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A B S T R A C T

Winter losses in honey bee colonies, Apis mellifera, raise concerns both for their critical role in crop pollination
and for the sustainability of beekeeping. Beekeepers struggle to limit losses due to a lack of indicators to measure
colony health and predict mortality in winter under field conditions. Due to the critical role of social thermo-
regulation for winter colony survival and brood production, this study aims to assess whether monitoring nest
temperature during the winter may provide indicators of the state of health and survival of honey bee colonies.
Under field conditions, we monitored the nest temperature of 31 hives distributed along a thermal gradient
spanning over different European climates (including France, Germany, and Greece) over the winter 2022–2023.
We installed 1,083 temperature sensors at multiple points inside the hives, with an average of 35 ± 1.1 sensors
per hive (mean ± SD). We collected a total of 26,322,085 temperature data measurements for which we
computed the time series of minimum, median, maximum temperature, and thermal amplitude. We found that
the thermal amplitude within the nest is an indicator of colony health, effectively distinguishing between sur-
viving and dying colonies with an accuracy of 96.8 %. Moreover, we found that nest temperature enables the
detection of collapsing phases with an accuracy of 83.9 % and up to one month before the death of the colony.
Finally, we showed that monitoring nest temperature in winter can help detect brood presence and size, an
important health indicator for beekeeping. We suggest that monitoring nest temperature could represent a
relevant field indicator of honey bee colony health for understanding the success or failure of overwintering. This
indicator could help beekeepers anticipate colony mortalities to limit the winter colony losses observed
worldwide.

1. Introduction

The Western honey bee, Apis mellifera, is the most frequently
managed species for crop pollination worldwide (Garibaldi et al., 2017)
and forms the heart of the beekeeping economy (e.g., honey produc-
tion). Over the last 30 years, winter mortality rates of honey bee colonies
were recorded to have reached up to 50 % of beekeepers’ operations in

many regions of the world, such as in North America (Bruckner et al.,
2023), Latin America (Requier et al., 2024), and Europe (Gray et al.,
2023). These winter losses are estimated to cost between 3 and 32
million euros per winter in several countries (e.g., in Austria, Czech
Republic, Macedonia, or New-Zealand; (Popovska Stojanov et al., 2021;
Stahlmann-Brown et al., 2023), raising concerns about the sustainability
of beekeeping. Winter colony losses result from the weakening of honey
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bee colonies during the season due to multiple stress factors (Goulson
et al., 2015; Henry et al., 2017; Potts et al., 2010; Steinhauer et al.,
2018), including parasites and pathogens (Desai and Currie, 2015; van
Dooremalen et al., 2012), predators (Laurino et al., 2019; Requier et al.,
2019b), lack of flowers (Clermont et al., 2015; Kuchling et al., 2018;
Requier et al., 2017), exposure to pesticides (Insolia et al., 2022; Van Der
Zee et al., 2015), and climate change (Insolia et al., 2022; Overturf et al.,
2022; Switanek et al., 2017; Zapata-Hernández et al., 2024). However,
despite a massive scientific effort to identify stress factors, beekeepers
struggle to limit winter losses due to a lack of indicators to measure
colony health and predict mortality under field conditions.

Winter monitoring of colony health under field conditions is a
technical challenge, as conventional assessments imply opening the
hives and endanger the colony health by disrupting social thermoregu-
lation (Requier, 2019; Requier et al., 2017). However, advancements in
technology—including miniaturization, cost reduction, and diversifica-
tion—have extended the application of electronics in beekeeping
(known as precision beekeeping), offering various new tools for
assessing colony health (Alleri et al., 2023; Hadjur et al., 2022; Vardakas
et al., 2024; Zacepins et al., 2015). The use of electronics can be
extended to the winter period for monitoring key health metrics such as
temperature (Cook et al., 2022; Meikle et al., 2017, 2016; Senger et al.,
2024; Zacepins et al., 2020; Zacepins and Karasha, 2013), which is
crucial as the absence of social thermoregulation may indicate that
colonies are weakened (Minaud et al., 2024a).

Temperature sensors have been used since the beginning of the 20th
century to explore time series of minimum, average, and maximum
temperatures in nests, using a single sensor per hive (Dunham, 1931;
Gates, 1914). Nevertheless, during winter, bees produce heat in a
moving cluster (Owens, 1971; Szabo, 1985), and using multiple tem-
perature sensors in the nest could help accurately track the nest tem-
perature of honey bees during the winter (Minaud et al., 2024a). The use
of multiple temperature sensors was initiated in laboratory and semi-
controlled areas using thermocouples (Owens, 1967, 1971; Szabo,
1985) and, more recently, using frames integrating sensors within the
wax (Barmak et al., 2024, 2023; Kviesis and Zacepins, 2016; McVeigh
et al., 2022). However, monitoring nest temperature of honey bee col-
onies with multiple sensors during the winter has not yet been applied in
the field, although this could help beekeepers to track social thermo-
regulation as a potential indicator of colony health and winter survival.

Performing social thermoregulation is critical for honey bees to
survive winter conditions (Heinrich, 1993). For that, honey bees form a
cluster within the nest to maintain temperature above the critical
threshold of 10 ◦C, below which bees enter a state of “chill-coma” (Free
and Spencer-Booth, 1960). Heat is generated passively by the resting
metabolism of the large number of individuals and actively by the
temporary heat production of a group of central bees (Stabentheiner
et al., 2003). The center of the bee cluster averages 27–35 ◦C, with
temperatures decreasing towards the cluster surface to 18 ◦C–29 ◦C for
an overall mean temperature of 21.3 ◦C (Barmak et al., 2023; Corkins
and Gilbert, 1932; Fahrenholz et al., 1989; Owens, 1971; Southwick and
Heldmaier, 1987; Szabo, 1985). The bee cluster can change shape and
move over time, allowing bees to access honey reserves, or to change
thermal characteristics in response to weather conditions (Owens, 1971;
Severson and Erickson, 1990; Simpson, 1961; Szabo, 1985). In addition
to supporting winter colony survival, social thermoregulation is
involved in brood-rearing –a key point of colony health– by maintaining
brood area at the optimum temperature of 34 ± 1.5 ◦C (Bujok et al.,
2002; Kronenberg and Heller, 1982; Southwick and Heldmaier, 1987).

Winter colony dynamics and survival are thus linked to the outside
temperature and therefore to winter conditions. However, winter con-
ditions vary significantly across climates, and the impact of these vari-
ations on overwintering colony dynamic remains poorly understood.
Before winter, colonies in warmer climates show fewer individuals but
more brood than colonies in colder climates (Hatjina et al., 2014), a
difference that could be linked to the influence of outside temperatures

on winter brood production. As winter approaches, the pollen supply,
temperature, and photoperiod decrease, inducing a gradual decline in
brood rearing (Döke et al., 2015). The queen usually stops egg-laying
when the outside temperature is too low but must restart when tem-
perature and photoperiod rise again (Medrzycki et al., 2010; Nürnberger
et al., 2018) to prepare the colony for rapid growth in spring (Seeley and
Visscher, 1985). Therefore, egg-laying is expected to decline (or stop)
later and restart earlier in warmer climates and is expected to be pro-
gressive along a climate thermal gradient.

Due to the critical role of social thermoregulation in colony survival
and winter brood production, this study aims to assess whether moni-
toring nest temperature of honey bee colonies with multiple sensors
during winter may provide indicators of health and survival of honey
bee colonies. We assumed that a surviving colony needs tomaintain high
temperature inside the cluster (27–35 ◦C, Barmak et al., 2023; Corkins
and Gilbert, 1932; Fahrenholz et al., 1989; Owens, 1971; Southwick and
Heldmaier, 1987; Szabo, 1985), which should translate into a high
thermal amplitude within the nest (i.e., high difference between the
hottest and coldest point of the nest). Conversely, a dead colony should
present no or low thermal amplitude, reflecting the reduced thermal
heterogeneity of a nest devoid of living bees. Detecting decreasing
thermal amplitude during winter could therefore reflect difficulties in
maintaining colony thermoregulation and may indicate an ongoing
colony collapse, a potential anticipatory indicator of mortality.
Furthermore, we explored the thermoregulation dynamics of collapsing
colonies to provide clues to the pattern(s) of overwintering failure. On
the other hand, we aimed to use nest temperature as an indicator of
winter brood production. Since the brood is maintained within a narrow
range of temperature (34 ± 1.5 ◦C, Bujok et al., 2002; Kronenberg and
Heller, 1982; Southwick and Heldmaier, 1987), stable maximum tem-
peratures should indicate the presence of brood. In addition, we tested
whether the distribution of high temperatures in the nest may be an
indicator of brood size, assuming a positive correlation between brood
surface and the thermoregulated volume in the nest (McVeigh et al.,
2022). We explored whether the temperature-based brood size indicator
would depend on winter climate by monitoring colonies along a climate
thermal gradient including Mediterranean, oceanic, and continental
European climates. Finally, we aimed to estimate the realism and the
accuracy of temperature-based indicators by performing validation tests
with visual field-based colony inspections.

2. Material and methods

2.1. Study sites and honey bee colonies

We monitored 31 honey bee colonies, Apis mellifera, in France (n =

14), Germany (n = 7), and Greece (n = 10) over the 2022–2023 winter
period (from 2022-10-31 to 2023-03-31). Colonies were maintained in
10-frame hives and were located in 21 sites (i.e., apiaries), each spaced
at least 5 km apart and selected in different regions to represent the
climate thermal gradient offered by these three countries (Fig. 1a). This
includes European climates characterized as temperate with dry, hot
summers (Mediterranean), temperate without a dry season and with hot
summers (Oceanic), and cold with dry seasons and hot summers (Con-
tinental) (Peel et al., 2007). The honey bee subspecies in each of these
countries are expected to differ due to these regional variations (Requier
et al., 2019a). We monitored the winter climate at each site using five
temperature sensors (Maxim Integrated™ DS18B20, 0.5 ◦C) placed
below the colonies. Using these sensors, we recorded the external tem-
perature every 20 min from 2022-12-22 to 2023-03-21, which we
averaged for each site (Fig. 1b).

2.2. Monitoring nest temperature

We monitored the nest temperature of each hive with the use of
multiple DS18B20Z+ temperature sensors (Maxim Integred™, 9–12
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bits, set to 12 bits; − 55 ◦C to +125 ◦C, ±0.5 ◦C). We followed the
approach of frames integrating sensors (see also Barmak et al., 2024,
2023; Kviesis and Zacepins, 2016; McVeigh et al., 2022), embedding the
sensors directly within the frame wax. We built a total of 93 frames
integrating sensors, each composed of 12 temperature sensors. The 12
sensors per frame were placed in a matrix of three lines and four col-
umns, with an average distance of 10.5 cm ± 0.6 cm between sensors
(Supplementary material, Fig. S1). Three frames integrating sensors
were introduced into each controlled hive, i.e. 36 temperature sensors
per colony, for a total of 1,116 temperature sensors (12 sensors × 3
frames× 31 colonies). Looking at the hive from the back and numbering
the frames from 1 to 10 from left to right, the frames integrating sensors
were placed second, fifth, and eighth to cover the nest space (Fig. S1).
We collected temperature data every 15 min with a microcontroller
(Arduino™) equipped with a real-time clock module. To minimize
power consumption, the microcontroller enters in deep sleep mode be-
tween readings, which last a few seconds every fifteen minutes. It results
in a few tens of milliamperes of power consumption on average, with an
estimated operational time of up to two months. The devices were
powered by the electrical sector or with an external power bank (5 V,
20,000 mAh), with a monthly rotation (note that field issues in the
turnover led to some temporary interruptions in data collection). Due to
failure in 0.03 % of the sensors (33 previously tested sensors stopped
working), we collected data from 1,083 functional temperature sensors.
On average, each hive contained 35 ± 1.1 sensors (mean ± SD) that
successfully produced data, with 36 sensors in fourteen hives, 35 in
seven hives, 34 in five hives, 33 in four hives, and 32 in one hive. This
resulted in a total of 26,322,085 nest temperature data points recorded
over the 2022–2023 winter period.

2.3. Assessment of nest temperature indicators

All statistical analyses were performed using R software version 4.1.1
(R Core Team, 2024). We first averaged the temperature data per hour
and sensor to prevent temporal pseudo-replicates. We then collected
nest temperature metrics for all the monitored colonies (n = 31) with a
timescale of one hour, including (i) the minimum temperature (Tmin),
(ii) the median temperature (Tmedian), and (iii) the maximum tempera-
ture (Tmax). To analyze time series and interpolate missing data, we ran
Generalized Additive Models (GAMs) for each colony and each nest
temperature metrics (i.e., Tmin, Tmedian, Tmax) using the gam function

from the mgcv R-package (Wood, 2017). We considered time as the
smoothed term in the GAMs (with k = 10). We then computed the
thermal amplitude (Tampli) for each colony as the difference in GAM
model predictions between Tmin and Tmax over time, allowing us to focus
on long-term trends without considering the daily cycle of temperature
variations. In this study, we did not account for the sensor uncertainty of
±0.5 ◦C, as it was considered negligible compared to variation observed
in hive temperature, which often exceeds 10 ◦C in winter (e.g., Owens,
1971; Szabo, 1985).

2.4. Predicting winter survival, collapse, and death of honey bee colonies

We continuously assessed the colony state throughout the over-
wintering period (i.e., alive, collapsing, or dead) based on nest tem-
perature thresholds. First, we considered the threshold of 30 ◦C to
identify alive colonies, assuming that reaching this value in winter could
only result from social thermoregulation. Second, the hourly thermal
amplitudes of a 48-h windowwere statistically compared to temperature
thresholds using one-sided Student conformity tests (t.test function in
the stats R-package; R-core team, 2024). We tested a thermal amplitude
threshold of 9.5 ◦C to distinguish alive colonies (non-significant test:
temperatures are not significantly below the 9.5 ◦C threshold) from
collapsing or dead colonies (significant test: temperatures are signifi-
cantly below the 9.5 ◦C threshold), considering that a colony surviving
in winter maintains high temperatures in the cluster (see Fig. S2 for
further details on the selection of different thresholds). For colonies
detected as collapsing or dead, we tested a thermal amplitude threshold
of 4.4 ◦C to distinguish collapsing colonies (non-significant test: tem-
peratures are not significantly below the 4.4 ◦C threshold) from dead
colonies (significant test: temperatures are significantly below the 4.4 ◦C
threshold). Focusing on mortality (colonies predicted as dead at the end
of winter), we explored the possibility of a common winter collapse
pattern. We estimated mortality dates by extracting the first transition
date between the detection of a collapsing state to a death state. Then,
we compared the thermal amplitude of the dead colonies on a timescale
adjusted with respect to the first detection of collapsing.

2.5. Predicting winter brood production

Excluding periods of collapsing or death (i.e., focusing on alive col-
onies), we considered that a colony produced brood when at least 95 % of

Fig. 1. Experimental design with (a) geographical distribution of study sites; and (b) number of colonies monitored along the winter climate thermal gradient. Colors
correspond to average outdoor winter temperatures for 2022–2023, classified by 2 ◦C intervals from 0–2 ◦C to 12–14 ◦C.
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the Tmax measures of two consecutive days (48 h) fell within the interval of
48-h mean Tmax ± 1.5 ◦C (i.e., the range of temperature for brood pro-
duction). As only three frames were equipped with sensors in the 10-frame
colonies, there is a notable probability that a small brood area can be
distant from the sensors. To take that probability into account, we chose to
focus on the stability of the temperature to detect brood presence rather
than the temperature range for brood rearing of 34± 1.5 ◦C.We estimated
the size of the brood by studying the nest temperature distribution. We
considered that Tmedian tending towards Tmax reflected a greater propor-
tion of the colony being positively thermoregulated and, therefore, a larger
brood surface. We tested this hypothesis by computing the relative posi-
tion of smoothed Tmedian (RPmedian) compared to smoothed Tampli(

RPmedian = GAM( Tmedian)− GAM(Tmin)
GAM( Tmax)− GAM( Tmin)

)

. Based on preliminary analyses of the

evolution of RPmedian in a few colonies during the autumn transition where
brood rearing slowed down and then stopped, we considered that when
RPmedian is below one-third, only a small part of the colony is thermo-
regulated, suggesting the colony may be in a survival strategy (i.e., pres-
ence of a bee cluster only). Conversely, if RPmedian is greater than one-
third, we considered that a large part of the colony is thermoregulated
and that the colony may be in a growth strategy (i.e., the presence of a
large brood surface).

2.6. Effects of a climate thermal gradient on winter brood production

We used two external temperature estimators to investigate whether
brood size is affected by climate thermal gradients. First, we used the
average external temperature over the winter period for each site. Sec-
ond, we used the average Tmin over 48 h (2 days) as an estimator of the
external temperature (Tmin is positively correlated with the external
temperature (Fig. S3), and offers the advantage of being measured with
the same sensor type and frequency for all colonies). Excluding periods
identified as colony collapsing or death, we assessed the impact of these
two external temperature estimators on winter brood production. For
the presence of brood, we calculated the number of 2-day periods with
or without brood. Two Generalized Linear Models (GLMs) with quasi-
binomial error structure (glm function in the stats R-package; R-core
team, 2024) were used to test whether the ratio of 2-day periods with
brood to total 2-day periods (response variable) was affected by the
average annual external temperature of each site in the first model, and
the 48-h Tmin in the second. We ran two other GLMs with quasibinomial
structures to test whether RPmedian (response variable) was affected by
the two external temperature estimators.

2.7. Field-based assessment of winter survival and brood size

To evaluate and test the accuracy of our temperature-based in-
dicators, we performed validation tests between our temperature-based
estimates (for survival state and brood) and traditional estimates ob-
tained through visual inspections of hives in the field. We visually
inspected each colony (n = 31) by opening the hive and checking the
content of the frames once at the beginning of the overwintering period
(in October in France and Germany, and December in Greece) and once
at the end of the overwintering period (in March in Greece, and May in
France and Germany). For these two periods, we estimated the coverage
of brood (open and closed) on the two sides of each frame (n= 10 frames
per hive) by visually dividing each side into ten equal sections, each
representing 10 % of the total area. We then converted these percentage
estimates into cm2 based on the method of Delaplane et al. (2013).
Moreover, we recorded the survival (i.e., presence of a bee cluster) or
winter death (i.e., absence of a bee cluster) of each colony at the end of
the overwintering period. These post-winter assessments were used to
define the selected thermal amplitude thresholds. We tested different
thresholds and identified those that minimized both false positives and
false negatives.

We performed a validation test between temperature-based

indicators of brood (presence and size) and visual inspections of brood
area before and after winter. For brood presence, we used a GLM with
binomial error structure and logit link function (glm function in the R
stats package; R-core team, 2024). We tested the relationship between
time with brood presence (response variable) and brood size estimated
visually during the pre- and post-winter assessments (predicted vari-
able). For brood size, we used a Linear Model (LM) (lm function in the R
stats package; R-core team, 2024) to test the relationship between
RPmedian as estimator of brood size (response variable) and total brood
size estimated visually during assessments (predicted variable). We used
the temperature-based estimates of the second day before or after the
pre- and post-winter assessment in order to avoid potential effects
related to the hive inspection, assuming that brood area does not change
drastically in two days.

3. Results

3.1. Predicting winter survival, collapse, and death of honey bee colony

Over the 2022–2023 monitoring of temperature of honey bee col-
onies (n = 31), we found high nest thermal amplitude representing so-
cial thermoregulation of the bee cluster in the hives (Fig. 2a, Figs. S4a
and S5), but also absence of such thermal amplitude suggesting death of
the colonies (Fig. 2b, Figs. S4b and S5). Based on the nest thermal
amplitude threshold of 4.4 ◦C, we first estimated that a total of 23 col-
onies survived the winter (thermal amplitude >4.4 ◦C), while 8 colonies
were estimated dead (thermal amplitude <4.4 ◦C). The validation in-
spection showed 96.8 % accuracy for the distinction between living and
dead colonies (24 colonies were recorded alive and 7 dead with the post-
winter field inspection). All estimated surviving colonies were
confirmed as having survived in the field. However, we report one false-

Fig. 2. Time series of maximum temperatures (red points), minimum temper-
atures (blue points) and their associated GAMs (solid lines, with dotted lines
indicating 95 % confidence intervals) extracted from 36 temperature points for
(a) a colony that survived winter, and (b) a colony that collapsed during winter.
Period when the colony was identified as collapsing is represented in orange.
Period when the colony was identified as dead is represented in grey. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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positive detection of mortality. Based on the nest thermal amplitude
threshold of 9.5 ◦C, we secondly estimated a total of 19 colonies sur-
viving through the winter (thermal amplitude >9.5 ◦C), and 12 colonies
were estimated as collapsing (thermal amplitude <9.5 ◦C). The valida-
tion test showed 83.9 % accuracy for predicting mortality by detecting
collapsing, with seven true-positive detections of collapsing and five
false-positive. Both thermal amplitude thresholds failed for the same
colony, which was detected as dead or collapsing instead of surviving
(this colony was ignored in the rest of the study). Lowering the thresh-
olds reduced the false-positive rate but increased the number of false-
negatives. Conversely, raising the thresholds enabled earlier detection
of mortality, but increased the false positive rate (Fig. S2). We estimated
the duration of the winter collapse of honey bee colonies as 15.5 ± 4.5
days (from 8 to 22 days) based on five colonies (two collapses out of
seven could not be fully tracked due to data interruptions), representing
the time between the first and last dates of the collapsing period (Fig. 3).
We did not identify a common pattern with regard to the dates of death,
which occurred at the beginning (two colonies), middle (three colonies),
or end of winter (two colonies). Nevertheless, we generally observed a
continuous decrease in thermal amplitude during collapse.

3.2. Predicting winter brood production based on nest temperature

We found presence of brood during the winter for almost all colonies
(29 of the 31 colonies, 93.5 %), based on the stability of Tmax (Fig. 4a,
Fig. S6). We found that surviving colonies had significantly more
occurrence of brood than collapsing colonies (quasibinomial GLM, t =
-3.778, p < 0.001, Table S1a). Based on visual assessments, the vali-
dation tests confirmed the accuracy of the temperature-based estimates
of brood presence (binomial GLM, t = 7.529, p < 0.001, Table S1b;
Fig. 5a), and brood size (LM, t= 5.658, p< 0.001, Table S1c; Fig. 5d). In
addition, we found that the brood detection indicator based on the
maximum temperature stability accurately (95 % accuracy) detected the

presence of brood from a total brood surface of 1141 cm2 (Fig. 5a).
Moreover, we detected periods when we estimate that colonies are in a
growth strategy (RP > 0.33) using the relative position of the median
temperature in relation to the thermal amplitude (RPmedian), in
particular at the beginning of the winter period and at the end of the
winter period (Fig. 4b). Finally, we found more growth strategy period
occurrences in surviving colonies than in collapsing colonies (quasibi-
nomial GLM, t = -3.141, p = 0.004, Table S1d).

3.3. Effects of climate thermal gradient on winter brood production

We found a significant positive relationship between temperature-
based estimates of brood presence and Tmin over 48 h (quasibinomial
GLM, z= 19.12, p< 0.001, Table S1e; Fig. 5b), showing that we estimate
brood presence in 50 % of honey bee colonies when Tmin over 48 h
reaches 11.5 ◦C during the winter (while brood presence is estimated in
75 % of colonies at Tmin over 48 h = 19.6 ◦C). Similarly, we found a
positive relationship between brood size estimated by the RPmedian and
Tmin over 48 h (quasibinomial GLM, z = 267.1, p < 0.001, Table S1f;
Fig. 5e), showing that colonies have a high probability of being in a
growth strategy when Tmin reaches 12.1 ◦C over 48 h. We found a sig-
nificant positive effect of temperature on the proportion of time spent
producing brood (quasibinomial GLM, z = 2.500, p = 0.018, Table S1a;
Fig. 5c) and on the time spent on growth strategy (quasibinomial GLM, z
= 4.012, p < 0.001, Table S1d; Fig. 5f).

4. Discussion

By monitoring social thermoregulation during the winter with mul-
tiple nest temperature sensors, we identified indicators of honey bee

Fig. 3. Time series of thermal amplitude during collapsing for five colonies
dead during winter 2022–2023. Each line represents a colony. The solid lines
represent thermal amplitude during the period of collapsing, and the dotted
lines represent thermal amplitude of the dead colonies. The dotted red line
represents the thermal amplitude threshold of 4.4 ◦C, below which a colony is
considered dead. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Time series of maximum temperatures (red points), minimum temper-
atures (blue points) and their associated GAMs (solid lines, with dotted lines
indicating 95 % confidence intervals) extracted from 34 temperature points for
a colony that survived winter. (a) Periods identified with brood are represented
in green. (b) Periods identified as growing are represented in cyan, and green
lines correspond to the GAM of median temperatures. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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colony health state as a first step toward anticipating colony mortalities
beekeepers suffer from each winter worldwide (Bruckner et al., 2023;
Gray et al., 2023; Requier et al., 2024). We found that the nest thermal
amplitude can be used to accurately distinguish surviving from dying
honey bee colonies in winter. Moreover, we found that the thermo-
regulated area in the nest is restricted, confirming that an overwintering
colony concentrates high temperatures in an isolated bee cluster area to
limit energy losses (Owens, 1971; Szabo, 1985). Furthermore, we found
that the stability of maximum nest temperature can be used to estimate
the presence of brood during winter, and the distribution of overall
temperatures can be used to estimate its size. Monitoring these nest
temperature indicators would help beekeepers limit colony losses.

We showed that decreasing thermal amplitude within the colony in
winter represents an indicator of colony mortality. We successfully
predicted mortality with a success rate of 83.9 % by using multiple nest
temperature sensors under field conditions. However, we recorded false
positives (colonies detected as collapsing that are not dead). These false
positive detections of mortality may be related to the number of sensors
used and the proximity between the center of the bee cluster (that can be
restricted in space in winter) and a temperature sensor. Moreover, data
interruptions and smoothing appear to be possible causes of errors.
Thus, longer, uninterrupted monitoring (facilitated by access to a power
grid) using a larger number of sensors could reduce the detection of false
positives. Furthermore, collapsing detection followed by a return to a
survival state can be a warning signal that may be linked to a real

weakening during the winter that some colonies managed to overcome.
In addition, it is interesting to note that outside the winter period, a low
thermal amplitude is associated with a surviving colony as it thermo-
regulates a large part of the nest for brood-rearing (with a higher
average overall temperature; Cook et al., 2022). Nevertheless, the high
maximum temperature of these strong colonies (around 34 ± 1.5 ◦C)
still allows them to be distinguished from dead colonies (with the nest
temperature matching the outside temperature).

The detection of colony collapse allowed to explore the pattern of
winter mortality. We estimated that the duration of colony collapse
averaged two weeks, ranging from one week to one month before death
occurred. The thermal amplitude continuously decreased during colony
collapse, and, interestingly, two colonies with similar thermal amplitude
decline patterns during their collapse were located on the same location
(Paris countryside, France). This suggests that similar stress factor(s)
could be related with their mortality. The duration of colony collapse we
observed under field conditions exceeded that observed in semi-
controlled conditions, where a 24-h collapse was accidentally induced
by toxic shock from an oxalic acid treatment (Barmak et al., 2023).
Furthermore, variation in colony profiles may be associated with initial
population size. Smaller colonies are less thermally efficient, resulting in
higher consumption per individual (Free and Racey, 1968) and higher
overall weight loss during winter (Norrström et al., 2021). Thus, the
least populated colonies could have a shorter collapse time. However, in
this study, we did not collect data to accurately estimate the size of the

Fig. 5. Relationship tests between temperature indicators of brood (presence and size), visual inspections of brood area, and winter climate. Correlation of brood
surface estimate by visual inspections compared to (a) brood detection by maximum temperature stability, and (b) brood size estimation by the relative position of
the median temperature in relation to the thermal amplitude. Average 48-h minimum nest temperature (external temperature proxy) effects on (c) brood detection by
maximum temperature stability, and (d) brood size estimation by the relative position of the median temperature in relation to the thermal amplitude. Average
winter temperature of 2022–2023 effects on (e) relative time identified with brood, and (f) relative time identified in growth. Grey lines represent 95 % confidence
intervals when the relationship is significant (p < 0.05).
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adult population in the colonies. Further studies should investigate the
possible relationship between the adult population in colonies and
thermoregulatory performance, as well as other parameters such as
reserve size, pathogen load or treatment effect.

We also detected brood production in winter using multiple nest
temperature sensors, i.e., another key factor of colony health. We
showed that tracking the stability in Tmax can be used to precisely detect
the presence of brood in the field, as previously demonstrated in summer
at the scale of the cells on a frame (Becher and Moritz, 2009), and as
mentioned in winter under semi-controlled conditions (Nürnberger
et al., 2018). In our study, we detected the presence of brood from a total
brood surface of approximately 1141 cm2, i.e., approximately the sur-
face of one side of a Dadant frame (Delaplane et al., 2013). However,
temperature stability can be used to detect the presence of brood but not
to estimate its size (Godeau et al., 2023). Nevertheless, we showed that
tracking the temperature heterogeneity within the nest can be a good
indicator of brood size in winter (see also McVeigh et al., 2022 for
similar results in summer).

Using these two indicators to detect the presence and size of brood,
we studied the dynamics of winter brood production. Our results
confirm that producing brood in winter may be specific to surviving
colonies, as observed in previous studies (Avitabile, 1978; Fukuda and
Sekiguchi, 1966; Seeley and Visscher, 1985). Consistent with these
findings (Avitabile, 1978; Fukuda and Sekiguchi, 1966; Seeley and
Visscher, 1985), we found only production of small brood areas in
winter, which could be related to the restricted duration of time with
suitable weather for foraging. Indeed, brood rearing is protein-
dependent (i.e., pollen-dependent), and after five days without
foraging, young larvae may be cannibalized to limit energy loss
(Schmickl and Crailsheim, 2001). However, we noticed during the pre-
winter colony inspections that the colonies had pollen reserves in the
comb, that may be used for brood rearing during winter. Additionally,
honey bees may have flight activities during winter, especially when
weather conditions are good, such as temperature above 12 ◦C (Joshi
and Joshi, 2010; Minaud et al., 2024b) and the availability of flower
resources, even sparse, that can be used for pollen intake. Nevertheless,
while we have regularly detected brood in winter, this does not imply a
general pattern. Only two colonies were placed in very cold conditions,
which limits our ability to conclude that all colonies consistently pro-
duce brood during winter. In addition, we proposed a threshold (RPme-
dian > 0.33) to consider that the colony is in a growth strategy based on
the distribution of temperatures in the nest. The timing of the return to
growth is crucial, and synchronized development with better weather
conditions and resources can offer a selective advantage (Seeley and
Visscher, 1985). In spring, a return to growth is mandatory to prepare
for the new season, but it can occur earlier, e.g. in winter (Avitabile,
1978). Colonies that have restarted egg-laying during the winter have
more individuals in spring and summer and swarm earlier than colonies
without winter brood (Nürnberger et al., 2019; Seeley and Visscher,
1985). However, a rapid resumption of egg-laying can also favor the
development of parasites such as Varroa destructor (Nürnberger et al.,
2019). It had already been demonstrated that one sensor above the nest
could be used to estimate the start of the growth strategy after winter,
but this method required data from the following months to identify a
change in temperature profile (Stalidzans and Berzonis, 2013). We
showed that using multiple sensors in the hive enables us to estimate the
return of the growth strategy over a shorter period (in our case, 48 h).
We find that colonies resume their growth strategy on average when the
48-h Tmin is 12 ◦C, which also corresponds to the time when there is a 50
% probability of finding brood in the colony. Furthermore, we showed
that Tmin strongly correlates to external temperature with a positive
buffer effect of around 4 ◦C in the hive. Therefore, as expected, the
growth strategy is linked to outdoor temperature and would be imple-
mented when outdoor temperature over two days are around 16 ◦C.

We found that weakened colonies no longer showed the same growth
dynamics as healthy colonies before collapsing, with a shorter brood

period and smaller brood surface area. A hypothesis is that these
weakened colonies could allocate energy to survival instead of brood
rearing, given that thermoregulation for brood rearing is more energy-
consuming than thermoregulation of only the bee cluster
(Stabentheiner et al., 2010). In support of this hypothesis, the weight
loss of colonies performing winter brood rearing is almost double (0.84
kg/week) compared to the weight loss of colonies performing thermo-
regulation for colony survival only (0.42 kg/week) (Seeley and Visscher,
1985). Furthermore, restarting egg-laying during winter triggers the
onset of senescence in winter bees (Münch et al., 2013), which leads to
an increased risk of colony mortality in spring, known as “spring
dwindle” (Betti et al., 2016; Rajagopalan et al., 2024).

We found different winter colony dynamics according to the climate
thermal gradient, with colonies in warmer winter climates showing
extended brood periods and larger brood sizes. Given the temperature in
Mediterranean sites, the winter period during which the colony is in
winter survival seems shorter (one month) compared with at least three
months in other countries. In the warmest climates of our gradient, the
winter period is shortened, with several 48-h windows where external
temperatures allow for growth strategies. However, shorter winter du-
rations would not be systematically a factor in preventing winter mor-
tality of honey bee colonies. Indeed, winter losses of managed honey bee
colonies are common in Mediterranean countries (Gray et al., 2023).
Moreover, in warmer climates, early winter flights are more frequent
and are suspected of altering the age structure of the overwintering
colony, unbalancing the population in favor of older bees, and
increasing the risk of colony failure in spring (Rajagopalan et al., 2024).
Additionally, the lifespan of winter bees in warm climates is shorter than
in cold climates, which could be linked to a higher pathogen load and
induce mortalities (Maes et al., 2021).

5. Concluding remarks

We proposed to use nest temperature monitoring with multiple
sensors as indicators of colony health and survival of honey bees during
winter. We suggest considering thermal amplitude as an indicator of
colony winter survival. This indicator can help to detect the collapsing
process in the thermoregulation of honey bees, in our study with an
anticipation time of about 15 days. The proposed indicators are based
exclusively on the internal temperature of the colony, eliminating the
need for comparison with external sensors or between colonies. This
allows the system to be applied to one or multiple colonies under any
conditions. However, both the tool and analysis methods have limita-
tions and could benefit from improvements to refine the proposed in-
dicators. Enhancing the precision of the system, particularly its spatial
resolution, could lead to more accurate measurements. Indeed, having
sensors closer to the center of the cluster would provide more reliable
thermal amplitude readings. This improvement could also reduce or
eliminate false mortality detections, which seem to occur when the
cluster is too far from the sensors. Our current system uses 36 sensors
distributed across 3 frames in the hive, though networks of over 60
sensors embedded in frames have been proposed (Barmak et al., 2023;
McVeigh et al., 2022). A simpler way to increase sensor numbers would
be by adding more frames, allowing up to 120 temperature sensors to be
placed across 10 frames.

Furthermore, with the low cost of technologies (Rigakis et al., 2023;
Senger et al., 2024), multiple nest deployments at a large scale could
help investigate the impact of landscape composition and configuration
on winter mortality processes in honey bees (Clermont et al., 2015).
Moreover, such a large amount of data would help provide earlier
warning indicators of colony mortality with, e.g., the use of machine
learning techniques (Braga et al., 2021). Early indicators of mortality are
only alert signals and do not, on their own, reduce the risk of mortality.
In response to these alerts, beekeepers must intervene with a support
intervention plan. These interventions can be of different kinds, such as
supplementation (Branchiccela et al., 2023; Shumkova et al., 2021),
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merging weak colonies, or indoor storage (Hopkins et al., 2023, 2021;
Stalidzans et al., 2017). Recent studies have also equipped colonies with
electronic heating systems to assist social thermoregulation (Barmak
et al., 2024, 2023; Çakmak et al., 2023). Thus, monitoring nest tem-
perature with multiple sensors offers a promising approach to predict
and mitigate winter colony losses by tracking thermoregulation-based
mortality processes, ultimately supporting beekeeping sustainability.
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Lola Gogniat, Andréas Odorico, Augustin Mortreau, Grégoire Postaire,
Romain Leroy, Claire Bouchot, Alexandre Milazzo, Thomas Legrand,
Samuel Gornard, Manuel Le Gonnidec, Lucas Greiner, Steven Perennez,
and Camille Faber. We would also like to thank Elsa Blareau for her
critical reading of the English used in the text, and three anonymous
referees for their helpful comments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2024.112961.

Data availability

Data will be made available on request.

References

Alleri, M., Amoroso, S., Catania, P., Lo Verde, G., Orlando, S., Ragusa, E., Sinacori, M.,
Vallone, M., Vella, A., 2023. Recent developments on precision beekeeping: a
systematic literature review. J. Agric. Food Res. 14, 100726. https://doi.org/
10.1016/j.jafr.2023.100726.

Avitabile, A., 1978. Brood rearing in honeybee colonies from late autumn to early spring.
J. Apic. Res. 17, 69–73. https://doi.org/10.1080/00218839.1978.11099905.

Barmak, R., Stefanec, M., Hofstadler, D.N., Piotet, L., Schönwetter-Fuchs-Schistek, S.,
Mondada, F., Schmickl, T., Mills, R., 2023. A robotic honeycomb for interaction with
a honeybee colony. Sci. Robot. 8. https://doi.org/10.1126/scirobotics.add7385.

Barmak, R., Hofstadler, D.N., Stefanec, M., Piotet, L., Cherfan, R., Schmickl, T.,
Mondada, F., Mills, R., 2024. Biohybrid superorganisms—on the design of a robotic
system for thermal interactions with honeybee colonies. IEEE Access 1–1. https://
doi.org/10.1109/ACCESS.2024.3385658.

Becher, M.A., Moritz, R.F.A., 2009. A new device for continuous temperature
measurement in brood cells of honeybees (Apis mellifera). Apidologie 40, 577–584.
https://doi.org/10.1051/apido/2009031.

Betti, M.I., Wahl, L.M., Zamir, M., 2016. Age structure is critical to the population
dynamics and survival of honeybee colonies. R. Soc. Open Sci. 3, 160444. https://
doi.org/10.1098/rsos.160444.

Braga, A.R., Freitas, B.M., Gomes, D.G., Bezerra, A.D.M., Cazier, J.A., 2021. Forecasting
sudden drops of temperature in pre-overwintering honeybee colonies. Biosyst. Eng.
209, 315–321. https://doi.org/10.1016/j.biosystemseng.2021.07.009.

Branchiccela, B., Castelli, L., Díaz-Cetti, S., Invernizzi, C., Mendoza, Y., Santos, E.,
Silva, C., Zunino, P., Antúnez, K., 2023. Can pollen supplementation mitigate the
impact of nutritional stress on honey bee colonies? J. Apic. Res. 62, 294–302.
https://doi.org/10.1080/00218839.2021.1888537.

Bruckner, S., Wilson, M., Aurell, D., Rennich, K., vanEngelsdorp, D., Steinhauer, N.,
Williams, G.R., 2023. A national survey of managed honey bee colony losses in the
USA: results from the Bee Informed Partnership for 2017–18, 2018–19, and
2019–20. J. Apic. Res. 62, 429–443. https://doi.org/10.1080/
00218839.2022.2158586.

Bujok, B., Kleinhenz, M., Fuchs, S., Tautz, J., 2002. Hot spots in the bee hive.
Naturwissenschaften 89, 299–301. https://doi.org/10.1007/s00114-002-0338-7.

Çakmak, I., Kul, B., Ben Abdelkader, F., Seven Çakmak, S., 2023. Effects of temperature
adjustment with a heating device in weak honey bee colonies in cold seasons. Int. J.
Biometeorol. 67, 1765–1774. https://doi.org/10.1007/s00484-023-02537-w.

Clermont, A., Eickermann, M., Kraus, F., Hoffmann, L., Beyer, M., 2015. Correlations
between land covers and honey bee colony losses in a country with industrialized
and rural regions. Sci. Total Environ. 532, 1–13. https://doi.org/10.1016/j.
scitotenv.2015.05.128.

Cook, D., Tarlinton, B., McGree, J.M., Blackler, A., Hauxwell, C., 2022. Temperature
sensing and honey bee colony strength. J. Econ. Entomol. 115, 715–723. https://doi.
org/10.1093/jee/toac034.

Corkins, C.L., Gilbert, C.S., 1932. The Metabolism of Honeybees in Winter Cluster. Univ.
Wyo. Agric. Exp. Stn.

Delaplane, K.S., Van Der Steen, J., Guzman-Novoa, E., 2013. Standard methods for
estimating strength parameters of Apis mellifera colonies. J. Apic. Res. 52. https://
doi.org/10.3896/IBRA/1.52.1.03.

Desai, S.D., Currie, R.W., 2015. Genetic diversity within honey bee colonies affects
pathogen load and relative virus levels in honey bees, Apis mellifera L. Behav. Ecol.
Sociobiol. 69, 1527–1541. https://doi.org/10.1007/s00265-015-1965-2.
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