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Abstract: Sensor technologies have sufficiently advanced to provide low-cost devices that can quantify
carbon dioxide levels in honeybee hives with high temporal resolution and in a small enough package
for hive deployment. Recent publications have shown that summer carbon dioxide levels vary
throughout the day and night over ranges that typically exceed 5000 ppm. Such dramatic changes in
a measurable parameter associated with bee physiology are likely to convey information about the
colony health. In this work, we present data from four UK-based hives collected through the winter
of 2022/2023, with a focus on seeing if carbon dioxide can indicate when colonies are at risk of failure.
These hives have been fitted with two Sensirion SCD41 photoacoustic non-dispersive infrared (NDIR)
carbon dioxide sensors, one in the queen excluder, at the top of the brood box, and one in the crown
board, at the top of the hive. Hive scales have been used to monitor the hive mass, and internal and
external temperature sensors have been included. Embedded accelerometers in the central frame of
the brood box have been used to measure vibrations. Data showed that the high daily variation in
carbon dioxide continued throughout the coldest days of winter, and the vibrational data suggested
that daily fanning may be responsible for restoring lower carbon dioxide levels. The process of
fanning will draw in colder air to the hive at a time when the bees should be using their energy to
maintain the colony temperature. Monitoring carbon dioxide may provide feedback, prompting
human intervention when the colony is close to collapse, and a better understanding may contribute
to discussions on future hive design.

Keywords: honeybee; carbon dioxide; NDIR; SCD41; accelerometer; vibration; hive scale; fanning;
precision beekeeping; precision apiculture; smart hive

1. Introduction

Insect pollination is important in much of the crop production around the world [1,2],
and honeybees are one of the major players in this role [3,4]. Significant concern has been
raised over the decline in managed colonies across Europe and North America [5–8]. Many
flowering crops are grown in large-scale monocultures, in which habitat removal and
the scale of planting reduce the native pollinator populations. To rectify this, managed
hives of honeybees are transported to orchards to pollinate the crop for the flowering
period. Pollination services, as well as the production of wax, honey, and royal jelly, are the
positive benefits that managed honeybee colonies provide for humans. To assess honeybee
colony health, beekeepers routinely open the hive and visually inspect for the presence of
diseases [9–14] and assess the strength of the colony (presence of a queen, number of worker
bees, areas of brood, and extent of food stores). These intrusive inspections will be a source
of stress to the colony, worker bees can be killed during this process, and there is also a risk
that the queen will be killed [15]. However, during the spring, in the run up to swarming,
such inspections are a necessity for good beekeeping. The ability of the beekeeper to
monitor the health of their colony has aided the understanding of these challenges and the
use of electronic monitoring aids, such as hive scales and temperature sensors [16–24]. The
mass of the hive provides important information on the size and activity of the colony. It
can be used during the spring and summer months to track the production of honey and
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the colony population. Daytime changes in the measured mass can provide an estimate
of the number of foraging bees in the colony. In the winter, the mass will decrease with
the consumption of stored food resources and the colony size decrease. The internal hive
temperature is also a clear indicator of colony health, as the bees will maintain a temperature
of around 34 ◦C in brood-rearing areas of the hive. A weakening of the colony is shown
when they are unable to keep this temperature stable. Widespread use of hive scales and
temperature monitoring has grown, to the extent that there are now many suppliers of
commercial hive monitoring products [25–29]. Many of these products send data directly
to cloud-based data storage and provide web-based methods to track the colony health and
issue warnings; for example, if the mass changes dramatically due to theft or a brood box is
blown over in the wind. Beyond mass and temperature, measurements of different gasses
have also been reported as part of the drive to what has been termed precision apiculture
and smart hives. Humidity—water vapor in its gaseous state—is known to play a vital role
in the development of the brood [30]. The measurement of humidity is readily available
in low-cost, small capacitive sensors that provide an appropriate accuracy both in digital
and analogue formats. Digital devices often incorporate a temperature measurement in the
same package, as well as undertaking the analogue to digital conversion on the sensor chip.
Easily deployable, these sensors can be purchased on breakout boards starting for as little
as EUR 5, with the raw chips costing significantly less. Many of the devices incorporate i2c
interfaces, each with different addresses, allowing some spatial variation over a hive to be
monitored with relatively simple and inexpensive hardware. Investigations into the effect
of humidity have been extensively reported, including from hives in the field made with
small, embedded sensors [31–34].

Carbon dioxide has long been known as a narcotic for the honeybee and is used
to immobilize them during scientific manipulation or transfer, while higher levels of
exposure cause permanent damage or result in death [35–37]. While there have been
many laboratory studies on gas levels, such as oxygen, humidity, and carbon dioxide,
the availability of small, low-cost, and gas-specific sensors yielding true parts per million
(ppm) has previously limited the in-hive measurements. There are a range of small and
inexpensive metal oxide (MOx) sensors that respond to yield an estimate for CO2, which are
derived from hydrogen measurements and termed eCO2 or CO2eq. One of the problems
with these sensors is that the calibration of a non-aged sensor will change significantly
during the first hours of operation, and it can take several hours to reach a stable value
in stable environmental conditions. In practice, these do not satisfy the requirements for
calibrated CO2 measurements. Recent advances in non-dispersive infrared (NDIR) sensor
technology mean that such devices for carbon dioxide are now available in small and
relatively affordable commercial implementations, such as the Telaire T6713 (Amphenol
Thermometrics, Inc., St. Marys, PA, USA) [38], the SCD41 from Sensirion (AG, Stäfa,
Switzerland) [39], and the Figaro (Rolling Meadows, IL, USA) CDM7162 [40]. NDIR-type
sensors typically consist of an infrared source, a wavelength filter, a sample gas chamber,
and an infrared detector. The infrared beam passes through a sample cell containing CO2,
and the amount of infrared absorbed by the sample is measured by an infrared detector. The
sensitivity of NDIR sensors is directly proportional to the optical beam path. This means
that most of the commercial NDIR sensors are in packages that typically measure 5 or 6 cm.
While some measurements using these sensors have been reported [41,42], this has been a
limitation for hive use, as it is a significant package size. A reduction in the path usually
compromises the performance, so a variation using photoacoustic technology has been
developed in which the sensor sensitivity is independent of the size of the optical cavity.
In the photoacoustic method, a modulated infrared radiation at 4.26 µm, corresponding
to the absorption bands of CO2 molecules, is emitted into a small enclosure. The CO2
molecules in the measuring cell absorb part of this radiation, as it mainly excites molecular
vibrations, causing a measurable periodic change in pressure in the measuring cell at the
modulation frequency. This is at an acoustic frequency that can be measured with a MEMS
microphone, with the amplitude of the sound being proportional to the CO2 concentration.



Appl. Sci. 2024, 14, 1679 3 of 11

This is the principle used in the Sensirion SCD4x range of sensors, allowing a footprint of
around 1 cm by 1 cm to be achieved. The devices include a built-in processor algorithm to
calculate the CO2 concentration and an i2c digital interface for outputting the data. These
types of devices can provide multiple carbon dioxide measurements per minute over a
wide range of concentrations. Many of the Sensirion range, such as the SCD41 used in
this work, also provide temperature and relative humidity measurements within the same
package. This device will measure CO2 from the ambient value in air of 400 ppm up to
40,000 ppm, with different errors for different ranges. An example of this from the data
sheet for the range of 2001 ppm to 5000 ppm is provided as: ±(40 ppm + 5% of reading),
with a quoted repeatability of ±10 ppm. The SCD41 relative humidity is quoted as ±9%
and the temperature as ±1.5 ◦C.

For external temperatures below 10 ◦C, honeybees will not leave their hive, and this
means that in climates where this is common during the winter months, beekeepers do
not open their hives to inspect their colonies, as this will be damaging to the bee health.
This is where the sensors can have a significant impact, as they can provide in-hive data
when the hive must remain closed. In this work, four hives were fitted with two carbon
dioxide sensors, one in the queen excluder and one in the crown board. A hive scale was
used to monitor the hive mass and an accelerometer in the central frame of the brood box
to measure vibrations. Data from these sensors were compared to the internal and external
temperatures of the hives to look for data trends that may suggest a struggling colony.

2. Materials and Methods
2.1. The Hives

The honeybee colonies used in this work were based in the UK at Holme Pierrepont Hall
in Nottingham. All data presented here are from hives 5, 6, 7, and 8, labeled HPP5, HPP6,
HPP7, and HPP8, which were the four of the eight colonies in the apiary with gas sensor
hardware installed. Measurements were conducted throughout 2022, but the data presented
here correspond to the period from 6 December 2022 to 27 April 2023. Colony HPP8 died
prior to this period, reported as Figure 7 in [42], and the other three colonies were healthy.
The basic structure of the honeybee hive used is shown in Figure 1 and consists of the brood
box, in our case the British National hive brood box (https://en.wikipedia.org/wiki/BS_
National_Beehive, accessed on 22 January 2024), in which the queen lays eggs and the
young are reared. The honeybee hive is one of the most demanding places to site sensors
as it is subject to a wide range of temperature and humidity and under constant threat of
coating with propolis by the bees. In the middle of the central frame of each brood box was
an accelerometer to monitor vibration. A queen excluder was placed on top of the brood
box to prevent the queen from moving to the ‘super’ boxes above it but allowing workers
to pass through, and a gas and temperature sensor was attached to the queen excluder. The
supers are predominantly where the honey is produced and stored. Additional supers can
be added throughout the season as the honey stores build. Two supers were used on these
hives during the measurement period. We added a modified crown board, which held the
electronics for the gas sensors in a weatherproof environment, as well as one of the gas and
temperature sensors. The crown board sensor was placed approximately 30 cm above the
queen excluder sensor. The hive sits on a hive scale from BEEP [29] that measures the mass
of the hive every 15 min. The scale under colony HPP6 failed, so data from this colony
were not available.

https://en.wikipedia.org/wiki/BS_National_Beehive
https://en.wikipedia.org/wiki/BS_National_Beehive
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the mass. 
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The Teensy 3.5 microcontroller (PJRC, Sherwood, OR, USA) was chosen as the data 

logger for this application, as it provided both a real-time clock and a microSD card reader 
onboard for storing data. This system has previously been reported in detail [42]. The gas 
sensors were the Sensirion SCD41 connected to the Teensy via the i2c bus. As the cable 
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up resistor values were dropped from the usual 4.7 kΩ down to 2.2 kΩ. The SCD41 gas 
sensor was fixed to the Grove breakout boards from Seeed Studio (hĴps://wiki.seeedstu-
dio.com/Grove-CO2_&_Temperature_&_Humidity_Sensor-SCD41, accessed on 22 Janu-
ary 2024), as these provided a more robust mechanism for soldering the wire connections 
compared to just the SCD41 element. For our application, the socket was removed from 
the rear of the Grove circuit board to save space, as the same connections were also pro-
vided as through hole solder terminals. Data consisting of EPOCH time, CO2, tempera-
ture, and humidity were saved with around three measurements per minute to approxi-
mately one file per day on the memory card. The EPOCH (or Unix timestamp) is the num-
ber of seconds that have elapsed since 1 January 1970, and using this format allows data 
from the SCD41, the hive scales, and the accelerometers to easily be directly compared 
with each other.  

2.3. Vibration Measurements 
Sounds, which are vibrations that travel through the air, are thought to be used by 
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Figure 1. The positions of the different sensors in the hives. Sensirion SCD41 sensors in the queen
excluder and crown board measure temperature, relative humidity, and carbon dioxide. An ac-
celerometer in the central frame measures acceleration, and the whole hive sits on a scale to measure
the mass.

2.2. Carbon Dioxide Sensor Electronics

The Teensy 3.5 microcontroller (PJRC, Sherwood, OR, USA) was chosen as the data
logger for this application, as it provided both a real-time clock and a microSD card reader
onboard for storing data. This system has previously been reported in detail [42]. The
gas sensors were the Sensirion SCD41 connected to the Teensy via the i2c bus. As the
cable lengths to the sensors were at the upper end of that permitted in the i2c standard,
the pull-up resistor values were dropped from the usual 4.7 kΩ down to 2.2 kΩ. The
SCD41 gas sensor was fixed to the Grove breakout boards from Seeed Studio (https://
wiki.seeedstudio.com/Grove-CO2_&_Temperature_&_Humidity_Sensor-SCD41, accessed
on 22 January 2024), as these provided a more robust mechanism for soldering the wire
connections compared to just the SCD41 element. For our application, the socket was
removed from the rear of the Grove circuit board to save space, as the same connections
were also provided as through hole solder terminals. Data consisting of EPOCH time, CO2,
temperature, and humidity were saved with around three measurements per minute to
approximately one file per day on the memory card. The EPOCH (or Unix timestamp) is
the number of seconds that have elapsed since 1 January 1970, and using this format allows
data from the SCD41, the hive scales, and the accelerometers to easily be directly compared
with each other.

2.3. Vibration Measurements

Sounds, which are vibrations that travel through the air, are thought to be used by
the bees to communicate within the hive. It is claimed that their analysis can reveal useful
information to understand the colony health status, and this has recently been reviewed [43].
Measuring sound with a microphone can have its challenges in a hive, as the bees tend
to cover them with propolis and they can also be sensitive to detecting external sounds.
An alternative to measuring sound with a microphone is to measure the transmission of
the bee-generated vibration through the solid material of the comb using an accelerometer.
An embedded accelerometer is not affected by a coating of propolis and, indeed, they are
often covered with some melted wax to help their acceptance in the colony. Some specific
vibrational signals have been identified that are thought to hold specific communication
roles for the bees. These include the dorso-ventral abdominal (DVA) vibration signals [44]
and the tooting and quacking of queens during the swarming season [45]. In this work,
we were not interested in the individual vibrational signals but rather the background

https://wiki.seeedstudio.com/Grove-CO2_&_Temperature_&_Humidity_Sensor-SCD41
https://wiki.seeedstudio.com/Grove-CO2_&_Temperature_&_Humidity_Sensor-SCD41
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spectrum due to the bee activity. These vibrations were measured using the 805M1 (TE
Connectivity, Schaffhausen, Switzerland), a single-axis analogue output accelerometer that
incorporates a piezo-ceramic crystal with low-power electronics in a shielded housing that
is suitable for embedded applications [46].

A simple three-wire connection was all that was required, with a ground wire, an
excitation voltage supply of between 3 V and 5.5 V, and an analogue audio frequency data
wire. The frequency range of the accelerometer was 1 to 8000 Hz and a full-scale output
voltage range of ±2 V. The recording of the accelerometer signals was carried out using an
M-Track 8 (M-Audio, Cumberland, RI, USA) sound card using home-written software that
has been described elsewhere [44,45].

3. Results

Figure 2 shows the CO2, in ppm (black), and temperature (blue) for colony HPP5 for
the queen excluder (right) and crown board (left) starting on Tuesday 6 December 2022 at
11:48. This had the profile of a strong colony, with the temperature near the brood-rearing
range at the queen excluder by day 100. There were few negative temperatures recorded in
the hive even though external temperatures did fall below zero, and this was observed in
other colonies during the same time and in close proximity.
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Figure 2. The CO2 (black) and temperature (blue) data for colony HPP5 for (a) the crown board and
(b) the queen excluder starting on Tuesday 6 December 2022 at 11:48.

As previously reported [42], ambient air values of CO2 (typically around 400 ppm to
450 ppm) were observed in the crown board during many of the first forty days, but not
in the queen excluder. There were many days where the CO2 exceeded 10,000 ppm in the
brood box and on some days in the crown board, which is above the two supers, and thus
more than 30 cm above the queen excluder sensor.

Figure 3a shows the first week of the CO2 data (black) shown in Figure 2 for the queen
excluder. The hive mass on the same graph is the purple line. There was an interesting
daily drop in mass that coincided with the fall in CO2, which then rose again but not
quite to the same level, as would be expected as provisions are expended by the colony
in December/January. Typically, this change was between 50 g to 100 g, approximately
corresponding to the mass of typically 500 to 1000 bees. While the change in mass for
colony HPP5 could have been due to bees leaving the colony, the outside temperature was
mainly below 10 ◦C, when the bees would not usually fly.
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Figure 3. (a) The CO2 (black) and hive mass (purple) data for colony HPP5 for the queen excluder
starting on Tuesday 6 December 2022 at 11:48. (b) The mass for colony HPP8 after the colony had
died, showing the remaining daily mass variation in an empty hive.

To investigate if this fall and rise was connected to the CO2, the mass changes were
inspected for a colony that died at the start of the winter, colony HPP8. The mass changes
for this hive are shown in the right-hand panel of Figure 3, and this exhibits the same sort
of daily change but without the overall drop. It is, therefore, likely that the level of change
was associated with changes in the wooden structure as the temperature fell at night and
rose during the day, affecting the wood and its moisture content.

Figure 4 shows that the crown board temperature tracked the external temperature,
including going negative, but with a slightly higher value. The brood box maintained a
much higher temperature, but even the queen excluder fell below 10 ◦C, below which bees
are thought to cluster.
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Figure 4. The temperature in the brood box (blue), the crown board (red), and the external temperature
(orange) for colony HPP5 starting on Tuesday 6 December 2022 at 11:48.

Figure 5 shows the vibrational amplitude from colony HPP5, a strong colony, and
colony HPP6, which was a weaker colony, as seen from the lower CO2 levels in the hives
and previous inspection data. For colony HPP5, the vibration amplitude did not clearly
track the CO2 levels, but for colony HPP6, this was more the case, suggesting that the
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vibrational measurements picked up the increased activity, probably fanning, perhaps
required to reduce the CO2 in the hive. This difference could be because the cluster
was closer to the accelerometer in colony HPP6 than colony HPP5. Figure 6 shows the
vibrational spectrogram for colony HPP6 using the same data as seen from days 0 to 7 in
the left-hand panel of Figure 5. A spectrogram is a visual representation of the spectrum of
frequencies of a signal as it varies with time, which has the frequency on the vertical axis
and time on the horizontal axis. The color then shows the strength of the signal, where the
darker the color, the stronger the signal, in our representation increasing from yellow to
red. The wing beat frequencies can clearly be seen for frequencies starting around 125 Hz,
and this frequency can be seen to increase as the amplitude (increasing depth of red color)
increased to closer to the reported [47] fanning frequency of 173.9 ± 20.4 Hz, but much
lower than the frequency for hovering flight (226.8 ± 12.8 Hz), for which a very faint line
can be observed.
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Figure 6. The spectrogram for colony HPP6 starting on Tuesday 6 December 2022. The accelerometer
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Figure 7 shows colony HPP7 over 142 days (Figure 7a) and a zoom on the first 35 days
(Figure 7b). The data suggested that in the second week of December we were close to losing
the colony as the top of the brood box was averaging around 5 ◦C a week. Interestingly, a
corresponding reduction in CO2 was seen a week later. The orange data in Figure 4 are the
exterior temperature, which showed a significant increase around day 12 that was reflected
in the brood box temperature.
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of the same data for the first 35 days.

4. Discussion

Honeybee colonies act as a superorganism [48,49], and one aspect of this is associ-
ated with thermal regulation, which maintains the brood area between 30 ◦C and 35 ◦C.
Each individual bee responds to the local temperature environment by either isometric
contractions of her flight muscles to generate heat or fanning her wings to draw in cooler
air [50,51]. Temperatures below 15 ◦C can induce clustering centered on the brood areas. It
was reported by Seeley [15] that a response to extreme levels of carbon dioxide is fanning.
One aspect of fanning is to help evaporate the water off the nectar stores to safely store it as
honey. However, we know that fanning is thought to be used to regulate the temperature
inside the colony by circulating air through the hive. In the winter, this will result in cooling,
particularly where the air being drawn in is very cold. While the data showed that the
temperature fell as the carbon dioxide level was reduced, this also tracked the outside
temperature so cannot be directly or fully attributed to the fanning behavior. However, this
does suggest that there are at least two competing mechanisms at play in the hive at low
temperatures, with outer bees in the cluster expending energy to reduce the CO2 while the
inner bees try to generate sufficient heat to maintain the brood temperature against this
increased cooling. This raises the question of whether the design of hives can be made to
reduce this expenditure of energy and improve survival rates. The use of wooden boxes
as beehives became mainstream after the 1850s, when Lorenzo Langstroth discovered the
“bee space” and revolutionized modern beekeeping [52]. He found that bees would not
build a comb in a space tighter than 1 cm. His brood box used hanging-bar removable
frames spaced exactly 1 cm apart and 1 cm from the box walls. This is still the main design
used today, with Langstroth hives remaining popular, but alternative options with different
sizes include the British National hive and the Dadant. Lightweight polystyrene versions
of the basic brood box are also available, which improve insulation and reduce the effort of
the colony in temperature control. These are still basic boxes with the use of supers on top
and do not provide any further sophistication in ventilation. We know that the temperature
in the upper supers gets close to the outside temperatures, so the incorporation of trickle
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vents to improve the air flow may not affect the overall hive temperature profile but may
improve ventilation. An alternative would be to provide warmed air drawn through the
hive when the CO2 levels rise above a certain level and the outside temperature is low. It is
usually the case that the bees ‘know best’ how to look after their own environment, but in
extreme cold, human intervention may well save colonies.

5. Conclusions

During the winter months when the beekeeper is unable to open their hives for
inspection, the advances in smart hive technology offer an insight into the colony status.
The latest generation of NDIR sensors provides a small package that will operate over the
extensive carbon dioxide range that is found in the hive. In this work, we showed that the
daily variation in carbon dioxide reported in previous studies for the spring and summer
months continued throughout the coldest days of winter, although not to such high values
as when there are more bees in the colony. Vibrational data measured using accelerometers
suggested that daily fanning may be responsible for restoring lower carbon dioxide levels.
This was due to drawing colder air into the hive at a time when the bees should be using
their energy to maintain the colony temperature. Monitoring carbon dioxide levels may
provide sufficiently detailed feedback, prompting human intervention when the colony
is close to collapse. It may also help in future hive design, where the use of trickle vents
could improve the air flow while not affecting the overall hive temperature profile.
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