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Abstract
Investigating the life history of social insect colonies and the demography of their populations are important for their con-
servation, but data collection is challenging. There is a growing interest in understanding the population status of wild-living 
honeybee colonies across Europe, for which it is critical to collect data on survival and natality rates. Although survival rates 
can be investigated through regular inspections of wild nests, the accurate quantification of natality rates (i.e., the number of 
swarms produced per colony per year) remains a significant challenge. Using digital weight scales, we remotely monitored the 
natural swarming behavior of ten unmanaged Apis mellifera carnica colonies housed in static-volume hives (45 L) in a forest 
region of southern Germany. During the 2019 season, between mid-May and late June, we recorded 17 swarming events, 
averaging 1.7 swarms per colony. Our observations offer a reference point for the timing, frequency, and size of honeybee 
swarms that helps us understand the natural reproductive patterns of wild-living honeybees in a temperate forest environment.

Keywords  Honeybee reproduction rates · Population demography · Natality rate · Weight scale analysis · Wild-living 
honeybees · Free-living honeybees · Swarming behavior

Introduction

Understanding the life-history strategy of species and study-
ing the demography of their populations are core tasks in 
conservation biology. For an analysis of the viability of a 
given population, two variables are key: survival and natal-
ity. Survival (or its converse, mortality) refers to the pro-
portion of the population that endures from one year to the 
next, influenced by factors such as predation, diseases, and 
other environmental conditions (e.g., weather conditions or 
resource availability). Conversely, natality encompasses the 
introduction of new individuals into the population through 

reproduction, contributing to population growth (Krebs, 
1972).

Although European populations of the western honey-
bee (Apis mellifera) have traditionally been viewed through 
the lens of apiculture, recent studies have highlighted the 
existence of wild-living1 honeybees across various regions 
(e.g., Oleksa et al., 2013; Kohl and Rutschmann, 2018; Req-
uier et al., 2020; Browne et al., 2020; Bila Dubaić et al., 
2021; Rutschmann et al., 2022; Visick and Ratnieks, 2023; 
Rutschmann et al., 2024). Understanding the population 
demography of these wild-living colonies is crucial for com-
prehending their ecological and evolutionary roles (Kohl and 
Rutschmann, 2018; Kohl et al., 2022). Furthermore, if self-
sustaining populations were discovered, these would offer 
unique insights into how honeybees can persist despite chal-
lenges like parasitic pressures which, in turn, could con-
tribute to the development of more sustainable beekeeping 
practices (Panziera et al., 2022; Requier et al., 2019).

Honeybee colonies are intrinsically long-lived (multiple 
years), since young queens can supersede old queens as the 
reproductive individual of the society. In temperate regions, 
Apis mellifera colonies exhibit high site fidelity, allowing 
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survival rates to be assessed through repeated visits to their 
nest sites (Seeley, 1978; Oldroyd et al., 1997; Rutschmann 
et al., 2022; Kohl et al., 2022; Lang et al., 2022; Cordillot, 
2024; Rutschmann et al., 2024). Acquiring comprehensive 
and reliable data on the annual natality rates of honeybee 
colonies within a population, however, poses a significant 
challenge (Otis and Wearing-Wilde, 1992).

Colony reproduction is achieved through swarming, a 
process in which a single colony divides into two or more 
distinct colonies under favorable environmental conditions. 
In preparation of this process, the colony raises several 
young queens. Before these new queens emerge, the old 
queen leaves with more than 70% of the colony’s worker 
bees as the so-called prime swarm (Seeley, 1985; Winston, 
1991). Subsequently, several afterswarms—each with at 
least one of the newly emerged young queens and another 
portion of the workers—may leave the original nest site to 
found independent colonies (Otis and Wearing-Wilde, 1992; 
Seeley, 1985; Winston, 1991). The annual natality rate in 
honeybees is thus defined as the frequency of swarms (prime 
swarm plus afterswarms) per colony per year.

Although a queen change during the swarming season 
(which is typically indicative of a swarming event) can be 
detected using genetic maternity tests of workers, or, in 
case of colonies managed in hives by directly monitoring 
the presence of color-marked queens, these methods fall 
short in accurately determining the number of afterswarms 
(Otis and Wearing-Wilde, 1992). Therefore, prior studies on 
annual swarming rates required continuous observation of 
nest entrances (Otis and Wearing-Wilde, 1992), a method 
that is notably time-consuming.

We here demonstrate the use of digital weight scales to 
remotely and accurately monitor honeybee colony swarming 
events. We gathered data from ten colonies that were kept 
in hives with a static volume of approximately 45 L in a for-
est region in Germany. By avoiding beekeeping manipula-
tions, we ensured that our observations reflected near natural 
behavior. The method not only enhances previous research 
techniques but also adds to our understanding of the natural 
timing and frequency of swarming and, consequently, the 
population dynamics of wild-living honeybee populations 
in a central European forest environment.

Methods

Study area

This study was conducted in the Steigerwald, a low mountain 
forest region in southern Germany. The details of our experi-
mental setup are described in Rutschmann et al. (2023). The 
managed forested area covers approximately 165 km2 and 
primarily consists of beech trees (Fagus sylvatica, 44%), 

followed by oak (Quercus spp., 21%), Scots pine (Pinus syl-
vestris, 13%), spruce (Picea abies), and hornbeam (Carpinus 
betulus) (Mergner and Kraus, 2020). Surrounding grassland 
areas feature many orchard meadows, and the most prevalent 
crops include cereals, corn, and oilseed rape.

Honeybee colonies, weight scales, and statistical 
analysis

In July 2018, we selected 12 equally sized Apis mellifera 
carnica colonies, each featuring a 1-year-old queen obtained 
from the Bavarian State Research Centre for Viticulture and 
Horticulture (LWG). These queens represent a typical line-
age of Apis mellifera carnica commonly found in Germany. 
The colonies were housed in single 10-frame Zander hive 
boxes whose volume of approximately 45 L matches the 
natural cavity volume preferences of temperate Apis mel-
lifera (Seeley and Morse, 1976). We placed the colonies at 
various sites inside the forest or along its edges. The aver-
age altitude of the hive locations was 403 m a.s.l. (range: 
354–439). Spatial independence was achieved by placing 
neighboring colonies around 2 km or more apart, as detailed 
in Rutschmann et al. (2023). Each hives was set up on a 
weight scale (Capaz BEE HIVE SCALE GSM 200) that 
recorded hive weight once every hour and forwarded data 
via mobile communication.

The only beekeeping interventions conducted included 
treatments against varroosis using formic acid in August 
2018 (1 year prior to the swarming season). Additionally, 
to ensure adequate overwintering resources, colonies that 
were deemed to have insufficient honey stores had one or 
two largely empty frames replaced with full honeycombs 
sourced from other colonies. During preliminary data analy-
sis, we addressed potential weight artifacts arising from hive 
maintenance manipulations. Due to the malfunctioning of 
weight scales at two locations, our investigation was limited 
to recordings from 10 of the 12 initially selected colonies. 
Swarm departures were identified as abrupt weight losses 
exceeding 500 g within an hour. This threshold (500 g) was 
chosen as a compromise to avoid missing small swarms 
while minimizing false detections caused by environmental 
or random fluctuations in colony weight, based on previ-
ous studies on swarming behavior, which reported mean 
swarm weights well above 1 kg (Fell et al. 1977; Burgett and 
Morse 1974). We calculated swarm weight (as a measure 
of swarm size) by comparing hive weights the hour before 
and after the swarm’s departure. To estimate the average 
number of bees in swarms, we considered the empirical 
mean weight of European worker honeybees in swarms of 
129.5 mg (Otis, 1982). Although the weight of swarming 
bees varies depending on the level of engorgement with 
honey prior to departure and the proportion of drones in 
swarms (Otis, 1982), using an average value should provide 
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reasonable approximations for the average number of bees in 
the swarms of our study. All swarms issued throughout the 
2019 season were recorded. To evaluate the weather condi-
tions during swarming events, we retrieved average daily 
temperatures and precipitation data from nearby weather 
stations, provided by Agrarmeteorologie Bayern (www.​
wetter-​by.​de).

To test whether swarm category (prime or afterswarm) 
has a statistically significant effect on swarm weight, we per-
formed a linear mixed-effects model analysis using the lme4 
package in R (Bates et al., 2015). Weight was the response 
variable, swarm category was the predictor, and colony ID 
was included as a random effect to account for variability 
among colonies. Additional models incorporating Julian 
date as a fixed effect were tested but did not improve the 
explanatory power of the model (Figure SI1). Residuals of 
the models were inspected with DHARMa package (Hartig 
and Hartig, 2017). For inference, a Type II ANOVA was 
performed using the Anova function from the car package 
(Fox et al., 2012). All statistical analyses were performed 

using R software (version 4.3.1; R Core Team, 2016). For 
data processing and graphical representation of the results, 
we utilized ‘tidyverse’, ‘ggplot2’, ‘patchwork’, and ‘ggpol’ 
(Wickham, 2017, 2016; Pedersen, 2020; Tiedemann, 2020).

Results

We recorded a total of 17 swarming events across ten colo-
nies of Apis mellifera carnica during the 2019 swarming 
season, resulting in an average of 1.7 (SD: ± 0.8) swarms 
per colony (1 prime swarm and 0.7 afterswarms) (Fig. 1A). 
All colonies swarmed at least once: five colonies issued 
a single swarm; three colonies produced two swarms (a 
prime swarm and one afterswarm); and two colonies gave 
rise to three swarms (a prime swarm and two afterswarms). 
Swarms departed between May 17 and June 27, and the 
median swarming date was May 30 (Fig. 1B). The interval 
between prime swarms and afterswarms averaged 9 ± 3 days 
(range: 6–13 days, N = 5). For the two colonies that produced 

Fig. 1   Overview of swarming activity in a forest environment and its 
characteristics. A Example of hive weight recordings from colony “i” 
during the swarming period, where arrows indicate the occurrence of 
a prime swarm (pink) and an afterswarm (violet). B Temporal distri-

bution of swarms throughout the season, with letters representing the 
different parental colonies. C A boxjitter plot displays the weight of 
the recorded prime swarms and afterswarms.

http://www.wetter-by.de
http://www.wetter-by.de
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two afterswarms, the interval between the first and second 
afterswarm was 4 and 8 days. The median departure time for 
swarms was 11:00 AM (range: 8:30 AM to 5:30 PM CEST; 
UTC + 2). Swarming usually occurred when it was getting 
warmer, following a period of relative cold, and importantly, 
on days without rain (Fig. 2).

We observed notable variation in swarm weight, with 
an overall mean and SD weight of 2.01 ± 0.86 kg (range: 
1.04–4.33 kg). This variability stemmed mainly from the 
significant differences between prime swarms, averaging 
2.44 ± 0.86 kg, and afterswarms, at 1.40 ± 0.37 kg (Fig. 1C) 
(χ2 = 21.276, df = 1, p < 0.001). Assuming that the average 
weight of workers in swarms is 129.5 mg, we estimated an 
average of 18,857 bees in prime swarms and 10,844 bees in 
afterswarms.

Discussion

Our study provides insights into the natural swarming behav-
ior and the natality rates of unmanaged Apis mellifera car-
nica colonies in a German forest environment. It offers a 
critical reference point for ongoing and future demographic 
investigations of wild-living honeybees in Europe.

Comparison with other studies

The observed average of 1.7 swarms falls within the overall 
range of 0–4 swarms per colony and year recorded for tem-
perate honeybees (reviewed by Winston, 1991). However, a 
comparison between individual studies reveals notable vari-
ations between swarming rates. This highlights the impact of 

geographical location and subspecies differences on swarm-
ing frequency.

In Kansas, USA, Winston (1980) recorded 3.6 daugh-
ter colonies per year from a combination of Apis mellifera 
carnica and Apis mellifera ligustica colonies, thus a sig-
nificantly higher natality rate than reported here. In British 
Columbia, Canada, Lee and Winston, (1987) observed an 
annual reproductive rate of 2.2 swarms. Seeley (1978, 2017) 
reported that the probability for colonies to enter a swarm-
ing cycle was around 0.9 in the Arnot forest in New York 
State. Since this number does not account for afterswarms, it 
resembles our observations more closely. A low propensity 
to swarm was reported by Fries et al. (2006) for colonies on 
Gotland, an island in the Baltic Sea, where the proportion 
of reproducing colonies (with at least one swarm) varied 
between 0 and 60% in six observation years. Similarly, Le 
Conte et al. (2007) documented variable swarming rates in 
untreated colonies resistant to Varroa destructor in France, 
with an average rate of 41.50 ± 9.94% across 6 years.

Otis and Wearing-Wilde (1992) pointed to the significant 
contribution of afterswarms to the overall number of swarms 
produced in a population, and our finding of an average of 
0.7 afterswarms per colony supports that conclusion. Five 
out of ten colonies in our study produced more than the 
prime swarm. This shows that it is important to use methods 
that can detect afterswarms to accurately estimate natality 
rates.

In regions warmer than temperate zones (e.g., tropical or 
subtropical regions), natality rates for other subspecies have 
been found to be substantially higher (Winston et al. 1983). 
This underscores the significant role local environmental 
conditions (such as climate) and biological factors play in 
shaping reproductive strategies of honeybees (Ruttner, 1988; 

Fig. 2   Average temperature and precipitation in the study area from 
mid-May to late June 2019. The blue bars represent daily precipita-
tion in millimeters, while the black dashed line represents the daily 

average temperature in degrees Celsius. Vertical lines indicate the 
occurrence of prime swarms (pink) and afterswarms (violet), with the 
corresponding time of day labeled (CEST; UTC + 2).
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Nuru et al., 2002; Strange et al., 2007; Uzunov et al., 2014; 
Norrström et al., 2021). Additionally, factors such as the 
queen’s age (younger queens exhibit increased pheromone 
production, thereby more effectively suppressing the devel-
opment of new queens) and the size of the hive have been 
demonstrated to influence swarming behavior (Uzunov et al., 
2014; Smith et al., 2017). For example, Loftus et al. (2016) 
showed a clear relationship between hive size and swarming 
propensity; small hives (42 L) had a higher swarming rate, 
with 10 out of 12 colonies swarming, compared to larger 
hives (168 L), where only 2 out of 12 colonies swarmed.

Besides providing data on swarming rate, this study 
points to the large variation in swarm sizes that exist within 
a single season and population, noting marked differences 
between primary swarms and afterswarms. Prior research 
revealed a broad spectrum of swarm sizes, ranging from 
as few as 2,400 bees (0.31 kg) to as many as 41,500 bees 
(5.33 kg), with mean populations reported at 11,800 bees 
(1.53 kg) by Fell et al. (1977) and 14,000 bees (1.8 kg) by 
Burgett and Morse (1974). However, it should be noted that 
estimating the number of workers from swarm weight may 
be imprecise due to variation in the body mass of individual 
bees, which can be influenced by the amount of honey car-
ried in their crops (Combs, 1972; Otis, 1982). Addition-
ally, the smaller worker populations and unmated queens 
associated with afterswarms lower their survival prospects 
(Lee and Winston, 1987).

Swarming and net reproductive rate

Assessing the self-sustainability of a honeybee population 
necessitates a thorough understanding of its annual survival 
and natality rates. The net reproductive rate ( R

0
 ), defined for 

honeybees by the formula R
0
= s + s × n (Kohl et al., 2022), 

integrates survival rate (s) and natality rate (n) (i.e., the num-
ber of swarms). This index helps in identifying whether pop-
ulations are diminishing ( R

0
 < 1), maintaining stability ( R

0
 

= 1), or experiencing growth ( R
0
 > 1), intrinsically—i.e., 

without considering immigration from external sources such 
as managed apiaries (Kohl and Rutschmann, 2024).

If we assume that our finding of 1.7 swarms per colony 
and year, based on observations from a single year, repre-
sented the average annual reproductive rate in our study sys-
tem, a wild honeybee population would require a minimum 
annual survival rate of 37% to achieve population sustain-
ability ( R

0
 = 1). (It has to be emphasized that winter sur-

vival is only one component of annual survival and that the 
annual survival rate refers to the average of all colonies, 
new swarms/founders, and established colonies combined.) 
Notably, such an annual survival rate is considerably higher 
than the observed rates of 10.6% reported by Kohl et al. 
(2022) and 12% by Rutschmann et al. (2024), underscoring 
the urgent need for further investigations into the factors 

affecting survival and reproduction to inform conservation 
and management strategies.

The role of landscape in the timing of swarming

Resource availability on the landscape scale plays a piv-
otal role in the survival of wild-living honeybee colonies 
(Rutschmann et al., 2022; Kohl et al., 2023) and the estab-
lishment of new swarms (Seeley, 1978; Seeley and Visscher, 
1985; Otis and Wearing-Wilde, 1992; Seeley, 2017). A com-
parison with two other phenological data sets also suggests 
that the timing of swarming is affected by landscape context. 
Henneken et al. (2012), utilizing a crowdsourced dataset of 
1,335 swarming events in Germany during 2011, found that 
swarming began in April with a first peak in early May. In 
addition, a predominantly urban dataset from 2019, the same 
year as our study, which included 77 swarm observations 
(55 from Munich and 22 from across Germany), reported 
swarming as early as 17 April (Rutschmann et al., 2024). 
While the median swarming date in the urban setting was 
around 19 May 2019 (Remter, Roth, Rutschmann, personal 
communication), the median swarming date in this study 
was 30 May 2019. The delayed timing of swarms in our 
study region might be explained by inferior foraging con-
ditions in forest-dominated compared to agro-urban land-
scapes. We know from a study on foraging behavior in the 
same study region that, especially in April and May dur-
ing an important phase of colony weight gain, honeybees 
find superior foraging opportunities in open areas such as 
grassland and cropland (Rutschmann et al. 2023). Colonies 
nesting in forests might also face cooler temperatures and 
fewer hours of sunlight compared to colonies in non-forest 
landscapes and thus might show delayed development in 
spring due to fewer hours available for foraging (Czekońska 
et al., 2023). An additional possible influence on the delayed 
onset of swarming observed in forest settings could be the 
lack of stimulative feeding practices that are commonly used 
in urban/agricultural settings by many beekeepers. Addition-
ally, the temporary placement of pollen traps for 1–3 days 
each month during the foraging season as part of a different 
study may also have contributed to a slight delay.

Future directions and methodological 
advancements

The adoption of weight scales for the surveillance of swarm-
ing events introduces a non-invasive, efficient approach to 
studying the reproductive patterns of honeybees. We encour-
age the broader application of this technology to detect 
swarming in weight monitoring initiatives, such as McMinn-
Sauder et al. (2024), Johannesen et al. (2022), Lecocq et al. 
(2015), Kuchling et al. (2018), Komasilova et al. (2023), or 
Prešern et al. (2019). Combining weight monitoring with 
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weather data, as demonstrated in our study, opens up excit-
ing possibilities for predicting swarming events. Future 
research could explore integrating weight monitoring with 
other remote colony monitoring methods, such as tempera-
ture, vibration, and acoustic or video surveillance, to further 
enhance the precision and scope of swarming monitoring 
systems (Zacepins et al., 2016; Ramsey et al., 2020; Minaud 
et al., 2024).

While our study focused on a limited number of colonies 
(N = 10) observed during a single season, future research 
with a larger sample size, spanning multiple years, could 
explore differences in swarming across various landscapes, 
climatic regions, altitudes, and subspecies. Additionally, 
an important area for future investigation is the survival 
chances of primary and afterswarms. Such studies would 
deepen our understanding of the factors influencing honey-
bee reproduction and survival.
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