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Abstract — Honey bees are possibly unique amongst managed animals in that a significant part of their global
population is wild. More data regarding wild colony density and survival are needed to assess the size and status
of wild populations in the honey bee’s native range. Previous studies from parts of central Europe have reported
low densities (<0.5 colonies/km?) and annual survival rates (<0.15) of wild colonies, indicating that they might
just be swarms that have escaped from apiaries in some places. Here, we report the results of a 3.5-year moni-
toring study of wild colonies living in wood pasture, parkland and deer parks (“landed estates™) in southeast
England. Sixty-three honey bee nest sites were found across six landed estates and checked three times a year to
determine colony survival rates. Wild colonies occupied cavities in trees (89%) and buildings (11%) at an average
density of 2.5 colonies/km?. We found no evidence of spatial aggregation amongst active nest sites, although
there was a significant positive association between wild colony occurrence and veteran tree distributions. Wild
colonies had an annual survival rate of 0.41, meaning that colonies active in late spring and early summer would
need to produce an average of 1.4 swarms each year for the population to be self-sustaining, which is within the
range of swarming rates reported for unmanaged colonies. Our results suggest that wild honey bee colonies on
landed estates in southeast England are not just swarms that have escaped from apiaries and potentially represent
additional genetic variation that can be used in beekeeping.

free-living bees / population density / winter mortality / veteran trees / landed estates

1. INTRODUCTION

Unlike other managed animals, mating and
foraging in honey bees occur over long distances
(Beekman and Ratnieks 2000; Jensen et al. 2005)
and are rarely under human control (Oldroyd
2012; Seeley 2019). Another important distinc-
tion is that a significant part of the global honey
bee population is wild and exposed to natural
selection (Visick and Ratnieks 2023). Honey
bees are a native species in Europe and wild colo-
nies can be found living in tree cavities, rock
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crevices and man-made structures (Albouy
2024; Bila Dubai¢ et al. 2021; Browne et al.
2020; Cordillot 2024; Fontana et al. 2018; Kohl
and Rutschmann 2018; Kohl et al. 2022; Lang
et al. 2022; Oleksa et al. 2013; Rutschmann
et al. 2022, 2025a; Seeley and Chilcott 2020;
Thompson et al. 2014; Visick and Ratnieks
2024). However, only a handful of studies have
quantified the density and survival of wild
colonies in Europe, which is needed to assess
their conservation status (Kohl and Rutschmann
2024) and the role of natural selection on the
stability of honey bee populations. These data
can also be used to investigate potential factors
limiting wild colonies in Europe (Kohl et al.
2023b) and inform conservation efforts aimed
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at increasing their numbers. Conserving wild
colonies in Europe would not only restore a
natural component of native ecosystems (Req-
uier et al. 2019) but would also help promote
sustainable apiculture by making adaptations to
local environmental conditions and novel pests
and disease more accessible to beekeepers.

Wild colony density has been quantified at 8
locations across Europe, with an overall average
of 0.3 colonies/km? (Visick and Ratnieks 2023).
This is approximately four times lower than the
density of managed colonies in Europe (FAO
2021) and lower than wild colony densities in
all other continental regions where data are avail-
able (Visick and Ratnieks 2023). Density had a
strong negative correlation with survey area,
probably because a greater proportion of wild
colonies are not detected when survey efforts are
spread out over large areas (Visick and Ratnieks
2023). Some European studies covered large
areas by only surveying a specific type of nesting
habitat, such as trees on rural avenues in Poland
(Oleksa et al. 2013), black woodpecker nests in
German forests (Kohl and Rutschmann 2018; Kohl
et al. 2022) and concrete power poles in rural
Spain (Rutschmann et al. 2022). Other studies
estimated colony density in Europe indirectly by
sampling drones at congregation areas or worker
progeny of queens mated in an area of interest
(Jaffé et al. 2010; Moritz et al. 2007). However,
this method samples both managed and wild
colonies over potentially large areas (Utaipanon
et al. 2019) and provides only a crude estimate
of wild colony density. Few studies in Europe
have attempted to find every wild colony in a
defined area. An exception is a survey by Kohl
and Rutschmann (2018) who used bee-lining to
find wild colonies in an area with no beekeep-
ing. Bee-lining is a potentially unbiased method
that involves following forager bees back to their
nest from a food source (Seeley 2016). Interest-
ingly, the authors also reported a low density
of 0.1 colonies/km?, although it is still possible
that density was underestimated because colony
locations were only inferred, and a single bee-
line could have led to multiple nests (Kohl and
Rutschmann 2018).
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Whilst knowing the density of wild colonies is
important (Visick and Ratnieks 2023), their popu-
lation status can only be properly assessed once
colony survival rates have been determined via
systematic monitoring (Moro et al. 2024; Seeley
1978, 2017). In some places, wild colonies might
just be swarms that have escaped from apiaries and
are unlikely to be an additional source of genetic
diversity in beekeeping. For example, Kohl et al.
(2022) found that colonies occupying old black
woodpecker (Dryocopus martius) nests in Ger-
man forests had annual survival rates of 0.11.
Given that a swarming colony may fission into
2 to 4 colonies once per year (Seeley 2019), this
survival rate is not enough to sustain a population.
Low survival rates in German forests were initially
attributed to poor nesting and foraging conditions
(Kohl et al. 2022, 2023b; Rutschmann et al. 2023).
However, similar annual survival rates (0.15)
have been reported in other parts of Germany
(Lang et al. 2022; Rutschmann et al. 2025a) and
north of the Swiss Alps (Cordillot 2024) where
colonies occupy a wider range of nest sites includ-
ing cavities in buildings. Therefore, other factors
associated with beekeeping in this region, such
as the displacement of native honey bee subspe-
cies (Kauhausen-Keller and Keller 1994), might
help explain why colonies do not survive in the
wild. Annual survival rates from parts of western
Europe, such as Spain (Rutschmann et al. 2022)
and France (Albouy 2024) are higher and suggest
that wild populations can be viable.

Here, we report the results of a 3.5-year moni-
toring study of wild honey bee colonies in south-
east England. There are currently no published
studies regarding the density or survival of wild
colonies in England, although recent articles in
popular media suggest that they are abundant in
some places (Ferguson 2021). The main aims of
this study were to quantify the density of wild
colonies on landed estates in southeast England
by searching for colonies within defined areas
and to determine colony survival rates via sys-
tematic monitoring. In addition, we provide
descriptions of nest sites and investigate poten-
tial factors that influence the spatial distribution
of colonies, and winter survival rates.
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2. METHODS
2.1. Study sites

Wild honey bee colonies were found at 12
sites in southeast England in a previous study on
veteran trees (Visick and Ratnieks 2024). These
are trees that have been recognised for their age,
size or benefits to wildlife (Woodland Trust
2008). Sites included parkland, wood pasture and
deer parks (“landed estates” hereafter), many of
which date back to the medieval period. Landed
estates were initially chosen based on veteran
tree densities (Visick and Ratnieks 2024) which
were calculated by combining GPS locations of
all listed trees in the UK (Woodland Trust 2008)
with a dataset containing landed estate bounda-
ries in England (Natural England 2021, Fig-
ure 1). Six landed estates were chosen for long-
term monitoring based on accessibility, both in
terms of travel and ease of searching for colonies
once there. The number of registered apiaries
within a 10 km radius of each landed estate was
determined using data from the National Bee
Unit (2022, Table 1). Information regarding the
history of each landed estate, including major
changes in land use, was obtained from Historic
England (https://historicengland.org.uk, Table 1)
and summarised in the supplementary material.

2.2. Finding wild colonies

We found that the most effective way of
finding wild colonies on landed estates is by
directly searching old trees and buildings. Total
tree densities on landed estates are usually low
(Figure 1), and it is possible to search every tree
exceeding a threshold diameter of 0.5 m at breast
height, which are those most likely to be occu-
pied (Visick and Ratnieks 2024). Trees were exam-
ined for suitable cavities whilst walking around
their entire circumference at least once and at
several meters from their base to ensure that all
major branches were visible. Upon identifying a
suitable cavity, binoculars were used to scruti-
nize the entrance hole and check for bee activity.
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It was rare for bee activity to be noticed before
spotting the nest site, although this can occur on
occasions with excellent foraging conditions.

2.3. Nest site monitoring

Nest sites were checked three times per year
following a standard protocol (Moro et al., 2024;
Seeley 1978, 2017). The first survey was con-
ducted in spring, before the onset of swarm-
ing (early March to early April), to determine
survival during winter. The second survey was
conducted in summer, when most swarming was
over (mid-July to early August), to determine
survival during the swarming season and recol-
onisation of inactive nest sites by swarms. The
third survey was conducted in autumn, before
colonies became inactive (October), to deter-
mine survival in late summer and the number
of colonies going into winter. Nest sites were
visited on days without rain or strong wind and
minimum ambient temperatures of 10 to 12 °C.
Occasionally, multiple visits were required in
spring when weather conditions were borderline
suitable. Nest sites were observed until pollen
was seen in the corbiculae of incoming worker
bees. Pollen import indicates that a nest site is
occupied by a brood-rearing colony and not
being robbed by foragers from another colony
or inspected by nest site scouts from a swarm.
If pollen import was not observed within 5 min,
directional flight and defensive behaviour were
used as positive indicators of colony occupancy
(Kohl et al. 2022; Rutschmann et al. 2025a). Nest
sites were recorded as inactive if no bees were
seen flying in or out of the entrance within 5 min.

In post-swarming surveys (summer and
autumn), the sample of nest sites checked was
expanded to include those identified as suit-
able, but not yet occupied, in previous surveys.
Following Seeley (1978, 2017), colonies were
recorded as “founder” if they occupied a nest site
known to be vacant in the previous survey, or if
a swarm was seen moving in. However, previ-
ous occupation was not known for most new nest
sites found in the summer and autumn, so they
were recorded as “ambiguous” and not included
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«Figure 1. Wood pasture, parkland and deer parks
(“landed estates”) in England. (Top) Example of land-
scape on landed estates showing veteran oaks growing
individually or in small patches and surrounded by pas-
ture. (Bottom) Landed estates containing at least one
veteran tree listed on the Ancient Tree Inventory with
buffers of 2, 5 and 10 km. A fifth of England is within
2 km of a landed estate with at least one listed tree. Red
circles show where honey bee nest sites were monitored
on six landed estates in southeast England. Landed
estates and veteran tree data are from Natural England
(2021) and the Woodland Trust (2008), respectively.
Map made in QGIS (v3.32.1, QGIS Development Team
2023).

in analyses of colony status. Colonies that had
survived at least one winter were recorded as
“established”. This includes colonies found
in spring (pre-swarming) surveys, which were
assumed to have survived the previous winter.

2.4. Nest site characteristics

Entrance heights were recorded using a tape
measure (<2 m), telescopic pole (2-16 m) or
clinometer (>16 m). If the nest site was not vis-
ible from ground level, close-up photos of the
entrance were taken using a camera mounted
to the top of a telescopic pole. Nest sites were
sorted into three categories based on entrance
origin: (i) excavated tree cavities, (ii) non-exca-
vated tree cavities and (iii) cavities in buildings
(Figure 2). Entrances excavated by woodpeck-
ers have a consistent shape (circular) and size
(5-7 cm diameter). Non-excavated cavities (“rot
holes” hereafter) have a less consistent shape
and size, often occurring on parts of the tree
where branches have been shed naturally or bro-
ken off in strong winds. The height and origin
of nest site entrances are only reported for main
entrances with the most forager traffic.

2.5. Spatial analyses

All analyses were performed in QGIS
(v3.32.1, QGIS Development Team, 2023)
and R (v4.3.1, R Core Team 2023) with plots
made using ggplot2 (Wickham 2016) and
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gridExtra (Augie 2017). Spring and autumn
surveys were chosen for density calculations
as they were conducted at equal intervals of
approximately 6 months. Spatial aggregation
amongst active nest sites was assessed by sub-
dividing the total survey area into 38 equally
sized (c. 0.23 km?) plots and comparing the
frequency of active nest sites in each plot to
those generated by Poisson and negative bino-
mial distributions using Akaike information
criterion (AIC). If active nest sites are spatially
aggregated, their frequency per plot is expected
to have an index of dispersion (variance/mean)
greater than 1 (over-dispersed) and better fit a
negative binomial function than Poisson (Lud-
wig and Reynolds 1988; McNally and Schneider
1996; Oldroyd et al. 1995). Significant devia-
tions from unity (/D=1) were tested using the
d statistic, calculated as

d=+/2IDIN — 1) —\/[2IN - D] - 1

where ID is the index of dispersion and N is the
number of plots (N = 38). P values were cal-
culated by determining the probability that the
d statistic was drawn from a normal distribution
with a mean of 0 and standard deviation of 1
(Oldroyd et al. 1995).

To investigate whether the availability of nest
sites influenced the spatial distribution of colo-
nies, generalised linear models (GLMs) were
used to test whether the amount of woodland
and veteran trees in each plot affected the num-
ber of active nest sites. The amount of woodland
and veteran trees in each plot was quantified as
a proportion of total woodland and veteran trees
on their respective landed estate. In addition,
landed estate was included as a factor in each
GLM to account for reporter bias in the Ancient
Tree Inventory (ATI). Mote Park has more vet-
eran trees than all other landed estates combined
(Table 1), probably because it receives the most
visitors out of all landed estates surveyed. Vet-
eran tree densities on surveyed landed estates
were compared to all landed estates in the data-
set, using a one-sample Kolmogorov—Smirnov
test, to evaluate whether they represent a random
sample in terms of potential nesting habitat.
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Table 1 Six landed estates in southeast England where honey bee nest sites were monitored. Colony density
is the average number of active nest sites/km? recorded over 3.5 years at 6-month intervals. Annual survival
rate was calculated by multiplying model estimates for spring, summer and winter survival. The number of
registered apiaries (as of December 2024) is given for 10 km radii of each landed estate using data from the

National Bee Unit (2022)

Landed Historic Area (km?) Veteran Nestsites Colonies/km? Survival Annual 10-km

estate England ref. trees obs. survival apiaries

Buxted Park 1000308 0.8 47 6 1.7 18 0.215 275

Firle Place 1000235 0.7 17 2.1 19 0.245 210

Herstmon- 1000231 1.1 46 9 4.2 56 0.367 203
ceux

Knepp 1000519 1.6 21 6 1.9 31 0.437 202
Wildland

Mote Park 1001481 1.8 187 15 2.4 53 0.381 270

Petworth 1000162 2.6 38 23 2.7 74 0.593 141
Park

2.6. Estimating demographic parameters

Following Rutschmann et al. (2025a), colony
survival rates were estimated using binomial
generalised linear mixed models (GLMMs),
built with gimmTMB (McGillycuddy et al.
2025), to account for the unequal distribution
of survival observations between study years,
landed estates and nest sites. The first model
included “survival” (0 or 1) as the response
variable, “season” (spring, summer and winter)
as a fixed factor and “nest site” nested within
“study site” as random intercepts. We did not
include “study year” as a random factor because
the estimated variance of random intercepts was
close to zero (standard deviation < 0.001). Esti-
mated marginal means (EMMs) and standard
error were calculated for spring, summer and
winter survival observations using emmeans
(Lenth 2025) and multiplied together to pro-
duce an estimate of the annual survival rate.
EMMs were then calculated for a second model
including “study site” as a fixed factor so that
the annual survival rate could be estimated for
each landed estate individually (Table 1).

Annual survival rate was then used to esti-
mate other demographic parameters. Following
Kohl et al. (2022), average colony lifespan (L)
was estimated in years by summing across all
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ages the probability of surviving to that age and
then dying halfway through the following year,

L= (A+0.5)(s*)(1-S5)
A=0

where A is the number of full years survived and
S is the annual survival rate, which is assumed
to be constant. Net reproductive rate (Rj) was
calculated as,

Ry =S+ (Sn)

where S is the annual survival rate and 7 is the
average number of swarms produced by each
colony, which was assumed to be n = 1.7 based
on data by Rutschmann et al. (2025b). Swarming
rates required to maintain a stable population (R
= 1), in the absence of annual immigration from
managed swarms, were calculated by rearranging
the previous equation,

1-S
S

n=

Colony mortality is difficult to detect during
the swarming season because inactive nest sites
can be quickly recolonised by swarms (Seeley
2017) leading to what appears to be continuous
occupation by the same colony or so-called silent
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turnover (Kohl et al. 2022). Using genetic mark-
ers, Kohl et al. (2022) found that silent turnover
occurred in 1 out of 9 nest sites that appeared
to be continuously occupied in spring and sum-
mer. We account for potential silent turnover in
spring by multiplying our model estimates of
the annual survival rate by 0.89. We give demo-
graphic parameters before and after adjusting for
potential silent turnover in spring.

2.7. Predictors of winter survival

Winter is a challenging period for wild colo-
nies in temperate regions and most mortality is
expected to occur during this time. Potential fac-
tors influencing winter survival include those at
the colony, nest site and landscape level (Kohl
et al. 2023b). We investigate these factors using
the same GLMMs that we used to estimate the
annual survival rate, but only including winter
survival observations. Models with and with-
out a variable were compared using likelihood
ratio tests. If a categorical variable significantly
improved model fit, multiple comparisons were
made using Tukey post-hoc tests with multcomp
(Hothorn et al. 2008) and adjusting p values
using the Bonferroni method. The same method
was used to determine whether entrance height
significantly differed between nest site types
(building, rot hole, excavated) after performing
an analysis of variance.

3. RESULTS
3.1. Landed estates

There are 9813 landed estates across Eng-
land, which have a relatively small total area
of 2783 km? or 2.1% of land cover in England.
This decreases to 2398 (1688 km?, 1.3% land
cover) when excluding landed estates that do
not contain any veteran trees listed on the ATI.
Veteran tree densities on these landed estates
had a log-normal distribution with a mean of 21
(£5.3) trees/km?. Veteran tree densities in the
areas we surveyed ranged from 13 trees/km? at
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Knepp Wildland to 106 trees/km? at Mote Park
(Table 1) and were representative of the whole
dataset (D=0.4, p=0.252). Landed estates may
have a small total area, but are widely distrib-
uted, with 84% of England being within 10 km
of a landed estate with at least one veteran tree
listed on the ATI and over a fifth (21%) being
within routine honey bee foraging distance of
2 km (Figure 1).

3.2. Nest site characteristics

A total of 63 honey bee nest sites were found
on landed estates by directly searching old trees
and buildings (n=50), using local knowledge
(n=38) or a combination of both methods (n=>5).
Most (89%, n=156) nest sites were cavities in
living trees originating from either woodpecker
excavation (n=21) or other processes such as
damage, decay and growth defects (rot holes,
n=232). A minority (11%, n="7) were cavities
in buildings that bees could access through air
vents and other holes. The origin of three nest
sites could not be determined because they were
either too high, destroyed before the entrance
could be examined or obscured by ivy during the
entire study period. Six (8%) nest sites had two
distinct entrances, although secondary entrances
were blocked with propolis during winter in
most cases (n=35) or only used when the pri-
mary entrance had completely occluded (n=1).
Entrance height ranged from 0.3 to 16.8 m (mean
7.9 m) and was significantly affected by nest site
type (F,57;=5.6, p=0.006). Entrance height
was significantly higher for excavated nest sites
(mean 9.5 m) when compared to buildings (mean
4.9 m, p=0.009), but not rot holes (mean 7.2 m,
p=0.065, Figure 3).

Twenty-one nest sites were found in the first
survey and monitored throughout the entire
study period, spanning a total of 11 visits. An
additional 8 nest sites were found in 2022, 9
in 2023 and 25 in 2024. Overall, 38 nest sites
had colony survival data for multiple winters
(Figure 4) and 25 nest sites had colony survival
data for a single winter (Fig. S1, supplementary
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Figure 3. Entrance height (left) and winter survival rate (right) of the three types of nest sites used by wild honey
bee colonies on landed estates in southeast England. Error bars show standard error. Mean entrance height was sig-
nificantly greater for woodpecker-excavated tree cavities (9.5 m) than for cavities in buildings (4.9 m, p=0.009) but
not for non-excavated tree cavities (“rot holes”, 7.2 m, p =0.065). Winter survival rates were significantly affected by
nest site type (X2 =6.2, df =2, p=0.046), although pairwise comparisons were not significant (p >0.05).

material). Twenty-three nest sites were occupied
by at least one colony that successfully overwin-
tered during the study, six of which were occu-
pied continuously by a single colony for as long
as they were monitored (minimum two years,
KNPO5, MOTO01, MOTO05, PET03, PETO06,
PETO8, Figure 4). Twelve nest sites were only
occupied by swarms that failed to overwinter,
seven of which were occupied once and never
recolonised. Approximately 60% of nest sites
that were inactive in spring were recolonised
by swarms in the following summer. Four of
the original 21 nest sites found in 2021 were
destroyed or severely degraded during the study
through either stem breakage (n=3) or hole
occlusion (n=1), which equates to losses of 6%
of nest sites per year.

3.3. Spatial distribution of occupied nest
sites

Areas surveyed on landed estates ranged from
0.7 km? at Firle Place to 2.6 km? at Petworth Park
(mean 1.4 km?, total 8.6 km?2, Table 1). Active
nest sites occurred at average densities of 1.6,
4.0 and 3.4 colonies/km? in spring summer and
autumn, respectively. The overall average density
was 2.5 colonies/km?. During the survey with
most active nest sites (summer 2024, n=48), the
frequency of active nest sites per plot did not fit
a negative binomial distribution better than Pois-
son, indicated by a non-significant difference in
AIC of 1.5. In addition, the index of dispersion
(ID) was not significantly different from one (/D
=1.2,d = 0.8, p=0.413). Both results indicate
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2021
Autumn
BUX01
BUX02
BUX03
BUX04
BUX05

2022
Spring  Summer Autumn

2023
Spring Summer Aumtun

2024
Spring Summer Aumtun

2025
Spring

FRLO1
FRLO3
FRLO4
FRLO6
HMX01
HMX02
HMX03
HMX04
HMX05
HMX06
HMX07
HMX08
KNPO1
KNP04
KNP0O5
KNP06
KNPO7
MOTO01
MOT02
MOTO03
MOT04
MOT05
MOT06
MOT07
MOTO08
PETO01
PET02
PET03
PET04
PET05
PET06
PET07
PET08

Fig.ure 4. Monitoring data for 38 honey bee nest sites in southeast England with at least two overwintering obser-
vations (excluding 25 nest sites found in 2024). Nest sites were checked for honey bee activity three times per year:
(i) in spring before swarming (March), (ii) in summer after swarming (July) and (iii) in autumn before winter (Octo-
ber). Following Seeley (1978, 2017), colonies were recorded as established (blue) if they had overwintered, founder
(green) if they were a recent swarm and ambiguous (orange) if colony history was not known. Grey cells denote inac-

tive nest sites and red outlines show nest sites that were destroyed or severely degraded during the study period.

that active nest sites were randomly distributed
in summer 2024. The frequency of active nest
sites significantly increased with the proportion
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of a landed estate’s total veteran tree numbers
(X2 =8.4, df=1, p=0.004), but not woodland
cover (X2 =04, df=1, p=0.552), in each plot.
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3.4. Population demography

A total of 251 survival observations were
recorded for 94 colonies at 63 nest sites. Empiri-
cal survival rates were 0.94 between spring and
summer (spring survival, n=35), 0.89 between
summer and autumn (summer survival, n=101)
and 0.50 between autumn and spring (winter
survival, n=115). Model estimates were 0.94
(£0.04) for spring survival, 0.90 (z0.03) for
summer survival and 0.49 (+0.06) for winter
survival after controlling for the unequal dis-
tribution of survival observations between nest
sites and landed estates. Multiplying model esti-
mates for each season gives an estimated annual
survival rate (§) of 0.41, a net reproductive rate
(Ry) of 1.1 and an average colony lifespan (L) of
1.2 years. Annual survival rates varied amongst
landed estates (Table 1), but these differences
were not statistically significant (X2 =6.6,df=5,
p=0.256). Demographic parameters decrease
to S =0.37, Ry=1.0 and L = 1.1 years when
accounting for potential silent turnover in spring
(see methods). Based on both raw and adjusted
model estimates, swarming rates of 1.4 to 1.7
swarms per colony per year would be required
to produce a self-sustaining population (Ry=1).

3.5. Predictors of winter survival

Model estimates of winter survival rate were
not significantly different between study years
(x*=1.4, df=3, p=0.710) or landed estates
(X2 =5.8, df =5, p=0.329). Ambiguous colo-
nies made up 44% of winter survival obser-
vations and were removed from analyses of
colony status on winter survival. As expected,
established colonies had higher winter survival
rates (0.58 +£0.08) than founders (0.43 +0.09),
although this difference was not statistically sig-
nificant (x*=1.4, df=1, p=0.258). Winter sur-
vival rates were significantly affected by nest site
type (X2 =6.2,df=2, p=0.046), being lowest in
buildings (0.31 +0.13), intermediate in rot holes
(0.45 +£0.08) and highest in excavated tree cavi-
ties (0.69 +0.09, Figure 3), although pairwise
comparisons were not statistically significant

(»p>0.05). Despite showing a similar trend with
nest site type (see above), entrance height did not
significantly affect winter survival rate (X2 =0.5,
df=1, p=0.469), suggesting that a different cav-
ity parameter is responsible for the higher winter
survival in excavated tree cavities.

4. DISCUSSION

4.1. Potential factors affecting wild colony
density and survival

To our knowledge, this is the first published
study in Europe to quantify wild honey bee col-
ony density by exhaustively searching for colo-
nies in defined areas. It is also the first study in
the UK to determine wild colony survival rates
through systematic monitoring. We recorded
an average density of 2.5 wild colonies/km” on
landed estates in southeast England during the
3.5-year study period. In a similar study by Kohl
et al. (2022), the authors monitored wild colo-
nies in German forests over a 4-year period and
recorded a much lower average density of 0.23
colonies/km?. The authors surveyed larger areas
(>50 km?) than in our study (average 1.4 km?)
and state that this is the minimum density of wild
colonies in their study area (Kohl et al. 2022).
The areas we surveyed on landed estates were
defined by man-made boundaries, which were
large enough to avoid significant overestimations
of colony density (mostly > 1 km?, Visick and
Ratnieks 2023) but smaller than typical honey
bee mating and foraging areas of approximately
3 km? and 13 km?, respectively (Couvillon et al.
2014; Taylor and Rowell 1988). Therefore, 2.5
colonies per km? might represent a maximum
density that wild colonies can sustain over large
areas in southeast England. However, this den-
sity should apply to most landed estates, given
that veteran tree densities in the areas we sur-
veyed were representative of all landed estates
in England with at least one veteran tree listed
on the ATI.

One possible explanation for the difference
in wild colony density reported in England and
Germany is the quantity and quality of available
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nest sites in the two study regions. England has
lower woodland cover (13%) than Germany
(32%), but has a large collection of veteran trees
(c. 2 million, Nolan et al. 2022), which often
grow outside of woodland (Nolan et al. 2020).
We calculated a mean veteran tree density of 21
trees/km? on landed estates containing at least
one tree listed on the ATI. Nolan et al. (2021)
estimated that there is a total of 100,400 veteran
trees on all landed estates when including trees
not currently listed on the ATI, which equates to
a density of 36 veteran trees/km?>. Assuming that
half of all veteran trees possess suitable cavities
for wild colonies (Visick and Ratnieks 2024),
landed estates could support nest site densities
of 15 to 20 suitable cavities/km?, far greater
than the 1 to 10 suitable cavities/km? reported
in European forests (Kohl et al. 2022; Requier
et al., 2020; Visick et al. 2024). The abundance
of potential nest sites in veteran trees might com-
pensate for occupancy by other species and off-
set cavity mortality (6% of nest sites per year in
our study area), allowing wild colonies to reach
higher densities than in woodland and forests.
Indeed, we found that the frequency of wild colo-
nies in the 0.23 km? sampling plots significantly
increased with veteran tree numbers but not
woodland area. This highlights the importance
of veteran trees as nest sites for wild colonies
and the need to consider them in assessments of
habitat suitability in Europe.

Due to a preference for short dispersal dis-
tances (Jaycox and Parise 1980, 1981; Seeley and
Morse 1977), wild colonies might be expected
to form aggregations when nest sites are abun-
dant (Oldroyd et al. 1995). However, we found
no evidence of spatial aggregation on landed
estates during the survey with most active nest
sites. Landed estates typically consist of pasture
interspersed with veteran trees (mainly oak)
growing individually or in patches of woodland
(Figure 1). Our estimate of 15 to 20 suitable cav-
ities/km? is comparable to honey bee nest site
densities reported in open oak woodland in Texas
(17 to 23 suitable cavities/kmz, Baum et al. 2005;
Dickey et al. 2023; Rangel et al. 2016) and south-
ern Spain (18 suitable cavities/km?, Visick et al.
2025) but considerably lower than the 11,000
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suitable cavities/km?” recorded by Oldroyd et al.
(1994) in Eucalyptus woodland in Australia,
where wild colonies occur in dense aggregations
(Oldroyd et al. 1995). Whilst the spatial distribu-
tion of wild colonies was positively associated
with veteran trees on landed estates, the high
densities of vacant cavities strongly suggest that
wild colonies are not limited by nest sites (Visick
and Ratnieks 2024). We found that approximately
60% of inactive nest sites in spring were recolo-
nised by swarms in the following summer, which
is consistent with recolonization rates of 52%
reported in central New York State (Seeley 2017)
and 64% in German forests (Kohl et al. 2022). If
suitable cavities were in short supply, one might
expect a greater percentage of recently vacated
nest sites to be recolonised, given that cavities
containing wax combs are preferentially chosen
by swarms (Seeley and Morse 1978).

Landed estates in southeast England provide
a wide range of nesting opportunities for wild
honey bee colonies, with approximately 40%
of nest sites in trees resulting from woodpecker
excavation and the remainder originating from
damage, decay and growth defects. This may be
important to compensate for variation in qual-
ity and to ensure colony survival during winter,
which we found to vary significantly amongst
nest site types (building, rot hole, excavated).
In the German study, wild colonies exclusively
occupied cavities created by black woodpeck-
ers, which excavate large entrances (c. 10 cm
diameter, Kohl et al. 2022) that make the cav-
ity difficult to thermoregulate and defend from
depredation in winter (Kohl et al. 2023b). The
authors found that only 16% of wild colonies sur-
vive winter and that covering cavity entrances
with mesh increased winter survival, although
this result was not statistically significant given
the small sample size (Kohl et al. 2023b). Black
woodpeckers excavate cavities with small vol-
umes (c. 10 L, Kosinski and Walczak 2019) but
those used by wild honey bee colonies are larger
(median 41 L, Rutschmann & Kohl, personal
communication) and are not expected to limit
the amount of honey that can be stored for win-
ter. Interestingly, we found that winter survival
rates of wild colonies occupying excavated tree
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cavities were significantly higher than average on
landed estates. Despite being excavated by differ-
ent species (black woodpeckers do not occur in
the UK), this suggests that excavated cavities do
not necessarily represent poor quality nest sites,
and that other factors are better at explaining the
difference in survival rates between the two study
regions.

One additional factor is food supply, which
may be higher on landed estates than German
forests due to their open habitat structure and
greater diversity of nectar-producing trees
(Visick and Ratnieks 2024). Rutschmann et al.
(2023) found that honey bee foraging distances
increased in landscapes with a greater percent-
age of forest land cover. This suggests that wild
colonies may struggle to find enough food to
survive winter in managed forests dominated by
wind-pollinated species that produce little nec-
tar (Kohl et al. 2022). Southeast England also
has a warmer climate than the study region in
Germany, with mean annual temperatures of
11 °C and 7 °C respectively, which translates to
a longer growing season and more days of forag-
ing (Visick and Ratnieks 2023).

Whilst the availability of forage and nest sites
certainly contributes to the low density and sur-
vival of wild colonies in German forests (Kohl
et al. 2023b), these factors do not explain why
similarly low densities (<0.5 colonies/km?) and
annual survival rates (<0.15) have been reported
in other parts of Germany, where the diversity
of bee trees and composition of the surrounding
landscape more closely matches our study region
in southeast England (Rutschmann et al. 2025a).
Additional factors associated with apiculture
may explain why wild colonies do not establish
large and viable sub populations in Germany.
One factor is the density of managed colonies,
which ranges from approximately 4 colonies/
km? in forest areas (Kohl et al. 2022) to over 12
colonies/km? in the city of Munich (Rutschmann
et al. 2025a). For comparison, we estimate that
the density of managed colonies near landed
estates in southeast England ranges from approxi-
mately 1 to 3 colonies/km?, based on the number
of registered apiaries within 10 km of each landed
estate (Table 1) and an average of 3 colonies per

apiary in the UK (Jones et al. 2024). Even at these
relatively low densities, we found that the landed
estate with the highest managed colony density
had the lowest wild colony survival and vice
versa (Table 1). High managed colony densities
might make survival challenging for wild colo-
nies, both directly through competition for floral
resources and indirectly by decreasing the role of
natural selection on colony survival, especially
in countries where beekeepers rely on chemi-
cal treatments for disease control. For example,
between 20 and 30% of beekeepers in the UK do
not treat their colonies for Varroa (Valentine and
Martin 2023), whereas it is a legal requirement in
Germany (Brook 2025).

4.2. Wild honey bee population
demography

Based on an estimated annual survival rate of
0.41, wild colonies active on landed estates in
spring and early summer would need to produce
an average of 1.4 swarms per colony per year
to be self-sustaining (the parent colony remains
after swarming). This is feasible given that
average swarming rates of 2.2 to 3.6 swarms per
colony per year have been reported for unman-
aged colonies of European honey bees in North
America (Lee and Winston 1987; Winston 1980).
The net reproductive rate of wild colonies on
landed estates was calculated to be 1.1, indi-
cating that the population would be stable or
even increase in the absence of immigration
from managed swarms. When accounting for
the possibility of silent turnover in spring, the
annual survival rate and net reproductive rate
decrease to 0.37 and 1.0, respectively. These
adjusted values are conservative given that
the estimated probability of silent turnover in
spring (0.89) is based on observations from
German forests (Kohl et al. 2022) where wild
colonies experience elevated mortality at other
times of the year (e.g., winter survival of 0.16
versus 0.49 in our study area). However, they
show that colony survival rates are still viable,
even when accounting for the possibility of
undetected mortality in spring.
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Net reproductive rate was calculated using
data by Rutschmann et al. (2025b) who recorded
a swarming rate of 1.7 swarms per colony under
simulated wild conditions in a similar geographic
location, although only for a single season and a
small number of colonies (n=10). Colonies were
also treated for Varroa a year prior to swarming
and may have been stronger and more likely to
swarm than colonies that received no treatment.
Nonetheless, this is still a more conservative
estimate than the assumed swarming rate of two
swarms per colony per year (one prime swarm and
one afterswarm) previously used in demographic
studies (Kohl et al. 2022; Seeley 2019). Another
assumption regarding swarming is that all wild
swarms find and move into a new nest site after
leaving their parental colony (Kohl et al. 2022).
We believe this assumption is justified given that
all 14 artificial swarms set up by Visick et al.
(2024) in the study area took off for a nest within
an average of 13 daylight hours. It is possible that
some swarms are collected by beekeepers during
this time and therefore do not contribute to the next
generation of wild colonies. However, the chance
of people encountering wild swarms on landed
estates is generally quite low, unless they become
a nuisance by settling in adjacent urban areas.

Six nest sites were continuously occupied
by a single colony for as long as they were
monitored. These colonies made up 19% of all
survival observations. When removing these
survival observations, the annual survival rate
decreases to 0.32 which is below self-sustaining
levels. Therefore, it is possible that the annual
survival rate was positively skewed by a few
particularly resilient colonies. Although this is
unlikely because we accounted for the uneven
distribution of survival observations in our
calculation of the annual survival rate. The six
resilient colonies occupied both excavated and
non-excavated tree cavities with small entrances
(4 to 6 cm diameter) ranging from 0.3 m to
15.8 m above ground. There are no obvious cav-
ity parameters that contribute to their increased
longevity. These nest sites may differ in terms of
volume, which is an important factor but difficult
to quantify, especially for established colonies
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that have filled the cavity with comb (Visick and
Ratnieks 2025).

Annual survival rate varied between estates
and was below self-sustaining levels at Buxted
Park and Firle Place (Table 1). These were the
estates with the fewest survival observations,
and our statistical model indicates that this
result was likely due to chance. However, it is
important to discuss variation in survival rates
between landed estates because the sites that
we surveyed were separated beyond maximum
distances communicated by scouts on honey bee
swarms in the study area (11 km, Visick et al.
2024). This means that low survival rates on one
landed estate are not necessarily compensated by
higher survival rates on another through migra-
tion. That being said, we are confident that our
results apply to other landed estates in England,
including those that we did not survey. When
considering these additional locations, dispersal
between landed estates seems likely, especially
in southeast England where most landed estates
are within a few kilometres of each other (Fig-
ure 1). It is possible that some landed estates rep-
resent demographic sinks that are dependent on
immigration from swarms produced by colonies
in surrounding areas, but our results indicate that
this is the exception rather than the norm.

4.3. Implications for beekeeping and
honey bee conservation

The fact that we recorded high wild colony
densities and survival rates on landed estates,
should have important implications for beekeep-
ing in the surrounding areas. Many studies have
shown that wild and unmanaged colonies can
develop adaptations to novel pests and diseases
when exposed to natural selection (reviewed
by Mondet et al. 2020). In areas where a sig-
nificant proportion of colonies are wild, these
traits are potentially accessible to beekeepers
by heading colonies with locally mated queens.
Most beekeepers in the UK are hobbyists and
approximately half already use locally mated
queens (Jones et al. 2024). Assuming that the
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estimated managed colony density of 1 to 3
colonies/km? applies to the smaller areas within
typical mating distance of landed estates, there
could be a relatively equal number of wild and
managed colonies in these areas. This suggests
that wild colonies on landed estates contribute
significantly to local gene pools. This is espe-
cially true given that colonies living under wild
conditions produce more drones and queens than
colonies under conventional management (Kohl
et al. 2015; cited in Kohl 2023; Simpson 1973).

Some beekeepers might be concerned that
the high densities of wild colonies on landed
estates represent reservoirs for pests and dis-
ease. Thompson et al. (2014) sampled pairs of
wild and managed colonies across the UK and
found higher levels of deformed wing virus in
wild colonies. However, the authors only sam-
pled a small number of established wild colonies
that had been active for a minimum of 1 year,
which are more likely to have accumulated dis-
ease (Fries et al. 2006). In a natural context, and
at certain times of the year (post-swarming), a
significant proportion of colonies in a popula-
tion are founders that have not survived their
first winter (Oldroyd et al. 1997; Seeley 1978,
2017). In our study, approximately half of the
colonies active in summer with a known history
were founders. In an extreme case where 90% of
wild colonies were founders, Kohl et al. (2023a)
found reduced prevalence of several micropara-
sites in wild colonies when compared to nearby
managed colonies. Unfortunately, we were not
able to assess the disease burden of wild colo-
nies in our study, but their high survival rates
indicate that disease levels might be low (due to
environmental life history and behavioural fac-
tors) or that the bees are able to tolerate high
parasite loads.

When assessing the conservation status of
wild honey bee populations, it is useful to con-
sider their projected population trend in the
absence of annual immigration from managed
swarms (Kohl and Rutschmann 2024). Based on
our estimate of the annual survival rate, the wild
population in southeast England is not projected
to decline over the next 10 years and would be
regarded as “least concern” under current [IUCN

guidelines, making it a rare example of a stable
wild honey bee population in Europe (Kohl and
Rutschmann 2024). Our results strongly suggest
that the wild colonies in this study are not just
swarms that have escaped from apiaries, which
is likely the case elsewhere in Europe (Kohl et al.
2022). Indeed, it is possible that wild colonies
on landed estates represent additional genetic
variation that can be used to improve beekeep-
ing. Despite this, wild colonies currently have
no legal protection in the UK. One threat that
wild colonies face is the importation of queens
from abroad, which have gradually increased
from 5,000 queens in 2011 to 20,000 in 2020
(Jones et al. 2021). Queen imports not only pose
a threat to biosecurity (Jones et al. 2021), but
also decrease the adaptive potential of resident
honey bee populations. Using local queens may
decrease honey crops but most beekeepers in the
UK are hobbyists and do not depend on honey
production for income. In fact, according to a
recent survey (Jones et al. 2024), the second
most common reason for keeping bees in the
UK is to help the environment. We propose that
beekeepers can help local honey bee popula-
tions by increasing the role of natural selection
in their apiaries. In return, they will benefit from
a greater availability of adaptive traits for their
colonies, which should decrease the number of
interventions required to achieve acceptable sur-
vival rates over time.
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