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Abstract – Chemical miticides are used routinely in honey bee colonies worldwide as treatment for the parasitic
miteVarroa destructor , but there have been very few long-term colony-level field studies of the impacts of miticides
on the bees themselves. Lab-based studies with individual bees or bees in small groups have highlighted many
negative effects of miticides on bee behaviour and physiology; hence, there is an urgent need to better understand the
consequences of miticides on honey bee colonies in an apicultural setting. Here we compared effects of commercial
treatments of the miticides tau-fluvalinate and thymol, and controls, on honey bee colonies and bee foraging
behaviour over five months, from autumn through winter in Sydney, Australia. Since V. destructor does not occur
in Sydney, in this study, we could isolate the direct effects of the miticides from indirect effects resulting from
reduced mite load. We found the autumn treatment of either miticide caused no significant change in bee adult or
brood population or size of food stores. The average temperature in the thymol group differed from the temperature
in the control group and was lower during winter. Neither miticide reduced bee longevity. Tau-fluvalinate caused
bees to start foraging earlier in life and perform shorter trips, but no other effects on foraging behaviour were
documented. To conclude, in Sydney, Australia, limited negative effects of autumn thymol or tau-fluvalinate
treatments were observed on bees or bee colony performance.
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1. INTRODUCTION

Presently, there is a strong focus of research
into the impacts of agricultural pesticides on the
health of pollinators (Klein et al. 2017; Prado et al.
2019), but far less attention has been given to the
effects of pesticides used by beekeepers within
their hives on the health and performance of hon-
ey bees. The global spread of the parasitic mite
Varroa destructor (now found worldwide, with
the exception of Australia and a few small islands

(De Jong et al. 1982; Rosenkranz et al. 2010)), has
led to various miticides being the most common
pesticides found within hives (Mullin et al. 2010).
A 2010 survey reported that 5 out of the 10 most
abundant pesticides in the wax from North Amer-
ican hives were miticides. Two of these miticides,
fluvalinate and coumaphos, were present in over
98% of the samples, and a third, amitraz, was
found in over 60% of the samples (Mullin et al.
2010).

Some miticides are known to have negative
effects on bees (Tihelka 2018, see below for a
brief overview). Their residues can accumulate
in the wax and the honey stores for up to several
months, which increases the risks of chronic
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exposure, and potential for synergistic effects with
other pesticides (Johnson et al. 2013; Mullin et al.
2010; Tihelka 2018; Prado et al. 2019).

Current data from surveys and pesticides anal-
yses highlight the diversity of miticides used and
suggest that amitraz, tau-fluvalinate, coumaphos,
flumethrin, thymol, oxalic acid and formic acid
are the most commonly used miticides (Mullin
et al. 2010, Brodschneider et al. 2019). Other
chemicals and mixtures are sometimes reported
among amateur beekeepers, as well as diverse
methods or timing of application for the same
chemical (Tihelka 2018; Beyer et al. 2018;
Brodschneider et al. 2019; Underwood et al.
2019).

A number of studies examining individuals or
groups of honey bees isolated in the laboratory
suggest that commercially available miticide treat-
ments could have negative effects on bees
(extensively reviewed in Tihelka 2018). Briefly,
tau-fluvalinate affects individual survival (Berry
et al. 2013; Haarmann et al. 2002), reproduction
(Haarmann et al. 2002) and olfactory memory
(Frost et al. 2013) and interacts with the
neonicotinoid imidacloprid to affect learning
(Colin et al. 2020). Thymol affects hygienic be-
haviours (Colin et al. 2019a), olfactory memory
and phototactic response (Carayon et al. 2014;
Alayrangues et al. 2016; Bonnafé et al. 2017).
Amitraz affects the expression of some proteins
(Gregorc et al. 2012). Coumaphos affects the ex-
pression of detoxification genes (Boncristiani
et al. 2012), and the reproduction of bees
(Burley et al. 2008; Haarmann et al. 2002; Pettis
et al. 2004). Formic acid increases egg mortality
to about 80% (Giusti et al. 2017). Oxalic acid
increases both adult bee mortality (Coffey and
Breen 2016) and brood mortality (Hatjina and
Haristos 2005; Toomemaa et al. 2010).

Little is known about whether these effects on
individual and groups of bees have consequences
at the colony-level. Only two long-term colony-
level studies of the effects of miticides have been
conducted to date. These both focused on interac-
tions between a single miticide and neonicotinoid

crop insecticides (Colin et al. 2019b; Odemer and
Rosenkranz 2020) and thus far there are no com-
parative colony-level studies on the effects of
different miticides. In one study, the miticide thy-
mol was applied as a summer treatment in two
locat ions: in Sydney, Austral ia , where
V. destructor is absent and in Tucson, USA,
where the mite was present (but only at very small
populations within hives: 1.17 to 3.38mite fall per
day on average in the control group, see Colin
et al. 2019b). The summer thymol treatment was
found to affect the number of brood cells, the
number of bees and the mass of honey stores
during treatment and in the first month following
the treatment in Sydney compared to the control.
Thymol had less of an impact on bees in Tucson
(Colin et al. 2019b).

In Odemer and Rosenkranz (2020), tau-
fluvalinate was applied as a chronic treatment
during both summer and winter in colonies locat-
ed in Germany, where V. destructor is considered
a major pest by beekeepers (Odemer and
Rosenkranz 2020). In two successive years, colo-
nies treated with tau-fluvalinate did not have sig-
nificantly different amounts of brood cells or bees
than control colonies. Tau-fluvalinate treated col-
onies experienced fewer overwintering losses than
controls, but due to the small number of colonies
involved in the experiment this could not be tested
statistically (Odemer and Rosenkranz 2020).

These first colony-level studies provide a pes-
simistic outlook on whether miticides have any
positive impact on the performance of honey bee
colonies. It has been hypothesised that the lack of
clear beneficial effects of these miticide at the
colony level, despite significant effects on
V. destructor populations, could result from po-
tential negative effects of these miticides on the
bees themselves (Colin et al. 2019b). Interesting-
ly, the effects of miticides on the overwintering
success of honey bee colonies have been sug-
gested to strongly depend on the season during
which the treatment is applied. Thymol treatments
have been correlated with decreased overwinter
losses when applied in summer, but with
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increased losses when applied in autumn (Beyer
et al. 2018). Beekeepers, however, are likely to
prefer applying miticide treatments in autumn to
tackle V. destructor populations before winter,
and also to avoid contaminating late season honey
harvests with miticide residues.

To address the relative lack of colony-level
studies of the impacts of miticides on honey bees,
here we measured the effects of thymol and tau-
fluvalinate as early-autumn treatments on the pop-
ulation and food stores of bee colonies in the field.
In addition, we sampled newly emerged bees from
hives treated with these miticides and controls and
measured their individual foraging performances
and survival using RFID tags. Assessing these
effects at a location where V. destructor is absent
allows us to compare treatment and control groups
without the effects of increased V. destructor load
in control colonies confounding the results.

2. MATERIAL AND METHODS

2.1. Hives and context

On the 27th of November 2017 (spring in
Australia), 25 hives were established on the cam-
pus of Macquarie University (33° 46′ 06.6″ S
151° 06′ 43.8″ E, Macquarie Park, NSW, Austra-
lia). Colonies were established from bee packages
containing 1.5 kg of bees sourced from the Mac-
quarie University research apiary. Colonies
contained “Golden Italian” queens (a common
commercial strain in Australia: Australian Queen
Bee Exporters Pty. Ltd. Blayney, NSW), andwere
housed in standard wooden “deep Langstroth” 8-
frames hives of a volume of about 35.5 L with
Australian “migratory” lids (equipped with vents
that were shut during treatment). In starting con-
dition, colonies were given four frames of printed
wax comb and a frame feeder. Colonies were fed
with 6 L of syrup and 1 kg of pollen patty during
the first month after establishment, after which no
more food was given. Pollen patty was composed
of pollen, sucrose, glucose, fructose, water in the
ratios 1:1:0.75:0.75:1. Pollen was obtained as

honeybee “feedback” pollen pellets fromHornsby
Beekeeping Supplies (Hornsby, NSW). The
frame feeder was then removed and an additional
4 frames with printed wax comb were added to
each hives.

On the 15th of March 2018, we selected 21
healthy colonies from the 25 colonies previously
established for the experiment. Prior to the exper-
iment one colony absconded, two other colonies
were not included due to early queen losses, one
colony had less than 500 workers. After the be-
ginning of the experiments, one of these colonies
suffered damage from a storm and was excluded
from the experiment on the 12th of April 2018
(sample sizes given below already exclude this
hive). A top box was added on October 2018, a
year after the beginning of the experiments.

It should be noted that Varroa destructor and
predatory hornets have not yet been detected in
Australia. American Foul Brood can occur but
was not detected in our colonies. Wax moths,
chalk brood and hive beetles were present oppor-
tunistically, and hives were equipped with
APITHOR traps (Ensystex Pty Ltd, Auburn,
NSW, Australia) to prevent hive beetle outbreaks.

2.2. Treatments

Treatments were applied from the 10th of April
2018. In Australia, this corresponds to the begin-
ning of autumn and this treatment would match a
post-harvest autumn treatment in most countries of
the Northern hemisphere (Beyer et al. 2018). Hives
were randomly assigned to three treatment groups.
Seven hives were assigned to a tau-fluvalinate
treatment group, seven to a thymol treatment group
and six to a control group (initially seven: one hive
was removed following storm damage). The posi-
tion of the hives was randomised across the apiary.
Nine other hives were present in the apiary but
located at least 10 m apart from the hives in this
experiment.

Colonies assigned to the tau-fluvalinate group
were treated using Apistan® strips containing
10.3% of tau-fluvalinate (weight to weight,
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824 mg per strip, Vita Europe Ltd., Basingstoke,
UK). As per manufacturer’s instructions, two
Apistan® plastic strips were placed in each colo-
ny, between frames 4 and 5, and frames 5 and 6
where the brood was located. Strips were left in
the hives for 6 weeks and were then removed.

Colonies assigned to the thymol group were
treated with Apiguard® (Vita Europe Ltd.), which
contains 12.5 g of thymol mixed with 37.5 g of a
slow-release gelatine (2-isopropyl-5-methylphenol)
in a small aluminium tray. As per manufacturer’s
instructions, a single tray was placed on top of the
frames of each hive, under the lid. This was left in
the hive for two weeks and then replaced with a
second tray for a further two weeks.

Residues of tau-fluvalinate can remain in the
hive, so bees may have been exposed for a longer
period (Tsigouri et al. 2001; Mullin et al. 2010).
Apistan strips were dried out when removed.
Thymol residues remain in hives, so bees may
have been exposed for a longer period (Colin
et al. 2019b). Apiguard® thymol trays were do-
nated by Plant Health Australia. Trays were empty
by the time they were removed. These standard
miticide treatments leave persistent residues in the
honey, wax and bees (e.g. Tsigouri et al. 2001;
Mullin et al. 2010; Colin et al. 2019c; Meikle et al.
2016a; Martel and Zeggane 2002; Kasiotis et al.
2018; Serra Bonvehí et al. 2016; Adamczyk et al.
2005).

The six control colonies received no treatment.

2.3. Colony-level measurements

Each colony was placed on a scale (precision
20 g, maximum capacity 100 kg, TEKFA®model
B-2418), each connected to data loggers set to
record weight every minute (Hobo® U-12, Onset
Computer Corporation). This system is given in
Meikle et al. (2016b). It provides measures of
sufficient precision to estimate daily weight vari-
ations, including those resulting from bees leaving
their hive in the morning, or water evaporation
and respiration at night (Meikle et al. 2018). Only
16 scales were available, consequently 5 of the 21
colonies included in this experiment were not
placed on scales (two in the tau-fluvalinate group,
one in the thymol group, two in the control
group). Two of these hives (one tau-fluvalinate

and one control) were weighed manually at night
once before each hive evaluation and included in
the colony-level measurements. These two hives
were permanently moved to the scales after the
20th of August 2018 after colonies placed on
scales died. The three remaining hives were only
treated to source newly emerged bees for the
RFID experiment and no colony-level measure-
ments were taken.

Temperature was measured every 30 min using
temperature loggers (precision 0.0625 °C, iButton
Thermochron model DS1922) placed in Austra-
lian style plastic queen cages (Hornsby Beekeep-
ing Supplies, Hornsby, NSW, Australia) that were
located between the middle frames just above the
brood nest.

The amount of bees, capped brood, and capped
honey were estimated in comprehensive hive
evaluations just before the treatment on the 9th
of April 2018, after four weeks of treatment on the
8th of May 2018, and after winter in early spring
on the 20th of August 2018. This final measure-
ment was 13 weeks post the end of the treatments.
The full protocol for hive evaluations is given in
(Meikle and Weiss 2017). In brief, hives were
opened and one frame at a time was pulled out
of the hive, gently brushed or shaken above the
hive to remove bees, photographed and weighed
on a precision scale (precision 0.5 g, Ohaus model
Ranger Count 3000) and replaced into the hive.
This method has greater precision than older
methods relying on visual estimates (Colin et al.
2018) and has been used in several ecotoxicolog-
ical studies (Meikle et al. 2016a; Colin et al.
2019b; Meikle et al. 2019; Meikle et al. 2020;
Carroll et al. 2018; Alburaki et al. 2017).

Capped brood areas and capped honey areas
were estimated from the frame photographs using
CombCount (Colin et al. 2018). Measures were
performed by an observer blind to the treatment of
each colony (hiveswere identified by a letter with no
information of treatment). Capped brood areas were
converted into number of cells and weight using a
conversion factor from Meikle et al. (2016b). The
weight of the food stores was estimated by
subtracting the weight of the empty frame and the
estimatedweight of the brood from theweight of the
whole frame as described in Meikle et al. (2016b)
(see Supplementary Material 1).
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Hives were considered dead when there were
no more bees inside or when they were too weak
to be maintained without risking hive beetle infes-
tations (queenless, with no brood and maximum
200 workers).

2.4. RFID

On the 10th of January 2018 one full-size hive
was equipped with a modified entrance that sepa-
rates entering and exiting bees into distinct chan-
nels with 93% minimum daily accuracy (Colin
et al. 2019c). The entrance was equipped with
four RFID antennae connected to an RFID reader
(Invengo XC-RF807) continuously logging data
on a Windows computer, see Colin et al. 2019c.

Between the 1st and the 4th of May (during the
fourth week of exposure after introducing the
treatments on the 10th of April), hives were quick-
ly evaluated to detect pupae about to emerge. Six
hives in the control group, six hives in the tau-
fluvalinate group, and five hives in the thymol
group had pupae about to emerge, other hives
had too little brood about to emerge to be includ-
ed. One frame of brood from each of these hives
was taken and placed in individual metallic boxes
with vents covered with mesh on the sides; all
boxes were placed together in an incubator over-
night (34.5 °C, 50% humidity) for adult bees to
emerge. Up to one hundred newly emerged bees
were collected from the frames per hive
(Supplementary Material 4) and tagged with
RFID transponders (Invengo Technology) glued
onto their thorax with super glue (Uhu Superglue
Carded Ultra-Fast) (see Colin et al. 2019c).

2.5. Statistical analysis

Statistical analyses were conducted in R v 3.6.2
(R Core Team 2018).

2.5.1. Colony performance

The number of brood cells, bees, and the mass
of honey stores were analysed with a repeated
measure ANOVA, the value of these parameters
at the first evaluation before treatment was added
as a fixed effect, the treatment and evaluation
number and their interaction were used as fixed

effects, hive was a random effect. Pairwise con-
trasts were generated using “emmeans” v 1.4.5
(Lenth et al. 2018) to obtain comparisons between
the control group and the treatment groups for
each evaluation following treatment. Dead colo-
nies were removed from the analyses; however,
the raw data are available in Supplementary
Material 1.

2.5.2. Daily weight changes

Piecewise regressions were fit to the daily
weight variations of individual hives using a mod-
ified version of the method detailed in (Meikle
et al. 2018; Holst and Meikle 2018). Briefly, the
rolling standard deviation was calculated every
three minutes and averaged daily, and a conserva-
tive threshold derived from a histogram plot of the
daily rolling standard deviation was used to ex-
clude days weremeasurements were erroneous due
to rain or animals interfering with the scale mea-
surements (35 out of 6373 individual data points
inferior to − 2.5 kg of daily weight loss were
removed). Inflexion points were detected from
loess fits of the daily weight change patterns. The
inflexion points closer to sunset and sunrise, and
the time at which the mass of the hive was the
lowest between these times were used as starting
values for the estimation of the breakpoints. Piece-
wise regressions were then fit using the “segment-
ed” function of the “segmented” v1.1-0 package
(Muggeo 2008), with a maximum of 200 iterations
and 10 bootstraps. Daily weight changes were
calculated as the difference in weight be-
tween the first breakpoint and the third
breakpoint. We excluded days for which the
r -squared value of the piecewise regression
were less than 0.95, when it rained based on
data from the Australian Bureau of Meteorol-
ogy, or when we interfered with the hives.

A linear mixed effect model was then used to
compare the effects of the treatments on daily
weight gains. Treatment, date and their interac-
tions were used as fixed effects. Dates nested
within hives were used as random effects and as
the autocorrelation structure using the function
“corCAR1” from the package “nlme“ v3.1-142
(Pinheiro et al. 2019).
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2.5.3. Temperature regulation

Bees try to regulate the temperature of the
brood to an optimum at 35 °C (Jones et al.
2004). We compared the temperature regulation
efficiency between groups by measuring the av-
erage temperature from data collected by the tem-
perature loggers every 30 min. We chose to focus
on the overwintering period from the beginning of
the treatment on the 10th of April 2019 to the last
evaluation on the 20th of August 2019, because of
the variation in sample size due to the death of
colonies in spring. A linear mixed effect model
was used to compare the effect of the treatment
and of its interaction with time on the daily aver-
age temperature. Treatment, time and their inter-
action were used as fixed effects, dates nested
within hives were used as a random effect and as
the autocorrelation structure, using the function
“corCAR1”.

2.5.4. Individual foraging performances and
survival

The age at onset of foraging can be detected
from daily flight patterns (Colin et al. 2019c). We
considered that bees transitioned from performing
orientation flights to performing foraging flights
on the first day where they performed their first
trip less than 5 hours after sunrise and accumulat-
ed more than 20 min of flight time in a day. This
threshold is not arbitrary and was determined
using a linear discriminant analyses with seven
different parameters of daily flights. This was
shown to accurately classify days of orientation
flights and days of foraging flights in over 79%
and 97% of the cases respectively (Colin et al.
2019c).

The number of individual foraging flights, av-
erage flight duration and age at onset of foraging
were compared between groups using Dunn’s
signed rank tests (data were either not normally
distributed or heteroscedastic).

Bee survival between groups for bees that per-
formed at least 1 flight and returned to the hive (to
exclude bees that could not fly post tagging) was
compared using a Cox proportional hazards re-
gression model using “survival” v2.41–3
(Therneau 2015). Survival curves were drawn

using the “survminer” v0.4.3 (Kassambara and
Kosinski 2018).

3. RESULTS

3.1. Colony productivity

One hive treated with tau-fluvalinate died dur-
ing the treatment and was considered dead on the
second hive evaluation on the 8th of May 2018.
Two hives treated with thymol died over winter
and were considered dead on the third hive eval-
uation on the 20th of August 2018. We were not
able to determine a specific cause of death.We did
not include these data in the comparisons of bees
and brood amounts and food stores. Four other
hives were recorded dead or too weak to be kept
due to the risk of hive beetle infestations during a
routine check on October 25th 2018 about a year
after the beginning of the experiments, two in the
control group, one in the thymol group and one in
the tau-fluvalinate group.

There were no significant differences in number
of capped cells, number of adult bees, or mass of
food stores between treatments groups in any of the
three hive evaluations (Table I) (Figures 1, 2 and 3).

The daily weight gains in colonies treated with
thymol differed significantly from the daily
weight gains in control colonies and this effect
varied with time (thymol: t = − 2.257, df = 17, p =
0.038, interaction thymol/time: t = 2.253, df =
710, p = 0.025). They were lower at the end of the
treatment and in the following summer but not
during spring (Figure 4). There was no effect of
tau-fluvalinate on daily food intake compared to
the control group and there was no significant
interaction between the tau-fluvalinate treatment
and time compared to the control group (tau-
fluvalinate: t = 0.194, df = 17, p = 0.848, inter-
action tau-fluvalinate/time: t = − 0.193, df = 710,
p = 0.847) (Figure 4).

3.2. Colony temperature regulation

There was no significant effect of the tau-
fluvalinate treatment on the daily average temper-
ature compared to the control group (tau-
fluvalinate vs control: t = 0.860, df = 17, p =
0.402, tau-fluvalinate/time: t = − 0.868, df =
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2195, p = 0.385) but the average temperature in
the thymol group differed from the temperature in
the control group and this difference varied with
time (thymol vs control: t = 2.339, df = 17, p =
0.032, thymol/time: t = − 2.359, df = 2195, p =
0.018) (Figure 5). Data were analysed from the
beginning of the treatment on the 10th of April
2018 to the last evaluation on the 20th of August
2018. Data for the whole period are shown in
Figure 5, from the beginning of the treatment to
the end of the records in January 2019, and illus-
trate the complexity of analysing time-series data:
after colonies have died, group averages and stan-
dard deviations change drastically suggesting a
strong effect of weak, dying hives on the groups’
averages.

3.3. Individual bee performance assessed
with RFID

For our RFID analyses, we only included
tagged bees that completed at least one flight.

For the control groups, this was 168 bees from
299 bees tagged from 6 hives. Tau-fluvalinate:
193 bees from 347 bees tagged from 6 hives
(Supplementary Material 4 and 5). Thymol: 137
bees from 287 bees tagged from 5 hives. This rate
of loss post tagging is not unusual in RFID studies
(Colin et al. 2019c), and is mostly due by the
presence of glue on the bees’ wings.

3.3.1. Number of trips

The number of orientation trips performed by
bees that became foragers did not differ signifi-
cantly between groups (Dunn’s test: control vs
tau-fluvalinate: z = 0.666, p = 0.252, control vs
thymol: z = 0.003, p = 0.499; control group:
mean = 17.7 ± 11.5 sd, tau-fluvalinate group:
mean = 15.4 ± 10 sd, thymol group: mean =
17.2 ± 10.7 sd) (Figure 6).

The number of lifetime foraging trips per-
formed by bees differed between groups, bees in
the control group performed significantly fewer

Figure 1. Number of capped brood cells in colonies in the control, tau-fluvalinate, and thymol groups, before
treatment (left), at the end of the treatment (centre) and after winter (right). Boxes represent the first and third
quartiles and the thick line the median; whiskers extend to 1.5 × the interquartile distance. Individual data points are
shown for each hive. There were no significant differences between groups (see Table I).
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foraging trips in their lifetime (mean = 15 ± 13.7
sd, Dunn’s test: Z = 2.507, p = 0.006) than bees in
the tau-fluvalinate group (mean = 28.9 ± 25.3 sd)
or bees in the thymol group (mean = 27.6 ± 25.2
sd, Dunn’s test: Z = 1.831, p = 0.034) (Figure 6).

3.3.2. Average trip duration

The average orientation trip duration performed
by bees that became foragers differed significantly
between the control and the tau-fluvalinate groups
(Dunn’s test: z = − 2.014, p = 0.022) but not the
control and the thymol groups (Dunn’s test: z = −
1.139, p = 0.127). Control group bees performed the
shortest orientation flights (control group: mean =
5.38 min ± 4.18 sd, tau-fluvalinate group: mean =
9.78 min ± 12.6 sd, thymol group: mean = 8.01 min
± 7 sd) (Figure 7).

The average duration of foraging trips differed
significantly between groups. The control and tau-
fluvalinate groups differed (Dunn’s test: z = 1.67,

p = 0.048), but the control and thymol groups did
not (Dunn’s test: z = − 0.084, p = 0.467) (control
group: mean = 29.3 min ± 25.3 sd, tau-fluvalinate
group: mean = 19.1 min ± 10.9 sd, thymol group:
mean = 30.3 min ± 31.3 sd) (Figure 7).

3.3.3. Age at first foraging

The age at onset of foraging differed signifi-
cantly between the control and tau-fluvalinate
groups differed (Dunn’s test: z = 2.003, p =
0.023) but the control and thymol groups did not
(Dunn’s test: z = 0.958, p = 0.169) (control
group: mean = 29.5 ± 13.7 sd, tau-fluvalinate
group: mean = 24.8 ± 11.8 sd, thymol group:
mean = 26.4 ± 9.68 sd) (Figure 8).

3.3.4. Survival analysis

Mortality rate was not significantly different
between the control group and the tau-fluvalinate

Figure 2. Number of bees in colonies in the control, tau-fluvalinate and thymol groups, before treatment (left), at the
end of the treatment (centre) and after winter (right). Boxes represent the first and third quartiles and the thick line the
median; whiskers extend to 1.5 × the interquartile distance. Individual data points are shown for each hive. There
were no significant differences between groups (see Table I).
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group (Cox Proportional Hazards Model, z =
0.532, p = 0.595) or between the control group
and the thymol group (Cox Proportional Hazards
Model, z = 1.251, p = 0.211). The average age at
death was highest for the control group (18.7 days
± 13.3 sd, n = 138), then the tau-fluvalinate group
(17 days ± 12 sd, n = 138) and finally the thymol
group (14.7 days ± 11.2 sd, n = 119) (Figure 9).

4. DISCUSSION

Here we explored the effects of autumn treat-
ments of two of the most commonly used com-
mercial miticides (thymol and tau-fluvalinate) on
colony productivity and survival, and the behav-
iour of individual forager bees. In considering
these results, we emphasise that our study was
performed over autumn and winter in Sydney,
where winters are mild with only a few days
below freezing and where V. destructor was not
present.

Although the effects of miticides on indi-
vidual honey bees have been extensively stud-
ied (Tihelka 2018), little data are available on
the impact on the performance of whole bee
colonies (Colin et al. 2019b; Odemer and
Rosenkranz 2018). Colony-level data are es-
sential to take into account the capacity for
buffering or amplification of individual effects
that can arise through social interactions in
honey bee colonies (Straub et al. 2015;
Barron 2015; Perry et al. 2015). Conclusions
of relevance to beekeepers can only be reached
by performing experiments on full colonies
(Straub et al. 2015). Behavioural experiments
at the individual level can help identify mech-
anisms responsible for colony-level changes,
or reveal effects buffered by the colony. We
stress the importance of increasing the propor-
tion of colony-level to individual-level experi-
ments to assess how miticides might best be
used in the apiary.

Figure 3.Mass of food stores from colonies in the control, tau-fluvalinate, and thymol groups, before treatment
(left), at the end of the treatment (centre) and after winter (right). Boxes represent the first and third quartiles and the
thick line the median; whiskers extend to 1.5 × the interquartile distance. Individual data points are shown for each
hive. There were no significant differences between groups (see Table I).
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Colonies were assessed fromApril to August: a
five-month period from late autumn to the end of
winter in Sydney, Australia. Our results show no
adverse effects of either of these miticide treat-
ments on brood and bee numbers or amount of
food stores over winter (Figures 1, 2 and 3,
Table I). However, the temperatures within the
colonies treated with thymol were on average
lower overwinter than control colonies
(Figure 5). Colony temperature regulation in bee
colonies is essential for the brood development
(Jones and Oldroyd 2006). Variations in brood
amounts can be responsible for changes in tem-
perature regulation performances (Meikle et al.
2016b). Although we observed no significant dif-
ferences in brood amounts between treatment
groups throughout the experiment, the thymol
group had lower brood amounts in the first eval-
uation following treatment, which was the period
over which we analysed the temperature data.
This might have contributed to a reduction of the

average temperature over winter in the thymol
group. Summer thymol treatment was not found
to significantly reduce average temperature over-
winter but affected brood amounts in bee colonies
temporarily (Colin et al. 2019b; Colin et al.
2019a). Summer thymol treatment is not associat-
ed with increased over winter mortality, unlike
late thymol application which was previously as-
sociated with higher winter mortality (Beyer et al.
2018). An effect of thymol on brood amounts
shortly before winter may not leave enough time
for the hives to recover, which could explain
lower average temperatures during winter. It is
nonetheless reassuring that we documented no
strong adverse effects of either miticide treatments
on bee and brood populations during this period in
Sydney, but late thymol treatment should be treat-
ed with caution before more data become
available.

A previous study also reported no adverse ef-
fects of tau-fluvalinate on bees (Odemer and

Figure 4. Daily weight changes measured as the weight of the hive at the end of the day when foraging activity
stoppedminus the weight of the hive before workers depart in the morning of the same day. Extreme negative values
are likely due to animals interfering with the recording equipment in the morning (for example, birds landing on
hives during measurements) or days of extreme heat when food is scarce and water evaporates rapidly. Vertical lines
represent the beginning and end of the treatment. Lines represent a Loess regression. Hives in the thymol treatment
group accumulated significantly less mass than hives in the control group (see section “Colony productivity” of the
Results).
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Rosenkranz 2020), although these colonies did not
perform better than control colonies in the presence
of V. destructor . Our findings contrast with anoth-
er study that reported some adverse effects of a
thymol treatment on bee and brood population and
food stores and no effects on temperature regula-
tion (Colin et al. 2019b), but thymol was applied in
summer. This perhaps suggests that late autumn
treatments could benefit bee colonies more by
having fewer adverse effects on bees, as long as
their efficiency at controlling V. destructor re-
mains the same as for spring or summer treatments.

We measured the effect of miticide exposure
during development on the behaviour and perfor-
mance of individual bees. The survival of the
control bees was longer than that of summer bees
estimated in the same conditions (Colin et al.
2019c), but lower than that of data from the lon-
gevity of winter bees from the literature (up to 252
days in winter in Japan, Fukuda and Sekiguchi
1966). This could be due bees continuing to

forage and rear brood during the mild winter of
the Sydney region, as longevity is thought to be
affected by foraging and brood rearing activity
(Kunert and Crailsheim 1988). Unsurprisingly,
bees involved in this winter experiment started
foraging later (29.5 days old in the control group)
and performed fewer trips on average (15 in life-
time in the control group) than previously reported
for summer bees in the literature (Colin et al.
2019c; Perry et al. 2015; Søvik et al. 2015; He
et al. 2013; Prado et al. 2019; Bordier et al. 2018),
probably because the weather limited the number
of days they could perform flights. Average trip
durations (29.3 min in the control group) fell well
within the ranges previously reported during the
literature (Colin et al. 2019c; Perry et al. 2015;
Søvik et al. 2015; He et al. 2013; Prado et al.
2019; Bordier et al. 2018), suggesting winter for-
aging did not affect foraging distance.

Regarding the effects of the treatments, we
found no individual effects of the autumn thymol

Figure 5. Average temperature (°C) measured every 30 min within the brood nest ± standard deviation. Results in
the text refer to the period between the beginning of the treatment on the 10th of April 2018 (first vertical line) and
the last colony evaluation at the end of the winter on the 20th of August 2018 (second vertical line). After this period,
dead hives or hives that were too weak to remain in the experiment were removed (two hives on the 20th of August,
four hives on the 25th of October). Every 50 days, loggers had to be collected to download the data and reset the
memory. There was no temperature recording during this operation. Days where colonies were inspected were also
removed. Colonies treated with thymol were significantly colder in winter (see section “Colony temperature
regulation” of the Results).
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treatment on the age at onset of foraging, average
trip duration, and mortality compared to the con-
trol group (Figures 6, 7, 8 and 9). This is consis-
tent with our results on colony-level perfor-
mances. Bees exposed to thymol were found to
perform more lifetime foraging trips than bees in
the control group (Figure 6). Bees from the au-
tumn tau-fluvalinate treatment foraged earlier in
life and performed more foraging trips but these
trips were also shorter than those performed by
bees in the control group (Figures 6 and 7). These
changes in foraging behaviour with tau-
fluvalinate treatment did not cause any detectable
changes in colony population or performance
(Figures 1, 2, 3, 4 and 5).

The effects of pesticides on the ontogeny and
traits of life history of foraging honey bees are
known to be complex (Prado et al. 2019; Colin

et al. 2019c). In late autumn, longer-lived workers
called “winter bees” are raised and have an aver-
age longevity of over three months (Fukuda and
Sekiguchi 1966). These longer-lived bees ensure
that the winter population of the hive remains
sufficient to maintain the temperature of the colo-
ny above freezing, which enables the survival of
the queen and colony over winter (Jones and
Oldroyd 2006). Our data suggest that bees ex-
posed to tau-fluvalinate before winter could have
higher chances of increased mortality because
they were stimulated both to start foraging at a
younger age and performed more trips than the
winter bees in the control group. Similarly, thymol
caused an increase in the number of foraging trips
performed by bees in late autumn. For a colony
heading into winter, it may not be advantageous to
expend bees in foraging.

Figure 6. Lifetime number of trips of individual bees in the two treatment groups and controls. Points indicate
individual bees. Colours identify individual hives (control hives: 2, 5, b, c, l, o; tau-fluvalinate hives: 1, 4, a, f, h, j;
thymol hives: 3, g, I, q, t). Boxes represent the first and third quartiles, the thick line the median, whiskers extend to
1.5 × the interquartile distance. There were no differences in the number of orientation trips (left) performed by the
bees of the different treatment groups and controls, but bees in the control group performed fewer foraging flights
(right) on average than bees in the tau-fluvalinate or thymol groups (see section “Individual bee performance
assessed with RFID” of the Results).
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Overall, however, it is reassuring that any impacts
of autumn miticide treatments on bee behaviour and
colony performance were minor. Bee colonies can
buffer such effects to a certain degree and limit their
consequences on the survival of the colonies (Henry
et al. 2015). Effects of miticides on mite infestation
levels may also compensate for any negative effects
on the bees themselves (Colin et al. 2019b).

We caution, however, that long-term reliance on
chemical miticides to control V. destructor is not
ideal. Miticide residues accumulate in bee products
such as stored pollen, wax and honey—including
that harvested for human alimentation (Calatayud-

Vernich et al. 2018; Mullin et al. 2010). Given the
risks of accumulation of pesticides in honey and
wax and synergistic effects of these contaminants
with miticides to impact bees, we recommend more
research into the development of non-chemical al-
ternatives for V. destructor control. These will also
reduce the risks of Varroa population rapidly devel-
oping resistance to miticides (Dietemann et al. 2012;
Milani 1999).Wide-scale studies of the comparative
benefits of different miticide treatments under differ-
ent climates, and with different V. destructor infes-
tation levels could help provide regional and
situation-relevant advice to beekeepers.

Figure 7. Average trip duration of bees in the two treatment groups and controls. Points indicate individual bees
coloured by hive. There were no differences in trip duration in orientation flights (left), and no difference in foraging
trip duration between thymol treated bees and controls, but bees in the tau-fluvalinate group performed significantly
shorter foraging trips (right) (see section “Individual bee performance assessed with RFID” of the Results).
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Figure 8. Age at onset of foraging of individual bees in the control, tau-fluvalinate, and thymol groups. The onset of
foraging was calculated as the first day where an individual bee performed her first trip less than five hours after
sunrise and accumulated more than 20 min of flight. Points indicate individual bees coloured by hive. Boxes
represent the first and third quartiles and the thick line the median; whiskers extend to 1.5 × the interquartile distance.
Bees in the tau-fluvalinate group started foraging four days earlier on average. There were no differences between
bees in the control and bees in the thymol group (see section “individual bee performance assessed with RFID” of
the Results).
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Figure 9. Survival probability of individual bees in the control, tau-fluvalinate, and thymol groups. Survival curves
were obtained using the “surv_fit” function of the package “survminer” (see Methods), without specifying clusters
(methods are currently lacking for such fits). There were no significant differences in survival between the control
and the treatment groups (see section “Individual bee performance assessed with RFID” of the Results).
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