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Abstract

Honey bee colonies (Apis mellifera) are a fundamental component of ecosystems in Romania, their development
being significantly influenced by meteorological conditions both during the active season and throughout the
overwintering period. The present study aims to assess the impact of key meteorological factors on honey bee
colonies, based on data collected using BeeConn smart monitoring systems. The research was conducted between
November 25, 2025, and March 1, 2026, corresponding to the cold season, within the apiary of the University of Life
Sciences “King Mihai I” of Timisoara. Environmental parameters such as temperature, humidity, wind speed, UV
radiation, and precipitation, recorded by the BeeConn systems, were monitored alongside biological indicators
including hive weight, food reserves, and bee mortality. The results highlight significant correlations between
meteorological conditions and the overwintering performance of honey bee colonies. The study emphasizes the
important role of digital monitoring technologies in apiculture and contributes to the advancement of precision
beekeeping practices.
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1. Introduction world, a phenomenon associated with a series of
factors such as climate change, intensification of
Apis mellifera carpatica is the most important agricultural processes, the use of phytosanitary
pollinator of natural and agricultural ecosystems products, habitat degradation, and the emergence
in Romania, having an essential contribution to of pathogens [4-7]. Among the factors listed
maintaining biodiversity and increasing crop above, meteorological conditions exert a direct
productivity [1,2]. It is considered that most and permanent influence on the anatomical
cultivated plants depend, totally or partially, on structure and behavior of colonies [8-10].
entomophilous pollination, which gives bee Parameters such as temperature, relative humidity,
colonies a strategic role in food security and air current velocity, solar radiation, and
sustainability [3]. Beyond ecological importance, precipitation quantity influence both flight and
beekeeping also holds significant economic value foraging activity during the active season, as well
through the products obtained from bee colonies as the maintenance of the optimal nest
[1]. microclimate of bee colonies, especially during
In recent years, bee colonies have been facing a the cold season [8,11,12].
rather pronounced decline in many regions of the Wintering represents one of the vulnerable periods

in the annual cycle of bee colonies [12,13]. During
this period, bee colonies enter a state of reduced
activity, and the winter cluster is formed, through
which their survival parameters are ensured [14].
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Maintaining internal temperature, managing food
reserves, and humidity balance are complex
physiological processes directly influenced by
external meteorological conditions [13,15].
Episodes of intense cold, sudden temperature
changes, or excessive humidity can lead to
increased consumption, weakening of bee
colonies, and increased mortality [12,16].

Due to climate change, meteorological instability
is intensifying, leading to the occurrence of
atypical winters characterized by thermal
fluctuations, temporary warming periods, and
extreme events [16,17]. All these factors influence
the normal behavior of bee colonies, favoring the
premature onset of egg laying or the displacement
of the winter cluster [17,18]. In this context,
understanding  the  relationship between
meteorological factors and the dynamics of bee
colonies becomes essential for the development of
effective strategies for their preparation during the
cold season [12,16].

Remarkable progress in the field of precision
agriculture and digital technologies has led to the
development of intelligent bee colony monitoring
systems, which allow the long-term and non-
invasive collection of data regarding internal hive
parameters and external environmental conditions
[19-21]. These systems facilitate the reduction of
direct interventions and provide valuable
information regarding the condition of bee
colonies, food consumption, weight variations,
and their response to meteorological changes
[22,23]. The BeeConn system provides monitoring
platforms capable of recording biological data
together with meteorological parameters (Figure
1).

Through these technologies, beekeeping is moving
toward a model based on objective data, which
offers the opportunity to make real-time decisions
and optimize management practices [20,24]. The
integration of meteorological information with the
biological indicators of bee colonies allows the
early identification of risk situations and the
adoption of preventive measures intended to
reduce losses recorded during the wintering period
[15,21,23].

The aim of the present study is to analyze the
influence of the main meteorological factors on
bee colonies during the wintering period, using
data provided by the intelligent monitoring
systems BeeConn. The paper aims to highlight the
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relationships between meteorological conditions
and parameters specific to bee colonies,
contributing to the development of knowledge
regarding colony wintering and to the promotion
of precision beekeeping practices adapted to
current climatic conditions.

Figure 1. Sistemul de monitorizare BeeConn
2. Materials and methods

The experiment was carried out in the teaching
apiary of the University of Life Sciences “King
Mihai I” from Timisoara, within the Faculty of
Bioengineering of Animal Resources. The apiary
is located within the university premises, and the
bee colonies overwintered under the climatic
conditions specific to the western region of
Romania. The experiment was conducted during
the period 25.11.2025-01.03.2026 (Table 1), an
interval corresponding to the cold season and the
wintering period of bee colonies.

Within the experiment, 20 bee colonies (Apis
mellifera carpatica) were used, selected in such a
way as to present uniform development. The
colonies were overwintered in multi-storey hives
consisting of two bodies, the wintering being
carried out in the lower body (Figure 2).
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Table 1. Experimental scheme

Category Element Description
. Apiary of the University of Life Sciences “King Mihai I’ from
Location R . . . .
Experimental : Timisoara, Faculty of Bloenglnee?rlng of Animal Resources
Period 25.11.2025 — 01.03.2026 (wintering period)
framework T F
ype o Stationary monitoring during the cold season
experiment
Species Apis mellifera carpatica
. . . Numl?er of 20 bee colonies
Biological material _ colonies
Hive type Multi-storey hives, 2 bodies
Wintering method ~ Wintering in the lower body
Infrastructure Monitoring system BeeConn
Equipment 20 BeeConn scales; 4 BeeConn meteorological stations
Independent Meteorological Air temperature, relative humidity, air current velocity, UV radiation,
variables factors precipitation
Dependent Biological Hive weight, food quantity, mortality
variables parameters ’ ’
Monitoring type Non-invasive
Methodology Data collection BeeConn digital platform
Aim Objective Analysis of the influence of meteorological factors on the wintering of

bee colonies

igure 2.Apiary of the university

Before the beginning of the experimental period,
the colonies were properly prepared for wintering,
ensuring the necessary food reserves and adequate
thermal insulation conditions.

For the monitoring of biological and
environmental  parameters, the intelligent
BeeConn system was used. Under each hive, a
BeeConn electronic scale was placed, which
allowed the automatic recording of weight
variations throughout the entire duration of the
experiment. These variations were used to
evaluate food consumption, colony dynamics, and
possible biological losses. Within the apiary
perimeter, four BeeConn meteorological stations
were installed (Figure 3), positioned in such a way
as to provide a representative overview of the
local climatic conditions.
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Figure 3. BeeConn system (one meteorological station
and 5 scales)

The BeeConn meteorological stations provided
data regarding air temperature, relative humidity,
air current velocity, ultraviolet radiation levels,
and precipitation quantity. This information was
correlated with the biological parameters
monitored at hive level, namely weight variations,
the quantity of available food, and mortalities
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recorded during the wintering period. Mortalities
were evaluated through periodic inspections, the
collection of dead bees (Figure 4), and the analysis
of collected biological residues.

Figure 4. Mortalities collected during one of the
periodic inspections

The data were collected through the digital
platform of BeeConn, being stored in electronic
format for further processing. The obtained data

A.- BeeConn 1

sets were organized and processed in order to
highlight the evolution over time of the
meteorological and biological parameters. The
analysis of the information aimed to identify the
relationships  between the  variations in
meteorological conditions and the behavior of bee
colonies during the wintering period, with
emphasis on colony stability, food consumption,
and mortality percentage.

3. Results and discussion

The monitoring of bee colonies during the period
25.11.2025-01.03.2026 (Figure 5), through the
intelligent BeeConn  systems, highlighted
important variations in external environmental
temperature and hive weight, specific to the
wintering season. The obtained data reflect the
direct influence of meteorological conditions on
the consumption of food reserves and on the
biological activity of bee colonies.
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Figure 5. Dynamics of temperature and hive weight in the BeeConn systems

The analysis of the thermal values recorded by the
four BeeConn systems highlighted the existence
of high thermal amplitudes throughout the entire
experimental period. Minimum temperatures
varied between -9.07°C and -13.90°C, while
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maximum values ranged between 16.49°C and
17.35°C (Figure 6). These thermal oscillations
reflect the alternation between the cold periods
specific to winter and the temporary warming
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episodes occurring during February and the

beginning of March.
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Figure 6. Evolution of recorded temperatures

Table 2. Temperature variation recorded by the BeeConn systems during overwintering
. . Estimated

Minimum Maximum Mean

BeeConn System Temperature o Statistical observations
o Temperature (°C) Temperature
(°C) o
O
BeeConn 1 -9.07 16.49 3.71 Moderate thermal variability
BeeConn 2 13.90 1735 1.73 Most  ~ pronounced  thermal
oscillations

BeeConn 3 -12.32 17.16 2.42 Highest maximum temperatures
BeeConn 4 -11.64 17.14 2.75 Marked thermal fluctuations

From the analysis of temperatures (Table 2), it can
be observed that BeeConn System 2 recorded the
highest thermal amplitude, with a minimum
temperature of -13.90°C and a maximum value of
17.35°C. In the case of BeeConn System 3, the
maximum temperature was 17.16°C, while for
BeeConn System 4 the minimum temperature
dropped to -11.64°C. These variations highlight
the unstable nature of climatic conditions during
the wintering period and their direct impact on bee
colonies.

The increase in temperatures recorded toward the
end of February and the beginning of March
favored the intensification of the biological
activity of the colonies, which led to a more
pronounced consumption of food reserves and,
implicitly, greater hive weight losses.
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Regarding the evolution of bee colony weight, all
BeeConn systems highlighted a general downward
trend in hive mass during the cold season. These
losses are specific to the wintering period and are
associated with the consumption of energy
reserves necessary for maintaining the temperature
of the winter cluster and carrying out metabolic
processes. Table 3 presents the average values of
weight losses recorded in the bee colonies
monitored through the BeeConn systems during
the wintering period.

The obtained data highlighted differences between
the monitored systems regarding average weight
losses. BeeConn System 1 recorded the highest
average weight loss, of 3.86 kg, indicating a
higher consumption of food reserves during
winter. In contrast, BeeConn System 3 presented
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the lowest average loss, of only 1.17 kg, which
suggests better stability of the bee colonies and a
higher efficiency in the use of energy reserves.

Table 3. Average weight loss of honey bee colonies
monitored by the BeeConn systems

System Average weight Standard Coefficient of
M loss (kg) deviation variation (%)
Beef"““ 3.86 .12 29.02
Beeg"““ 2.88 0.88 30.56
Be"g"nn 1.17 0.41 35.04
Beegom’ 126 0.99 78.57

The standard deviation values highlight the
existence of moderate differences between the
monitored bee colonies. For BeeConn System 1,
the standard deviation was 1.12, indicating a
moderate dispersion of values around the mean. In
the case of BeeConn System 2, the standard
deviation had a value of 0.88, suggesting a
relatively uniform distribution of weight losses
among the hives. BeeConn System 3 recorded the
lowest standard deviation (0.41), which confirms a
more uniform and stable evolution of the
monitored colonies.

The coefficient of variation (CV%) allowed the
assessment of the degree of uniformity of the bee
colonies. The coefficient of variation values for
BeeConn Systems 1 and 2 were approximately
29-31%, indicating a moderate variability in the
response of the colonies to wintering conditions.
In the case of BeeConn System 3, the coefficient
of wvariation was 35.04%, while for BeeConn
System 4 the value was higher, at 78.57%,
suggesting the existence of more pronounced
differences between the colonies monitored
through this system.

The obtained results demonstrate that weight
losses were influenced both by climatic conditions
and by the biological particularities of each bee
colony. During periods characterized by persistent
negative temperatures, an intensification in the
consumption of food reserves necessary for
maintaining the temperature of the winter cluster
was observed. Also, periods with higher
temperatures favored the resumption of biological
activity and, implicitly, the increase in energy
consumption.

Relative  humidity  presented  fluctuations
associated with external atmospheric conditions

and internal hive activity. The increase in
humidity during warmer periods may favor the
formation of condensation inside the hive,
negatively affecting the comfort and survival of
colonies during winter. Also, air current velocity
varied considerably throughout the monitored
period. The intensification of air currents was
generally associated with sudden temperature
changes and atmospheric instability, potentially
increasing thermal stress on the colonies. UV
radiation and precipitation values reflected
seasonal climatic transitions, especially toward the
end of February and the beginning of March,
when higher temperatures and increased solar
radiation stimulated colony activity.

Table 4. Mortality recorded during the experiment

Observation Mean Standard Standard Coefficient
date X) deviation error of
o) (SX) variation
(CV %)

18.12.2025 25.30 16.48 3.69 22.37
05.01.2026 190.90 52.34 11.71 22.37
26.01.2026 400.35 55.68 12.46 22.37
09.02.2026 535.10 57.43 12.85 22.37
16.02.2026 209.35 49.08 10.98 22.37

Total 11361 95.11 21.28 22.37

The data regarding bee colony mortality (Table 4)
highlighted a progressive increase in the number
of dead bees during the period January—early
February. The average mortality values increased
from 25.3 bees/hive in December to 535.1
bees/hive on 09.02.2026, representing the
mortality  peak  during the  experiment.
Subsequently, in the second part of February,
mortality decreased to approximately 209.35
bees/hive.

Table 5. t-test (comparison of periods)
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Period comparison p-value Significance
18.12.2025 - 05.01.2026 0.000 *oAk
18.12.2025 - 26.01.2026 0.000 *oAk
18.12.2025 — 09.02.2026 0.000 ok
18.12.2025 — 16.02.2026 0.000 ok
05.01.2026 — 26.01.2026 0.000 HoHk
05.01.2026 — 09.02.2026 0.000 HoHk
05.01.2026 — 16.02.2026 0.257 ns
26.01.2026 — 09.02.2026 0.000 woHk
26.01.2026 — 16.02.2026 0.000 *oAk
09.02.2026 — 16.02.2026 0.000 HoAk

*<0,05, **-0,01, ***.0,001.

The statistical analysis using the Student’s t-test
(Table 5) highlighted very statistically significant
differences (p < 0.001) between most of the
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analyzed periods, confirming that mortality
variations were determined by real changes in
biological and climatic conditions and not by
chance. The only statistically non-significant
comparison was between the periods 05.01.2026
and 16.02.2026 (p = 0.257), which suggests a
return of mortality to values close to those
recorded during the first part of winter.

The constant coefficient of variation, of
approximately  22.37%, indicates moderate
variability between the monitored bee colonies
and suggests a relative uniformity of the biological
response of the colonies to wintering conditions.
From a biological point of view, the increase in
mortality during the period January—early
February can be explained by thermal stress, the
high consumption of energy reserves, and
increased metabolic demand under low-
temperature conditions.

Overall, the obtained results highlight the
efficiency of the BeeConn systems in the
continuous monitoring of the biological and
climatic parameters of bee colonies and
demonstrate the usefulness of digital technologies
in the development of precision beekeeping.

4. Conclusions

The  present study  demonstrated  that
meteorological conditions significantly influence
the wintering dynamics of bee colonies monitored
using the intelligent BeeConn systems. Wide
thermal oscillations, with values ranging between
-13.90°C and 17.35°C, led to an increased
thermoregulation requirement and influenced the
consumption of food reserves.

The statistical analysis highlighted moderate to
high variability between systems, emphasizing the
differences in adaptation and biological response
of the colonies to environmental conditions.
Environmental parameters such as humidity, air
current velocity, UV radiation, and precipitation
contributed to colony dynamics by influencing the
microclimate inside the hive and the activity level
of bee colonies. Increased humidity and
intensified air currents may accentuate stress
conditions during winter, while the warmer
periods at the end of February stimulated the
resumption of biological activity.

Bee mortality progressively increased during
January and the beginning of February, reaching a
maximum on 09.02.2026, followed by a reduction
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toward the end of the monitored period. Statistical
analysis confirmed that most differences between
periods were distinctly significant (p < 0.001),
demonstrating the strong influence of wintering
conditions on colony survival.

In conclusion, the intelligent BeeConn systems
proved to be efficient for the continuous
monitoring of the condition of bee colonies and
their interaction with environmental factors. The
integration of digital technologies in beekeeping
can contribute to improving colony management,
the early identification of stress conditions, and
the development of precision beekeeping
practices.
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