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ABSTRACT

Accurate and timely measures to preserve the native populations of the wild honey bees need a study on the influ-
ence of housing conditions and environmental factors on the quality, productivity and viability of bee colonies. The
authors have developed a system for remote monitoring of microclimate parameters of wild bee colonies based
on the latest LoORaWAN technology. For studying the monitoring system based on the selected data transmission
technology, data collection and transmission devices are implemented in two variants — based on ready-made
monoblock devices (Variant 1) and composite devices (Variant 2) based on the Atmega328P microcontroller and
photovoltaic power supply system with digital temperature and humidity sensors. Field tests of an experimental
remote monitoring system were carried out in actual working conditions without power supply and communication
systems. The tests involved 15 monoblock ready-made RAK7204 devices (Variant 1) and nine composite devices
(Variant 2) based on the Atmega328P microcontroller. After the tests, Variant 1 was excluded from further use in
research due to mass failure. Variant 2 passed the tests and participated in further research. The parameters of the
power supply system of measuring devices and gateways are analyzed. The results of year-round monitoring of
microclimate parameters of bee colonies were obtained. The study results prove the efficiency of the monitoring
system based on LoRaWAN technology with the Atmega328P microcontroller devices and its operation comfort.
During the study, it was recorded that the outer air temperature dropped to —36 °C. During the same period, the
internal temperature significantly exceeded the air temperature. Besides, the highest temperature in wild hives dur-
ing the winter months reaches +15 °C and +35.5 °C in the summer months. The temperature difference recorded
in winter between the air inside wild hives and outer air reaches A30 °C.
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South Africa as case studies. A resource-efficient
IoT architecture that monitors soil, microclimate
and water parameters and performs appropriate

INTRODUCTION

Information is the most valuable resource

in the modern world. Concepts like “Internet of
Things”, “Big Data”, “Blockchain” get to the
spheres of the national economy. The task of ag-
ricultural specialists is to master new information
technologies and introduce them into the daily life
of cultivated plants and animals effectively and
safely. Thus, the propose of the paper of Nigussie
et al. (2020) an IoT-based irrigation management
system based on the results of a study of the prob-
lems of irrigated agricultural lands of three coun-
tries: Sub-Saharan Africa, Ethiopia, Kenya and
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irrigation management is proposed.

The paper of Neethirajan et al. (2017) focuses
on new technological advances in livestock health
monitoring to obtain detailed and accurate infor-
mation about animals’ productivity, physiology
and well-being. Biosensors are said to contribute
to the fourth agricultural revolution by incorpo-
rating innovative technologies into cost-effective
diagnostic methods that can mitigate the poten-
tially catastrophic consequences of infectious
outbreaks among farm animals.
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The more natural the conditions of keeping
animals, the more environmentally friendly the
products. Thus, information about the environ-
ment and microclimate is essential. The wild bees
honey is considered the most useful and environ-
mentally friendly (Khisamov et al., 2019). How-
ever, its production can be complex since it is
connected with natural and meteorological condi-
tions. In the mountain forest zone of the Republic
of Bashkortostan, wild beekeeping is one of the
leading traditional crafts of the local population.

Burziansk wild bees (APIs mellifera mel-
lifera) is a population of dark forest bees (Central
Russian) living in the forests of the mountain for-
est zone of the Republic of Bashkortostan. Wild
bees are listed in the Red Data Book of the Re-
public of Bashkortostan and the Cheliabinsk re-
gion. They are also recommended to be listed in
the Red Data Book of Russia. In the Trans-Urals
area of Bashkortostan, the temperature often
drops to —40 °C in winter. But wild bees are resis-
tant to low temperatures and can safely winter in
hollows. Natural selection for many centuries has
made them resistant to diseases.

The revival and preservation of wild beekeep-
ing are of economic, ecological, cultural and na-
tional importance. Scientists of the Bashkir State
Agrarian University set out to study the influence
of housing conditions and environmental factors
on the quality, productivity and viability of bee
colonies to preserve the native populations of the
wild honey bees.

Paper of Zacepins et al. (2015) analyzes exist-
ing studies and notes that the most popular meth-
ods of monitoring the level of colonies are tem-
perature, humidity, weight, sound, vibration and
video surveillance monitoring. There are many
solutions available on the market. Beekeepers
should individually choose a suitable solution
depending on the financial aspects and the infra-
structure of the apiary location. Authors note that
temperature monitoring seems to be developing
towards wireless technologies and alternative en-
ergy sources, such as solar energy. These systems
should be easy to use, maintain and provide re-
mote access to data. Another paper of Kviesis and
Zacepins (2015) considers various architectures
of automatic monitoring systems for monitor-
ing the hive temperature in real-time, identifying
their advantages and disadvantages. The work
aims to simplify beekeepers’ choice of suitable
architecture and proposes a selection algorithm.

Study of Zacepins et al. (2016) proposes a
method for remote identification of swarming
bee colonies by single-point temperature moni-
toring since this factor can significantly reduce
profitability. Paper authors note that sound mon-
itoring used to detect swarming has not been
popular in practical beekeeping due to complex
measurements, data processing and necessary
decision-making procedures. The authors link
the advantages of continuous temperature mea-
surements with an increase in temperature by
1.5-3.4 °C due to the bees’ flight muscles warm-
ing about 10 minutes before the swarm takes.
The paper proposed to use the temperature in-
crease based on the bees muscles warming as a
swarming indicator remotely and automatically
if the temperature increase before takeoff can be
detected, and the decision-making algorithm can
recognize swarming.

Paper of Debauche et al. (2018) proposes a
technical solution providing researchers with a
platform for better understanding and measur-
ing the impact factors that lead to the mass bees
extinction. The proposed model is also a digi-
tal and valuable tool for beekeepers to monitor
their hives better. Using this model, beekeepers
can regularly inspect their hives to check the
colony health.

Brazilian scientists used daily thermal dia-
grams to develop a mechanism for determining
the temperature increase inside the hive (micro-
climate) (Kridi et al., 2016). The paper presents
results showing different temperature regimes
associated with the hive conditions. Tempera-
ture is identified as a critical factor for potential
escaping conditions. Bees may leave the brood
nest when natural temperature regulation is not
achieved due to overheating and heat stress. In
this context, the authors propose proactive mon-
itoring of hives using a wireless sensor network
that detects atypical heating.

Paper of Henry et al. (2019) proposes a sys-
tem of wireless sensors for online monitoring
of the hive microclimate parameters, including
temperature, relative humidity and sound. Wi-Fi
radio waves prove not to affect these parameters
inside the hive, unlike the wired version of the
developed sensor network. Based on the results
of studies from September 5 to October 8, 2015,
the authors concluded that Wi-Fi radio waves do
not disturb bees in hives. Studies on the presented
wireless sensor network prove that the potential
effect of RF-EMR can be minimized by reducing
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the communication time and periodically sending
data to the server with a 15-minute interval.

Braga et al. (2020) state that an accurate fore-
casting method allows predicting the bee colony
health by homeostasis, weight, inspections and
weather data. A forecasting model based on a ran-
dom forest algorithm with a hit rate of more than
90 helps a beekeeper avoid losses of winter colo-
nies and to prevent bee problems. The beehives
used in this study belong to the Bayer Bee Care
Center (BBCC) and are in Indiana, North Caro-
lina, Pennsylvania, and Utah, the USA.

Currently, there are many studies of the bee-
hives parameters, technical proposals for moni-
toring and automation of microclimate manage-
ment of hives and winter apiary houses. However,
the proposed monitoring systems are designed for
apiarian beehives. They are built using transmis-
sion devices based on wired or GSM transmitters,
transmitting large amounts of information but re-
quiring significant energy and material costs. Be-
sides, the beekeeping conditions in apiarian hives
and wild hives are significantly different. Wild
hives are traditionally located on trees in the for-
est all year round in natural conditions, even in
winter at subzero temperatures.

Scientists of the Republic of Bashkortostan,
the Russian Federation, consider in the paper of
Khisamov et al. (2019) the nectarine potential
and cadastral assessment of the honey-bearing re-
sources of the Altyn Solok reserve, created for the
conservation and reproduction of the Burzian bee
population Apis Mellifera Mellifera L.

Sultanova eet al. (2019) raise the question
of the influence of certain agro-climatic factors
on the nectar productivity of wild and cultivated
plants. They propose an approach of combining
biological, zootechnical and economic assess-
ment of the fodder beekeeping base. The botanical
assessment makes it possible to identify how rich
the floristic composition of honey plants is and
how high the nectar productivity of a particular
area, considering that the Republic of Bashkorto-
stan includes three natural zones — forest-steppe,
steppe and mountain forest. However, these pa-
pers do not offer technical solutions to study the
bee colonies microclimate in the specified area of
honey cultivation.

The same article presents the results of the
implementation and testing of devices for re-
mote monitoring of the wild bee colonies mi-
croclimate parameters in real-time with wireless
transmission of information via one-way radio
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communication based on LoRaWAN technol-

ogy. The technical solution is being developed

for year-round use in the forests of the moun-
tain forest zone of the Trans-Urals region of the

Republic of Bashkortostan. The paper aims to

develop and investigate a remote monitoring

system of the wild bee colonies microclimate
parameters in real-time in conditions of limited
energy and communication access. Tasks:

1. Analysis of existing systems for remote moni-
toring of microclimate parameters of wild bee
colonies in the absence of power supply and
communication systems.

2. Development of a system for remote monitor-
ing of microclimate parameters of wild bee
colonies.

3. Field-testing of an experimental system for re-
mote monitoring of microclimate parameters
of wild bee colonies in the absence of power
supply and communication systems.

4. Year-round monitoring of microclimate param-
eters of wild bee colonies.

MATERIALS AND METHODS

The proposed system is designed to measure
the temperature and relative humidity of the air
in the hives and the outer atmospheric air in the
area. The monitoring system is based on the latest
LoRaWAN technology of one-way information
transmission via radio waves in a free frequency
range. The distance range of stable relations is up
to 15 km along the line of sight. As for power
consumption, one device can operate for up to
10 years on a 3400 mAh battery. One gateway can
serve up to 5 thousand terminal nodes per square
kilometre (km?) (Valishin et al., 2020a, 2020b).
The data transmission rate is 5 min and more.

For studying the monitoring system based on
the selected data transmission technology, data
collection and transmission devices are imple-
mented in two variants — based on ready-made
RAK7204 monoblock devices (variant 1) and
composite devices (variant 2). The RAK7204
device (variant 1) is a monoblock device of
90x85%34 mm with a replaceable lithium battery
with a capacity of 3500 mAh and a claimed ser-
vice life of more than two years. Parameters:

— operating temperature: —40 °C to +85 °C;

— temperature measurement range: —40 °C to
+ 85 °C;

— gas pressure measurement range: 30-300 kPa;
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— indoor air quality range: 0-500;
— power supply battery temperature range:
=55 °C to 85 °C (Rak, 2021).

Composite devices (variant 2) are based on
the Atmega328P microcontroller. Figure 1 shows
the block diagram of the system with the vari-
ant two devices. It includes the following main
nodes: a device for measuring and transmitting
parameters; a device (gateway) for receiving and
transmitting information to the server; an energy
source, i.e., a solar power plant with a Delta SM
50-12P photovoltaic panel, a DELTA GEL 12-26
helium battery and a Delta PWM 2410 L charge
controller. The device has digital temperature
sensors DS18B20-IP67-2 and humidity sensors
sht20. The battery accumulator capacity is high
to provide power supply in winter at subzero tem-
peratures (up to —40 °C).

Two wild beehives, one bee butt and three
wintering hives were used for research conducted
in the Shulgan-Tash State Natural Biosphere Re-
serve of the Burziansky district of the Republic of
Bashkortostan.

After trial tests of the operability of the de-
vices, the use of Variant 1 devices in the study
was suspended. Therefore, only Variant 2 devic-
es were used to monitor the parameters in wild
hives and the bee butt. Figure 2 shows the layout
of temperature (t1-t6) and humidity (¢) sensors
compiled by the authors based on the traditional
scheme of the wild hive structure.
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According to long-standing traditional tech-
nologies, the wild hives and the bee butt used
in the study were manufactured and placed on
forest trees. The wild hives are caved in living
or dead standing isolated trees. The bee butt is
a wild hive analogue and is caved in a felled
tree trunk. The study used wild hives and a bee
butt made of pine wood. The monitoring system
and all sensors were installed in the autumn at
an atmospheric temperature from 0 to —10 °C.
At such a temperature, bees are not very active.
Thus, sensors were placed inside the wild hive
through the beehive entrance.

Figures 3 and 4 show the placement of sen-
sors, information transmission devices and the
power supply system. Temperature sensors are
also placed in drilled blind holes with 50 and
150 mm depth to study the thermal conductivity
of the wild hive wood wall. The holes are closed
with insulation material to preserve the thermal
insulation properties of the drilled parts of the
wood wall (Figures 3 and 4).

RESULTS AND DISCUSSION

Before installation, both device variants were
tested under the same working conditions. They
were installed in apiary houses (winter hives)
and outdoors under a waterproof canopy with
the following air parameters: temperature from
—35 °C to +35 °C, relative humidity 20—100%,
atmospheric pressure 95-102 kPa. Three apiary
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Figure 1.

Structure of the microclimate monitoring system for wild bee colonies (author’s development)
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Figure 2. Layout of temperature and humidity sensors in the wild hive (author’s development) (bee butt No. 1)

houses participated in the tests in the Shulgan-
Tash Nature Reserve of the Burziansky district of

Figure 3. Installation of temperature and
humidity sensors to the wild hive: 1 — beehive
entrance; 2 — sensor wires; 3 — thermal insulation
coating of sensors in the walls of the wild
hive (t2, t4) (author’s development)
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the Republic of Bashkortostan. The results of the
device operability tests are presented in Table 1.
Further use of monoblock devices (variant 1)
in the study was suspended due to their massive
failure. A manual reboot was possible. However,
the devices failed 1-2 days after restarting. Trial
tests of the proposed system using Variant 1 and

Variant 2 devices showed the degree of their op-

erability in extreme natural conditions of a given

area. 100% of Variant 1 devices failed less than

a month after testing. The reason for the failures

has not been definitively identified. The most

probable reasons are:

1. Oxidation and electrical locking of conductive
parts due to water condensate owing to huge
temperature and humidity swings characteris-
tic of the mountain forest zone climate of the
republic of bashkortostan;

2. Disconnection from the main lorawan gateway
due to a software error.

The composite devices of variant 2 turned out
to be more reliable. The operating time to failure
was 122 days.
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Figure 4. Power supply system of the measurement
and transmission device (variant 2): 1 — measurement
and transmission device; 2 — battery; 3 — charge-
discharge controller; 4 — photovoltaic panel
(author’s development)

To evaluate the system energy consumption,
the results of monitoring the energy source pa-
rameters need consideration. The energy source,
in this case, is a solar power plant with helium
batteries. Table 2 summarises the parameters of
energy sources, system elements, and the moni-
toring results during the test.

Table 2 shows that the energy consumed by
the measurement and data transmission device
(Variant 2) in standby mode is less than 2 pA. The
rate of battery voltage reduction is not significant
and corresponds to the self-discharge rate, taking
into account the low ambient temperature. The
LoRaWAN gateway and GSM modem consume
much more energy (6—7 Watts), and the battery

voltage decreases sharply in the absence of en-
ergy from the solar panel.

LoRaWAN technology uses a frequency
range that is currently free on the territory of the
Russian Federation. Developers offer platforms
with a custom interface cloud system. The pa-
per authors selected one of such platforms called
“Grafana”, where the measurement results are
stored in the cloud and can be presented as time
diagrams of temperature and humidity at various
points of hives and apiary houses. Figures 5 and
6 show the microclimate parameters of the wild
hive and bee butt, respectively, in the same period
from 1 to December 16. The measurement results
were recorded and delivered to the data collec-
tion point. The time intervals between measure-
ments are stable. The diagrams are pretty logical
and convenient for analysis. The atmospheric
temperature (t6) changes markedly with daily fre-
quency. The temperature in the walls of the wild
hives (t2, t3) changes similarly, but with smaller
differences. During the study, it was recorded that
the outer air temperature dropped to —36 °C. Dur-
ing the same period, the internal temperature sig-
nificantly exceeded the air temperature. Besides,
the highest temperature in wild hives during the
winter months reaches +15 °C and +35.5 ° C in
the summer months. The temperature difference
recorded in winter between the air inside wild
hives and outer air reaches A30 °C.

In addition to the main parameters, the sys-
tem monitors technical device parameters such
as the battery’s charge level (voltage, signal
level, and microcontroller temperature). The
obtained monitoring results allow analyzing
the relationship of the microclimate parameters
in the wild hives and hives, including the ac-
tivity, mass, productivity and other character-
istics of bee colonies. Diagrams presented in
Figures 5 and 6 prove the change in the relative
humidity of the air inside wild hives and the
bee butt from 85% to 97% with the change in
the temperature. Therefore, a higher and more
stable temperature and humidity (Figure 6)

Table 1. Operating time of measurement and data transmission devices until their failure

Type, a brand of the device Variant 1 (RAK7204) Variant 2 (composite device)

Number of devices in the test, pcs 15 9
Operating time of the first device until its failure, days 9 122 -
26 214

Operating time of the i-th device until its failure, days (No.15 of 15 pieces) -

Ultimate extinction of
data transmission

(No. 2 of 9 pieces)

Battery charge-discharge
controller failure

Humidity sensor

Degree and reason of failure .
failure
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Table 2. Parameters of energy sources and system elements when testing the system for operability in the arca

conditions
Title i\f:::r‘;::g:n”zcggata LoRaWAN MikroTik WAP | MikroTik LHG LTE kit
) LR8 kit gateway (RBLHGR&R11e-LTE)
(Variant 2)
Svstem Temperature and humidity Frequency rande:
Y measurements, full q y range- Frequency range: LTE FDD;
element compliance with LoRaWAN | 2400-2483.5 Mz / LTE TDD; 3G; 2G
Parameters 10 2p LoRa: 864-870 MHz e
standby current less than Claimed maximum power Declared max. power
2 A consumption: 7 Watts consumption: 6 Watts
Test time / average ambient 42 days /-12 °C 48 hours /-8 °C
Temperature (min...max) (-30...-5 °C) (-30...-5 °C)
DELTA GEL 12-26
Title (+ BB-PWR-8113, 2 x DELTA GEL 12-26
Energy DC-DC converter)
source 127-114
Voltage ) 30-20
before — after, V (in the absence of the charge (in the absence of the charge from solar panels)
from solar panels)

indicates that the bee colony’s mass in the bee
butt is more significant than in the wild hive
(Figure 5). It also proves a better thermal insu-
lation quality of the bee butt material.

A more detailed analysis reveals a relation-
ship between bee activity and the daytime, atmo-
spheric pressure, etc. For instance, there are tem-
perature jumps (Figure 6) in the wild hives every
winter morning, which the temperature overregu-
lation by bees may explain.

a) tC

-20

-30
12/01 12/03 12/05 12/07

In general, the monitoring system based on
LoRaWAN technology is efficient and convenient
in this research field. The results of the tests allow
the authors to agree with the analysis in paper of
Tao et al. (2021), which prove that “LoRaWAN
technology can provide communication in large
agricultural fields with low energy needs due to
low data transfer rate. Unlike other wireless com-
munication technologies such as Bluetooth, Zig-
Bee and Wi-Fi, the advantage of LoRa technology

12/09 12/11 12/13 12/15

== feTok 20 cMm (t1) == gepeeBo 14 cM (t2) == pepseBo 5cMm (13) == B neTok 30 cM (t4) == B neTok (t5)
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== neTok 20 cM

Figure 5. (a) Microclimate parameters in wild hive No. 2: t — temperature in hive entrance (20 sm);
t, — temperature in the tree (14 sm); t, — temperature in the tree (5 sm);
t, — temperature in hive entrance (30 sm); t, — temperature in hive entrance; t, — temperature
on microcontroller unit; (b) ¢, — humidity in hive entrance (20 sm)

270



Journal of Ecological Engineering 2022, 23(1), 264-273

12/01 12/03 12/05 12/07
== feTok 20 cM (t1) == gepeBo 13 cM (t2) == B neTok 30 cM (13) == aepeso 5cMm (t4) == HapyxHbIN (15)
== BM (16)

), %
b) ?00 o

95 )
90
85
80
75

70
12/01 12/03 12/05 12/07
== fneToKk 20 cM

12/09 12/11 12/13 12/15

12/09 12/1 12/13 12/15

Figure 6. (a) Microclimate parameters in bee butt No. 1: t, — temperature in hive entrance (20 sm);
t, — temperature in the tree (13 sm); t, — temperature in hive entrance (30 sm); t, — temperature in the tree (5 sm);
t, — temperature in exterior; t, — temperature on microcontroller unit; (b) ¢, —humidity in hive entrance (20 sm)

is low power consumption.” However, it’s not
worth relying on the value of the communication
devices range of 45 km for rural areas stated in
the paper of Vuran et al. (2018). In the mountain
forest zone, the communication range is signifi-
cantly lower. The devices based on the accepted
technology have advantages over measurement
devices widely used today, including those with
GSM transmitters. They require less energy and
material costs. These advantages are more evi-
dent when many endpoints of measuring and data
transmission devices are most densely located or
placed at a distance accessible for communication
with the receiving gateway.

Wild hives in traditional wild beekeeping
are often distributed far from each other. In this
case, on the one hand, many receiving gateways
are necessary to collect information. But, on the
other hand, the LoORaWAN architecture makes it
possible to more economically ensure the com-
munication of measurement devices with the
server in those wild hives located in areas with
a weak GSM signal. However, LoORaWAN gate-
ways consume significantly more energy than
endpoints. The results of tests of the power sup-
ply system with solar panels and batteries allow
concluding that the balance of batteries and solar
panels capacities is worth redistributing in favour

of gateways and modems to increase their power
supply reliability. Low-power terminal devices
can get power from small-sized lithium-ion bat-
teries (LIB) with preheating charging technology
proposed in papers of Guo et al. (2022) and Nam-
bisan et al. (2021). There are also other storage
devices, such as ionistors, also called supercapac-
itors (Savilov et al., 2015).

Composite devices (Variant 2) are based on
Atmega328P, which proved to be the easiest, ver-
satile, convenient and reliable microcontroller
as noted in papers od Sanchez et al. (2015) (At-
mega328) and Flores et al. (2019) (Atmegal281).
The RAK7204 monoblock ready-made device
has recently appeared on the market. Therefore,
such a device needs more testing and changes in
the required working conditions or further im-
provements. There is no scientific information
about this device.

The Grafana platform has also proven to be a
simple and convenient tool for visualization and
monitoring results analysis. Papers of Cicioglu
and Calhan (2021) and Venkatramulu et al. (2021)
propose to use Grafana as an open-source visu-
alization and query processing platform for data
scientists and researchers.

The obtained monitoring results show that
the outer air temperature dropped to —-36 °C
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during the study, whereas papers of Braga et al.
(2021), Edwards-Murphy et al. (2016), Flores
et al. (2019), and Sanchez et al. (2015), present
studies on temperatures above +5 °C. The results
of monitoring in winter show periodic daily tem-
perature jumps in the wild hives, which tempera-
ture overregulation by bees may explain. Unlike
hot periods when cooling inside the hive is car-
ried out by dispersing and weathering excess heat
and moisture, bees form a club to maintain proper
temperature in winter. The bee movement inside
the club and the gradual change of the outer bee
layer with the bee core of the club regulate the
temperature in winter. The bee club can gradually
move inside the wild hive as bees consume hon-
ey. Thus, the air temperature recorded by the sen-
sors in the wild hive and the actual temperature of
the bees can vary significantly. For instance, Fig-
ure 5 shows the temperature decrease to —15 °C
inside the wild hive. This phenomenon explains
the negative temperatures predominance inside
the wild hive during the cold winter period. How-
ever, the ability of the colony to survive the cold
depends on maintaining a constant temperature of
about 35°C in the central zone of the brood colo-
ny (Braga et al., 2020). The same paper also gives
the results proving that the internal temperature
in hives in winter ranges from 3 °C to +10 °C
in fewer sound conditions and from —10 °C to
+15 °C in more sound conditions.
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