higher dose experiments were run sequentially. Both doses are
sublethal and field realistic (Tosi & Nieh 2017; Tosi et al. 2017; Henry et al. 2012). The
European Food Safety Authority (EFSA) estimated that foragers can consume up to 1.80 ng
TMX/bee in 1 h of foraging for nectar (10% sugar w/w, oilseed rape contaminated with 15 ppb
of TMX (EFSA 2012, Tosi and Nieh 2017). In addition, foragers, can imbibe up to 6.66 ng
TMX/bee/day while collecting nectar from TMX seed-treated plants such as oilseed rape
containing 5 ppb of TMX (EFSA 2012). Our higher dose of 1.34 n TMX/bee is therefore closer
to a worst-case scenario, whereas the lower dose of 0.8 ng TMX/bee represents a more likely
field-realistic exposure.

We prepared a TMX stock solution with Milli-Q water and analytical grade 99.3% purity
TMX (CAS#153719-23-43, Sigma Aldrich 37924-100MG-R). This solution was kept in
darkness (Eppendorf tubes covered with aluminum foil), frozen, and defrosted at 1.6°C when

used. Serial dilutions were made with Milli-Q water and reagent grade 50% sucrose solution. We



also used Milli-Q water to make a 50% sucrose solution control. All researchers were blind to
the solution being used. The identity of solutions used in each experiment was only revealed at

the end of all testing.

Maze learning procedure

To help improve learning, we used a conditioning pre-trial (Dobrin & Fahrbach 2012) in
which bees were introduced to the entrance of the apparatus under red light. The conditioned
stimulus (CS, yellow or blue light) was turned on at the end of the T-maze on either the left or
right side. Han et al. (2010) did not test bees by training them to yellow because bees have a
strong preference for yellow (also shown by Zhang et al. 1996). They trained bees to associate
blue light with reward (as compared to a non-rewarded yellow light) to demonstrate that bees
could associate a non-preferred color with a reward. Our study deviated from this protocol and
conditioned bees to both yellow and blue as we were specifically examining the full effects of
neonicotinoids on color learning. Per bee, we randomly selected which color would be the CS.
Only the CS was on during the pre-trial. When the bee reached the maze arm with the CS, she
was rewarded with a 2.0 M sucrose solution for 3 s of feeding, recaptured in the same vial she
was released in, and returned to the dark. We used a 10 min intertrial interval for each individual
bee.

We then trained bees with six conditioning trials. When the bee entered the T-maze
apparatus, both blue and yellow lights were turned on, at opposite ends of the maze (Figure 1).
One color was the neutral stimulus (NS) that would become the conditioned stimulus (CS); the
other was the NS that would become the unrewarded stimulus (US). The side for the CS was

randomly chosen for the first trial and then alternated for subsequent trials. A bee was only



rewarded if it reached the end of the maze arm of the correct CS color. If a bee did not make a
choice within 5 min, then trial was scored as having failed and the bee was released and
rewarded at the correct color and side.

Bees that did not feed for two trials or complete the maze within the 5 min time period
twice in a row were excluded from completing the experiment. In addition, bees that completed
less than two of their trials were excluded from our analysis of learning because they
demonstrated little motivation to accept the reward or to complete the learning experiment
(Takeda 1961; Bitterman et al. 1983). However, pesticide could have contributed to these
failures, and we therefore analyzed failure data separately.

One hour after these learning trials, we performed a memory retention test. To perform
this trial (trial 7), another T-maze apparatus was connected to the end of the right side of a T-
maze by a 31 cm tube. The bee, to demonstrate its learning ability at its previous six trials, had to

complete this double T-maze apparatus within the same period (Han et al. 2010).

Abnormal behaviors

Several abnormal bee behaviors were scored and totaled throughout the duration of the
experiment. Falling behavior, which is also observed in Tosi & Nieh’s (2017) work with TMX,
was observed during the 5 min time interval and was scored for each fall a bee took from the
upper half of the inside of the tube. To be scored, the bee had to fall on its back. Falling could be
scored multiple times in a single trial if the bee were to upright itself again (Table 1).

Abnormal behavior was another behavior that was observed during the experiment. This
behavior included hyperactivity, non-responsiveness, paralysis, and rolling (bee not falling but
rolling over onto its back trying to right itself). Abnormal behavior was only scored once per trial

as it was often a behavior that encompassed the whole period.



The last behavior we considered was trembling behavior (Tosi & Nieh 2017). Trembling
included stumbling, tripping, and rapid vibration of the bee while walking. Trembling was only
scored once per trial as it was often an ongoing behavior during each trial. All three behaviors

could be scored in a trial as they often coincided with one another.

Statistics

We used JMP v. 13.0 statistical software and ran a Repeated Measures Mixed Model
(REML algorithm) to test the effects of pesticide on three different aspects: learning, abnormal
behaviors, or time to complete each trial. We log transformed the time to complete each learning
trial. For each model, we used the following fixed effects (trial and dose) and random effects
(colony and individual bee). For all models, we tested for the interaction trial x dose, but then
eliminated it if it was not significant. We initially ran a separate model for each color because
Han et al. (2010) found that learning only occurred to blue, not yellow. To look at the effect on
dose on learning more simply, we focused on the sixth and final learning trial. In this model we
considered the effect of dose and color only. This model was not an REML algorithm.

For the analysis of abnormal behaviors, we pooled the data from both colors because
there was no effect of color (as expected) on abnormal behaviors. In analyzing the effect of dose
on abnormal behaviors more concisely, we used a model to examine the effects of dose on the
totaled abnormal behaviors for each bee over the six conditioning trials. We ran LS Mean
Contrast Tests as a post hoc analysis that compared each dose to the control.

We only included bees that completed all trials (this excluded 53 bees from the analysis).
We did not exclude bees based upon their learning performance, rather we excluded them based

on whether a bee was able to complete all its trials. We used Tukey Honestly Significant



Difference (HSD) post-hoc tests to make corrected pairwise comparisons. To determine if
pesticide affected the proportion of bees that successfully completed their trials or died during
trials, we ran a Fisher’s Exact 2x2 test (https://graphpad.com/quickcalcs/contingencyl.cfm) and

compared control bees with pesticide treated bees (low and high doses pooled).

Results

In total, we used eight colonies and 108 bees with 29 bees in the 0.8 ng/bee trials (low
dose), 24 bees in the 1.34 ng/bee trials (high dose), and 55 bees in control experiments after
exclusion of trial completion. Temperature and humidity respectively averaged 29.6°C + 1.8°C
and 43.2% * 8.3% (Mean + SD). Pesticide exposure did not affect the proportion of bees that
completed their learning trials: 69% of pesticide-treated and 71% of control bees completed their
trials (Fisher’s Exact 2x2 test: P=0.733). Our pesticide treatments were sublethal. Pesticide
exposure did not alter the proportion of bees that died during a trial: 1% of pesticide and control

bees died during the trials (Fisher’s Exact 2x2 test: P=1.0)

Bee visual learning

When blue was the rewarded color, bees learned to associate color with reward as
conditioning trials progressed (trial effect: F... =3.45, P<0.003, Figure 2). There was no
significant effect of pesticide dose on bee choice (F... =0.21, P=0.81, Figure 2), and there was a
non-significant interaction of trial x dose effect (F....=1.66, P=0.073, Figure 2). However,
control bees showed significantly higher learning in trial 6 than in trial 1 (Tukey HSD test,
P<0.05) for control bees. There were no significant differences in learning between pesticide

(any dose) and control bees at any learning or memory trial.



When yellow was the rewarded color, bees did not learn to associate color with reward as
conditioning trials progressed (trial effect: F..,=1.38, P=0.221, Figure 3). There was also no
significant effect of dose (F...=2.05, P=0.14, Figure 3) or the interaction trial x dose (F... =1.22,
P=0.269, Figure 3).

When the memory test (trial 7) was analyzed independently of all conditioning trials
(trials 1-6), it did not show a significant difference between doses for blue (F..=1.87, P=0.166) or
yellow (F..=0.67, P=0.519). When analyzing the sixth and final conditioning trial, there were no
significant effects of color (F..=2.84, P=0.095) and color crossed with dose (F..=0.78, P=0.513).
However, there was a significant effect of dose (F..=4.33, P=0.018; Figure 6A) such that high
dosed showed significantly less correct choices than control and low dose bees (Tukey HSD test,

P<0.05).

Abnormal behaviors

Pesticide increased the number of all abnormal behaviors with falling being the most
prevalent (Figure 4B). There were significant effects of dose (F...=4.17, P=0.018) and trial
(Fe2=11.82, P<0.0001) and on abnormal behaviors (Figure 4A). There was also a significant
interaction of trial x dose (F.... =2.44, P=0.0042). There were more abnormal behaviors in high
and low dose trials 1 than in control trial 1. In addition, there were significantly more abnormal
behaviors in trial 1 then in trials 2-6, and significantly different abnormal behaviors in trials 2-3,
than trial 6 (Tukey HSD test, P<0.05). Colony accounted for 13.37% of total model variance.

In looking at abnormal behaviors more concisely, we found there was a significant effect

of dose on the sum of the abnormal behaviors over all conditioning trials (F..=3.88, P=0.024)



with both low dose (F....=3.94, P=0.0498; Figure 6B) and high dose (F...=5.13, P=0.0256;

Figure 6B) demonstrating a significant difference from controls (LS Means Contrast P<0.05).

Time to completion

When blue was the rewarding color, the time each bee took to complete a trial was
significantly associated with trial (F...=2.56, P=0.028). In addition, there was a significant effect
of dose (F...=4.33, P=0.032, Figure 5A) and no significant interaction between trial x dose
(F.2=1.77, P=0.0663, Figure 5A). Low dose and control bees significantly differed, however
more specifically, control trial 2 took significantly longer to complete than low dose trial 4
(Tukey HSD test, P<0.05). Colony accounted for <1% of blue model variance.

When yellow was the rewarding color, there was a significant effect of trial (F...=4.59,
P=0.0005, Figure5B) and dose (Fs»=3.25, P=0.0467). There was no significant effect of trial x
dose interaction (F..=1.20, P=0.293). Trial 1 took significantly longer than trials 4, 5 and 6
(Tukey HSD test, P<0.05). Control dose bees took significantly longer than high dose bees

(Tukey HSD test, P<0.05). Colony accounted for 6.27% of yellow model variance.
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Table 1. Describes the various monitored activities of honeybees while in the apparatus during
the trial period.

Monitored
Activity

Description

Falling behavior

Whether or not a bee fell on its back in the apparatus. Can be counted
multiple times in a single trial.

Trembling
behavior

Recorded only once during a trial. Includes stumbling, tripping or rapid
vibration of the bee while walking. Scored once per trial.

behaviors

Other abnormal

Included hyperactivity, non-responsiveness, paralysis, and rolling. Scored
once per trial.

Yelle
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Figure 1. The single tube T-Maze modified from Han et al. (2010) to condition bees.
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Figure 2. Average percentage of correct choices of all blue trained bees for each trial excluding
the pretrial. Error bars are SE. Brackets with stars represent significant differences between trials
(Tukey HSD test, P<0.05). Memory test not included in pairwise differences.
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excluding the pretrial. Error bars are SE. There were no significant pairwise differences.
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between different trials (Tukey HSD test, P<0.05). (A) Total behaviors divided by pesticide
dose. (B) Different types of abnormal behaviors over trials, no pairwise comparison (all doses
pooled).
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represent significant differences (Tukey HSD test, P<0.05).
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Different letters represent significant differences in data (Tukey HSD test, P<0.05). (B) Average
of all abnormal behaviors over the 6 conditioning trials. Brackets with stars represent significant
differences.
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Discussion

Visual Learning

We found that bees learned to associate blue light with a reward. Control bees
demonstrated an improvement from trials 1 to 6 (Figure 2), while acutely dosed bees did not
show a significant difference in performance (Figure 2). There was no significant effect of TMX
dose. Bees did not exhibit any significant learning with yellow light as the reward, as expected
(see below, Han et al. 2010), and there was also no effect of TMX dose on learning. However,
we found strong, significant effects of TMX on bee behavior and the speed at which they
completed each trial. As TMX dose increased, the number of abnormal behaviors significantly
increased, particularly falling behavior. Abnormal behaviors occurred at a significantly higher
rate in earlier than later trials, perhaps reflecting changing effects of the pesticide over time. Bees
also completed earlier trials more rapidly than later trials, perhaps reflecting a hyperactive state
that can be induced by TMX (Tosi and Nieh 2017).

One of our goals was to improve the visual learning assay developed by Han et al. (2010)
for lab use. In general, visual learning with restrained bees or bees maintained within the lab is
difficult. With restrained bees, Dobrin and Fahrbach (2012) were able to achieve maximum
learning at around 40% after five trials. However, if only bees that showed good learning are
included, about 70% of bees learned after five trials. We did not filter our data by learners, but
rather by bees that did not complete all of their learning trials which accounts for all bees, not
just “good” learners. For blue light, we achieved approximately 75% learning with control bees

in trial 6.

16



We did not find evidence that TMX impairs visual learning, although TMX can reduce
honey bee olfactory short-term memory (Wright et al. 2015), and neonicotinoids can harm visual
learning (Han et al. 2010). The high level of variance in our learning data made it more difficult
for us to detect a TMX effect. However, neonicotinoids may alter visual learning differently
from olfactory learning. For example, neonicotinoids such as imidacloprid, thiamethoxam, and
clothianidin did not impair the ability of free flying bumblebees to form visual associations
(Muth & Leonard 2019). We used 108 bees from eight colonies in our study, a fairly large
sample size, but given the high variation shown by bees in the T-maze, even larger sample sizes
may be needed to detect pesticide effects on learning.

In our study, we wished to compare bees trained to either blue or yellow light. The failure
of our bees to learn the yellow light is not surprising because the strong preference of bees for
yellow appears in their first trial, in which approximately 73% of bees chose the yellow maze
arm (Han et al. 2010). Thus, bees could not actually demonstrate learning (increased choice for
yellow light) given that the highest rate of choice for yellow light (90%) was only marginally
higher (a non-significant 17% “increase”). In contrast, bees in the blue light rewarded trials
showed an increase from 45% entering the blue arm of the maze (approximately chance level) in

the first trial to 75% blue choice in the final learning trial (a significant 30% increase).

Behavior

Bees fed TMX at low and higher doses had significantly more abnormal behaviors than
control bees. In our study, we noticed that TMX appeared to harm the ability of bees to walk.
Multiple bees spent more time on their backs. Similarly, Williamson & Wright (2014) reported

seeing this as “upside down” behavior in bees fed TMX in sugar solution. Bees exhibited higher

17



levels of abnormal behaviors in the initial trial, perhaps reflecting the changing effects of TMX
over time. Tosi & Nieh (2017) showed that TMX treated bees had more abnormal behaviors than
control bees 60 min after acute exposure. Tosi et al. (2016) found that the effects of TMX on bee
behavior changes over time. Within 1 h of an acute dose, bees showed excitation and increased
flight duration, distance, and velocity. However, chronic exposure (1 or 2 days) to TMX

decreased flight duration, distance, and velocity.

Time

Overall, bees dosed with TMX completed their trials significantly more rapidly than
control bees, regardless of color. High TMX dose bees trained to yellow were significantly faster
than control bees trained to yellow. The increased speed for TMX treated bees is similar to the
findings of Tosi & Nieh (2017). TMX dosed bees took less time to reach the top of a vertical
phototaxis arena, perhaps because of hyperactivity due to TMX (Tosi & Nieh 2017). For blue
trained bees, it is relevant to consider speed accuracy tradeoffs, since control bees showed
learning, but pesticide-treated bees did not. In Bombus terrestris, foraging bees sacrifice the
accuracy of their destination for speed and vice versa (Chittka et al. 2003). In A. mellifera,
foragers made more accurate choices when they spent more time making a foraging choice
(Burns & Dyer 2008). Our TMX-treated bees were faster, but arguably less accurate since they
showed no learning (Figure 2). Thus, the hyperactivity caused by TMX may have contributed to
lower choice accuracy, which we measured as poorer learning. We decided it would be best to
use the data we collected to run tests as a starting point for future researchers to investigate the

effects of neonicotinoids on speed-accuracy (Dyer & Chittka 2004).
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To look at the potential time accuracy tradeoff, we conducted multiple analyses. First, we
conducted a repeated measures analysis using a nominal logistic regression to look at all factors
including trial and time on bee choice. We first split this analysis by rewarded color then
combined both colors. No models had any significant effects. Next, we looked at the effect of
total time over all conditioning trials and dose on the number of correct choices a bee made, this
was not a repeated measures analysis. Again, we first analyzed each color separately then pooled
the data together. No models were significant. In addition, we pooled both pesticide doses as a
single factor and followed the same models as above. Again, no models were significant.

Thus, our data did not support the existence of a speed accuracy tradeoff. It is possible that this
potential link exists between neonicotinoids and a speed-accuracy tradeoff, but it would require

more data or a different experimental approach.

Summary

Although we found no clear overall effect of TMX on bee color learning, it is interesting
that blue-trained control bees showed learning, but blue-trained pesticide treated bees did not,
when the learning of each of these groups was separately analyzed (Figure 2). High variance in
our data likely contributed to these findings. We hoped to modify and improve the Han et al.
(2010) lab-based assay. Indeed, the learning (up to 80%) exhibited by control bees to blue light,
was higher than the maximum learning shown by control bees (65% in Han et al, 2010). Our
method therefore advances the techniques for testing visual lab-based learning (Avargues-Weber
and Mota, 2016). However, further improvement is necessary to reduce learning variation before
this assay can become sufficiently reliable for standard risk assessments. We did confirm that

field-realistic doses of TMX increase the number of abnormal behaviors and the speed of
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locomotion, inducing apparent hyperactivity. These results are concerning and suggest that
additional studies testing the effects of TMX should be conducted on multiple bee species

because visual learning plays an important role in all pollinating bees.
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