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Abstract: We used radio-frequency identification (RFID) to record the duration and
frequency of nuptial flights of honey bee queens (Apis mellifera carnica) at two mainland
mating apiaries. We investigated the effect of a number of factors on flight duration and
frequency: mating apiary, number of drone colonies, queen’s age and temperature. We
found significant differences between the two locations concerning the number of flights
on the first three days. We also observed an effect of the ambient temperature, with queens
flying less often but longer at high temperatures compared to lower temperatures.
Increasing the number of drone colonies from 33 to 80 colonies had no effect on the
duration or on the frequency of nuptial flights. Since our results agree well with the results
of previous studies, we suggest RFID as an appropriate tool to investigate the mating
behavior of honey bee queens.
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1. Introduction

Honey bee (genus Apis/Apis mellifera) queens are polyandrous and mate only at one period in their
life [1-5]. Usually within 1 week after emergence [6,7], mating takes place in free flight, supposedly at
mating leks that are also known as drone congregation areas (DCA) [6,8,9]. At these sites that have
been shown to be temporally stable [10,11], between 8000 to 15,000 drones can be present during
specific times of the day [12,13]. Usually, queens perform a small number short flights of a few
minutes for orientation, prior to true nuptial flights which are usually longer [14-16]. A queen can
mate several times during a single flight [17-19], but queens often perform several consecutive nuptial
flights on the same day or on different days [14,17,20-22]. Between one and six flights on a couple of
days have been reported [14,21,23-25]. The number of drones a queen mates with ranges between 6
and 26, with an average of 12—14 [26-28]. The number of spermatozoa in the spermatheca [20,29] and
the number of matings itself [17] have been hypothesized to serve as a signal for undertaking an
additional flight or to start egg laying. In contrast, Tarpy and Page [30] state that queens have no
control over the number of times they mate and that the high mating frequencies of honey bees is
simply a stochastic by-product of mating behavior and mate availability. Several factors have been
identified to influence the mating behavior of honey bee queens, most prominently among them the
age of the queen [16], but also environmental conditions such as temperature, wind, and cloud
cover [23,31-33]. The number of available drones within the flight range of a queen has also been
discussed as an important variable to influence number and duration of individual nuptial flights [14].
Since mating is fatal to the males which leave part of their endophallus in the sting chamber of the queen,
the mating success of a flight can often be determined upon return of a queen to her colony [34,35].

The mating success and the number of mating partners of a given queen can be assessed via indirect
methods such as counting spermatozoa in the spermatheca [14,18,20] or determining the number of
patrilines by microsatellite analysis [26,28,36]. In contrast, the mating behavior itself, taking place in
free flight, remains hardly accessible to observation, despite the development and availability of
advanced methods and techniques for its study. While early reports were based upon direct observation
of free flying or tethered queens [37—40], subsequent studies used wooden queen dummies or
pheromone-treated preserved queens fixed to a rotating beam on a mast to stimulate and study the
mating behavior of flying drones [34,41]. The flight activity and congregation behavior of
drones has also extensively been studied using pheromone traps [42] attached to helium filled
balloons [13,43,44] and by X-band radar [45—47]. While sexually mature drones fly frequently and
continuously until they mate [48], an individual queen performs comparatively few flights [23,24]. The
study of queens’ behavior requires continuous observation of the flight entrance of the respective
mating nuc(s) and/or the use of a queen excluder to prevent an unobserved departure. Although
technical means to monitor the departure and arrival of queens such as photoelectronic control were
developed comparatively early [49], the standard method still remains direct observation of the nuc
entrance combined with a queen excluder. This method limits the number of nucs that can be observed
simultaneously and it may also interfere with the behavior of the queen [23,33], since she has to wait
until the observer removes the excluder, both at departure and return.

Recently, radio-frequency identification (RFID) has been successfully used in Hymenoptera to
investigate social interactions in ants [50], nest-drifting behavior in wasps [51], individual activity of
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bumblebees [52], and the effect of insecticides on the foraging behavior of A. mellifera
workers [53,54]. To evaluate the suitability of this technique for the study of mating flight behavior of
honey bee queens, we labeled queens (Apis mellifera carnica) with RFID transponders to record their
departure from and return to their mating nucs that were equipped with reader modules. In this paper,
we report results on duration and frequency of queen nuptial flights from RFID data. We analyze the
flight behavior of our experimental queens in relation to their age and to environmental variables such
as location of the mating apiary and ambient temperature. In addition, we manipulated the number of
available drones in the vicinity of the mating apiaries to study the effects on queen flight duration
and frequency.

2. Experimental Section

2.1. Field Work

The fieldwork was conducted at two mating apiaries situated in the rural district ‘Ilm-Kreis’ in
Middle-Thuringia, Germany (Figure 1). One apiary is located near Gehlberg (50°40'57" N, 10°46'30" E,
altitude 605 m) and the second one is located near Oberhof (50°42'36" N, 10°43'50" E, altitude 798 m).
The distance between the two mating apiaries is 4.4 km. Each mating apiary is protected by an area of
154 km® (a radius of 7 km around each station) where according to regional law beekeepers are
allowed to keep only colonies headed by queens provided by the respective mating apiary. During the
whole experiment, 13 drone colonies (Gehlberg colonies) were situated 2.3 km to the north-east of the
nucs with virgin queens at Gehlberg and 20 drone colonies (Oberhof colonies) were located close to
the nucs with virgin queens at Oberhof (Figure 1). In calendar weeks 24 and 27 of 2011 (Table 1), we
placed two trailers with 47 additional drone colonies next to the queens at mating apiary Gehlberg
(about 100 m, Figure 1). These additional colonies were removed again before new groups of queens
were placed at the mating apiaries.

Figure 1. Location of the mating apiaries Gehlberg and Oberhof in the rural district
‘IIm-Kreis’ in Middle-Thuringia, Germany.
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Table 1. Number of drone colonies at mating apiaries Gehlberg and Oberhof during
the experiment.

Calendar week Gehlberg Oberhof
22 13 20
24 13 +47 20
26 13 20
27 13 +47 20

In each experiment week (Table 1), we placed eight nucs with virgin sister queens at each mating
apiary. These queens were individually marked with radio-frequency identification (RFID) transponders
(mic3-TAG 64RO, carrier frequency: 13.56 MHz, Microsensys GmbH, Erfurt, Germany). The
dimensions of the tags were 1 x 1.6 x 0.5 mm with a weight of 2.4 mg. A reader module (iID MAJA
reader module 4.1, Microsensys GmbH, Erfurt, Germany) connected with a host (iID HOST type
MAJA 4.1, Microsensys GmbH, Erfurt, Germany) was attached to the entrance of each mating nuc.
Every time a tagged queen was leaving or entering the mating nuc, the RFID tag of the queen was
registered by the reader module and the date, time, reader- and tag ID-number were stored on the host.
The data were downloaded from the host and processed manually using Microsoft Excel 2010. Climate
data from the meteorological station Schmiicke were used to determine the impact of temperature on
the nuptial flight duration and flight frequency.

2.2. Data Analysis

The number and duration of the flights of each queen were calculated from the RFID readings. We
excluded flights of less than three minutes or more than 60 min from the analysis. We counted flights
of less than three minutes as orientation flights rather than as nuptial flights [14]. Nuptial flights of
more than one hour duration also appear unlikely [23]. Occasionally, queens do not enter their mating
nuc immediately after returning, but instead cluster together with worker bees in front of the entrance
(own observation). In the four weeks of the experiment, it was not always possible to provide queens
of the same age. Therefore, and to avoid small sample sizes, queens were pooled into three categories
in regard to their age when they left their nucs for a flight (Table 2). Likewise, since not all queens
flew an equal number of times, the ranks of flights were also pooled into four categories
(Table 2). The groups of queens in different experimental weeks differed in the number of days they
were able to fly (due to environmental reasons such as weather, or due to reasons connected to
experiment logistics). For this reason, for the analysis of flight frequency only the flights of the first
three days of all queens were used. The mean temperature for these first three flying days was
calculated from the hourly measurements between 12:00 and 17:00.

Table 2. Grouping of the data concerning the queen’s age and the sequence of flights. All
queens were kept in a dark room at 15 °C until they were brought to the mating stations.

Factor Category 1 Category 2 Category 3 Category 4
Age of the queens 5to 9 days 10 to 13 days 14 to 17 days ---
Sequence of flights 1st flights 2nd flights 3rd flights 4th to 7th flights
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We analyzed our data using univariate, general linear models (GLM). For the comparison of two or
more samples, we used Mann-Whitney-tests and Kruskal-Wallis-tests (since the data were not
normally distributed), respectively. P values of multiple pairwise tests were obtained after a sequential
Bonferroni adjustment [55]. We performed all analyses using the statistics software package SPSS
19.0.0 (IBM).

3. Results and Discussion
3.1. Survival Rates and General Flight Behavior of the Queens

From the total of 64 queens observed, 11 (17.19%) did not return to their mating nucs (Table 3).
Three of the lost queens tried to enter a foreign mating nuc and one of them was recorded in the wrong
entrance at two consecutive days. Two queens (3.13%) were not recorded at all during the whole
experiment; however, they started egg laying afterwards. On average, the queens left their nucs on
2.20 = 0.98 flying days (min. 1; max. 5), with most of the nuptial flights (82.49%) taking place
between 13:00 and 16:00 h (Figure 2). The earliest and latest departure was recorded at 11:50 and
17:38 h, respectively. The average total number of recorded flights per queen was 5.04 £ 3.11 (min.1;
max. 16), with a maximum of seven flights of one queen on one day. The mean daily number of
nuptial flights per queen was 2.30 + 1.35, with a mean duration of 17.69 + 13.19 min (min. 3.08;
max. 57.07; Figure 3).

Table 3. Number of queens with recorded nuptial flights, number of mated (queens which
started egg laying) and lost queens (queens which did not return from the mating station)
for each location and experiment week. Two of the mated queens were not recorded at all.

Calendar | Total number of Queens with Mated Lost
week monitored queens | recorded flights | queens | queens

Gehlberg

22 8 7 7 1

24 8 7 7 1

26 8 5 5 3

27 8 3 3 5
Oberhof

22 8 7 7 1

24 8 6 8 0

26 8 8 8 0

27 8 8 8 0

These results are in accordance with previous studies. Queen losses of 10% to 20% during nuptial
flights due to weather conditions, predation or difficulties in returning to their mating nuc are not
unusual [17,56]. In general, honey bee queens perform several flights on a couple of days. Schliins
et al. [17] and Woyke [20] reported up to three flights for queens on the mainland. Alber et al. [23]
observed one to four mating flights (queens returned with a mating sign) on one to three days for
queens on an island. Verbeek [33] reported up to 10 flights on three days and a mean number of flights
per queen of 12.5 (mainland) which appears to be rare for queens on mainland mating apiaries.
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However, this many flights and even more have been reported for queens on islands [23,33].
Our results are well in agreement with previously reported observations from various climates
and at various latitudes (northern hemisphere) in that 4. mellifera queens and drones take nuptial
flights between 12:00 and 17:00 h with a maximum flight activity between 13:00 and
16:00 h [23,24,31,33,48,57-60]. Data on the flight duration of honey bee queens provided by different
authors vary considerably between 2 and 57 min [21,33,61,62] with a mean duration between 7 and
26 min [1,14,18,33].

Figure 2. Distribution of departures over time of day. Flights with duration less than three
and more than 60 min are indicated in white and black bars, respectively. Flights from 3 up

to 60 min are shown in hatched pattern.
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3.2. Duration and Frequency of Queen Nuptial Flights

First, we considered all flying days of all queens, and observed no significant differences
concerning the number of flying days per queen (Mann-Whitney-test; U = 264.50; p = 0.270) as well
as the total number of nuptial flights per queen (Mann-Whitney-test; U = 229.00; p = 0.085) between
the two mating apiaries. When queens of both mating apiaries were considered together, the number of
flights per day differed significantly between different consecutive flying days (Kruskal-Wallis-test;
Chi* = 12.30, p = 0.015, df = 4), with the number of flights per day increasing until day 4 and then
decreasing again. Significant differences were observed between days 1 and 3 (Mann-Whitney-test;
U = 250.00; p = 0.015), days 1 and 4 (Mann-Whitney-test; U = 19.50; p = 0.005), and days 2 and 4
(Mann-Whitney-test; U = 25.50; p = 0.023; Figure 4). However, after sequential Bonferroni
adjustment of the p-values for multiple testing, only the difference between the number of nuptial

flights on days 1 and 4 remains significant.

Figure 4. Comparison of the daily number of nuptial flights between different consecutive
flying days. Arithmetic mean and standard error are given for each day. N is the number of

queens flying on one to five consecutive days.
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Then, we restricted the further analysis of flight frequency to the first three flying days, since
groups of queens differed in the number of days that flights were possible (see Section 2.2). The
number of nuptial flights on the first three flying days differed significantly between the two locations,
with queens of Oberhof flying more often than queens of Gehlberg (Table 4, Figure 5a). In addition,
the total number of flights of the queens was higher on days with lower mean temperatures than at
higher temperatures (Table 4, Figure 5b). However, we observed no effect of the number of drone
colonies on the total number of nuptial flights of a queen (Table 4).
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Table 4. Effects of mating apiary, mean temperature (included as a covariate) and number
of drone colonies on the total number of nuptial flights of the queens on the first three
flying days. Type III sum of squares, denominator degrees of freedom (Den. d.f.), mean
square, F-value and p-value are given for each factor.

Source Type III sum of squares Den. d.f. Mean square F-value p-value
Model 1197.26 5 239.45 57.75 0.000
Mating apiary 21.90 1 21.90 5.28 0.026
Mean temperature 19.89 1 19.89 4.80 0.034
Number of drone colonies 3.67 1 3.67 0.88 0.352
Mating apiary x Number 9.17 1 9.17 221 0.144
of drone colonies

Error 190.74 46 4.15

Total 1388.00 51

R?=0.863; R? corrected = 0.848

Figure 5. (a) Comparison of the total number of nuptial flights (on the first three flying
days) at Oberhof and Gehlberg. Arithmetic mean and standard error are given for each
mating apiary. N is the number of queens flying at Oberhof and Gehlberg respectively.
(b) The total number of nuptial flights of each queen in relation to the mean temperature
for the first three flying days.
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In contrast to the number of nuptial flights of all queens, their mean duration did not differ
significantly between the two mating apiaries (Table 5). The mean daily nuptial flight duration of each
queen did not differ between flights taken on different days (Kruskal-Wallis-test; Chi* = 2.58,
p = 0.631). We also found no effect of the number of drone colonies on the duration of the nuptial
flights (Table 5). However, flight duration significantly depends on the age of the queen (Table 5,
Figure 6a), with the youngest (<9 days) and oldest (>15 days) queens flying significantly longer than
queens of medium age (10 to 14 days). Flight duration also depends on the rank of the flight (Table 5,
Figure 6b), where the first flights were the longest ones. In addition, the duration of the nuptial flights
significantly increased with increasing temperature (at departure; Table 5, Figure 6c¢).
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Table 5. Effects of queen’s age, mating apiary, number of drone colonies, rank of

consecutive flights and temperature (at departure; included as a covariate) on the duration

of the nuptial flights. Type III sum of squares, denominator degrees of freedom (Den. d.f.),

mean square, F-value and p-value are given for each factor.
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Source Type III sum of squares  Den. d.f. Mean square F-value p-value
Model 83,767.52 10 8376.75 50.24  0.000
Age of the queens 1198.90 2 599.45 3.60 0.029
Mating apiary 34.24 1 34.24 0.21 0.651
Number of drone colonies 116.40 1 116.40 0.70 0.404
Rank of flight 1359.03 3 453.01 2.72 0.045
Temperature 650.91 1 650.91 3.90 0.049
Mating apiary x Number 47.45 1 47.45 029  0.59
of drone colonies

Error 41,187.13 247 166.75

Total 124,954.65 257

R?=0.670; R* corrected = 0.657

Figure 6. (a) Duration of the nuptial flights depending on the age of the queen. Arithmetic

mean and standard error are given for each age class. N is the number of flights in the
dataset. (b) Comparison of the duration of the first, second and third nuptial flights on a

given day and all other flights of the same day. Arithmetic mean and standard error are
given for each class. N is the number of flights in the dataset. (¢) The nuptial flight
duration in relation to the temperature when queens left their nuc.
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Several studies identified environmental conditions such as temperature, wind, and cloud cover as
important factors influencing the mating behavior of honey bees [31-33,60,63]. Alber et al. [23]
showed that matings hardly ever occur at temperatures below 20 °C with overcast sky and wind
velocity above 30 km/h. According to Lensky and Demter [31] high wind velocities (9—14 km/h) in
combination with low temperatures (15 °C-20 °C) lead to an increase of short queen flights. In our
study, the flight duration also decreased with decreasing temperatures whereas the flight frequency
increased. The mating behavior of honey bee queens can also vary between different types of mating
apiaries. For example, nuptial flights of queens on island mating apiaries are shorter and more frequent
than on mainland mating apiaries [33,64]. In addition, queens on island mating apiaries mate less often
compared to queens on the mainland [28]. These differences have been considered to be caused by
different climatic conditions (especially wind velocity) between islands and the mainland [28,33,64].
Our study was conducted at two mating apiaries separated by a distance of 4.4 km only. Nevertheless,
local climate conditions are likely to differ between the two locations, especially since the altitude of
Oberhof is about 200 m higher than Gehlberg. This difference may explain the different flight
frequencies at the two apiaries, with queens of Oberhof flying more often than queens of Gehlberg.

The number of available drones in the environment has been hypothesized to influence the mating
flights of honey bee queens, although the reports of different author teams differ in their conclusions.
While Koeniger and Koeniger [14,57] observed an increase in mean flight duration from 13.7 + 6.1 min
with plenty of drones (>10,000) to 21.8 + 9.67 min with few (~2500) drones, Woyke [18] showed the
opposite effect, with an abundance of drones in close proximity to the queens leading to longer nuptial
flights. However, the nuptial flights of the queens from an apiary with plenty of drones were not more
effective (concerning the amount of semen queens received) than those of queens from an apiary where
no colonies with drones were present within 2.5 km [18]. Neumann et al. [28] compared queen mating
frequencies and found no effect with numbers of drone colonies varying between 10 and 42. In our study
we increased the number of drone colonies from 33 to 80 colonies and found no effect, neither on the
flight duration nor on the flight frequency. Possibly, 33 drone colonies are already enough for an excess
supply of drones so that the effect of additional drone colonies is rather weak.

We found no previous studies reporting differences in flight duration in queens of different ages,
where we observed a significant effect. The flights of both the youngest and oldest queens were
significantly longer than those of medium-aged queens. However, due to reasons connected to
experiment logistics, our groups of queens in different experimental weeks were not always all of the
same age. Therefore we cannot exclude the possibility that the effect of the queen’s age may have
resulted from differences between different experimental weeks. To confirm our observation it will
thus be necessary to observe queens of different age simultaneously at the same mating apiary.

Direct visual observation of queens is time-consuming and the number of individuals which can be
monitored simultaneously, as well as the time span during which this can be done, is limited. To
prevent unobserved nuptial flights, queen excluders are used for direct observations which have to be
checked continuously by a patrolling observer. Both the presence of an observer and the queen
excluder itself, can disturb the queens and alter their behavior [23,33]. In contrast, use of the RFID
technique provides a suitable method to monitor several individuals simultaneously without disturbing
them. Of course, the use of RFID does not permit to detect whether a queen returns with a mating sign,
so it cannot be determined whether she mated on a flight or not. However, even with direct observation
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one cannot always be certain whether a queen was successful on her nuptial flight, as mated queens
sometimes (8% to 36%) return without a mating sign [1,23,65]. One can only be sure that a queen
returning with a mating sign mated with at least one drone. A more serious problem occurring with
RFID is the fact that sometimes a queen can pass the reader module without being registered. Three of
our queens were not recorded at all during the whole experiment; however, they started egg laying
afterwards. Although it is possible that they lost their transponder, we also found that the orientation of
the transponder relative to the reader modules influences the readings. It may thus be possible that
queens leave unregistered when they pass the entrance in a position that is unfavorable for a reading.
Another technical problem was that we sometimes could not unambiguously decide whether a queen
left her mating nuc for a nuptial flight or if, after having passed the reader module, she did not leave
after all but returned into the nuc instead. Both these difficulties can be solved by use of reader
modules with two antennae. Queens passing such a reader module are registered twice, which enables
the observer to determine the direction of the movement [52,66].

4. Conclusions

Radio-frequency identification (RFID) is an appropriate tool to investigate the duration and
frequency of nuptial flights of honey bee queens, since our results agree well with the results of
previous studies. Marking the queens with RFID transponders does not lead to increased queen losses.
In our study, the number of queens which did not return to their mating nucs was within the range of
losses reported by other authors, and rather seems to depend on the mating apiary (10 queens were lost
at Gehlberg and 1 queens at Oberhof). To reduce the rate of ambiguous readings, reader modules with
two antennae should be used.

Acknowledgments

We thank Thomas Reps (Oberhof), Albrecht Stofl and Mario Salmen (Gehlberg) for the permission
to conduct our experiments at the two mating apiaries, and for their great support of our fieldwork. We
also thank Uwe Hubbe and Karin Petzoldt-Treibert for technical support, and Waldemar Strasser for
rearing the queens. The study was funded by the BLE (German Federal Institute for Agriculture and
Nutrition), FKZ 2808UMO003.

Author Contributions

Study design: IMM, MDM, RB. Data collection: IMM, RB. Data analysis & interpretation: IMM,
RB. Manuscript writing: IMM, MDM, SB.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Taber, S. The frequency of multiple mating of queen honey bees. J. Econ. Entomol. 1954, 47,
995-998.



Insects 2014, 5 524

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

Taber, S. Concerning the number of times queen bees mate. J. Econ. Entomol. 1958, 51, 786—789.
Tryasko, V.V. Repeated and multiple mating of queens. Pchelovodstvo 1956, 33, 43-50.

Woyke, J. Multiple mating of the honeybee queen (apis mellifica 1.) in one nuptial flight.
Bull. L'Academie Pol. Des. Sci. II 1955, 3, 175-180.

Laidlaw, H.H., Jr.; Page, R.E., Jr. Polyandry in honey bees (apis mellifera 1.): Sperm utilization
and intracolony genetic relationships. Genetics 1984, 108, 985-997.

Zmarlicki, C.; Morse, R.A. Drone congregation areas. J. Apic. Res. 1963, 2, 64—66.

Ruttner, F. Biogeography and Taxonomy of Honeybees; Springer-Verlag: Berlin, Germany, 1988;
p. 284.

Ruttner, F. Drohnen-sammelplétze. Bienenvater 1962, 83, 1-2.

Jean-Prost, P. Observations sur le vol nuptial des reines d’abeilles. Comptes Rendus I'Académie
Sci. 1957, 245,2107-2110.

Ruttner, H.; Ruttner, F. Investigations on the flight activity and the mating behaviour of
drones—V. Drone congregation areas and mating distance. Apidologie 1972, 3, 203-232.
Bottcher, F.K. Contributions to the knowledge of the mating flicht of the noenybee (apis mellifica
mellifica 1.). Apidologie 1975, 6, 233-281.

Koeniger, N.; Koeniger, G. Reproductive isolation among species of the genus apis. Apidologie
2000, 37, 313-339.

Koeniger, N.; Koeniger, G.; Gries, M.; Tingek, S. Drone competition at drone congregation areas
in four apis species. Apidologie 2005, 36, 211-221.

Koeniger, N.; Koeniger, G. Mating flight duration of apis mellifera queens: As short as possible,
as long as necessary. Apidologie 2007, 38, 606—611.

Fletscher, D.J.C.; Tribe, G.D. Natural emergency queen rearing by apis mellifera adansonii ii. In
African Bees: Taxonomy, Biology and Economic Use; Fletscher, D.J.C., Ed.; Apimondia: Pretoria,
South Africa, 1977; pp. 132-140.

Koeniger, G. Reproduction and mating behaviour. In Bee Genetics and Breeding; Rinderer, T.E.,
Ed.; Academic Press Inc.: London, UK, 1986; pp. 255-280.

Schliins, H.; Moritz, R.F.A.; Neumann, P.; Kryger, P.; Koeniger, G. Multiple nuptial flights,
sperm transfer and the evolution of extreme polyandry in honeybee queens. Anim. Behav. 2005,
70, 125-131.

Woyke, J. Natural and artificial insemination of queen honeybees. Pszczel. Zesz. Nauk. 1960, 4,
183-275.

Franck, P.; Solignac, M.; Vautrin, D.; Cornuet, J.M.; Koeniger, G.; Koeniger, N. Sperm
competition and last-male precedence in the honeybee. Anim. Behav. 2002, 64, 503—-509.

Woyke, J. Causes of repeated mating flights by queen honeybees. J. Apic. Res. 1964, 3, 17-23.
Roberts, W.C. Multiple mating of queen bees proved by progeny and flight tests. Glean. Bee Cult.
1944, 72, 281-283.

Ruttner, F. Mehrfache begattung der bienenkoénigin. Zool. Anz. 1954, 153, 99-105.

Alber, W.; Jordan, R.; Ruttner, F.; Ruttner, H. Von der paarung der honigbiene. Z. Bienenforsch.
1955, 3, 1-28.

Ruttner, F. The mating of the honeybee. Bee World 1956, 37, 3—15.



Insects 2014, 5 525

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Ruttner, F. Die sexualfunktionen der honigbienen im dienste ihrer sozialen gemeinschaft. Z. Vgl
Physiol. 1957, 39, 577-600.

Estoup, A.; Solignac, M.; Cornuet, J.-M. Precise assessment of the number of patrilines and of
genetic relatedness in honeybee colonies. Proc. R. Soc. Lond. B 1994, 258, 1-7.

Tarpy, D.R.; Nielsen, R.; Nielsen, D.I. A scientific note on the revised estimates of effective
paternity frequency. Insectes Sociaux 2004, 51, 203-204.

Neumann, P.; Moritz, R.F.A.; van Praagh, J.P. Queen mating frequency in different types of
honey bee mating apiaries. J. Apic. Res. 1999, 38, 11-18.

Woyke, J. Wovon hingt die zahl der spermien in der samenblase der auf natlirlichem wege
begattetten koniginnen ab? Z. Bienenforsch. 1966, 8, 236-248.

Tarpy, D.R.; Page, R.E., Jr. No behavioral control over mating frequency in queen honey hees
(apis mellifera 1.): Implications for the evolution of extreme polyandry. Am. Nat. 2000, 55,
820-827.

Lensky, Y.; Demter, M. Mating flights of the queen honeybee (apis mellifera) in a subtropical
climate. Comp. Biochem. Physiol. 1985, 814, 229-241.

Oertel, E. Observations on the flight of drone honey bees. Ann. Entomol. Soc. Am. 1956, 49,
497-500.

Verbeek, B. Investigation of the flight activity of young honeybee queens under continental and
insular conditions by means of photoelectronic control. Apidologie 1976, 7, 151-168.

Koeniger, G. The role of the mating sign in honey bees, apis mellifera 1.: Does it hinder or
promote multiple mating? Anim. Behav. 1990, 39, 444—-449.

Woyke, J. The process of mating in the honeybee. Pszczel. Zesz. Nauk. 1958, 2, 1-42.

Neumann, P.; van Praagh, J.P.; Moritz, R.F.A.; Dustmann, J.H. Testing reliability of a potential
island mating apiary using DNA microsatellite. Apidologie 1999, 30, 251-276.

Shuck, S.A. Mating of a queen bee. Am. Bee J. 1882, 18, 789.

Langstroth, L.L. Copulation of the queen bee. Am. Bee J. 1861, 1, 65-66.

Demaree, G.W. Fertilization in confinement. Am. Bee J. 1881, 17, 1.

Janscha, A. Vollstindige Lehre von der Bienenzucht; G. Miinzberg: Wien, Austria, 1775; p. 236.
Gary, N.E.; Marston, J. Mating behaviour of drone honey bees with queen models (apis mellifera 1.).
Anim. Behav. 1971, 19, 299-304.

Williams, J.L. Wind-directed pheromone trap for drone honey bees (hymenoptera: Apidae).
J. Econ. Entomol. 1987, 80, 532-536.

Ruttner, H. Investigations on the flight avtivity and the mating nehaviour of the drones—vi. Flight
on and over mountain ridges. Apidologie 1976, 7, 331-341.

Koeniger, N.; Koeniger, G.; Pechhacker, H. The nearer the better? Drones (apis mellifera) prefer
nearer drone congregation areas. Insectes Sociaux 2005, 52, 31-35.

Loper, G.M.; Wolf, W.W.; Taylor, O.R., Jr. Radar detection of drones responding to honeybee
queen pheromone. J. Chem. Ecol. 1993, 19, 1929—-1939.

Loper, G.M.; Wolf, W.W.; Taylor, O.R., Jr. Honey bee drone flyways and congregation
areas—Radar observations. J. Kans. Entomol. Soc. 1992, 65, 223-230.

Loper, G.M.; Wolf, W.W.; Taylor, O.R., Jr. Detection and monitoring of honeybee drone
congregation areas by radar. Apidologie 1987, 18, 163—172.



Insects 2014, 5 526

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Witherell, P.C. Flight activity and natural mortality of normal and mutant drone honeybees.
J. Apic. Res. 1972, 11, 65-75.

Verbeek, B.; Verbeek, R. A method for recording the arrival and departure flights of individual
bees. Apidologie 1974, 5, 289-293.

Moreau, M.; Arrufat, P.; Latil, G.; Jeanson, R. Use of radio-tagging to map spatial organization
and social interactions in insects. J. Exp. Biol. 2011, 214, 17-21.

Sumner, S.; Lucas, E.; Barker, J.; Isaac, N. Radio-tagging technology reveals extreme
nest-drifting behavior in a eusocial insect. Curr. Biol. 2007, 17, 140-145.

Molet, M.; Chittka, L.; Stelzer, R.J.; Streit, S.; Raine, N.E. Colony nutritional status modulates
worker responses to foraging recruitment pheromone in the bumblebee bombus terrestris.
Behav. Ecol. Sociobiol. 2008, 62, 1919—1926.

Schneider, C.W.; Tautz, J.; Griinewald, B.; Fuchs, S. Rfid tracking of sublethal effects of two
neonicotinoid insecticides on the foraging behavior of apis mellifera. PLoS One 2012, 7, 1-9.
Decourtye, A.; Devillers, J.; Aupinel, P.; Brun, F.; Bagnis, C.; Julie, F.; Gauthier, M. Honeybee
tracking with microchips: A new methodology to measure the effects of pesticides. Ecotoxicology
2011, 20, 429-437.

Rice, W. Analyzing tables of statistical tests. Evolution 1989, 43, 223-225.

Ruttner, F. Reproductive behaviour in honeybees. In Fortschritte der Zoologie Band 31:
Experimental Behavioural Ecology; Holldobler, B., Lindauer, M., Eds.; Gustav Fischer Verlag
Stuttgart: New York, NY, USA, 1985; pp. 225-236.

Koeniger, G.; Koeniger, N.; Pechhacker, H.; Ruttner, F.; Berg, S. Assortative mating in a mixed
population of European honeybees, apis mellifera ligustica and apis mellifera carnica. Insectes
Sociaux 1989, 36, 129—138.

Taber, S. Factors influencing the circadian flight thytm of drone honeybees. Ann. Entomol. Soc.
Am. 1964, 57, 769-775.

Drescher, W. Die flugaktivitdit von drohnen der rasse apis mellifica carnica 1. Und a. Mell.
Ligustica 1. In abhingigkeit von lebensalter und witterung. Z. Bienenforsch. 1969, 9, 390-409.
Bol’Shakova, M.D. The flight of honey bee drones, apis mellifera 1. (hymenoptera, apidae) to the
queen in reletion to various ecological factors. Entomol. Rev. 1978, 56, 53-56.

Ruttner, F. Drohnensammelplitze: Ein beispiel von paarungsverhalten bei insekten.
Anz. Schédlingskde Pflanzenschutz Umweltschutz 1974, 47, 40—42.

Hayworth, M.K.; Johnson, N.G.; Wilhelm, M.E.; Gove, R.P.; Metheny, J.D.; Rueppel, O. Added
weights lead to reduced flight behaviour and mating sucess in polyandrous honey bee queens
(apis mellifera). Ethology 2009, 115, 698-706.

Ruttner, F.; Ruttner, H. Untersuchungen iiber die flugaktivitit und das paarungsverhalten der
drohnen. 3. Flugweite und flugrichtung der drohnen. Z. Bienenforsch. 1966, 8, 332-354.
Drescher, W. Untersuchungen zur zuflugsicherheit der inselbelegstelle mellum. Z. Bienenforsch.
1965, 8, 49-54.

Woyke, J. Anatomo-physiological changes in queen-bees returning from mating flights, and the
process of multiple mating. Bull. L'Academie Pol. Des. Sci. 11 1956, 4, 81-87.



Insects 2014, 5 527

66. Streit, S.; Bock, F.; Pirk, C.W.W.; Tautz, J. Automatic life-long monitoring of individual insect
behaviour now possible. Zoology 2003, 106, 169—171.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



