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Abstract – The fertility and fecundity of the queen are vital to the success of a honey bee colony (Apis mellifera L.).
Young mated queens are shipped worldwide to meet the demand of the beekeeping industry. Since little is known
about the conditions experienced by queens in transit from breeders to beekeepers and the importance of these
conditions on the queens’ reproductive potential, we conducted a two-part study. First, queen shipments from the
USA and Canada to Canadian beekeepers were monitored tomeasure thermal conditions during shipment. A total of
39 shipments were followed in 2017 and 2018. Monitoring revealed variable temperatures during shipment, with
occasional periods of lows (10–15 °C) and highs (30–36 °C). Second, young mated queens were placed in different
shipping boxes with or without attendant bees and exposed to one of three temperatures (6 °C, 26 °C, and 40 °C) for
2 h. We then compared the thermoregulation within shipping boxes, and the viability of sperm in each queen’s
spermatheca. Our results show that both low and high temperatures significantly decrease sperm viability, and that
the addition of loose attendant bees within shipment boxes helps maintain the temperature at 26 °Cwhen exposed to
low temperature and delays the temperature increase when temperatures are high. The study shows the potential to
improve current honey bee shipping methods in order to mitigate variable conditions experienced by bees during
transportation.
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1. INTRODUCTION

Honey bees (Apis mellifera L.) are eusocial
insects, with a queen that is typically the only
reproductive female. Once she has mated with
many drones, usually between 6 and 21, approx-
imately 4–9 million spermatozoa are stored inside
her spermatheca for use during her reproductive
life (Delaney et al. 2011; Kraus et al. 2005;
Laidlaw and Page 1984; Tarpy et al. 2012; Seitz
et al. 2016). A fertile queen will lay up to 1500–
2000 eggs each day during the productive season

(Winston 1987). The queen also maintains the
social cohesion of the colony by producing a wide
variety of pheromones that influence workers’
physiology and behavior (Pankiw et al. 1998;
Hoover et al. 2003). Thus, the reproductive qual-
ity and health of a queen are essential to ensure
colony growth, survival, and productivity
(Delaney et al. 2011; De Souza et al. 2013).

Increasing reports of queen failure have been
reported as the main cause of honey bee winter
mortality in Canada (Bixby 2017; CAPA, 2010–
2018) and in the USA (Brodschneider et al. 2010;
Camazine et al. 1998; vanEngelsdorp et al. 2008,
2013). Furthermore, queen quality has been asso-
ciated with premature supersedure, poor brood
patterns, premature drone laying, and diminished
longevity of queens (Amiri et al. 2017; Cobey
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et al. 2011; Rhodes 2008; van Engelsdorp and
Meisner 2010). Biotic and abiotic factors have
been linked to health and reproductive quality of
queens (Alaux et al. 2011; Amiri et al. 2017; Pettis
et al. 2016). For example, adverse climatic condi-
tions affect larval development of queens and re-
duce their ultimate fecundity (De Souza et al.
2013; Tarpy et al. 2000). Overall, queen failure
results in a drastically reduced adult bee popula-
tion, which impacts colony development, honey
production (Tarpy et al. 2000; vanEngelsdorp et al.
2013), and the ability of a colony to withstand
winter conditions in temperate environments.

Honey bee queens are shipped worldwide, and
the Canadian beekeeping industry relies on hun-
dreds of thousands of commercially reared queens
shipped by air or ground transportation (Pettis
et al. 2016; Sammataro et al. 1999). Between
2010 and 2016, queen imports to Canada in-
creased by 505%, and in 2018, more than
260,000 queens were imported from the USA,
New Zealand, Australia, and Chile for a total
value of more than $8 million CAD (Agriculture
and Agri Food Canada 2018). Queens are usually
shipped in small plastic or wooden cages along
with 4–12 young worker bees and an opening
filled with sugar candy to provide food during
shipment and delays in the introduction of the
queen into the colony (Büchler et al. 2013). Mon-
itoring the environmental conditions within queen
shipment boxes in transit from breeders to cus-
tomers in the USA and Canada showed tempera-
ture fluctuations ranging from − 6.7 to 42.8 °C
(Sammataro et al. 1999) with temperature spikes
of less than 8 °C and more than 40 °C (Pettis et al.
2016). While honey bee colonies can regulate the
thermal conditions inside the nest, small groups of
bees in queen shipping boxes have limited possi-
bilities for buffering environmental extremes and
are at the mercy of ambient temperature (Free and
Spencer-Booth 1958). Recently, Pettis et al.
(2016) showed that extreme temperature reduced
viability of sperm inside queen spermatheca.
When queens were exposed to low (4 °C) or high
temperature (40 °C) for 2 h, sperm viability inside
queen spermatheca decreased to nearly 20%.

A better understanding of the various factors
influencing the reproductive potential of queens is
required to ensure the quality of queens and

productivity of colonies for the beekeeping indus-
try. Therefore, this study was conducted to obtain
information on the environmental conditions ex-
perienced by honey bee queens shipped within
Canada and from the USA to Canada. A second
objective was to test the influence of queen ship-
ping methods and the effect of temperature on
queen fertility, and measuring effects on thermo-
regulation inside queen shipping boxes, queen
morphometric measurements, and sperm viability
within queen spermatheca. We hypothesized that
queens are exposed to highly variable conditions
when shipped to Canadian beekeepers, and that
the addition of attendant bees can improve ther-
moregulation and help preserve queen fertility.

2. MATERIAL AND METHODS

2.1. Queen shipments

Thirty-nine United Postal Service and Canada
Post honey bee queen shipments from two queen
breeders (Api Culture Hautes-Laurentides in
Ferme-Neuve, Québec, Canada and Pope Canyon
Queens in Vacaville, California, USA) were mon-
itored during spring and summer 2017 and 2018.
Data loggers (Hobo data logger U12-O13, Hoskin
Scientific) were fixed in the middle of the ship-
ment box with Velcro strips to record temperature
and relative humidity in one queen shipping box
of each shipment.

2.2. Queen rearing

Queen rearing and experiments were conducted
at the Centre de Recherche en Sciences Animales
de Deschambault (CRSAD, Deschambault, 46°
40′26,85″N, 71° 54′54.39″W) in Deschambault,
Québec, Canada. In July 2017, young mated sister
queens were bred using the Cloake Board Method
(Cobey 2005). Briefly, young larvae were grafted
from a single-mother colony and introduced into
cell-builder colonies. After 10 days, each queen
cell was introduced into a nucleus colony, into
which the virgin queen subsequently emerged.
Two weeks later, mated laying queens were ready
for experimental trials.
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2.3. Simulated shipping methods and
temperatures

Seventy-two mated queens were distributed
randomly into experimental groups exposed to
various queen-shipping methods and temperatures
(Figure 1). We tested three temperatures (2 h at
either 6 °C, 26 °C, or 40 °C), two types of shipping
boxes (plastic Jz-Bz battery box or Riteway card-
board box), and the presence or absence of atten-
dant bees on thermoregulation inside queen boxes,
queen morphometric measurements, and sperm
viability within queen spermatheca. Attendant
bees were added with a graduated cup inside each
box: approximately 250 attendants in Jz-Bz battery
box and 500 in each Riteway cardboard box.
Queen bees were exposed to extreme 6 and
40 °C previously found by Pettis et al. (2016)
and 26 °C was chosen as control temperature
because it was the mean temperature found in
commercial honey bee queen shipments in 2017
and 2018. Each experimental combination had six
replicates (shipping boxes) and each shipping box
contained 20 individual queen Jz-Bz cages but
only one had a queen with attendant bees, the
others had only attendant bees to mimic a full
shipment box of 20 queen cages. Trials were per-
formed in an environmental chamber with con-
trolled temperature and humidity in darkness.
Temperature sensors (Thermocouple wire T type
GG-T-20-50, Omega) were placed in the middle of
two queen shipping boxes per experimental com-
bination (shipping box × attendant or not) to re-
cord the internal temperature of the shipping box
every 10 min and a sensor was also placed in the
middle of the incubator to record the incubator
temperature. The experiments were all performed
the day after collection of the mated queens from
their nucleus; the same incubator was used to
perform the three exposition periods (2 h at either
6 °C, 26 °C, or 40 °C) but different queens were
used in each trial. After each trial, all queen cages
were placed together in a single queenless bank,
with young bees and food for an additional 6 days.

2.4. Honey bee queen evaluation

In addition to the 72 queens of the experimental
groups, a group of five queens was used to obtain

initial values of queen fertility and morphometric
measurements of queen size (head, thorax and
abdomen width/length, fresh weight, and sperm
viability (Büchler et al. 2013)). The abdomens of
queens were dissected to remove the spermatheca
according to the methodology described by Col-
lins and Donoghue (1999). Each spermatheca was
ruptured and homogenized in 0.5 ml of modified
Kiev Buffer (Moritz 1984; 0.3 g D+Glucose, 0.41
potassium chloride, 0.21 g sodium bicarbonate,
2.43 g sodium citrate 2 hydrate, 0.05 g streptomy-
cin in 100 ml of deionized water). Sperm dilution
was stained with a Live/Dead Sperm Viability Kit
(L-7011; Life Technology Inc., Burlington, On-
tario, Canada) using SYBR-14 and propidium
iodide. Sperm viability was assessed using a Zeiss
Observer Z1 microscope equipped with fluores-
cence filters by scoring live and dead sperms for
200 cells on four slides of 10-μL stained semen.

2.5. Statistical analysis

All statistical computations were carried out
using R language (R Development Core Team
2008). Repeated-measures analysis of variance
was used to verify differences between the exper-
imental groups. A three-factor analysis of vari-
ance (fixed effects: temperature, shipping box
type, and presence of attendant bees) was per-
formed to compare morphometric measurements
of queens and sperm viability between experimen-
tal groups. To meet the premise of the model, the
arcsine transformation was used on the percentage
of sperm viability and LSmeans was used to com-
pare groups.

3. RESULTS

3.1. Queen shipments

The 39 honey bee queen shipments followed in
2017 and 2018 contained up to 840 queens. Re-
sults showed minimum and maximum tempera-
tures of 12.4 °C and 34.7 °C inside the 152,017
queen shipment boxes (average 25.0 ± 3.1 °C;
Figure 2) and 10.6 °C and 34.4 °C for the
232,018 shipments (average 24.7 ± 3.5 °C;
Figure 3). Relative humidity ranged from 27.4 to
66.7% (average 49.8%) in 2017 and 15.1 to
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71.4% in 2018 (average 47.2%). Shipments took
an average of 30.5 h to reach postal outlet (range
16–69 h).

3.2. Simulated shipping methods and
temperatures

Exposure to 6 °C or 40 °C significantly affect-
ed internal shipping box temperature. When ship-
ping boxes were exposed to 6 °C for 2 h, there was
no combined effect of the container type with the
presence of attendant bees (F(1,4) = 1.18, P =
0.3384) and the type of shipping box had no effect
on the temperature inside the box (F(12, 48) =
1.2226, P = 0.2959). However, there was a sig-
nificant effect of the presence of attendant bees
(F(12, 48) = 105.7980, P = 0.0005, Figure 4). Av-
erage temperature inside boxes with attendant
bees was significantly higher during the exposure
at 6 °C and never dropped below 25 °C in average
(range 24.0–26.6 °C after 130 min), compared to

boxes without attendant bees, in which the tem-
perature decreased gradually to 13 °C in average
(range 11.8–15.1 °C after 130 min).

When shipping boxes were exposed to control
temperature (26 °C) for 2 h, there was no com-
bined effect of the container type with the pres-
ence of attendant bees (F(1,4) = 2.217, P =
0.2107). At mean temperature found in commer-
cial shipments, adding attendant bees had no ef-
fect on the inside temperature of the boxes
(F(12,48) = 1.944, P = 0.0521) but there was a sig-
nificant effect of the box type (F(12,48) = 2.575,
P = 0.0101, Figure 5). Temperature recorded in-
side Jz-Bz shipping boxes was significantly
higher than in Riteway shipping boxes only after
80 min (increase of 1.14 °C).

When shipping boxes were exposed to 40 °C
for 2 h, no interaction between the container type
and the presence of attendant bees on the internal
temperature (F(1,4) = 1.85, P = 0.2450). Also,
adding attendant bees had no effect (F(12,48) =

Figure 1. Experimental design diagram. Each experimental combination has six replicates (N = 6). Jz-Bz battery
boxes or Riteway cardboard boxes contain 20 individual queen boxes but only one has a queen with four attendant
bees, the others have only bees to mimic a full shipment box of 20 queen plastic Jz-Bz cages.
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1.38, P = 0.2090), but there was a significant
effect of the box type (F(12 ,48) = 11.13,
P < .0001) at time intervals of 0, 20, 30, 40, and
50 min, with the temperature inside Riteway box-
es higher than in Jz-Bz containers, indicating that
they may take longer to overheat (Figure 6). After
50 min, temperatures were similar in all shipping
boxes and averaged 39.5 ± 0.1 °C.

3.3. Honey bee queen evaluation

All queens survived the various experimental
trials except four that died during the week follow-
ing the experiment: one queen from the group

exposed to 40 °C in a Jz-Bz shipping box without
attendant bees, one queen from the group exposed to
6 °C in a Riteway shipping box without attendant
bees, and two queens from the group exposed to
26 °C (one in a Jz-Bz shipping box with attendant
bees and the other in a Riteway shipping box with-
out attendant bees). There was no effect of treatment
on queen morphometric measurements; the queens
in our studyweighed an average of 189.4 ± 17.8mg,
had amean thorax width of 4.84 ± 0.26mm, a mean
abdomen width of 4.94 ± 0.30 mm, and a mean
abdomen length of 10.03 ± 0.99 mm.

Queens evaluated at time 0 showed 84.9 ±
1.79% of sperm viability. Sperm viability was
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Figure 2. a Temperature (°C) and b relative humidity (%) recorded inside 15 commercial honeybee queen shipping
boxes for each shipment followed in 2017. Duration of transport is shown under each box.
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not affected by the type of shipping box when
exposed to either 6, 26, or 40 °C (F(2,39) =
2.8250, P = 0.1008) nor by the presence or ab-
sence of attendant bees (F(1,39) = 0.1057, P =
0.7468), or the interaction between containers
and attendant presence (F(1,4) = 1.0750, P =
0.3062). However, in all containers/attendant
treatments, sperm viability was affected by tem-
perature exposure (F(2,39) = 7.3948, P = 0.0019);
when exposed to either low- or high-temperature
scenario, sperm viability of queens was reduced
(respectively 68.5 ± 1.42% and 69.7 ± 1.73%)
compared to the group of queens exposed to con-
trol temperature (79.4 ± 1.44%).

4. DISCUSSION

4.1. Commercial shipments

The first aim of this study was to evaluate the
conditions under which honey bee queens are
shipped to or within Canada. Our results confirmed
that queens continue to be exposed to variable
conditions (temperature and relative humidity), as
was found previously (Pettis et al. 2016;
Sammataro et al. 1999). Furthermore, monitoring
queen shipments from California and Québec re-
vealed thermal conditions likely to cause a chill
coma in bees (10–15 °C), defined as the highest
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Figure 3. a Temperature (°C) and b relative humidity (%) recorded inside 23 commercial honeybee queen shipping
boxes for each shipment followed in 2018. Duration of transport is shown under each box.
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temperature at which bees are immobilized by cold
(Free and Spencer-Booth 1960). A honey bee col-
ony can tolerate a wide range of temperatures, but
when the individual honey bee body temperature
reaches 9–13 °C, it enters a coma characterized by
absence of excitability in muscles and nerves (Esch
1988; Goller and Esch 1990; Free and Spencer-
Booth 1958; Southwick andHeldmaier 1987). Free
and Spencer-Booth (1958) exposed groups of 10,

25, 50, 100, and 200 honey bees to low tempera-
tures. They found that below 15 °C there is a
significant increase of bee clustering in groups of
all sizes, particularly in groups of 10 and 25 bees.
Our study showed that four honey bee shipments
between late May and mid-June were exposed to
near chill coma temperatures and that these condi-
tions lasted from 40 to 290 min. Interestingly, these
temperatures were recorded only in shipments
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containing a low number of queens (3 to 17), while
the others showed an acceptable temperature (16 to
35 °C) and were composed of at least 25 and as
many as 840 queens. The impact of the number of
queens inside honey bee shipment boxes on the
inner temperature of shipping boxes should be
further investigated to evaluate if the size of the
shipment could influence the thermoregulation and
if breeders and beekeepers would benefit sending
queens in larger numbers to minimize deleterious

effect of low temperature. Relative humidity re-
corded inside commercial queen shipments was
also variable and ranged from 15 to 71%. Inside
the honey bee colony, humidity is regulated
through evaporation of water and nectar, and opti-
mal humidity differs between the brood area and
nectar stores (Human et al. 2006). However, with-
out access to water or nectar, relative humidity
depends on temperature, as the saturation vapor
density of water in air increases with air
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temperature. To date, little is known about the
optimum humidity for queens in shipment and
further research is required.

4.2. Thermoregulation

Our results showed that 250–500 attendant bees
can thermoregulate the internal environment of the
shipment box during exposure to 6 °C and partly
during exposition at 40 °C. This thermoregulation
was dependent on the shipping box type and the
presence of loose bees inside shipment boxes. At
6 °C, the presence of loose bees improved thermo-
regulation inside queen shipment boxes and main-
tained the temperature above 25 °C. The absence
of these bees resulted in a temperature decrease to
a near-coma level. Although, when exposing
queen shipments to high temperature, bees nor
shipment boxes were not sufficient to maintain
the temperature below 35 °C and that temperature
reaches this point in all queen boxes after 20 min.
Beekeepers should be aware that both low and
high temperatures can lead to deleterious condi-
tions for queens, especially when no additional
attendant bees are present inside shipment boxes
to improve thermoregulation. In this study, only
one queen was placed in each box and despite the
fact that the queen was randomly assigned to a
position inside the shipping box, which could
have affected the behavior of loose attendants in
the shipment. We found no indication that bees
were clustering around one cage when opening
shipment boxes after each trial but further exper-
iments are necessary to understand workers’ be-
havior in relation to the number of queens in
shipments. The adequate number of attendants
inside a queen shipment should also be investigat-
ed in order to overcome a wide range of field-
realistic thermal conditions during shipping of
bees. In this study, we found a thermoregulation
effect at low temperature for both 250 and 500
attendant bees added to shipments, indicating that
those numbers can be used to compensate for low
temperature found in small queen shipments
found at the beginning of the beekeeping season.

Honey bees are heterothermic insects. Their
body temperature can either change passively ac-
cording to ambient temperature (ectothermy) or
they can actively regulate their internal body

temperature in accordance with the ambient envi-
ronment (endothermy) by using the heat from
their abdominal muscle contractions (Guo et al.
2018; Stabentheiner et al. 2012). The optimal
brood nest temperature is 33–36 °C (Kleinhenz
et al. 2003) and workers regulate the temperature
to maintain it within this range by wing fanning
and water intake, which evaporate hot air out of
the nest, or clustering together and generating
metabolic heat at low temperatures. The conse-
quences for the colony of shifting away from
optimum temperature during brood development
can include increased malformations and mortal-
ity of the brood, reduced waggle dance perfor-
mance, impaired learning and memory capacities,
and possible increased susceptibility to pesticides
in adult worker bees (Medrzycki et al. 2010; Tautz
et al. 2003). Queens are known to be resilient and
to survive considerable range of temperature and
conditions during short-term storage (Nelson
1987; Reid 1975; Szabo et al. 1987), however,
the full consequences of periods of non-optimal
nest temperatures early in the queen’s life are
poorly understood. In this study, when queen
shipments were exposed to the average tempera-
ture found in commercial shipments (26 °C) with-
out any extreme temperature, bees kept an average
temperature of 30 °C, suggesting that this could be
an optimal for queens and bees outside the nest.

4.3. Queen morphometric measurements
and sperm viability

The other aim of this study was to measure
queen sperm viability within her spermatheca fol-
lowing our various shipment simulations. Despite
thermoregulation at low temperature when there
are more attendant bees, sperm viability was not
significantly higher. Nevertheless, low and high
thermal scenarios resulted in a 12–14% decrease
of sperm viability inside queen spermatheca. Qual-
ity of commercially produced queens have been
found to be generally high (Tarpy et al. 2012;
Delaney et al. 2011) with some variations in
queens’ reproductive potential. Pettis et al. (2016)
results suggested a link between low sperm
viability and failing colonies by looking at sperm
viability of failing queens identified by beekeepers
and suggested that exposition of queens to extreme

732 A. Rousseau et al.



temperature could be one explanation. Withrow
et al. (2019) recorded the temperatures experienced
by queens shipped in bee packages and tracked the
survival of the queen as well as the buildup of the
colony. They found 25% queen failure and while
they found no indication that those failures were
caused by temperature-related damage, they found
failing queens experienced higher average temper-
ature and lower temperature variability. Our find-
ings confirm the impact of a 2-h exposure at tem-
peratures of 6 °C or 40 °C on the reproductive
potential of queens and economic consequences
of the possible decrease sperm viability of com-
mercially sold queens are clear: within a sperma-
theca containing five million sperm, 12–14% less
viability means 600,000 to 700,000 dead sperms
attributed to extreme temperature exposure. The
negative effect of exposure to extreme temperature
on sperm viability has previously been found for
drones: exposure to either 6 °C or 40 °C results in
40%more dead sperm in drone ejaculate and fewer
spermatozoa inside the queen’s spermatheca
(Bieńkowska et al. 2011). Our results confirm the
need to avoid extreme temperature exposition for
high-quality queens in a commercial context.

5. CONCLUSION

In this study, exposure of queens to 6 °C or
40 °C for 2 h adversely affected queen fertility.
This highlights the need to improve the environ-
mental conditions under which queens are shipped
from breeders to beekeepers by air or ground
transportation. This study also demonstrates the
importance of keeping queens from temperature
fluctuations while they are outside the hive envi-
ronment, from their handling before shipment to
their transportation by beekeepers in the field be-
fore introduction in the colony. The addition of
attendant bees inside shipments can help mitigate
unpredictable exposure to low temperatures, how-
ever, high temperatures remain risky as attendant
workers are unable to compensate and tempera-
tures inside shipping containers reach levels that
damage sperm.More research is necessary to eval-
uate the best methods for shipping queens under a
wide range of conditions. Furthermore, queen lon-
gevity and success inside the colony must be sub-
sequently evaluated to determine the non-lethal

effects of shipping conditions. Monitoring queen
shipments illustrates the challenges of maintaining
environmental conditions that will ensure the fer-
tility and fecundity of young mated queens.
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