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Abstract – The parasitic mite Varroa destructor is a major threat to the European honey bee Apis mellifera .
Beekeepers apply the miticide thymol directly within the hives to kill this parasitic mite. Thymol is repellent to bees
and causes them to ventilate the hive, yet its impact on bee hygienic behaviours that prevent the spread of diseases
has never been studied. We measured the efficiency of colonies at removing dead adult bees, uncapping dead pupal
cells and removing dead brood in two miticide-free Australian environments where the mite is absent. Thymol
increased the uncapping and removal of dead brood by 24 to 36% after 48 h at both locations but had no effect on the
removal of dead adult bees. The increased removal of brood could enhance the effect of thymol on V. destructor ,
especially if bees preferentially remove cells infected with the mite.

miticide /Apismellifera / undertaking / acaricide / thymol

1. INTRODUCTION

Amongst the many challenges faced by the
European honey bee, the parasitic mite Varroa
destructor is arguably the most damaging agent
to date (Ratnieks and Carreck 2010; Guzmán-
Novoa et al. 2010). Varroa destructor is an obli-
gate ectoparasitic mite that was originally found
on the Asian honey bee Apis cerana , but switched
hosts to parasitise A. mellifera during the early
1960s and subsequently, colonised European pop-
ulations in the mid-1970s (Jong et al. 1982;
Goodwin and Van Eaton 2001; Rosenkranz et al.

2010). The mite has a phoretic stage where mature
individuals attach themselves onto adult honey
bees and a reproductive phase where female mites
lay eggs in sealed brood cells of pupating honey
bee larvae (Goodwin and Van Eaton 2001;
Wallner and Fries 2003). V. destructor causes
damage by sucking the haemolymph of its host,
which weakens the bee and facilitates the trans-
mission of multiple viruses and other diseases
(Boecking and Spivak 1999; Le Conte et al.
2010; Rosenkranz et al. 2010).

Varroa destructor is thought to have a greater
impact on the European honey bees than on its
original host due to differences in hygienic re-
sponses and natural defences to the mite. On Apis
cerana , consequences of V. destructor infections
are reduced by different physiological and behav-
ioural responses, including the effective detection
and removal of phoretic mites and infected brood
(Peng et al. 1987; Rath and Drescher 1990; Rath
1999). Similar hygienic responses have been ob-
served in A. mellifera , but they are usually insuf-
ficient in protecting the colony against the mite

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s13592-018-0625-8)
contains supplementary material, which is available to
authorized users.

Corresponding author: T. Colin,
theotime.colin@gmail.com
Théotime Colin and Meng Yong Lim contributed
equally to this work.
Manuscript editor: Peter Rosenkranz

Apidologie (2019) 50:141–152 Original article
* INRA, DIB and Springer-Verlag France SAS, part of Springer Nature, 2019
DOI: 10.1007/s13592-018-0625-8

http://dx.doi.org/10.1007/s13592-018-0625-8
http://dx.doi.org/10.1007/s13592-018-0625-8


(Rosenkranz et al. 2010). In both species, workers
can detect, uncap and remove abnormal capped
and uncapped brood cells and dead bees from the
colony (Spivak 1996; Evans and Spivak 2010).
Two independent behaviours are involved in the
removal of the capped brood: the uncapping of
diseased cells sealed with an operculum and the
removal of abnormal brood from the hive
(Lapidge et al. 2002). These behaviours are car-
ried out by workers aged between 15 and 20 days
old (Gramacho and Spivak 2003; Evans and
Spivak 2010; Gerdts 2014). Honey bees also re-
move dead adults from within hives (Trumbo and
Robinson 1997). This is performed by specialised
undertaker bees, aged ≥ 23 days old, that consti-
tute only 1 to 2% of the worker bee population
within a hive (Visscher 1983; Robinson and Page
1988; Trumbo et al. 1997). Hygienic behaviours
are genetically determined and strongly rely on
hygienic bees and undertakers detecting specific
olfactory cues from dead or diseased individuals
(Spivak and Gilliam 1993; Masterman et al. 2000;
Spivak and Reuter 2001a; Gramacho and Spivak
2003). Hygienic behaviours are essential in euso-
cial insects as they reduce the transmission and
accumulation of pathogens within a colony
(Trumbo and Robinson 1997; Evans and Spivak
2010).

To control the spread of V. destructor , bee-
keepers initially used acaricides such as
bromopropylate, coumaphos, diazinon, amitraz,
flumethrin and fluvalinate (Marchetti et al. 1984;
Kanga et al. 2010; Škerl et al. 2010; Berry et al.
2013; Coffey and Breen 2013; Charpentier et al.
2014). However, over time, V. destructor has
developed a resistance to many of these pesticides
(Faucon et al. 1995; Milani 1995, 1999; Coffey
2007; Charpentier et al. 2014). Furthermore, these
chemicals were shown to increase superscedure
events (early replacement of the queen)
(coumaphos and fluvalinate, Berry et al. 2013),
heighten mortali ty in adults and brood
(coumaphos on adults and fluvalinate on brood
and adults, Berry et al. 2013), reduce body weight
in queens (fluvalinate, Haarmann et al. 2002),
decrease the amount of lipids, carbohydrates and
proteins in the haemolymph of workers (amitraz
and flumethrin, Loucif-Ayad et al. 2010). Further-
more, these treatments often accumulate in the

wax, which may impact the development of bee
larvae and mite resistance to miticides in subse-
quent seasons (Boi et al. 2016). For these reasons,
alternative treatments such as essential oils and
organic acids have become increasingly attractive
to the beekeeping industry (Mondet et al. 2011;
Charpentier et al. 2014) although in high concen-
trations they also affect larval survival and mass
(thymol, Charpentier et al. 2014).

Thymol is an acaricide that has rapidly risen in
popularity and is now one of the main methods of
control for V. destructor (Mondet et al. 2011). It
was also suggested that thymol helps control the
spread of chalkbrood and other parasites (Grobov
et al. 1981; Colin et al. 1989; Costa et al. 2010).
The effects of thymol on mites and honey bees
remains largely understudied but it is believed that
thymol affects these organisms by interfering with
GABA receptors and enhancing GABA responses
(Price and Lummis 2014). Thymol can repel hon-
ey bees, interact with olfactory receptors and in-
duce fanning behaviour in European honey bees
(Mondet et al. 2011). This suggests that thymol
could negatively affect hygienic behaviours in
honey bees by interfering with the chemical cues
that trigger the removal of diseased or dead brood
and adults (Mondet et al. 2015). Several olfactory
signals indicating larval health and/or decay are
involved in the removal of dead adults and larvae
(Wilson et al. 1958, Gordon 1983; Choe et al.
2009; McAfee et al. 2018), but no published
research exists investigating the effects of thymol
application on hygienic responses. It is imperative
that we understand how thymol may impact the
behaviours of honey bees as good hygienic be-
haviour is an important behavioural mechanism of
a resistance against V. destructor and other path-
ogens (Goodwin and Van Eaton 2001; Evans and
Spivak 2010).

Australia is currently the only continent re-
maining free of V. destructor, thus providing a
rare and likely brief opportunity to conduct exper-
iments associated with V. destructor treatments
without the mite, and other miticides residues,
which may confound experimental data (Iwasaki
et al. 2015). It is also essential that we understand
the effects of miticide treatments and determine
mite control methods that have minimal impacts
on bee behaviour in the event of V. destructor
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invading Australia (Hafi et al. 2012). Here, we set
out to assess the impact of Apiguard®, a commer-
cial formulation of thymol, on European honey
bees to determine its impact on the uncapping and
removal of dead brood and on the undertaking of
dead bees. We replicated this experiment in two
different Australian environments: in Hobart
(Tasmania) and Richmond (New South Wales).
Our results provide new insights on the impacts
of thymol on European honey bee behaviours and
will help to select and design adequate
V. destructor treatments.

2. MATERIALS AND METHODS

2.1. Hive history and study site

In Hobart, 16 eight-frame, Langstroth hives
(thymol n = 8, control n = 8) were housed at the
University of Tasmania’s apiary at the Horticul-
tural Science Research Centre, Sandy Bay (42°
54′ 29″ S; 147° 19′ 22″ E). Each hive was made of
three to four supers (‘ideal’ boxes), two supers
contain the same comb surface as a normal box.
These hives were established by splitting and the
queens were replaced in January 2016 using open-
mated, commercially sourced Apis mellifera
queen bees derived from a ‘Golden Italian’ strain
obtained from Dewar Corp, located in Kalbar,
Queensland, Australia. All hives were located at
least 2 m apart and facing different directions.

In Sydney, 14 eight-frame Langstroth hives
(thymol n = 7, control n = 7) were located at the
Wheen Bee Foundation (33° 35′ 13.3″ S; 150° 43′
32.5″ E), with each hive consisting of one box
(‘full depth’ boxes). These hives were rented from
the Wheen Bee Foundation in Richmond, New
South Wales, Australia. The hives were previous-
ly established at unknown dates and populated
with bee strains obtained from local beekeepers
with no mention of a particular strain. All 14 hives
were placed 4 m apart.

2.2. Treatments

Colonies in the treatment groups were treated
with Apiguard® (Vita Europe Ltd.), a thymol-
based acaricide that contains 12.5 g (25%) thymol
(2-isopropyl-5-methylphenol) in a slow-release

gelatine form that spreads within the hive through
volatilisation (Floris et al. 2004; Mondet et al.
2011). The Apiguard® aluminium trays were do-
nated by Plant Health Australia. We administered
Apiguard® in autumn as per the manufacturer’s
instructions by introducing one tray on top of the
brood frames. Trays were replaced after 2 weeks.
The second tray was also removed after 2 weeks
(Vita Bee Health 2017).

2.3. Hygienic behaviour experiments

Two experiments were performed to test the
impact of thymol on the hygienic performances
of the hives: (1) the frozen brood assay to assess
uncapping and brood removal (Spivak and
Gilliam 1998a) and (2) the dead bee removal
assay to assess the undertaking of dead bees
(Visscher 1983). These assays were conducted in
autumn 2017 fromMarch 27 to May 10 in Hobart
and from April 13 to May 25 in Sydney, on three
different times per hive: once before thymol treat-
ment and twice during the thymol exposure period
with a two-week interval between assays
(Figure 1).

The frozen brood assay is a standard assay used
to evaluate brood removal (reviewed in Spivak
and Gilliam 1998b). It involves freeze-killing
honey bee brood using liquid nitrogen and
assessing the proportion of killed brood that was
uncapped and removed after 48 h (Spivak and
Downey 1998). On day 0 of the experiment, an
empty drawn frame was inserted into the centre of
the brood chamber to allow the queen to lay a
large patch of eggs, thereby obtaining a patch of
capped cells of uniform brood age covering at
least a quarter of the surface of the frame. On
day 14, the previously inserted frame comb was
extracted and assessed for the presence of capped
brood. If the amount of capped brood proved
insufficient, a different comb from within that
hive was selected. A thin metal cylinder of 8 cm
diameter was then partially inserted into the se-
lected frame, on an area covered with capped
brood. The number of capped and uncapped
brood within the cylinder was then recorded by
photographing the area enclosed by the cylinder
on both sides of the frame using a Canon EOS 600
with a macro 18–135 mm Canon lens in Hobart
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and a Nikon D3000 with a Nikon 18–55 mm lens
in Sydney. Three to four hundred millilitres of
liquid nitrogen was then poured into the cylinder
to kill the brood within the enclosed area and the
frame was left to thaw before it was returned to the
hive. A new, empty frame was again inserted into
the centre of the hive instead of the fourth or fifth
frame for the next frozen brood assessment on day
28. On day 16, 2 days after the liquid nitrogen
treatment, the frame that had been frozen was
removed, photographed and returned to the hive.
Hives were ranked by the percentage of brood
removal and allocated to control or thymol groups
using a systematic allocation to ensure that hives
with good and bad hygienic levels were equally
distributed amongst each treatment group.

On day 21, an Apiguard® tray was placed as
per the manufacturer’s instructions on top of the

frames of each of the thymol treatment hives. The
thymol trays were replaced on day 35. The frozen
brood assays were repeated on days 28 and 42.
Photographs were taken before freezing and
2 days after the brood was frozen as described
above.

The impact of thymol on the removal of dead
worker bees was assessed using a standard as-
say (Visscher 1983, Barron and Robinson
2005). Prior to the commencement of the ex-
periment, 80 adult bees were collected from
each hive by shaking live bees from hive combs
into BugDorm-42,222 mesh cages in Hobart
and into 50-mL plastic falcon tubes in Rich-
mond. The bees were killed and stored by
freezing at – 18 °C and marked with pink fluo-
rescent powder (Day-Glo Colour Corp, Swift
and Company Ltd., Ohio). This was done by

Figure 1.Maximum and minimum temperatures and experimental timeline of the assays in Hobart and Sydney.
Plain red lines represent the maximum temperatures and dashed blue lines the minimum temperatures (°C).
Temperature values were obtained from the Australian Bureau of Meteorology for Hobart and Richmond from
weather stations located less than 3 km from the apiaries in Hobart and Sydney.
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putting a small amount of fluorescent powder
into a plastic vial containing dead bees and
gently shaking the vial until each bee was coat-
ed in powder.

On the day of the experiment, 20 marked
frozen bees from each hive were thawed at
room temperature for 1 hour. Whilst the dead
bees were thawing, the external ground area at
the front of each hive was overlaid with white
cotton sheets (150 cm × 135 cm) to allow easier
detection of the dead bees. Once thawed, the
dead bees were emptied into each hive from
which they were originally collected, onto the
centre frames of the uppermost box of each
hive. The time it took for undertaker bees to
drag each dead bee out of the hive entrance was
recorded to the nearest second with a stop-
watch. The hive entrance was watched for
20 min following the addition of the dead bees.
Any bees that were removed after 20 min were
not included in the analysis. The dead bee as-
says were conducted on day 16, before the
thymol treatment, and on days 30 and 44 during
thymol treatment. Observations took place be-
tween 10 a.m. and 3 p.m. at both locations and
the timing of the experiments was kept constant
across assays.

2.4. Data handling and statistical analysis

All analyses were conducted using R v.3.3.1.
The efficiency of hives at uncapping cells and
removing dead brood and bees was analysed
using mixed effects logistic regressions
(GLMM) with the package lme4 v.1.1–14.
The number of successes and failures at
uncapping or removing dead individuals was
used as a dependent variable whilst treatment,
location and assay numbers were treated as
independent variables. Hive number was added
as a random factor. Post hoc comparisons be-
tween the treatment groups at each site and for
each assay were obtained using the package
lsmeans v.2.27–61. The time taken to remove
the first dead bee out of the hive was analysed
using Cox proportional hazards regressions
(CPH) with the package survival v.2.41–3. To
detect the effect of location, we built an initial
statistical model with the time of removal from

the hive as a dependent variable and the treat-
ments, assay numbers, location and their inter-
actions as independent variables and hive num-
ber was added as a cluster. To analyse the effect
of treatments at each location, we built separate
models for the two sites and used the time taken
to remove the first bee as the dependent vari-
able; treatments, assay numbers and their inter-
actions as independent variables and hive num-
ber as a cluster. Standard errors were calculated
as the standard deviation divided by the square
root of the sample size. Figures were created
using Excel v.1806 and the ggplot package for
R. Data are given in Online Resource 1.

3. RESULTS

3.1. Uncapping

In the first assay on day 14, before thymol
treatment, the percentage of uncapping was sig-
nificantly different between Hobart and Sydney
(GLMM; z -ratio = 2.167, p = 0.03). Bees from
Hobart uncapped 59.8 ± 1.9% (mean ± SE;
Figure 2a) of the freeze-killed brood cells, whilst
those from Sydney uncapped 73.9 ± 0.1%
(Figure 2b). There were no differences in
uncapping between the control and thymol treat-
ment groups within each location (GLMM; Ho-
bart: z -ratio = 0.29, p = 0.78; Sydney: z -ratio = −
0.23, p = 0.82). In the second assay on day 28,
after thymol was introduced into the hives, thymol
hives uncapped significantly more cells than the
control hives in both Hobart and Sydney (GLMM;
Hobart: z -ratio = − 2.49, p = 0.01; Sydney: z -ra-
tio = − 3.27, p = 0.001). In Hobart, thymol hives
uncapped 69.0 ± 9.2% of the freeze-killed brood
cells and were more efficient at uncapping cells
than control colonies (50.7 ± 9.7%) (Figure 2a)
whereas in Sydney, thymol hives uncapped
87.4 ± 5.3% of the cells and were more efficient
at uncapping cells than control hives (uncapped
71.0 ± 11.2%) (Figure 2b). In the third assay on
day 42, after the thymol trays had been re-
placed, there were no differences in uncapping
between the thymol and control groups at either
location (GLMM; Hobart: z -ratio = − 1.55, p =
0.12; Sydney: z -ratio = 0.06, p = 0.95). In Ho-
bart, 55.3 ± 2.9% of the cells were uncapped
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(Figure 2a), whilst in Sydney 58.1 ± 1.7% were
uncapped (Figure 2b).

3.2. Brood removal

The percentages of brood removed in the
first assay were similar in Hobart and Sydney
(GLMM: z -ratio = 1.746, p = 0.08). Hives from
Hobart removed 53.6 ± 4.2% of the brood
(58.22 ± 10.32% in control hives and 50.35 ±
8.56% in thymol hives) (Figure 2c GLMM) and

hives from Sydney removed 68.7 ± 1.0% of the
brood (70.85 ± 7.41% in control hives and
67.33 ± 6.57% in thymol hives) (Figure 2d).
There was no difference in brood removal be-
tween the control and thymol groups within
each location (GLMM; Hobart: z -ratio = 0.99,
p = 0.32; Sydney: z -ratio = 0.51, p = 0.61). In
the second assay, after thymol was introduced
into the hives, thymol-treated hives removed
84.1 ± 6.3% of the freeze-killed brood and were
more efficient in removing dead brood than the

Figure 2. Mean percentage (± SE) of uncapping of freeze-killed brood in the European honey bee (Apis mellifera )
prior to thymol treatment (assay 1) and during thymol treatment (assays 2 and 3) in a Hobart and b Sydney.Mean (±
SE) percentage of freeze-killed brood prior to thymol (assay 1) and during thymol treatment (assays 2 and 3) in c
Hobart and d Sydney. Mean (± SE) percentage removal of dead European honey bee adults fromwithin control and
thymol-treated hives prior to thymol treatment (assay 1) and during thymol treatment (assays 2 and 3) in e Hobart
and f Sydney. All Hobart assays consisted of 16 hives and Sydney assays of 14 hives. Asterisks show statistical
significance for p < 0.05.
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control hives (66.2 ± 12.5%) in Sydney. In Ho-
bart, hives removed 48.8 ± 5.3% but there was
no significant difference between treatments
(42.99 ± 9.28% in control hives and 53.66 ±
9.56% in thymol hives) (Figure 2d; GLMM;
Sydney: z -ratio = − 2.85, p = 0.004; Hobart:
z -ratio = − 1.52, p = 0.13). In the third assay,
thymol-treated hives removed 49.2 ± 6% of
the dead brood and were more efficient than
the control hives (36.7 ± 5.6%) in Hobart, but
there was no significant difference between
treatments in Sydney where bees removed 34
± 1% of the dead brood (53.25 ± 7.92% in con-
trol hives and 55.10 ± 8.80% in thymol hives)
(Figure 2c; GLMM: Hobart: z -ratio = − 2.08,
p = 0.04, Sydney: z-ratio = 0.29, p = 0.77).
None of the hives removed more than 95% of
the freeze-killed brood, the hive that performed
the best removed 88% of the brood in Hobart
(Figure 3).

3.3. Adult bee removal

The removal of dead adult honey bees varied
between the two locations (Figure 4). During
the first assay, the percentage of bees removed
differed between Hobart and Sydney (GLMM:

z -ratio = − 1.95, p = 0.05). Nevertheless, at
both locations, the percentage of the dead adult
honey bees removed was similar between the
control and the thymol groups, in all three
assays (GLMM: Hobart, assay 1: z -ratio =
0.64, p = 0.52, assay 2: z -ratio = − 1.49, p =
0.14, assay 3 z -ratio = 0.66, p = 0.51; Sydney,
assay 1: z -ratio = − 0.98, p = 0.33, assay 2: z -
ratio = 1.78, p = 0.07, assay 3: z -ratio = − 0.24,
p = 0.81). In Hobart, the mean percentage of
removal in assays 1, 2 and 3 were 66.9 ± 3.8%,
66.3 ± 6.9% and 62.2 ± 0.9% respectively
(Figure 2e). In Sydney, hives removed 43.9 ±
2.5%, 43.2 ± 6.8% and 55.7 ± 2.9% in assays 1,
2 and 3 respectively (Figure 2f).

The time it took to remove the first dead bee
differed between sites (CPH: z = 1.98, p = 0.049).
Nevertheless, there was no difference in the time it
took to remove the first dead bee from the hives
between the control and the thymol groups at
either location (CPH: Hobart: z = 0.43, p = 0.67;
Sydney: z = − 0.43, p = 0.67), no effect between
the assay numbers (CPH: Hobart: z = 0.29, p =
0.77; Sydney: z = − 0.13, p = 0.89) and no effect
of the interaction between assay numbers and
treatments (CPH: Hobart: z = − 0.09, p = 0.92;
Sydney: z = − 0.71, p = 0.48). In Hobart, on

Figure 3. Percentage of brood units remaining in each hive 48 h after freeze-killing an area of brood containing
approximately 100 capped brood units. Control hives are shown in black and thymol-treated hives are shown in grey.
The number of the assay is shown under the name of the location.
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average, the first dead bee was removed at 219 ±
34 s, 206 ± 14 s and 183 ± 13 s in assays 1, 2 and 3
respectively (Figure 5a). In Sydney, on average,
the first bee was removed at 114 ± 1 s, 47 ± 7 s and
236 ± 108 s in assays 1, 2 and 3 respectively
(Figure 5b).

4. DISCUSSION

We assessed the effects of thymol on three
essential hygienic behaviours of the European
honey bee. Bees treated with thymol uncapped
more cells after the first thymol tray was intro-
duced but not after the second tray was intro-
duced. Bees treated with thymol removed more
dead brood than bees from the control group

after the first thymol tray was introduced in
Sydney but not after it was replaced, and this
effect was only found after the tray was re-
placed in Hobart. Bees treated with thymol
were not significantly faster at removing dead
adult bees and did not remove significantly
more dead adults from the hives. The differ-
ences between the effects of thymol on the
removal and uncapping of dead brood and on
the removal of dead adults suggests that these
behaviours could be independent or triggered
by different cues.

We have shown that thymol improved the
uncapping and removal of brood that were
freeze-killed. However, thymol has also been re-
ported to decrease global brood amounts in honey

Figure 4.Mean rate of removal of dead honey bee adults in control hives prior to thymol (assay 1, continuous line)
and during thymol treatment (assay 2, dashed and dotted line; assay 3, dashed line); in a Hobart and b Sydney. The
mean rate of removal of dead honey bee adults in thymol hives prior to thymol and during thymol treatment in a
Hobart (n = 16 hives) and b Sydney (n = 14 hives). There were no significant differences between treatment groups.
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bee colonies (Tananaki et al. 2014) and to cause
the removal of live brood located near thymol
containers (Baggio et al. 2004; Marchetti et al.
1984; Imdorf et al. 1999). Altogether, these results
indicate that thymol could cause increased brood
removal regardless of their health. Negative ef-
fects of miticide treatments on brood development
have also been reported for formic acid treatments
(Bolli et al. 1993).

The effects of thymol were not consistent
throughout the duration of the treatment, and
uncapping was only improved in the second
assay in Sydney and in the second assay in
Hobart. Similarly, thymol increased the remov-
al of dead brood in the second assay at both
locations, but not in the third assay. This sug-
gests that the effects of the thymol treatment on
bees change over the course of treatment. It has
previously been proposed that bees could be-
come habituated to thymol, which could ex-
plain why thymol had limited effects on the
hygienic behaviours of the bees in the third
assay (Mondet et al. 2011).

The efficiency of bees at performing these
three hygienic behaviours was not consistent
between locations. Bees removed more dead
adult bees in Hobart than in Sydney but
uncapped and removed more dead brood in
Sydney than in Hobart. The hives used in Ho-
bart and Sydney differed in shape and volume,
and workers and brood may have been exposed
to different concentrations of thymol, which
could explain these var ia t ions . Major

environmental differences between Hobart and
Sydney, separated by a thousand kilometres and
9° of latitude, could explain these results. En-
vironmental interactions have previously been
suggested to explain inconsistent results in
studies that show both positive and negative
effects of pesticides, including thymol, on hon-
ey bee colonies (Sammataro et al. 2004;
Lodesani and Costa 2008; Woodcock et al.
2017). Genetic differences may also modulate
hygienic levels and the effect of thymol on
hygienic behaviours between locations. The
queens used in Hobart were obtained from a
commercial queen breeder, but the origin of
queens used in Sydney was unknown. Honey-
bee breeds that are more efficient at performing
certain hygienic behaviours can be artificially
selected (Spivak and Reuter 2001a; Spivak and
Reuter 2001b), but to our knowledge, none of
the strains of honey bees used in this experi-
ment were selected for hygienic behaviours.
None of the hives used in this experiment re-
moved more than 95% of the dead brood before
the thymol treatment, which is the usual thresh-
old used to classify colonies as hygienic
(Spivak and Reuter 1998; Bigio et al. 2013).
Further research is thus needed to investigate
how thymol affects hygienic behaviour in hy-
gienic honey bee strains.

These results highlight the need to replicate
experiments in different environments when
assessing the effect of pesticides on honey bees.
Further studies should focus on how the impact of

Figure 5.Meantime (± SE) required for the removal of the first dead adult honey bee in seconds in control and
thymol-treated hives prior to thymol (assay 1) and during thymol treatment (assay 2 and 3) in a Hobart (n = 16
hives) and b Sydney (n = 14 hives). There were no significant differences between treatment groups.
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thymol and other miticides observed on honey bee
behaviours affect the survival and productivity of
the entire honey bee colonies.
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