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Experimental validation of an electronic counting

In this work, a functional prototype of the BeeCheck
counting device was evaluated for its accuracy to validate
its suitability for scientific purposes. Two different
approaches were applied: (i) we manually compared
electronic data of the counting device by video record-
ings of entry and exit events, and (ii) by using the
so-called “robber’s test” in a tunnel tent. The results
showed an expected temperature dependency of the
general flight activity. Difficulties occurred with certain
activities at the hive entrance. The various running
speeds of individuals, approaching or stuck bees, and
bees moving back and forth in the tube were a challenge
for sensor technology and the mathematical algorithm.
To minimize such mistakes and to increase the counting
accuracy, it is necessary to correct the algorithm accord-
ingly. This will be addressed in the “V-I-Bee” follow-up
project and future perspectives of using an improved
counting device are discussed.
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Ein Funktionsprototyp des Bienenzahlers BeeCheck
sollte in dieser Arbeit auf seine Genauigkeit hin iberpriift

device to determine flight activity
of honey bees (Apis mellifera L.)

Validierung eines elektronischen Bienenzdhlers
zur Bestimmung der Flugaktivitat

werden, um seine Tauglichkeit fiir den wissenschaft-
lichen Einsatz zu validieren. Hierzu wurden zwei unter-
schiedliche Ansatze verfolgt: (i) Vergleich der elektroni-
schen Daten des Zihlgerates durch Videoaufnahmen von
Ein- und Ausfliigen mit manueller Auswertung durch ei-
nen Beobachter sowie (ii) die Validierung mittels ,,Rau-
bertest“ im bienendichten Zelt. Die Ergebnisse zeigten
eine zu erwartende Temperatur Abhingigkeit der Flug-
aktivitat sowie die Fehleranfélligkeit bei gewissen Aktivi-
taten am Flugloch. So waren unterschiedliche Geschwin-
digkeiten, sich entgegenkommende oder im Flugloch
verharrende Bienen, sowie sich vor- und riickwérts bewe-
gende Bienen eine Herausforderung fiir den Algorith-
mus, der aus den gemessenen Sensordaten die Bienen-
transaktionen ableitet. Um diese Grenzfille zu minimie-
ren und die Zahlgenauigkeit zu erhohen, ist es notwen-
dig den Algorithmus entsprechend korrektiv anzupassen.
Dies soll im Folgeprojekt ,Etablierung digitaler Indikato-
ren der Bienenvitalitdt in Agrarlandschaften — V-I-Bee“
angegangen werden.

stichworter: BeeCheck, automatisierter Bienenzihler,
Risikobewertung, digitales Bienenvolk, kapazitive Sensorik

For nearly 100 years, there were efforts to develop appro-
priate methods to count honey bees (Apis mellifera L.)
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with the aid of machines. Working on his Ph.D. thesis,
LUNDIE (1925) describes for the first-time what knowl-
edge gain such a bee counter could contribute to (Fig. 1).
Correlating honey flow and flight activity to determine
how much and at what time plants produce nectar was
called the first and most important point. Second, LUNDIE
mentions the recording of various environmental influ-
ences on bees. With the first point representing a more
general beekeeping interest, the second point also
reflects scientific questions that are currently discussed
in bee research (CHMIEL et al., 2020).

A standard method for estimating the strength of bee
colonies is the “Liebefeld method” (IMDORF et al., 1987).
Mainly applied and established in Europe, this method is
also used globally as part of higher tier testing regimes
for plant protection products (ORGANISATION FOR EcoNOMIC
CO-OPERATION AND DEVELOPMENT, 2007). It requires the
beekeeper to pull out every single comb to estimate adja-
cent bees. For this purpose, a special frame is employed,
analogous to the frame size used in the hives. In this spe-
cial frame, a grid forms squares of 10 dm?2 and equals to
125 bees per square. Now, each comb can be estimated by
pushing the bees theoretically into these squares and
counting the units (squares). In addition to bees, the
extent of brood and the number of stocks (nectar, pollen)
can also be recorded (LIEBIG, 2013). Such external influ-
ences are reflected in the population dynamics of the
estimated colonies (increases and decreases). The main
disadvantage of this method lies in its high expenditure,
a lot of time and personnel is required which culminates
in a huge invasive operation for each bee colony. To mea-
sure effects with high resolution, colonies must be esti-
mated at relatively short time intervals. Hence, there is
always a risk to damage the queen or to cause distur-

bance within the colony cluster that may lead to a reduc-
tion of the brood.

A less invasive methodology that contrasts with the
above mentioned is the use of RFID technology (radio-
frequency identification). Foragers are identified that are
familiar with the surroundings and caught. Subsequent-
ly, small microchips are glued to the dorsal side of the
thorax, and worker bees are exposed to environmental
stressors (e.g. pesticide feeding). In a next step, success
and duration of homing flights can be evaluated (JEker
and GROSSAR, 2020). Currently, this technology is still very
expensive (approximately 1 Euro per chip) and the perfor-
mance is low. Reproducible results require several hun-
dred chips, which usually cannot be reused. Besides, only
a small part of the total population can be mapped (few
100 bees per colony of up to 35,000) consisting of old bees
only (foragers). Since the return rates in the control often
vary substantially, results may not always be interpreted
correctly. Capturing, gluing and releasing the workers
must be coordinated in a complex manner. Counting bees
without RFID chips would also be possible and more
cost-efficient, but also more time-consuming and inconve-
nient for large study designs (ODEMER et al., 2018).

Looking at the above-mentioned disadvantages, an
increasing degree of automation would thus provide
benefits in terms of temporal resolution, lower acquisi-
tion costs, and less invasive operations at the colony lev-
el. However, counting devices with infrared technology,
for example, appeared impractical and too imprecise so
far (Liu et al., 1990; STRUYE, 1999). In addition to cloud-
based technologies, current development covers auto-
mated visual, camera-based systems using artificial intel-
ligence (AI) (JianG et al., 2016; Gonsior et al., 2020;
TauUscH et al., 2020).

Fig.1.  lllustration of an in-
coming gate as part of the first
automated bee-counter. An elec-
trical circuit is closed as soon as
A the bee passes through the gate
¢ (from LunbIE, 1925).
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These optical systems usually require a high level of
maintenance. Transparent surfaces that are in contact
with bees and necessary for video tracking have to be
cleaned frequently as they get dirty quickly. A somewhat
different approach was introduced by CampBELL et al.
(2005) in a study with bumblebees (Bombus impatiens).
Instead of an optical system, the authors used a capaci-
tive sensor. This can provide the same information as an
optical sensor, but it also provides information about the
size and speed of the individual to be measured and
requires less maintenance. With honey bees, this could be
particularly useful to distinguish between drones and
workers or also between foragers loaded with pollen
and/or nectar. With support from the DBU (German
Federal Environmental Foundation), the project partner
Gero Mef3systeme GmbH from Braunschweig and the
Institute for Bee Protection (JKI), a new electronic bee
counter the “BeeCheck” was developed as part of a coop-
eration project. The device is equipped with 24 single
entrance tubes, each containing seven capacitive sensors
(Fig. 2). This unique feature clearly distinguishes the
BeeChek from previously established devices.

The new counter was developed against the back-
ground to reduce not only colony disturbance to a mini-
mum by using the entire width of the hive entrance, but
also to be independent of external energy supply in the
field. Further, reliable and precise counting results
should be delivered, accessible online for remote moni-
toring. The functional prototype has been completed,
which already features decisive functional properties. In
a follow-up project (V-I-Bee) teething troubles should be
eliminated, a stable working state established and the
practical suitability should be enhanced. With this refine-
ment, the BeeCheck can provide novel insights in bee
behavior and promote new study designs for regulatory
risk assessment.

Fig. 2.
tablet. C: Close-up of the 24 entrance tubes (rear-view).

Materials and methods

The basis of the data acquisition of the BeeCheck is a ca-
pacitive measuring system, which is integrated in a hive
bottom for the “Hohenheimer Einfachbeute” hive type
(Fig. 2). Other hive dimensions can be easily adapted. It
comprises 24 entrance tubes made of PE plastic, with
seven capacitive sensors installed in each tube (Fig. 3).
The circuit board with the sensors is located below the
tubes through which the bees have to pass to get outside
or into the hive. As a result, their direction of movement
is automatically detected by the sensor units (DEUTSCHE
BUNDESSTIFTUNG UMWELT, 2015-2019).

The electric capacity changes due to the passage of the
bees. Hence, each bee acts as dielectric due to its body wa-
ter content. The capacitance of the sensor changes and
can ultimately be rendered as a signal. The signals of each
sensor in all entrance tubes sample four times per second
(= 4 Hz) and provide a very large amount of data. Extrap-
olated per day, this would generate 10,000 printed pages.

Such enormous amounts of data are managed in the
best possible way only by a technical solution. The Bee-
Check, therefore, comes with a built-in algorithm that
evaluates which signals represent entering or exiting of a
bee. However, the main challenges to date are partially
passing bees that stay in the tube for a while or bees com-
ing towards one another in the same tube, which in turn
cannot be counted as an entry or exit. Also, the different
running speed of the bees is a challenge for the acquisi-
tion. Particularly, slow walking or long stays in the tube
can lead to incorrect measurements. The algorithm is,
overall, required to display a daily balance of incoming
and outgoing bees. Its precision currently provides min-
ute-by-minute up to second-by-second accuracy.

As is often the case with algorithm-based measure-
ment systems, it is necessary to find ways in which the
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BeeCheck device. A: Front view of the BeeCheck device. B: Hive bottom with the entrance tubes mounted on an exchangeable drawer

Journal fiir Kulturpflanzen 72. 2020



Journal fiir Kulturpflanzen, 72 (5). S. 132-140, 2020, ISSN 1867-0911, DOI: 10.5073/JfK.2020.05.03  Verlag Eugen Ulmer KG, Stuttgart

Entrance tube

XU

H»

XU

Capacity

AN AAN N

-
L

Time

Fig. 3.

values recorded by the algorithm can be checked and val-
idated (BoNNIFAIT and GARcIA, 1996). For this purpose,
two different validation approaches were employed; (i)
video analysis was conducted to match the counts of the
algorithm with user observations and (ii) the experimen-
tal method by (STRUYE, 1999) for infrared sensors was
tested and further refined in semi-field experiments.

Video observation

At various points during the bee season, the BeeCheck
device was integrated into different field trials with crops
attractive for bees (oilseed rape, phacelia) to encourage
foraging. We used various A. mellifera colonies from our
own stock and of different strengths (5,000-10,000
bees/colony). Subsequently, cameras were set up in front
of the hive entrances and 3-minute videos were recorded
at different times of the day considering different weath-
er situations and agricultural practices (e.g. crop protec-
tion application). The videos were then manually evalu-
ated for each entrance tube by a human observer. To en-
sure that all movements of the bees could be captured by
the observer, the videos were viewed in slow-motion. A
playing speed of 0.3 has proven to be best suitable for this
purpose by providing sufficient accuracy and processing
speed. These data were forwarded to our partner compa-
ny Gero Mef3systeme GmbH to find possible errors in the
algorithm and to eliminate them accordingly.

Robber’s test

Semi-field experiments were carried out to implement
the so-called “robber’s test " according to STRUYE (1999).
Three honey bee colonies with a strength of approximate-
ly 10,000 bees were set up in parallel in a covered gauze
tent of about 80 m2, respectively (Fig. 4). The area was
free of forage. One to two honeycombs were then placed
as a lure in an empty box set in the opposite direction to
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Schematic view of the sensor arrangement in the entrance tube and idealized capacitive measurement curves. The bee enters from
the left and must pass all seven sensors to reach the hive and vice versa.

the colony, with the lid open. This box was further
equipped with a BeeCheck device. Once the bees accept-
ed the food source in the box, the lid was closed and bees
had to enter and leave through the entrance tubes of the
BeeCheck. Counting was started early in the morning be-
fore and ended in the evening after bee-flight. Remaining
bees in the box were manually counted and removed.
Hypothetically, the daily balance between both sums
should be zero (3 entering - [>_ leaving bees + ) remain-
ing bees] = 0), since all bees that fly in also fly back to
their hive. These numbers were also forwarded to Gero
MeRBsysteme GmbH to find possible errors in the algo-
rithm and to eliminate them accordingly.

Results

With the current BeeCheck data daily flight activities of
experimental colonies can be displayed and evaluated
using the raw data provided by our partner Gero Mel3sys-
teme GmbH. Respective R scripts can easily be written to
implement various statistical features such as general in
and out flight activity (Fig. 5) or a correlation of tem-
perature and humidity data with the flight activity
(Fig. 6, R CorE TeaM, 2019, ODEMER, 2020).

In Fig. 5A a daily activity curve from one colony is dis-
played covering six consecutive days. Single flight counts
are shown from incoming (green) and leaving (yellow)
bees with several peaks (outliers) in the evening and
early morning hours. Cumulative flight counts (daily
sum) are shown from incoming (green) and leaving (yel-
low) bees (Fig. 5B). The difference between Y leaving -
> entering bees is shown in red. Hourly cumulative dif-
ferences vary from 799 lost to 13.662 attracted bees.
However, a daily trend can be identified as attracting
rather than losing bees.
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Fig. 4. Robber’s test experi-
mental setup in the tunnel tent.
Left: honey bee colony, right:
honeycombs as a lure for foragers
in a box equipped with a Bee-
Check device.
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Fig. 5.  Daily activity curve of a bee colony at the beginning of May 2018 covering six days. A: Single flight counts are shown from incoming
(green) and leaving (yellow) bees. B: Cumulative flight counts (daily sum) are shown from incoming (green) and leaving (yellow) bees. The differ-
ence between ) leaving - ) entering bees is shown in red.

In Fig. 6 scatter plots of three different colonies (J46, and increasing temperature was revealed (RZ J46: 0.33,
J49, J51) are shown, recorded from 27th to 31th May J49:0.38,J51: 0.35). This correlation, however, included
2018. In Fig. 6A a weak positive correlation of flight several outliers represented by unrealistic values. The
activity (No. of bees leaving the colony/5 min intervals)  BeeCheck continuously counted several hundred leaving
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Fig. 6. Temperature dependent activity curve of a bee colony at the end of May 2018 covering four days. A: A weak positive correlation of tem-

perature and flight activity (No. of bees leaving the colony/5 min intervals) was revealed. B: All flight data were ungrouped and plotted against

the temperature and colored with a relative humidity (RH) gradient.

bees/5 min at times not favorable for flight activity such
as night and early morning hours (10 p.m. -5 a.m.) in all
three colonies. In Fig. 6B all flight data were ungrouped
and plotted against the temperature and colored with a
relative humidity (RH) gradient. Higher humidity values
were found with lower temperatures and vice versa.

By using two different verification methods we found
that the speed at which bees pass through the entrance
tube is displayed in the curve progression of the sensors
(Fig. 7A-C). Further, we identified so-called borderline
cases where the algorithm has difficulties to interpret
data correctly. As an example are to name different run-
ning speeds of the bees, oncoming or stuck bees, and
bees moving back and forth in the tube (Fig. 7D, see also
outliers in Figs. 5 and 6).

Under field conditions, regular maintenance of the
devices as well as the manual readout of the memory was
necessary to uphold the BeeChecks operability. The bat-
tery life in our tests turned out to last for at least three
months of continuous operation. With the gathered
information of two seasons (2018, 2019), the algorithm
could be further improved by our partner Gero based on
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data provided by the verification tests. Many of the
above-mentioned borderline cases are no longer present,
however, not all of them could be eliminated yet.

Video observation

In total, when considering 24 single entrance tubes per
device, a time contingent of approximately 220 min per
video was necessary to count all incoming and outgoing
bees in slow-motion mode (0.3x speed). Per season, 100
videos were recorded. To evaluate the data, one must
correlate events sharing the same timestamp - of firm-
ware used in the device and the recording time of the
videos. With these data, incorrect interpretations of the
algorithm would become obvious and could be fixed.
Due to the large dataset and limited personnel capacity,
the evaluation could not yet be finished completely.

Robber’s test

Due to several verification loops that are necessary to
establish new algorithms, additional tests are planned for
2020. However, data from the robber's test were, similar
to the video analyses, not yet finally evaluated. This is
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Fig. 7.

Capacitance changes of the seven sensors within one entrance tube displaying different flight events. Every line represents one

sensor, the top dark blue line is the one closest and the bottom dark green line the farthest to the hive. A: bee is leaving and entering right after,
B: bee is leaving, C: bee is entering, D: borderline case: bee is stuck at halfway out, then moves fully out.

going to be covered by an upcoming project funded by
the German Federal Agency for Agriculture and Food
(BLE) called “Establishment of digital indicators of bee
vitality in agricultural landscapes — V-I-Bee”.

With the newly developed BeeChek counter, a robust and
easy to maintain device for field use was established.
Both, optical and capacitive sensors were preliminarily
tested. The capacitive sensors turned out to be superior,
since they measure more precisely and were less suscep-
tible to dirt, debris, and propolisation from bees. This is a
big disadvantage of optical sensors, such as infrared,
where frequent failure is reported as signals are jammed
by such contaminants (CAMPBELL et al., 2005). Here pre-
sented flight data from leaving and entering bees are
mostly in line with current literature (CLARKE and ROBERT,
2018) and we confirmed a positive correlation with tem-
perature (Danka and BEaman, 2007). However, several
teething troubles need to be taken care of. Interestingly,
there are selective activity outliers shown when bees
should be inside the hive at night time or early morning
hours. The biggest challenge for this novel capaci-
tance-based measuring system lies in the interpretation
of signals by the algorithm. Certain events, such as bees

sitting in front of the entrance, oncoming or stuck bees,
and bees moving back and forth in the tube without actu-
ally leaving or entering the hive are currently drivers for
erroneous results and considered as borderline cases.
The outliers from our data are such cases. We recorded
daily increases of up to 13.662 bees per day and colony,
which is very unrealistic. To eliminate borderline cases
and improve the algorithm, extremely time-consuming
verification methods are necessary. Flight assessments
must be performed manually either with the help of a hu-
man observer (KoLMEs and Sam, 1990) or with video
recordings of the hive entrance. Hence, we started the
evaluation of videos played in slow-motion to subse-
quently adapt the algorithm. Equally important are data
generated from robber’s tests in tunnel tents (Figure 5).
With this simple test setup, the precision of a counting
device can easily be evaluated (STRUYE, 1999). The total
sum of entering and leaving bees (plus remainers) must
equal zero. It is highly essential to quickly evaluate our
data to feed the results into the algorithm and start field
testing as the bee season has already started.

Foraging flights performed by workers serve primarily
food acquisition for the colony and are for ontogenetic
reasons carried out by older bees (GouLp and GoulD,
1988; GARy, 1992). Entrance observations can, therefore,
not only provide information about the availability of
food sources but also decipher the age structure and

Journal fiir Kulturpflanzen 72. 2020



Journal fiir Kulturpflanzen, 72 (5). S. 132-140, 2020, ISSN 1867-0911, DOI: 10.5073/JfK.2020.05.03  Verlag Eugen Ulmer KG, Stuttgart

resource requirement of a colony (McLELLAN, 1977). If
there are brief, strong fluctuations in flight traffic, this
could indicate an acute external influence reflected by
the entire colony. Effects of pesticides could, therefore,
be displayed promptly and directly (PHAM-DELGUE et al.,
2002), and long-lasting chronic effects could also be
made visible with a counting device. The BeeCheck, thus,
represents a clear advantage and an addition to the pre-
vious surveillance technology. Electronic hive scales are
used as a standard in beekeeping, with a primary purpose
to display honey flow. One or two hives equipped with
scales are placed in areas of interest, such as the forest as
source for honeydew honey, respectively. These areas are
usually distant from the beekeeper's residence, which is
why he has to rely on modern transmission technology.
The hive scale is equipped with a GSM module and sends
weighing data to the beekeeper at regular intervals. The
latter then uses increments and declines to estimate
whether the honey flow in the forest is good enough to
migrate more colonies (HueBg, 2010). Even though hive
scales are long been used for scientific purposes (MEIKLE
et al., 2018), an appropriate bee counter would be feasi-
ble to monitor imminent hazards from the environment
more sensitively. For instance, a spray application in bee
attractive crops could be tracked live and its effect on
bees evaluated directly. Since sublethal effects are often
difficult to measure or even remain unseen with
unknown consequences at the colony level (DESNEUX et
al., 2007 ), this could be of great benefit. In the context
of regulatory risk assessment and the testing of plant pro-
tection products, this tool could provide a valuable link to
background- and forager mortality under field condi-
tions.

In a current debate, these sublethal effects and their
impact on the colony are discussed (CHMIEL et al., 2020).
Here, a precise bee counter would be able to assess the
natural mortality (background mortality) of control col-
onies, placed in the same setting as treated hives. This
could improve evaluation and interpretation of effects.
Further, changes in flight behavior could be related to
substances that harm bees but are not of acute toxicity for
the colony. Ultimately, counting could be coupled with
weighing data - combined in one device - to measure
environmental effects on honey bee colonies more accu-
rately and less intrusive than before (MEIKIE et al., 2018).
The BeeCheck device developed so far has the potential
to fulfill the above-mentioned attributes. However, it
needs improvement to enhance data reliability and
increase operational handling under the required condi-
tions (i.e. remote management). For this reason, we were
able to obtain a follow-up grant to continue the develop-
ment. The institute for bee protection (JKI) takes on
project coordination with partners from industry and
research to integrate the BeeCheck not only in field-stud-
ies but also to feed data in simulation models such as the
BEEHAVE (BECHER et al., 2014; THORBEK et al., 2017). In
particular, partners from contract research organizations
will validate the BeeCheck and its contribution to
higher-tier studies for regulatory risk assessment. With
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the flight data as a performance parameter, negative
influences at the colony level could be displayed well in
large-scale field studies.

In addition to the BeeCheck’s scientific output, data
will also be provided to federal and state institutions as
well as beekeeping associations. From these data, useful
information could be derived in terms of Varroa treat-
ment recommendations or food resource notifications in
respective areas. In the follow-up project “Establishment
of digital indicators of bee vitality in agricultural land-
scapes — V-I-Bee”, we will not only carry on with further
validation but also aim for the BeeCheck’s marketability.

We appreciate the participation of all seasonal helpers in
the field and we express our gratitude to the JKI technical
staff for their assistance. The data that support the find-
ings of this study are available in the ,Open Science
Framework” under the following link: https://osf.io/
uqzp2/.
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