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Due to their cryptic way of life high above the ground, wild-living honey bee colonies were so far not

systematically studied in Europe. This thesis contains the first systematic surveys of wild-living colonies in

Germany and Spain. Photo taken by Dimi Dumortier.



SUMMARY

The original habitat of native European honey bees (Apis mellifera) is forest, but currently
there is a lack of data about the occurrence of wild honey bee populations in Europe. Prior
to being kept by humans in hives, honey bees nested as wild species in hollow trees in
temperate forests. However, in the 20" century, intensification of silviculture and
agriculture with accompanying losses of nesting sites and depletion of food resources
caused population declines in Europe. When the varroa mite (Varroa destructor), an
invasive ectoparasite from Asia, was introduced in the late 1970s, wild honey bees were
thought to be eradicated in Europe. Nevertheless, sporadic, mostly anecdotal, reports from
ornithologists or forest ecologists indicated that honey bee colonies still occupy European
forest areas. In my thesis I hypothesize that near-natural deciduous forests may provide
sufficient large networks of nesting sites representing refugia for wild-living honey bees.
Using two special search techniques, i.e. the tracking of flight routes of honey bee foragers
(the “beelining” method) and the inspection of known cavity trees, I collected for the first
time data on the occurrence and density of wild-living honey bees in forest areas in
Germany (CHAPTER 3). I found wild-living honey bee colonies in the Hainich national park
at low densities in two succeeding years. In another forest region, I checked known habitat
trees containing black woodpecker cavities for occupation by wild-living honey bee
colonies. It turned out that honey bees regularly use these cavities and occur in similar
densities in both studied forest regions, independent of the applied detection method.
Extrapolating these densities to all German forest areas, I estimate several thousand wild-
living colonies in Germany that potentially interact in different ways with the forest
environment. I conclude that honey bees regularly colonize forest areas in Germany and
that networks of mapped woodpecker cavities offer unique possibilities to study the ecology

of wild-living honey bees over several years.

While their population status is ambiguous and the density of colonies low, the fact that
honey bees can still be found in forests poses questions about food supply in forest
environments. Consequently, I investigated the suitability of woodlands as a honey bee
foraging habitat (CHAPTER 4). As their native habitat, forests are assumed to provide

important pollen and nectar sources for honey bee colonies. However, resource supply
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might be spatially and temporally restricted and landscape-scale studies in European forest
regions are lacking. Therefore, I set up twelve honey bee colonies in observation hives at
locations with varying degree of forest cover. Capitalizing on the unique communication
behaviour, the waggle dance, I examined the foraging distances and habitat preferences of
honey bees over almost an entire foraging season. Moreover, by connecting this decoded
dance information with colony weight recordings, I could draw conclusions about the
contribution of the different habitat types to honey yield. Foraging distances generally
increased with the amount of forest in the surrounding landscape. Yet, forest cover did not
have an effect on colony weight. Compared to expectations based on the proportions of
different habitats in the surroundings, colonies foraged more frequently in cropland and
grasslands than in deciduous and coniferous forests, especially in late summer when pollen
foraging in the forest is most difficult. In contrast, colonies used forests for
nectar/honeydew foraging in early summer during times of colony weight gain emphasizing
forests as a temporarily significant source of carbohydrates. Importantly, my study shows
that the ecological and economic value of managed forest as habitat for honey bees and
other wild pollinators can be significantly increased by the continuous provision of floral

resources, especially for pollen foraging.

The density of these wild-living honey bee colonies and their survival is driven by several
factors that vary locally, making it crucial to compare results in different regions. Therefore,
I investigated a wild-living honey bee population in Galicia in north-western Spain, where
colonies were observed to reside in hollow electric poles (CHAPTER 5). The observed colony
density only in these poles was almost twice as high as in German forest areas, suggesting
generally more suitable resource conditions for the bees in Galicia. Based on morphometric
analyses of their wing venation patterns, I assigned the colonies to the native evolutionary
lineage (M-lineage) where the particularly threatened subspecies Apis mellifera iberiensis
also belongs to. Averaged over two consecutive years, almost half of the colonies survived
winter (23 out of 52). Interestingly, semi-natural areas both increased abundance and
subsequent colony survival. Colonies surrounded by more semi-natural habitat (and
therefore less intensive cropland) had an elevated overwintering probability, indicating that
colonies need a certain amount of semi-natural habitat in the landscape to survive. Due to
their ease of access these power poles in Galicia are, ideally suited to assess the population

demography of wild-living Galician honey bee colonies through a long-term monitoring.
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In a nutshell, my thesis indicates that honey bees in Europe always existed in the wild. I
performed the first survey of wild-living bee density yet done in Germany and Spain. My
thesis identifies the landscape as a major factor that compromises winter survival and
reports the first data on overwintering rates of wild-living honey bees in Europe. Besides,
I established methods to efficiently detect wild-living honey bees in different habitat. While
colonies can be found all over Europe, their survival and viability depend on unpolluted,
flower rich habitats. The protection of near-natural habitat and of nesting sites is of

paramount importance for the conservation of wild-living honey bees in Europe.



A black woodpecker cavity in the Swabian Alb that is occupied by a honey bee colony. In this region, around ten

percent of the mapped black woodpecker cavities are dwelling places for honey bee colonies, offering the unique

possibility to study them over several years. Photo taken by Ingo Arndt.



ZUSAMMENFASSUNG

Das urspriingliche Habitat der Westlichen Honigbiene (Apis mellifera) ist der Wald, doch
derzeit fehlt es an Daten iiber das Vorkommen von wilden Honigbienenpopulationen in
Europa. Bevor die Honigbiene von Menschen in kiinstlichen Behausungen gehalten wurde,
nistete sie in den gemaBigten Breiten in hohlen Bdumen als wild lebende Art. Doch die
Intensivierung der Forst- und Landwirtschaft, der damit einhergehende Verlust von
Nistpldtzen und die Verschlechterung der Nahrungsressourcen fiihrten zu einem Riickgang
der Honigbienenpopulationen im 20. Jahrhundert. Nachdem die Varroa-Milbe (Varroa
destructor), ein invasiver Ektoparasit, in den spiten 1970er-Jahren aus Asien eingeschleppt
wurde, nahm man an, dass wilde Honigbienen in Europa ausgestorben seien.
Nichtsdestotrotz gaben sporadische, hauptsédchlich anekdotische Berichte von Ornithologen
oder Waldokologen Anlass zur Vermutung, dass Honigbienenvolker immer noch in

europdischen Wildern zu finden seien.

In meiner vorliegenden Dissertation stelle ich die Hypothese auf, dass naturnahe
Laubwilder ein ausreichend groBes Netz von Nistplédtzen bieten und als Zufluchtsorte fiir
wild lebende Honigbienen fungieren konnen. Mit Hilfe zweier spezieller Suchtechniken —
dem Nachverfolgen der Flugrouten von Honigbienen-Sammlerinnen (die ,Bee-Lining*-
Methode) und der Inspektion bekannter Baumhohlen — habe ich erstmalig Daten iiber das
Vorkommen und die Populationsdichte von wild lebenden Honigbienen in deutschen
Waldgebieten gesammelt (CHAPTER 3). In zwei aufeinanderfolgenden Jahren habe ich wild
lebende Honigbienenvolker im Hainich Nationalpark entdeckt, wobei die
Populationsdichten gering waren. In einem anderen Waldgebiet habe ich kartierte
Habitatbdume mit Hohlen des Schwarzspechts auf ihre Besiedlung mit Honigbienenvolker
hin iberpriift. Es stellte sich heraus, dass Honigbienen diese Schwarzspechthéhlen
regelméfBig nutzen und in dhnlich niedrigen Dichten in beiden untersuchten Waldgebieten
vorkommen. Mittels Extrapolation schitze ich die Zahl der wild lebenden Bienenvolker in
allen deutschen Waldgebieten auf mehrere Tausend, die auf vielféltige Weise mit der
Waldumgebung interagieren konnen. Zusammenfassend zeigte sich, dass Honigbienen

regelméBig deutsche Waldgebiete bewohnen und dass Daten tiber kartierte Spechthdhlen
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eine einmalige Moglichkeit bieten, die Okologie der Honigbienen als Wildtier mittels eines

Langzeitmonitorings zu untersuchen.

Auch wenn der Populationsstatus noch ungeklért und die Populationsdichte gering ist, wirft
die Existenz wild lebender Honigbienen Fragen beziiglich der Nahrungsversorgung im
Wald auf. Folglich habe ich untersucht, ob eine ausreichende Futterversorgung fiir
Honigbienen in Wildern gegeben ist (CHAPTER 4). Wilder gelten als der urspriingliche
Lebensraum der Westlichen Honigbiene und man nimmt an, dass sie wichtige Pollen- und
Nektarquellen fiir Honigbienenvdlker liefern. Das Nahrungsangebot konnte jedoch
rdumlich und zeitlich begrenzt sein, wobei hierzu bislang Studien in europdischen
Waldregionen fehlen. Daher habe ich zwdlf Honigbienenvolker in Beobachtungsstocken,
jeweils an Orten mit unterschiedlichem Waldanteil, aufgestellt. Indem ich mir das
einzigartige Kommunikationsverhalten — den Schwinzeltanz — zu Nutzen machte,
untersuchte ich Sammeldistanzen und Habitatpriferenzen von Honigbienen {iber fast eine
ganze Bienensaison hinweg. Dariiber hinaus konnte ich durch die Verkniipfung der
entschliisselten Tanzinformationen mit Gewichtsaufzeichnungen der Bienenvolker
Riickschliisse auf den Beitrag der verschiedenen Habitattypen zum Honigertrag der Volker
ziechen. Die Entfernungen bei der Nahrungssuche nahmen grundsétzlich mit dem
Waldanteil in der umgebenden Landschaft zu. Obwohl Bienenvolker, die tiefer im Wald
stationiert waren, weiter fliegen mussten, war ihre Gewichtszunahme nicht reduziert. Im
Vergleich zu den Erwartungen, die sich aus den flichenmifligen Anteilen der
verschiedenen Habitate in der Umgebung ergeben, sammelten die Volker haufiger in
Acker- und Grasland als in Laub- und Nadelwald, wobei der Spiatsommer die schwierigste
Zeit fiir die Pollenversorgung im Wald war. Auf die Phase im Frithsommer von Mitte Mai
bis Mitte Juli bezogen, in der die Vilker an Gewicht zunahmen, wurde der Wald zum
Sammeln fiir Nektar/Honigtau beinahe erwartungsgemdfl genutzt. Das unterstreicht die
Bedeutung des Waldes als wichtige Quelle fiir Kohlenhydrate wihrend eines kurzen
Zeitraums im Jahr. Meine Untersuchungen zeigen, dass der 6kologische und 6konomische
Wert von Wirtschaftswald als Lebensraum fiir Honigbienen und andere Bestduber durch
die kontinuierliche Versorgung von Bliitenressourcen, insbesondere in Bezug auf Pollen,

erheblich gesteigert werden kann.

Die Dichte wild lebender Honigbienenvolker und deren Uberleben ist durch mehrere

Faktoren bestimmt die lokal variieren, weshalb es &uflerst wichtig ist, die Ergebnisse
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hinsichtlich verschiedener Regionen zu vergleichen. Im Zuge dieser Arbeit habe ich daher
zusitzlich noch eine wild lebende Honigbienenpopulation in Galicien im Nordwesten
Spaniens untersucht, wo die Bienenvolker in hohlen Strommasten nisteten (CHAPTER 5).
Die beobachtete Volkerdichte war allein in diesen Strommasten fast doppelt so hoch wie in
deutschen Waldgebieten, was auf grundsdtzlich geeignetere Bedingungen fiir Bienen in
Galicien schlieBen ldsst. Anhand morphometrischer Analysen der Fliigeldderung habe ich
die Bienenvolker der einheimischen Evolutionslinie (M-Linie) zugeordnet, zu der auch die
besonders bedrohte Unterart Apis mellifera iberiensis gehort. In zwei aufeinander
folgenden Jahren iiberlebte im Durchschnitt fast die Hilfte der Bienenvolker den Winter
(23 von 52). Interessanterweise waren in naturnahen Gebieten sowohl die Haufigkeit als
auch das Uberleben der Bienenvélker hoher. Kolonien, die von mehr naturnahen
Lebensrdumen (und damit weniger intensiv genutzten Ackerflichen) umgeben waren,
wiesen eine hohere Uberwinterungswahrscheinlichkeit auf, was darauf hindeutet, dass die
Kolonien einen gewissen Anteil an naturnahem Lebensraum in der Landschaft zum
Uberleben bendtigen. Diese Strommasten in Galicien sind aufgrund ihrer leichten
Zugénglichkeit ideal geeignet, um die Populationsdemografie der dortigen wild lebenden

Honigbienen durch ein Langzeit-Monitoring zu untersuchen.

Zusammenfassend ldsst sich sagen, dass Honigbienen wohl ununterbrochen als wild
lebende Spezies in Europa existierten. Im Zuge meiner Doktorarbeit habe ich die erste
quantitative Untersuchung wild lebender Honigbienen in Deutschland und Spanien
durchgefiihrt. Meinen Ergebnissen zufolge ist die Landschaft ein entscheidender Faktor,
der das Winteriiberleben beeinflusst. Zudem beinhaltet meine Arbeit die ersten Daten tiber
Uberwinterungsraten von wild lebenden Honigbienen in Europa. Weiters habe ich
Methoden entwickelt, um wild lebende Honigbienen in verschiedenen Lebensrdumen
zuverldssig und schnell zu finden. Alle drei Studien meiner Dissertation betonen, wie
wichtig es ist, naturnahe Gebiete fiir den Schutz von wild lebenden Honigbienen zu
erhalten. Zwar sind wild lebende Bienenvdlker iiberall in Europa zu finden, doch ihre
Uberlebensfihigkeit hingt von bliitenreichen, nicht mit Pestiziden belasteten
Lebensraumen ab. Der Schutz von Lebensrdumen und Nistpldtzen ist fiir die Erhaltung der

wild lebenden Honigbienen in Europa von grofiter Bedeutung.



A thermal image that shows a honey bee colony in the Ringpark in Wiirzburg residing in a tree cavity. I took the

picture in late autumn when the colony was still rearing brood, but outside temperature in the night was already

low.



CHAPTER 1: GENERAL INTRODUCTION

LACK OF DATA ABOUT WILD-LIVING HONEY BEE POPULATIONS IN EUROPE

Today, the Western honey bee Apis mellifera is commonly seen as a domesticated insect,
and it is widely believed that wild-living! colonies went extinct in Europe (Moritz et al.,
2007; De la Rua et al., 2009; Meixner et al., 2010, 2015). Originally endemic to Eurasia
and Africa (Ruttner, 1988; Whitfield et al., 2006; Han et al., 2012; Dogantzis et al., 2021),
Western honey bees in Central Europe were already heavily influenced by humans since
the Middle Ages (Crane, 1999), therefore exhibiting a dual nature as managed and wild
species for a long time. Following the devastating global spread of the ectoparasitic mite
Varroa destructor from Asia in the late 1970s (Anderson and Trueman, 2000), beekeepers
in Europe treat their colonies several times a year with various acaricides to control mite
populations. Hence, it is generally accepted that honey bees need human intervention to
survive (Rosenkranz et al., 2010), contributing to the assumption that wild colonies do no
longer exist in Europe (Moritz et al., 2007; De la Rua et al., 2009; Meixner et al., 2010,
2015).

Contrary to many other pollinators, there is a lack of data about the presence of wild honey
bee populations in Europe (Moritz et al., 2005; Dall’Olio and Garrido, 2021). In fact, the
honey bee is currently listed as “data deficient” on the International Union for Conservation
of Nature’s Red List for Threatened Species (Nieto et al., 2014), probably due to the fact
that honey bees are considered exclusively as domesticated insects rather than wild species.
That there is no knowledge about wild honey bees is all the more surprising, since global
decline of pollinator populations has raised concerns about food security (Klein et al., 2007;
Potts et al., 2010; Ollerton et al., 2011; Leonhardt et al., 2013; Breeze et al., 2014; Aizen et
al., 2019) and consequently spurred considerable scientific attention and conservation
efforts (Biesmeijer et al., 2006; Neumann and Carreck, 2010; Burkle et al., 2013;
Dietemann et al., 2013; Dainese et al., 2019). Therefore, we urgently need an inventory on

the occurrence of wild-living colonies in Europe. This would allow the assessment of the

! In this thesis I use the term “wild-living” honey bees to describe colonies living outside of apiaries. This
includes honey bee colonies that are truly “wild” (descended from colonies that never inhabited a beehive),
“feral” (having swarmed from a beekeeper) and colonies whose population status is not yet clear.
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status of remaining wild populations which is crucial for the conservation of honey bee

diversity (De la Rua et al., 2009).

THREATS TO HONEY BEE COLONIES AND THEIR LIMITING FACTORS

Nowadays, the Western honey bee comprises more than 30 subspecies (Fontana et al.,
2018) and is the most frequent flower visitor in both agricultural and semi-natural habitats
(Garibaldi et al., 2011; Henry and Rodet, 2018; Hung et al., 2018; Stanley et al., 2020).
While the monetary importance for honey and wax production is small, the honey bee’s
value as a key pollinator aiding human society has been estimated to exceed 153 billion
dollar (Gallai et al., 2009). To secure pollination in agriculturally productive regions,
migratory beekeepers are paid to move their colonies to crop fields (Alger et al., 2018;
Martinez-Lopez et al., 2022). Furthermore, honey bee breeders ship queens and whole
colonies across the globe. However, this global trade of bees leads to an exchange and spill-
over of pathogens and parasites (Mutinelli, 2011; Beaurepaire et al., 2020). Also, it
jeopardizes the genetic diversity of the honey bee (De la Rua et al., 2009, 2013; Espregueira
Themudo et al., 2020; Kiikrer et al., 2021; Tanaskovi¢ et al., 2021, 2022 but see Parejo et
al., 2020 or Harpur et al., 2012) with potentially detrimental effects on colonies that are
regionally well adapted to climate, vegetation, pests, and pathogens (Michener, 1974;
Strange et al., 2007; Biichler et al., 2014; Meixner et al., 2015; Tribe et al., 2017). The
Varroa mite that switched host (from Eastern (4pis cerana) to Western honey bee colonies)
with the help of migratory beekeepers is currently considered the major threat to apiculture
(Dietemann et al., 2012; Mondet et al., 2020; Le Conte et al., 2020). Nevertheless, the
worldwide distribution of Apis mellifera, large sums of research money spent, and
widespread husbandry by beekeepers made the honey bee not only the best studied insect
but also a species with low chances to go extinct (Ghazoul, 2005; Iwasaki and Hogendoorn,
2021; Colla, 2022). From a global perspective, the number of managed colonies even
increased steadily (Aizen and Harder, 2009; Moritz and Erler, 2016; Mashilingi et al.,
2022), mainly because of the introduction of Apis mellifera to Asia for industrial honey
production (Pirk et al., 2017; Osterman et al., 2021). Conversely, wild-living colonies, often
still consisting of threatened native subspecies, are indeed very much at risk and should

receive more scientific attention.
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VARROA RESISTANT BEES DUE TO NATURAL SELECTION AND DIFFERENT LIVING CONDITIONS

Despite the global spread of Varroa (Martin et al., 2012; Wilfert et al., 2016), it has been
stated that honey bee colonies are still abundant in large temperate woodlands in North
America and in the Southern Ural (Seeley, 2007; Ilyasov et al., 2015). Also, there are
reports of European populations of managed colonies naturally surviving Varroa infestation
for several years without mite control (Rinderer et al., 2001; Le Conte et al., 2007; Locke
and Fries, 2011; Locke et al., 2012; Kefuss et al., 2015; Locke, 2016; Oddie et al., 2017,
Kruitwagen et al., 2017; Panziera et al., 2017; McMullan, 2018; Mufioz-Colmenero et al.,
2020). These examples illustrate that colonies surviving without human intervention can
evolve through natural selection (Neumann and Blacquiére, 2017; Brosi et al., 2017;
Blacquiere et al., 2019; Seeley, 2019; van Alphen and Fernhout, 2020). Contrariwise,
managed bees are being treated with organic acids or other acaricides which leads to
resistant mites and reduces chances for bees and mites to adapt to one another (Milani,
1999; Fries and Camazine, 2001; Martin, 2004; Pettis, 2004; de Mattos et al., 2017;
Schmid-Hempel, 2021). This is aggravated by breeding programs for Apis mellifera
selecting specific behavioural traits that are favourable for honey production but ultimately
might hamper the bee’s fitness (Neumann and Blacquicre, 2017). Hence, it is likely that
besides the globally documented cases of honey bee colonies showing resistance
mechanisms to Varroa in Africa and South America (Rosenkranz, 1999; Brettell and
Martin, 2017; Martin et al., 2020; Grindrod and Martin, 2021), also in some European

regions colonies might have been surviving in the wild.

Wild-living populations are under the same human-mediated pressure since they are in most
places surrounded by managed populations (Jones, 2004; Jaffé et al., 2010; Requier et al.,
2020) with which they hybridize and together form one biological population (Randi, 2008;
Ropars et al., 2021). Even if there are no genetic differences, the disparities in living
conditions of wild-living and managed honey bees could result in fitness differences.
Technically, the life-history strategy of wild-living colonies makes them less vulnerable to
parasites than beekeepers’ colonies (Bailey, 1958; Goodwin et al., 1994; Seeley and Smith,
2015; Loftus et al., 2016; Seeley, 2019). Naturally nesting colonies often stay smaller, rear
less brood and swarm frequently, all of which reduces the reproductive potential of the
Varroa mites in the brood (Loftus et al., 2016). Beekeepers, however, usually prevent

swarming and provide unnaturally spacious hives, causing large colonies with continuous
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brood rearing activity where the brood parasite proliferates. Furthermore, crowded colonies
in apiaries next to each other favour drifting behaviour of returning foragers and the
subsequent spread of diseases between colonies at the same location (Frey and Rosenkranz,
2014; Forfert et al., 2015; Seeley and Smith, 2015; Nolan and Delaplane, 2017; Peck and
Seeley, 2019; but see Peck et al., 2016 for floral transmission of Varroa mites). In a nutshell,
both subjection to natural selection and different living conditions potentially lead to more
resilient bees that can survive in the wild. However, first and foremost the bees need

suitable dwelling places and ample food resources.

THE SUITABILITY OF FORESTS AS A HABITAT FOR WILD-LIVING HONEY BEES IS UNKNOWN

While wild pollinators face multiple threats including agricultural intensification with
heavy pesticide use or novel parasites and pathogens, they primarily suffer from human-
induced landscape changes and loss of flower-rich habitats (Steffan-Dewenter, 2003; Naug,
2009; Winfree et al., 2009; Le Féon et al., 2010; Kennedy et al., 2013; Vanbergen and
Initiative, 2013; Tonietto and Larkin, 2018; Dolezal et al., 2019). It is conceivable that
forests, the original habitat of the Western honey bee, still provide a sufficient large network
of cavities for viable populations of wild-living honey bees. But beside nesting sites,
colonies need food resources throughout the year to prevail (Schellhorn et al., 2015). In
fact, pioneering studies of a feral honey bee population in the Arnot forest in the US showed
that colony mortality is especially high in the first year (i.e. for founder colonies) (Seeley,
1978, 1985, 2017), establishing nutrition as a crucial factor that limits the survival of wild-
living colonies. Regarding European forests, it is unclear, how much the forage situation
changed through intensification of forest management in the last centuries. For example it
was shown that reduction of game and absence of light in today’s forests hinders the
establishment of an otherwise flower-rich understory (Proctor et al., 2012; Williams and
Winfree, 2013; Eckerter et al., 2019; Braun-Reichert et al., 2021) thus shifting species
composition towards more shade-tolerant and nutrient-demanding species (Verheyen et al.,
2012). Therefore, resource supply by forests in Europe might be spatially and temporally

restricted.

Fortunately, honey bees offer researchers unique insights into their food choices via the
famous waggle dance used to inform nestmates about locations of profitable food sources

(Frisch et al., 1967). Their communication signal can be decoded and thus represents real-
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time information on how colonies allocate foragers across a landscape (Visscher and
Seeley, 1982; Waddington, 1982; Steffan-Dewenter and Kuhn, 2003; Young et al., 2021).
This presents the possibility to study honey bee food supply and foraging patterns in
different landscapes and to identify temporal shortages that might reduce honey bee
abundances (Di Pasquale et al., 2016; Requier et al., 2017). However, most studies on
honey bee foraging inferred by waggle dance decoding have focused on crops, rural or
urban lands (e.g. Steffan-Dewenter and Kuhn, 2003; Couvillon et al., 2014; Garbuzov et
al., 2015; Danner et al., 2016; Sponsler et al., 2017; Bénsch et al., 2020; Samuelson et al.,
2021). Landscape-scale studies which investigate the suitability of Central European forests
as foraging habitat for potential wild-living honey bees and managed colonies are currently

lacking.

THIS THESIS

Conducting the first systematic survey of wild-living colonies in Europe and studying the
impact of different habitat types on their foraging and overwintering success were the main
objectives of my thesis. By investigating wild-living honey bees in Germany and Spain,
this thesis will set the groundwork for future studies exploring the lives of honey bees in
the wild and will present ways to foster them through improved foraging conditions in

forest landscapes.
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The author of this thesis inspects a wild-living honey bee colony in a black woodpecker cavity. Photo taken by
Ingo Arndt.
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CHAPTER 2: OBJECTIVES AND METHODS

My PhD research represents the first systematic investigation of wild-living colonies in
Europe, thus detection methods had to be tested and adapted to European forests, especially
because of the dense beech forest canopy. As it is known that honey bees prefer cavities far
from the ground (Seeley and Morse, 1978; Seeley, 2019), the discovery of honey bee nests
in the forest by chance is very unlikely. For a census in Germany, I therefore applied
“beelining”, a specific craft, that was proposed and used as a research technique for
pioneering studies of feral honey bee colonies in North America (Visscher and Seeley,
1989; Wenner et al., 1992) (CHAPTER 3). Beelining relies on the bees’ habit of returning in

a straight line to the hive from a foraging spot and is applicable in any type of habitat.

Anecdotal reports indicated that honey bees use black woodpecker cavities (Meyer and
Meyer, 2001; Sikora, 2008; Sikora et al., 2016) and hollow electric poles (A. Machado,
personal communication) as nesting sites. Hence, I examined a multitude of these black
woodpecker cavities in a forested region in Germany (CHAPTER 3) and hollow electric
power poles in a mixed agricultural landscape in Spain (CHAPTER 5). The choice of the two
regions was an opportunistic one, as in both study areas wild-living honey bees have been
encountered occasionally. The fact that honey bee regularly used these natural and
anthropogenic cavities makes them interesting for researching population demography

parameters of wild-living colonies via long-term monitoring projects.

The suitability of European forest landscapes for wild-living honey bees is mainly
unknown. To assess food preferences of honey bees in forest landscapes, I decoded waggle
dances that contain filtered information about the distance and direction of attractive food
resources and complemented this information with colony weight recordings (CHAPTER 4).
While honey bee waggle dance decoding is a rapidly growing field of research with
increasing applications in ecological studies on landscape-scale, the combination of honey
bee habitat preferences inferred by decoded dances and weight recordings is to my
knowledge novel. It enabled me to directly infer the contribution of different habitat types
to the colonies’ honey yield, thereby posing interesting perspectives for future ecological

studies with honey bee colonies in other landscapes.
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The aims of my thesis were to evaluate whether honey bee colonies still occur in German
forest areas and to investigate the temporal and spatial foraging patterns of such wild-living
colonies in forest landscapes (CHAPTERS 3 & CHAPTER 4). Moreover, | determined densities
and survival rates of native honey bee colonies living wildly in hollow power poles in
Galicia, Spain (CHAPTER 5). In the following I give a short description of the objectives and

methods of the studies included in this thesis.

CHAPTER 3: OCCURRENCE OF WILD-LIVING HONEY BEE COLONIES IN GERMAN FORESTS

In this chapter I describe the attempts to determine whether colonies still inhabit German
forest areas and if so, at what densities. Due to their protection status, near-natural forests
exhibit significantly more nesting cavities than managed forests and could potentially
provide a network of nest sites, large enough for wild-living honey bee populations to
persist. As the density of honey bee colonies in temperate woodlands might naturally be
very low and nests extremely cryptic, I used two specific searching techniques to localize
colonies: the tracing of nest sites based on forager flight routes (“beelining”), and the direct

inspection of trees with black woodpecker cavities.

I performed beelining in the Hainich national park in Central Germany where beekeeping
inside the park boundaries is forbidden. While the beelining method was described in the
context of honey hunting in Hungarian beech forests (Gunda, 1968), it has not been used
for scientific purpose in Europe yet. Independent of the cavity type used by the bees and
whether cavity entrance of the colony is visible for humans, beelining represents an
unbiased method for the detection of wild-living colonies in any habitat from scratch. The
method takes advantage of the bees foraging site-fidelity and their recruiting behaviour to
attractive food sources when forage is scarce. The workflow is the following: Some
foraging honey bees are caught on flowers with a special box (the beelining box) and fed
with a high-concentrated, scented sugar solution that ensures rapid recruitment. After a few
round trips, the bees use straight flight paths (so called “beelines”) between the nest and the
feeding location. Using paint marks on the bees’ thoraxes and timing their round-trip times,
the distance between feeder and hive can be estimated. The minimum round-trip duration
of the fastest individuals is translated into a maximum distance to the honey bee colony by
the following formula: distance (m) =243 x t (min) — 627.75, where t is the round-trip time
of the fastest bees (Seeley, 2016).
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By visually determining the direction of their homeward flights, the route to the bees’ nest
can be obtained and subsequently the feeder can be moved step-by-step nearer to the colony
until the colony is spotted or the location is narrowed down to a very small area (see Fig. 1
for an exemplary bee hunt in the Gramschatzer forest near Wiirzburg or Fig. S2 in CHAPTER
3).

Usually, the actual density of wild-living colonies is likely to be higher compared with the
density inferred by beelining. This has two reasons: Firstly, only colonies can be found
whose foragers are caught on flowers at the sampling locations. Secondly, if the nest
cavities cannot be found (as it was the case in the Hainich national park (CHAPTER 3)),
colonies in the vicinity of each other cannot be distinguished. Therefore, the density of
honey bee colonies inferred by beelining must be regarded as a lower limit. A short
videoclip displaying a bee hunt in Germany can be watched here:
https.://www.swrfernsehen.de/natuerlich/sensation-wilde-honigbienen-im-wald-entdeckt-

100.html

Round-trip duration in relation
to the nest distance
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Figure 1: Exemplary bee hunt in the Gramschatzer forest near Wiirzburg. At the first feeder station (F1) three
distinct flight directions of bees caught on pumpkin flowers could be observed (“A”,”B” and “?”"). Direction
A was pursued, and round-trip times and directions were recorded for the feeders F1-F5. Finally, the colony
was found in a tree cavity (beetree A). During another bee hunt a couple of weeks later we found another
colony in the direction B. The subfigure in the upper left corner shows the empirically determined relationship

between the distances between feeder and nest and the round-trip times.
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To simulate realistic dispersal events from managed hives and determine dispersal distance,
I set up swarms in three locations around the Hainich forest (see Fig. 2) and decoded their
nest site dances to study how far swarms from beekeeper-managed hives would potentially
move into the forest. These dispersal distances can be compared to the distances from the
detected colonies to the nearest beekeepers to assess whether the colonization in one

dispersal event was likely or not.

Figure 2: Swarm observation mount to assess dispersal
distances of a honey bee colony.

The fact that there was no beekeeping activity allowed inside the park boundaries and that
nesting cavities are more abundant in comparison to managed forests made the national
park ideally suited for a first census of colonies living in the wild. However, beelining is a

tedious process, and it usually takes several days to locate a colony. Therefore, I examined



2 OBJECTIVES AND METHODS 19

another, more efficient, technique, that builds on the knowledge of tree cavities in a forest

arca.

Cavity trees are in some parts of Germany protected by the law, and it was reported that
social insects occasionally use woodpecker cavities as nest sites (Johnsson et al., 1993;
Meyer and Meyer, 2001; Sikora, 2008; Sikora et al., 2016). Protected woodpecker cavities
are due to the GPS coordinates easy to locate and represent some of the most spacious
cavities in managed forests. To test whether black woodpecker cavities are used by honey
bees and whether they can be utilized for a long-term monitoring of honey bee colonies, I
inspected a subset (N=98) of the known black woodpecker cavities in the biosphere reserve
Swabian Alb in Southern Germany with binoculars from the ground during weather

conditions suitable for honey bee foraging.

The discovery of wild-living honey bees in German forests is described in CHAPTER 3.
While the results were intriguing and opened a new field of research, they also pointed out
the urgent need to determine the suitability of European forests for honey bee colonies in

terms of food supply (CHAPTER 4).

CHAPTER 4: HONEY BEE FORAGING IN CENTRAL EUROPEAN FOREST LANDSCAPES

Wild-living honey bee colonies still regularly occur in German forests, even though at low
densities. One reason for these low densities might be insufficient or temporally restricted
food supply in forest areas. To explore this, I set up twelve honey bee colonies in the
Steigerwald (Lower Franconia) in locations with varying degree of forest cover.
Capitalizing on the unique communication behaviour, the waggle dance, where collecting
bees communicate the locations of profitable food sources to nestmates (von Frisch, 1967),
I investigated honey bee foraging in the forest during almost a whole season, simulating
wild-living colonies as closely as possible. Filming of honey bee waggle dances was
facilitated by a glass window on one side of the observation hive box. Later, I screened the
recorded movies of an observation day for each colony in such a way that the sampled

waggle dances were dispersed over the entire videorecorded period.

As it was shown that honey bee colonies exhibit dance dialects between different species
(Lindauer, 1956; Punchihewa et al., 1985; Kohl et al., 2020), between different subspecies
(Gould, 1982) and in different terrain (Tautz et al., 2004; George et al., 2021), we

determined the increase of waggle dance duration with increasing foraging distance in the
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study region by a feeder experiment and trained the bees to locations with known distances
in the forest (Kohl and Rutschmann, 2021). By decoding dances of marked individuals one

can obtain a calibration curve to infer natural foraging locations from waggle dances.

The following two formulas (Kohl and Rutschmann, 2021, Arra, Rutschmann, Kohl.
unpublished data) were used to translate the mean circuit duration t per dance (in seconds)

into distance (d, in meters) depending on the value of t:

- t<=4.439852: d =1n(-0.2253179 * t + 1.3305467) * (-1534.086) - 84.98
- t>4.439852: d = 1242.854 * t - 3903.066

Further, as dance decoding is afflicted by several types of noise (Schiirch et al., 2013, 2016;
Tautz, 2022), we measured the spatial deviation from the actual location during the feeder
experiment and used the data to produce an uncertainty buffer for each inferred dance

location for natural food sources.

Honey bee colonies regulate their foraging activity in order to maximize the ratio of energy
gained versus energy spent per foraging trip and will always fly as short as possible (Seeley
etal., 1991; Seeley, 1994). Therefore, the distance at which honey bees forage can be seen
as a proxy for forage availability: near advertised distances signal abundant forage in the
surrounding, longer foraging distance can be interpreted as periods of food scarcity
(Couvillon et al., 2014; Garbuzov et al., 2015, 2020). Furthermore, when considering both
distance and direction signal of waggle dances, one can infer the approximate foraging
location and make geographic maps of the bees’ feeding sites to study their habitat
preferences and determine whether forests were used at the expected level, given the
proportional occurrence in the landscape (calculated from Weigand et al., 2020).
Additionally, I recorded colony weight changes with weight scales. The setup along the
forest gradient allowed me to investigate whether colonies deep inside the forest
accumulated more or less weight (which is mainly correlated to the nectar influx of a colony
(McLellan, 1977; Meikle et al., 2008)) than colonies at the forest edge. The simultaneous
use of habitat preferences and colony weight changes permitted me to determine the

contribution of different habitat types to colony weight gain and subsequent honey yield.

While most dance decoding studies so far compared proportional habitat use with the
amount of different landcover types inside a certain circular buffer area (mostly 2 km radius

e.g. Steffan-Dewenter and Kuhn, 2003; Danner et al., 2016), I established an empirical
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visitation probability of a foraging patch depending on the distance between the foraging
patch and the colony. For each patch, the area was multiplied by the visitation probability.
Then, the values for each of the different land cover types were summed up over all patches
and divided by the total (to normalize it). In this way, I evaluated the landscape according
to the surrounding habitats and its distance to the colony, without overestimating patches

in the near surrounding of the colony (Supplementary material of CHAPTER 4).
My specific objectives of CHAPTER 4 were the following:

- Does the proportion of forest cover surrounding a colony affect the colony’s

foraging distances?
- Do honey bees use woodland at the expected level?

- What is the contribution of different habitat types to colony weight gain and does

forest cover have an influence on it?

Understanding and comparing the drivers of the wild-living honey bee colony density in
different regions and habitat types will help to answer the question how frequent honey
bees would naturally be and what determines viability of wild-living honey bee populations.
Hence, I investigated a mixed, agricultural landscape in Galicia, Spain for the occurrence

of wild-living honey bees.

CHAPTER 5: WILD-LIVING HONEY BEES IN AN AGRICULTURAL LANDSCAPE IN SPAIN

On the Iberian Peninsula the native honey bee population is still mostly free of
introgression, and little affected by selective breeding (Céanovas et al., 2011; Chavez-
Galarza et al., 2015, 2017). There were anecdotal reports of bees residing in hollow power
poles in Galicia, Spain (A. Machado, personal communication). In a first step, I surveyed
an area of 136 km? surrounding the city of Xinzo de Limia in the province Ourense, Galicia
for hollow power poles by driving all major roads with a car (Fig. S2 in CHAPTER 5). Thus,
I inspected this pool of 214 hollow power poles from the ground with binoculars looking
for poles occupied by bees. Pollen import or regular directional flight traffic of honey bees
were indicators of an active honey bee nest. To determine the winter survival rate, I re-
examined all power poles that were occupied in autumn (October) again in spring (March).
To assess the influence of the surrounding land, I furthermore quantified the proportions of

different habitat types around every pole (calculated from Pflugmacher et al., 2019). As 80
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% of honey bee foraging occurs within two kilometres (Danner et al., 2014, 2017, own data
CHAPTER 4), I chose this radius for the landscape classification. A principal component
analysis (PCA) showed that cropland and semi-natural areas are inversely correlated to each
other in the study region, thereby representing a land-use intensity gradient from intensive

agricultural land to near-natural shrubland and forests.
I set out to answer the following questions:
- What is the density of honey bee colonies living in power poles in Galicia?

- Is the occupation rate of poles higher in locations with larger proportions of semi-

natural habitat?

- What is the winter survival of the colonies and does the amount of semi-natural

habitat influence it?

To determine whether the colonies residing in the electric power poles are members of the
native evolutionary lineage or likely to descend from imported honey bee stocks by
beekeepers, I took bee samples and utilized morphological identification via wing venation
(Oleksa and Tofilski, 2015). From the sampled colonies I prepared the right forewings of
ten workers per colony between two glass slides and took digital images. Then I used the
freely available software identifly 1.3 (Nawrocka et al., 2017) to measure 19 landmarks that
I manually placed on each image. This assessment of the evolutionary lineage is important
as locally adapted colonies showed better performance than imported stocks in different
regions in Europe (Biichler et al., 2014; Meixner et al., 2015) and native subspecies are
crucial for the conservation of honey bee’s genetic diversity in Europe (De la Rua et al.,

2009; Oleksa et al., 2013b).

Further, specific study sites, bee keeping procedures, materials and statistical analyses are
specific to the individual experiments and are at large described in the respective chapters
(CHAPTER 3, CHAPTER 4 & CHAPTER 5). Each of the following three chapters is an
independent manuscript that is either already published (CHAPTER 3 & CHAPTER 4), or that
is submitted to a peer-reviewed journal (CHAPTER 5). Spelling of all manuscripts was
adapted to English orthography. Honey bees are true bees, and as such I spelled them as
two words throughout the whole thesis. Data and scripts that have not been published yet

are available from https://github.com/brutschmann/thesis.
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Beelining relies on the tracing of nest sites based on forager flight routes. It represents an unbiased method for

the detection of wild-living colonies in any habitat from scratch. The picture shows a wooden beelining box with
a honey bee comb filled with a high concentrated, scented sugar solution. Two bees are arriving at the feeder, two

nestmates are already filling their honey stomach on the comb. Photo taken by Ingo Arndt.
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CHAPTER 3: OCCURRENCE OF WILD-LIVING HONEY BEE

COLONIES IN GERMAN FORESTS

This chapter is published as:
Kohl PL & Rutschmann B (2018) The neglected bee trees: European beech forests as

a home for feral honey bee colonies. Peer.J 6:¢4602.

The original article is licensed under CC BY 4.0. and available at:

https://doi.org/10.7717/peerj.4602

Abstract

It is a common belief that feral honey bee colonies (Apis mellifera L.) were eradicated in
Europe through the loss of habitats, domestication by man and spread of pathogens and
parasites. Interestingly, no scientific data are available, neither about the past nor the
present status of naturally nesting honey bee colonies. We expected near-natural beech
(Fagus sylvatica L.) forests to provide enough suitable nest sites to be a home for feral
honey bee colonies in Europe. Here, we made a first assessment of their occurrence and
density in two German woodland areas based on two methods, the tracing of nest sites based
on forager flight routes (beelining technique), and the direct inspection of potential cavity
trees. Further, we established experimental swarms at forest edges and decoded dances for
nest sites performed by scout bees in order to study how far swarms from beekeeper-
managed hives would potentially move into a forest. We found that feral honey bee colonies
regularly inhabit tree cavities in near-natural beech forests at densities of at least 0.11-0.14
colonies/km?. Colonies were not confined to the forest edges; they were also living deep
inside the forests. We estimated a median distance of 2,600 m from the bee trees to the next
apiaries, while scout bees in experimental swarms communicated nest sites in close
distances (median: 470 m). We extrapolate that there are several thousand feral honey bee

colonies in German woodlands. These have to be taken in account when assessing the role
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of forest areas in providing pollination services to the surrounding land, and their
occurrence has implications for the species’ perception among researchers, beekeepers, and
conservationists. This study provides a starting point for investigating the life-histories and

the ecological interactions of honey bees in temperate European forest environments.

Introduction

The habitat of the western honey bee (4Apis mellifera L.) in temperate Europe was deciduous
or mixed forest, with trees providing both nest cavities and food resources (Seeley and
Morse, 1976; Seeley, 1985; Ruttner, 1988; Crane, 1999). However, since the Middle Ages,
the life of honey bees in Central Europe has considerably been affected by man. When
people started to take colonies to their homes and manage them in beekeeping hives, the
habitat of honey bees shifted from woodland areas to the agro-urban space (Crane, 1999;
Banaszak, 2009). The logging of old-grown forests and an increase in land-use intensity
further reduced the habitat for wild honey bee colonies (De la Rua et al., 2009; Kiister,
2010; Potts et al., 2010). Advances in beekeeping technique allowed for a better control
over honey bee reproduction, altering their life-history and limiting natural selection
(Loftus et al., 2016; Neumann and Blacquicre, 2017; Brosi et al., 2017). Lastly, the trade
in selected honey bee strains by bee breeders across Europe has led to genetic admixture
and spread of pathogens and invasive parasites (De la Rua et al., 2009; Mutinelli, 2011)
challenging the health of these important pollinators (Neumann and Carreck, 2010;
Meixner et al., 2015). Today, among the most harmful pests is the ectoparasitic mite Varroa
destructor (Anderson and Trueman, 2000), which is infecting virtually all honey bee
colonies across Europe (Le Conte et al., 2010; Rosenkranz et al., 2010; Nazzi and Le Conte,
2016). There is consensus among researchers and beekeepers that colonies not treated
against the mite will usually die within a few years due to both direct damage and associated
virus infections (Sammataro et al., 2000; Moritz et al., 2010; Neumann and Carreck, 2010;
Rosenkranz et al., 2010; Martin et al., 2012; van Dooremalen et al., 2012). The question is:
what does that mean for feral honey bee colonies, which nest naturally with no human
interference? It is widely assumed that since the arrival of the mite, feral honey bee colonies
were all but wiped out (Moritz et al., 2007; De la Rua et al., 2009; Meixner et al., 2015).
However, it has been reported that naturally nesting honey bees colonies are still abundant
in large temperate woodlands in North America and the Southern Ural (Seeley, 2007;

Ilyasov et al., 2015), and they regularly occupy cavity trees along rural avenues in Northern
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Poland (Oleksa et al., 2013b). There are two reasons why we should reconsider the common
perception about the status of honey bee colonies living wildly in Central Europe: different

host-parasite ecology, and a simple lack of data.

In predicting the fate of feral colonies, we usually consult knowledge about honey bee-
parasite relationships that was gathered in the context of managed apiaries. It is long
recognized, however, that feral colonies generally experience a reduced parasite pressure
due to ecological factors (Bailey, 1958). The crowding of honey bee colonies at bee yards
increases the risk of erroneous homing by workers (drifting), which boosts epidemic spread
among hives and individual colonies’ parasite loads (Fries and Camazine, 2001; Forfert et
al., 2015; Seeley and Smith, 2015). Parasite loads were also found to be positively
correlated with the colony density at the landscape scale (Frey and Rosenkranz, 2014;
Forfert et al., 2016; Nolan and Delaplane, 2017). Because people tend to have their bee
yards near settlements, beekeeping activity is not distributed evenly across space, resulting
in high local colony densities. A study on parasite pressure of honey bees along an
urbanization and management gradient in the Eastern United States, indeed found that
parasite burden was both higher in urban as compared to rural locations, and in managed as
compared to feral hives (Youngsteadt et al., 2015). In contrast, worker bees of feral colonies
in the UK had higher virus infestations than workers of managed colonies (Thompson et
al., 2014). However, the sampling was potentially biased towards locations in urban areas
with high overall colony densities. The density of naturally nesting colonies in remote
woodlands is low and colonies nest individually in widely separated tree cavities (Visscher
and Seeley, 1982; Seeley et al., 2015; Seeley, 2017). In addition, the life-history strategy
of feral colonies makes them less vulnerable to parasites than beekeepers’ colonies.
Naturally nesting colonies stay smaller, rear less brood and swarm frequently, all of which
reduces the reproductive potential of Varroa mites. Beekeepers, however, usually prevent
swarming and provide unnaturally spacious hives, resulting in large colonies with
continuous brood rearing activity (Loftus et al., 2016; Seeley, 2017). Both empirical and
theoretical studies suggest that these factors alone — the spacing of colonies, and their life-
history — can reduce the infection levels of V. destructor considerably (Loftus et al., 2016;
DeGrandi-Hoffman et al., 2017; Seeley, 2017). Further, it is predicted that under certain
conditions, populations of honey bee colonies not treated against parasites will evolve
resistance mechanisms against these pests through natural selection (Neumann and

Blacquiére, 2017). Selection for resistance against Varroa was indeed documented in
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several studies of both closed and open managed populations that did not receive treatment
against the mites (Rinderer et al., 2001; Le Conte et al., 2007; Locke and Fries, 2011; Locke
et al., 2012; Kefuss et al., 2015; Locke, 2016; Oddie et al., 2017). So far, however, only
one population of feral colonies has been studied with respect to its survival and host-
parasite ecology: although the new parasite and its associated viruses evidently led to an
initial drop in the population sizes of feral honey bee colonies in North America (Kraus and
Page, 1995; Mikheyev et al., 2015), a population of honey bees living in the deciduous
forests of New York State was found to be stable over decades (Seeley, 2007; Mikheyev et
al., 2015; Seeley et al., 2015; Seeley, 2017). This population exhibits genomic signatures
of selection after the arrival of Varroa (Mikheyev et al., 2015) and individual bees were
found to show intense hygienic and biting behaviour against the mites (D. Peck & T. D.
Seeley, 2018, personal communication). Interestingly however, a high winter mortality of
founder colonies in new nests suggests that the population is more limited by food supply

than by parasites (Seeley, 1978, 1985, 2017).

The fact that we owe our knowledge about forest dwelling temperate honey bees almost
exclusively to a feral population outside its natural range, from the deciduous forests of
New York State (Seeley, 1985), points to the second problem: there are actually no
scientific data available about the ecology of feral honey bee colonies in Europe, neither
before nor after the arrival of the Varroa mite (Geldmann and Gonzélez-Varo, 2018). It is
often quoted that feral honey bee colonies have always been rare (Ruttner, 1973), but there
is no information about their actual abundance and distribution at earlier times. Further, the
density of honey bee colonies in temperate woodlands might naturally be very low and
nests are extremely cryptic (Seeley and Morse, 1976; Visscher and Seeley, 1989):
discovering a honey bee nest by chance and without using specific searching techniques is
hence very unlikely. To overcome the difficulty in directly detecting honey bee nests,
genotyping of sampled drones or queen offspring with microsatellite markers was used to
estimate honey bee colony densities in different regions across their native range (Moritz
et al., 2007, 2008; Jaffé et al., 2010). At sample sites in Europe, inferred colony densities
resembled those of known managed colonies, so it was concluded that wild or feral honey
bees do not contribute to the population as a whole (Moritz et al., 2007; Jaffé et al., 2010).
However, it is probable that the resolution of the method is not precise enough to detect
low densities of feral colonies in regions where many more colonies live in managed hives

(Arundel et al., 2012, 2013).
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Getting precise information about the presence of feral honey bee colonies is important:
they need to be considered when estimating overall wild pollinator abundances or when
assessing the role of forest areas in providing pollination services to the surrounding land
(Tscharntke et al., 2005; Jaffé et al., 2010; Mitchell et al., 2014; Decocq et al., 2016). The
occurrence of feral honey bee colonies in woodlands would also have special implications
for the species itself, for example its legal protection status and its perception among bee
researchers, forest ecologists and conservationists. Although feral honey bee colonies can
be a rich source for studying the natural interaction of honey bees with the forest
environment (Seeley, 1985) and they can represent an important reservoir of genetic

diversity (Oleksa et al., 2013b), so far, they have got little attention in Europe.

In most parts of Central Europe, beech dominated forests (Fagus sylvatica L.) represent the
major type of natural vegetation (Bohn et al., 2003; Tinner and Lotter, 2006; Bolte et al.,
2007), so that increasing efforts are being devoted to the assessment of biodiversity in these
forests and to their conservation (Brunet et al., 2010; Scherfose et al., 2007). Little is known
about the role of beech forests as a home for pollinating insects (Sobek et al., 2009). At first
glance, they actually appear to provide limited nectar resources: beech trees are wind
pollinated, and mature stands form dense canopies, which limit light transmission to the
forest floor and hence the growth of shrubs and other tree species (Packham et al., 2012).
However, the wild bee fauna of the Hainich, an ancient beech forest in central Germany,
was found to be quite diverse (Sobek et al., 2009). Further, there are historical reports about
people hunting for honey in the Carpathians, a region where today’s last primeval beech
forests are situated (Gunda, 1968), and honey bees were repeatedly reported to occupy old
black woodpecker cavities (Dryocopus martius L.) in beech trees (Meyer and Meyer, 2001;
Sikora, 2008; Sikora et al., 2016).

We assumed that near-natural deciduous forests in Germany could provide enough suitable
nest sites to be a home for feral honey bee colonies. Here, we made a first assessment of
their occurrence and density by using two methods, the tracing of nest sites based on forager
flight routes (beelining technique), and the direct inspection of potential cavity trees.
Further, we established experimental swarms at forest edges and decoded dances for nest
sites performed by scout bees in order to study how far swarms from beekeeper-managed

hives would potentially move into a forest.
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Methods
Study sites
We conducted our study in two different beech forest areas in Germany, the Hainich and

the forests of the Swabian Alb.

Hainich

The Hainich forest in central Thuringia (51.08, 10.43) is one of the largest non-fragmented
stretches of deciduous forest in Central Europe. It lies at about 400 m a.s.1. and its climate
is characterized by a mean annual temperature of 7.5 °C and a mean annual precipitation
of 630 mm (Gauer and Aldinger, 2005). Since 1964, its southern part served as a military
training ground, and was therefore not disturbed much over the last 60 years. Seven
thousand six hundred ha from a total wooded area of 16,000 ha were designated National
Park in 1997 and became a World Heritage Site as part of the primeval beech forests of the
Carpathians and other regions in Europe (Knapp et al., 2007). The dominant tree species
are beech (F. sylvatica L., 65 %), ash (Fraxinus excelsior L., 25 %) and maple (Acer
pseudoplatanus L., Acer platanoides L. and Acer campestre L., 7 %) in an uneven age
distribution (1-250 years) (Kutsch et al., 2010). Beside these, there are also lime trees (7ilia
cordata Mill. and Tilia platyphyllos Scop.) which, like maple trees, are rich nectar and
pollen sources for honey bees and other pollinating insects (Tofilski and Oleksa, 2013).
Due to the regulations of the authorities it is not allowed to keep managed honey bee

colonies inside the National Park.

Swabian Alb

The Biosphere Reserve Swabian Alb is a characteristic, low-mountain cultural landscape
in the southwest of Germany (48.41, 9.54). While the foothills at about 300 m a.s.l. have a
mild climate with an annual mean temperature of 8 °C, the Alb plateau at about 800 m a.s.I.
is considerably cooler with an annual mean temperature of 6.7 °C. Precipitation amounts
to 750—-1,050 mm annually. The Biosphere Reserve, which encompasses 85,000 ha around
the former army training ground Miinsingen, was formed in 2008 and designated as
UNESCO Biosphere Reserve in May 2009. Large areas of the reserve consist of extensively
used species-rich meadows, juniper heaths and fruit orchards, but there are also richly
structured forests with many hollow trees that serve as shelter for birds, small mammals,

bats, and insects. The dominating tree species is beech (F. sylvatica L.), but ash (F.
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excelsior L.), maple (4. pseudoplatanus L.), elm (Ulmus glabra Huds.), lime (T.
cordata Mill. and T. platyphyllos Scop.), hornbeam (Carpinus betulus L.), fir (Picea
abies (L.), H. Karst) and spruce (4bies alba Mill.) are also common (JooB3, 2013).

Occurrence and density of feral honey bee colonies in the Hainich forest

The fact that foraging honey bees have high site fidelity and recruit nest mates to rich food
sources can be used to trace feral colonies when their nest sites are difficult to find (Visscher
and Seeley, 1989; Wenner et al., 1992; Seeley, 2016). “Beelining,” the tracking of honey
bees based on their flight paths is actually an ancient method, which has been tested and

proven by honey hunters for centuries (Gunda, 1968; Crane, 1999).

In September 2016, June 2017, and September 2017, we spent a total of 10 days searching
for feral honey bee colonies in the Hainich forest. We worked during dearth seasons, when
nectar was scarce and honey bees readily accepted our artificial feeding stations. On
meadows inside or near the Hainich forest, we caught foraging honey bees with a special
“beelining box.” Inside this dark box, we fed the bees highly concentrated sugar syrup
(approximately 2.0 mol/l) flavoured with anise essence. After release, most foragers
oriented themselves, flew away and came back some minutes later. By means of different
shellac colour paints, we individually marked the bees and recorded their round-trip times.
Bees of the same nest can vary considerably in round trip duration, because they have
different propensities to dance and spend different amounts of time inside the nest (Arnold
et al., 2002). Therefore, to estimate the maximum distance of the bee tree, we considered
the trip duration of the fastest bees. After a few round trips, the bees usually use an almost
direct flight path (the “beeline”) between the feeder and their nest, so that their flight
direction can be recorded. To calculate maximum nest distances, we used the following
empirical formula which accounts for the homeward flight, the landing and unloading at
the nest, and the rushing back and landing at the feeder: distance (m) = 243 x t (min) —
627.75, where ¢ is the round trip time of the fastest bee (Seeley, 2016). Based on a pilot
beelining test in a forest area near Wiirzburg, we knew that the formula was generally
suitable in our terrain. We used the average flight direction and the inferred maximum nest
distance to make a prediction of the nest location. Then we trapped a bunch of foragers in
the box again and released them at a new feeding site a couple of hundred meters in the
direction of the nest. We repeated this procedure until the fastest bees only needed around

three minutes for a round trip, which is when the bee tree is no more than 100 m away
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(Seeley, 2016). We then started searching the trees in the area for the nest cavity with
binoculars. In order to get information about the locations of apiaries around the Hainich
National Park, we spoke to local beekeepers. To estimate the minimum density of feral
colonies in the Hainich forest, we assumed that by catching foraging bees at a site with
flowers in bloom, we would have obtained information about nests in an area of about 2
km around that site, as this corresponds to the area honey bee colonies usually forage
(Visscher and Seeley, 1982; Steffan-Dewenter and Kuhn, 2003; Couvillon et al., 2015;
Danner et al., 2016). We sampled slightly different but overlapping areas in the two years,
an estimated 30.58 and 43.23 km? in 2016 and 2017 respectively, totalling 49.50 km?.

Occupation of old woodpecker cavities by honey bee colonies in the Swabian Alb

Beelining is a useful method for exploring the general occurrence and density of feral
colonies in a woodland from scratch. However, it can be difficult to exactly localize the
bees’ nesting sites, a prerequisite for many ecological studies. An alternative way to
determine the locations of feral honey bee colonies is to directly inspect suitable cavity
trees in the region of interest (Oleksa et al., 2013b). A cavity for honey bees needs a volume
of at least 20 1 in order to allow them to hoard enough honey to overwinter (Seeley, 1985).
The black woodpecker (D. martius L.) is the largest woodpecker in the Palearctic and
excavates spacious nest cavities (Johnsson et al., 1993; Blume, 1996), making it a key
candidate for creating nest sites that are suitable for honey bee colonies in managed forests.
In the forest clusters of the Biosphere Reserve Swabian Alb, there is a long record of trees
worked by black woodpeckers (Sikora et al., 2016). Because of the high ecological value
of microhabitat structures in managed beech forests, such trees get permanently marked
and are protected as a measure of biodiversity promotion (Biitler et al., 2013). In September
2017, we inspected 98 trees from a list of 282 trees in a forest area of 180 km? that are
known to contain woodpecker cavities older than 10 years (Sikora et al., 2016). The
selection of sites was based on logistic considerations. We found the tree locations with the
aid of GPS coordinates. We inspected cavities with binoculars from the ground during
weather conditions suitable for honey bee foraging. A cavity was considered occupied by
a feral colony when there was regular flight traffic of foraging worker honey bees and
pollen import. To make an estimate of the colony density, we calculated the density of all
282 habitat trees in the beech forest clusters and multiplied it with the occupation rate of

the inspected cavities in fall 2017. Note that this density estimate must be regarded as a
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lower limit because we only considered honey bee colonies nesting in old woodpecker

cavities.

Potential dispersal distances of honey bee swarms taking off from apiaries near the Hainich
forest

In the context of honey bees colonizing woodlands, an interesting question is how far
swarms from beekeeper-managed colonies would usually move into the forests. When
swarming bees leave their old nest, they first settle in close vicinity and form a hanging
swarm cluster, typically on a tree branch. Scout bees then search the area for suitable
nesting sites and report the location of their finds back at the swarm cluster via the waggle
dance. Other bees that attend these dances may fly to the advertised sites, and—if they
consider one appropriate—join in the dancing. Individual bees cease dancing after some
time, regardless of the quality of the advertised site, so information about the best nesting
sites accumulates over time through tradition, while information about inferior sites gets
gradually lost. After hours or days, the outcome is a consensus about where to go, which is
followed by the swarm’s lift-off and move towards the new home (Lindauer, 1955; Seeley,
2010). As scout bees report their findings publicly on the swarm cluster, a human observer
can easily obtain information about a swarm’s potential nesting sites by observing and

reading the bees’ dances (Lindauer, 1955; Seeley and Morse, 1977).

In August 2017, we investigated the potential dispersal behaviour of swarms taking off near
the Hainich forest, by decoding the nest site dances of three experimental swarms set up
around the National Park. To prepare swarms, we captured the queen of a source colony
and put her into a small cage of meshwork. Then, we swept 850-950 g worker bees (7,000—
8,000 bees) off their combs into a screen cage. Together with their queens, the swarms were
kept in a cool and dark place for >72 h and fed 50 % sucrose solution ad libitum, provided
through a gravity feeder bottle. It is known that artificial swarms prepared like this behave
like natural ones in that they start searching for nest sites and eventually move to a new
home (Morse and Boch, 1971; Seeley and Morse, 1977). To simulate realistic dispersal
events from managed hives, we set up the swarms at sites around the Hainich forest, which
were near settlements or actually close to an apiary: in Weberstedt (northeast of the Hainich,
10.49, 51.11, near an apiary, distance to forest: 870 m), in Craula (southeast of the Hainich,
10.47, 51.06, distance to forest: 450 m), and at Mallinde (southwest of the Hainich, 10.40,
51.05, distance to forest: 170 m). We used a board of plywood (50 x 45 cm) vertically fixed
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to a wooden stand as a swarm observation mount. We positioned the caged queen at a gap
in the centre of the board and let the workers out of the screen cage so that they could
assemble on the board around their queen. When established, we started video recording
the swarms for a later analysis of nest site dances. In order to avoid having bees dancing
for nectar sources, we continued to feed the swarms sucrose during the experiments (Seeley
and Buhrman, 1999). We worked during optimal weather conditions for swarming, on a
sunny day with temperatures >20 °C. As the swarms’ queens were confined to a cage at
any time, we prevented the swarms from actually moving to a new nest cavity. Thus, scout
bees could search for nest sites, dance and reach a consensus about where to go, but lifted
swarms would always have to come back to the swarm mount and their queens. On all three
swarms we observed dances soon after the setup was established, and two swarms (in
Craula and in Weberstedt) actually tried to move after some hours. In the evening after the
observation, we swept the bees off the swarm mount into the screen cage again and brought

the colonies back to their original hives.

For decoding the nest site dances, we played the videos until a dance commenced. Then we
measured the duration of around six consecutive dance circuits per dance to calculate an
average circuit duration for each dance and aligned a digital protractor to obtain the dance
angle in relation to the vertical. We translated dance circuit duration into nest site distance
based on the original data of Von Frisch (1967). The distance-dance circuit duration
relationship is well described by two linear regression equations, with a breaking point at
about 1,000 m distance. We used distance (m) =466.5495 x circuit duration (s) —675.0336
for circuit durations up to 3.15 s, and distance (m) = 1102.7328 x circuit duration (s) —
2666.6256 for circuit durations >3.15 s (see Fig. S1). To get to know the direction of the
advertised nest sites, we calculated the solar azimuth at the time of each dance using the
AstroWin 32 software (Strickling, 2012) and added the solar azimuth angles to the dance
angles. We could not decode all dances performed by the scout bees, as these did not dance
exclusively on the surface of the swarm. Some opportunistically used the wooden board as
a dance floor and communicated nest sites covered by the swarm cluster out of our sight.
However, as the observed dances were most likely a random portion of all dances, they

should well represent the overall range of nest site distances and preferences by the swarms.
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Results

Occurrence and density of feral honey bee colonies in beech forests

In total, we detected nine bee trees in the Hainich forest (Fig. 1). All nest sites were located
in areas with dense tree canopies. This hampered the determination of exact flight directions
near the nest sites and locating the actual cavity tree was infeasible. We therefore
determined the approximate location of each bee tree by taking into account the round-trip
durations of bees foraging at the last feeder and the information obtained at the previous
feeding sites (for detailed examples of how we inferred the bee tree locations see Fig. S2).
In 2016, we inferred the bee tree locations A, B, C and D. In 2017, we sampled a slightly
different area and detected bee tree location D again plus the bee tree locations E, F, G, H,
and I. This corresponds to an estimated average colony density of 0.13 colonies per square
kilometre (0.13 col/km? in 2016, 0.14 col/km? in 2017). While five bee trees lay within the
core zone of the National Park, another two lay within its boundaries, and two just outside
the boundaries of the National Park. We got to know that in every village around the
National Park there is at least one apiary with around 10 managed colonies each. In one
case, the inferred location of a potential bee tree (location H) was near the forest edge, so
we specifically searched that area for beekeepers’ hives to be sure that the tracked bees
came from a feral colony. The approximate mean + SD distances of the bee trees to the
forest border and to the nearest apiary were 980 £+ 830 and 2,660 + 1,080 m respectively
(Table 1).
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Figure 1: Map of the bee tree locations inferred from beelining data in the Hainich forest in the years 2016
and 2017.

Arrows represent recorded beelines (putative flight vectors of foragers from artificial feeders to their nests),
with an arrow tip predicting a bee tree location. The vector lengths give the maximum distances of the nests
based on round trip times of the fastest bees, and the vector angles give the direction of the nest based on
average flight directions. Dashed arrows represent beelines to bee trees or apiaries that probably lay outside
of the map because the respective bees had long round-trip durations. Note, however, that we might have
overestimated nest distances when the observed bees spent long times inside their nests between foraging
flights (e.g., due to recruitment dancing activity) (Germany map created in R with package “maps” (R Core

Team, 2016; Brownrigg, 2017). Other map data © Mapbox, © OpenStreetMap).
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Table 1: Distances of the inferred bee tree locations in the Hainich forest to the forest edge

and to the next apiary.

Bee tree Distance to forest edge (m) Distance to next apiary (m)
A 2,350 4,300
B 700 2,600
C 1,700 3,600
D 2,250 4,000
E 550 2,850
F 150 1,500
G 500 1,500
H <50 1,150
| 550 2,400
Median 550 2,600
Mean 980 2,660
SD 830 1,080

In the beech forests of the Biosphere Reserve Swabian Alb we inspected 98 habitat trees
with old black woodpecker cavities for the presence of honey bee colonies (see Fig. S3 in
supplemental information for a map of the region). Many of the habitat trees contained
more than one cavity (Fig. 2). Seven trees (7.1 %) were found to be occupied by honey
bees. Based on the density of mapped woodpecker cavity trees in the region, we estimated

the density of feral honey bees to be at least 0.11 colonies per square kilometre.
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Figure 2: Bee trees in the Swabian Alb.

(A) Portrait of a bee tree with three cavity openings made by the black woodpecker. (B) close-up of an old
woodpecker cavity occupied by a honey bee colony. Both trees are beech (Fagus sylvatica L.) (Germany map
created in R with package “maps” (R Core Team, 2016; Brownrigg, 2017). Photo credit: Patrick Laurenz
Kohl).

Potential dispersal distances of honey bee swarms

Nest site scouts of three experimental swarms set up around the Hainich forest apparently
covered a large area, dancing for nest sites up to 6.5 km away (Fig. 3). However, the
majority of dances indicated sites within a few hundred meters around the swarm mounts.
Bees of the swarms in Craula and at Mallinde communicated nest sites located in the
Hainich forest, but those of the swarm in Weberstedt did not. Potential nest site hot spots
(sites which were advertised repeatedly by scout bees) of the swarms in Weberstedt and
Craula lay outside the forest, while the swarm at Mallinde showed preferences for nest site
at the forest margin. Average median and 95-percentile nest site range for the three swarms
were 472 and 2,112 m, respectively. On the swarm at Mallinde, which was located closest

to the forest, nest site scouts danced for nearer sites than those of the other swarms (Kruskal-
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Wallis test: %> = 10.92, P = 0.0049; Dunn’s multiple comparison: Mallinde vs. Weberstedt
(P < 0.05%), Mallinde vs. Craula (P < 0.01*%*), Craula vs. Weberstedt (P > 0.05)).
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Figure 3: Potential dispersal distances of honey bee swarms.

(A) Overall pattern of nest sites found by the experimental swarms set up around the Hainich forest (grey).
Blue asterisks depict the positions of the three swarms and dots give the position of advertised nest sites as
inferred by decoding the nest site dances of these swarms in Weberstedt (yellow dots), Craula (red dots) and
at Mallinde (violet dots). One advertised nest site of each swarm in Craula and at Mallinde lay outside the
range of the presented map (Map data © Mapbox, © OpenStreetMap). (B) Frequency distribution of potential
nest site distances as indicated by dancing bees on the experimental swarms. Solid lines indicate the median

and dashed lines give the 95th percentile range of nest site distances.

Discussion

We set out to address a simple question: are there naturally nesting honey bee colonies
living in German beech forests? Our results show that the answer is yes, but at low densities.
Through the use of beelining technique in the Hainich National Park, where there is no
beekeeping activity, we got a picture of the distribution and density of feral colonies in a
near-natural beech forest. We found that honey bee colonies were not confined to the forest
edges; they were also living deep inside the wood. We inferred a density of around 0.13

colonies per square kilometre. This estimate must be regarded as conservative because we
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assumed that we would have kept track of any colony in a large area of 2 km around each
sampling site. Especially in the core zone of the National Park, there were no opportunities
to sample foraging worker bees, so that we might not have sampled the area exhaustively.
Further, as we could not exactly locate the actual cavity trees, there might have been more
than one bee tree at their inferred locations. Our direct survey of cavity trees in the beech
forests of the Swabian Alb corroborated the findings from the Hainich forest that honey bee
colonies are regularly inhabiting old tree cavities in beech forests. Our estimates of the
lower limit for the colony densities in both woodland areas are similar and are in accordance
with the feral colony density estimated in Northern Poland (0.1 colonies/km?) (Oleksa et
al., 2013b). However, it is quite low in comparison to the population density of feral honey
bee colonies found in the temperate forests of New York State (1.0 colonies/km?) (Seeley,

2007; Seeley et al., 2015).

It is clear that our data present a “snapshot,” without information about the life-histories of
individual honey bee colonies. However, we think that they provide some valuable

information:

1. The occurrence of feral honey bee colonies in near-natural beech forests is the norm
rather than an exception. We found several honey bee nests in both of the two
independent woodlands, and in the Hainich forest there were occupied bee trees in
both study years. In a pilot beelining tests in a forest area near Wiirzburg in 2016,
we also found feral honey bee colonies.

2. Tt is clear that the density of feral colonies in a near-natural deciduous forest in
Germany is much lower than the density of beekeeper-managed colonies in rural and
urban areas, which is generally between one and three colonies per square kilometre
(Jones, 2004). However, when using our estimates to extrapolate the total population
size of feral honey bee colonies living in German forest stands older than 80 years,
we infer a size of 4,400-5,600 colonies, which we think is a noteworthy number.

3. The data gathered in the beech forests of the Swabian Alb provide valuable
information for future studies and conservation. We hypothesize that the abundance
and activity of black woodpeckers is a key factor determining the density of cavities
that are large enough for honey bee colonies in managed forests. Beech trees with a
diameter at breast height of about 40 cm, which start to be attractive for the

woodpecker (Taux, 1976), still have intact sapwood and bark. However, the bird is
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capable of identifying fungal activity in a tree’s central heartwood and can make
cavities in trees that would otherwise lack any microhabitat structures (Zahner et al.,
2012). Interestingly, the black woodpecker reached its present day population size
in Central Europe not before the 1950s, probably as a response to the recovering
forests (Cuisin, 1985; Blume, 1996). This suggests that protecting large habitat trees
in managed forests not only helps charismatic forest birds but can also promote the
occurrence and abundance of feral honey bee colonies.

4. We found that scout bees of swarms set out around the Hainich forest advertised
several nest sites within short distances, mostly outside the forest. On the swarm,
which was set up closest to the forest edge, scout bees advertised nest sites at closer
distances than those of the other swarms, possibly because there were even more
suitable nest sites nearby. Prior studies documented similarly short dispersal
distances (modal value: 450 m) (Lindauer, 1955; Seeley and Morse, 1977; Seeley,
2010), suggesting that honey bee swarms will always make the most economical
decision and move little when suitable nest sites are close by (Seeley, 2010). Our
data suggest that there are suitable nesting sites for honey bee colonies in the agro-
urban space, and that a beech forest like the Hainich provides ample, but not
necessarily better nesting opportunities. Given that the median distance of advertised
nest sites in our swarms was only 470 m, the bee trees in the Hainich forest, which
were located at a median distance of 2,600 m from the next apiaries, were probably

not colonized by swarms from beekeepers’ hives in single dispersal events.

Forest dwelling feral honey bee colonies live in another environment than managed
colonies and are subjected to natural selection: they nest in widely spaced tree cavities, no
one treats them against parasites, nor are they fed in times of nectar scarcity. There needs
to be a certain network of tree cavities for a noteworthy number of feral colonies to persist
in any region. This basic requirement seems to be at least partially fulfilled in near-natural
or ecologically managed deciduous forests or where there are networks of forest fragments
and rural avenues lined with old trees (Oleksa et al., 2013b). It will be interesting to study
the life-history traits of feral honey bee colonies in European landscapes and to pose
questions such as the following: What is the average longevity of feral colonies and what
is the lifetime reproductive success of their queens? Is the number of feral colonies actually
limited by parasites in the first place? Or is it the availability of suitable cavities, or resource

limitation that keeps feral honey bee colonies at low densities? Understanding and
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comparing the drivers of the feral honey bee colony density in different woodland areas
will also help to answer the question how frequent honey bees would naturally be in

temperate Europe.

Irrespective of the fate of individual colonies, the regular nesting of honey bees in
woodlands has ecological impacts. Beekeeping activity is not distributed equally across the
country but concentrated in rural and urban areas. Managed hives are usually only
occasionally moved into the forests (Banaszak, 2009). Consequently, this leads to an
uneven distribution of foraging worker honey bees in the landscape, regardless of
differences in resource availability among habitats. However, when there are feral colonies
living in a forest, the density of foraging workers in that area will increase, with possible
consequences for the pollinator community composition of forest dwelling plants (Steffan-
Dewenter and Tscharntke, 2000; Mallinger et al., 2017; Hung et al., 2018). This is also
relevant if the density of feral colonies is low. Based on their colony size and the proportion
of foraging workers, it must be assumed that a single honey bee colony sends out up to
5,000 foraging bees daily (Seeley, 1985). When such colonies live in forest fragments
surrounded by arable land, they may also contribute to the pollination of nearby crops
(Mitchell et al., 2014; Decocq et al., 2016). Another point is that feral honey bee colonies
will directly or indirectly interact with other organisms that live in hollow trees. They
certainly compete for tree cavities that are also attractive to other animals (Johnsson et al.,
1993; Sikora et al., 2016). Further, as they transport nutrients to their nests, honey bee
colonies are hotspots of accumulated biomass: individuals can directly be preyed upon and
consumed by birds, mammals and other insects (Morse and Nowogrodzki, 1990). And
through the drop of organic matter like wax, pollen, or dead bees, honey bee nests indirectly
nourish a whole cosmos of organisms that live from organic detritus inside tree cavities. As
tree cavities with dead organic matter are generally rare in managed forests, the presence
of honey bees could have a positive effect on the abundance of specialized arthropod

communities in European beech forests (Moller, 2009; Miiller et al., 2014).

Conclusion

Our study showed that honey bee colonies nesting naturally in tree cavities are more
common than it is generally assumed. When assessing the impact of honey bees on
ecosystems, or when evaluating the need for their conservation, one should differentiate

between managed colonies aggregated in apiaries and feral colonies living singly in natural
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nests. In Europe, A. mellifera is treated as a domesticated animal and feral honey bee
colonies lack any legal protection. There is a lot to be investigated about the life of feral
honey bees and their interactions with the (forest) environment. However, changing the
perspective and recognizing that the honey bee can also live as a wild animal is a

prerequisite for achieving a full understanding of its biology.
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Supplementary material

Figure S1: Map of the Swabian Alb.
Map of the 98 inspected cavity trees (blue dots) in the Biosphere Reserve Swabian Alb with the 7 cavity trees
occupied by honey bees (red asterisks) (Map data © Mapbox, © OpenStreetMap).
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Figure S2: Detailed picture describing four bee hunts with beelining technique.

When we had problems observing vanishing bearings beneath the dense tree canopy, we used the minimum
round-trip time to calculate the maximum distance from the feeder to the nest (red transparent circles). Nest
site A was predicted to be on the beeline from feeder Al and inside the maximum nest range obtained at
feeder A2. Nest site B was predicted to be at the crossing of the beelines from the feeders B2 and B3, and
within the maximum nest range inferred from feeder B4. Nest site C was predicted to be on the beeline from
feeder C1 and very close to the feeder C4 where the round-trip time was shortest (Note that the predicted nest
site for C lies also within the maximum nest ranges inferred from the feeders C2 and C3). Nest site D was
predicted based on the beeline from feeder D5 and the maximum nest range inferred from feeder D4 (Map

data © Mapbox, © OpenStreetMap).

Further supplementary data on dance circuit duration of waggle dancing bees in relation to
flight distances, beelining-raw data, and data on advertised nest sites can be found online

at https://doi.org/10.7717/peerj.4602.
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Before canopy closure in spring, mixed deciduous forests in Germany offer abundant food resources (here wild

garlic (Allium ursinum) is in bloom). However, studies during the whole year about the suitability of Central

European forest landscapes as a habitat for honey bees are lacking. Photo taken by Ingo Arndt.
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CHAPTER 4: HONEY BEE FORAGING IN CENTRAL EUROPEAN

FOREST LANDSCAPES
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landscapes.

Abstract

1.

Woodland is considered as native habitat of the Western honey bee (Apis mellifera)
and is assumed to provide important pollen and nectar sources. However, resource
supply might be spatially and temporally restricted and landscape-scale studies in
European forest regions are currently lacking.

Capitalizing on the unique communication behaviour, the waggle dance, we
investigated honey bee foraging in a deciduous forest region in southern Germany.
We analysed 2022 waggle dances performed by bees of twelve colonies placed at
locations with varying degree of forest cover (50-99 % at a 2 km radius) from
March—August 2019, thereby identifying foraging distances and habitat preferences
over almost an entire foraging season. By connecting dance information with colony
weight recordings, we estimated the contribution of the different habitat types to
colony weight gain.

Foraging distances generally increased with the amount of forest in the surrounding
landscape. Yet, this effect strongly depended on the season and was more
pronounced for pollen than for nectar foraging. Even though colonies in forest-
dominated landscapes had to fly further, colony weight was not affected by forest
cover.

Compared to expectations based on the proportions of different habitats, colonies

foraged more frequently in grasslands and cropland than in deciduous and coniferous
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forests, with late summer being an especially difficult period for pollen foraging in
forests. During a phase of colony weight gain in early summer, the use of forests for
nectar/honeydew foraging was close to the expectation, highlighting forests as an
important source of carbohydrates during short periods of the year.

5. Policy implication. The ecological and economic value of managed forest as habitat
for honey bees and other wild pollinators could be significantly increased by the
continuous provision of floral resources, especially for pollen foraging. We therefore
recommend diversifying forest stands with insect-pollinated trees, permitting
secondary successions in forest gaps, and at larger scales, creating forest landscapes

with high habitat diversity.

Introduction

The original habitat of native European honey bees is forest (Zander, 1949; Ruttner, 1988;
Crane, 1999), but the quality, quantity, and seasonal availability of food resources in
different forest types is mainly unknown. Overuse of timber and further changes in forest
management paved the way to structurally different forests during the last centuries (Kiister,
2003; Brunet et al., 2010; Hanula, 2015). Subsequently, beekeeping shifted to agricultural
landscapes where mass-flowering crops provide resources and pollination is needed (Crane,
1999). Nowadays, the density of wild-living honey bee colonies in European forests is low
(Kohl and Rutschmann, 2018; Requier et al., 2020), and professional beekeepers move their
hives only temporally inside forests to exploit ephemeral nectar flows of individual tree
species or the production of honeydew by tree aphids (Ruppertshofen, 1995; Liebig, 1999;
Presern et al., 2019). Nevertheless, forests still cover more than one third of the land area
in Europe (Rasi, 2020), and may have properties beneficial for bees (Hanula et al., 2016).
For example, woodlands provide resources across different layers from the understory to
the canopy, offer a rich flora at roadside corridors, forest clearings or edges and shelter
colonies from agrochemicals, gusty winds and searing summer heat (Zander, 1949; Ulyshen
et al., 2010; Hanula et al., 2016; Bentrup et al., 2019). However, reforestation, fire
exclusion, the reduction of game and the exclusion of livestock resulted in unnaturally
dense stands with closed canopies (Hanula, 2015), hampering the establishment of an
otherwise flower-rich understory in today’s forests (Williams and Winfree, 2013; Hanula,
2015; Eckerter et al., 2022; Braun-Reichert et al., 2021) and shifting species composition

towards more shade-tolerant and nutrient-demanding species (Verheyen et al., 2012). As
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colonies require a sustained supply of carbohydrates and pollen to maintain colony
functioning, landscape composition is seen as a critical determinant of honey bee health,
colony performance and overwintering success (Di Pasquale et al., 2013; Sponsler and
Johnson, 2015; Alaux et al., 2017; Rutschmann et al., 2022), potentially leading to
decreased densities of honey bee colonies and other flower-visiting insects. Therefore, there
is a growing interest in optimizing forest management practices for pollinator conservation
(Eckerter et al., 2022), including the identification of temporal shortages of feeding

resources in different forest types.

Honey bees offer researchers unique insights into their food choices via the waggle dance
which they use to inform nestmates about the locations of profitable food sources (Frisch
et al., 1967). The distance and direction signal of waggle dances can be decoded to infer
the bees’ approximate foraging locations and habitat preferences (Visscher and Seeley,
1982; Beekman and Ratnieks, 2000; Steffan-Dewenter and Kuhn, 2003; Young et al.,
2021). Yet, most studies on honey bee foraging inferred by waggle dance decoding have
focused on crops, rural or urban lands (e.g. Couvillon et al., 2014; Garbuzov et al., 2015;
Danner et al., 2016; Sponsler et al., 2017; Bénsch et al., 2020; Samuelson et al., 2021).
Landscape-scale studies which investigate the suitability of Central European forests as

foraging habitat for honey bees are currently lacking.

To close this knowledge gap, we experimentally placed twelve honey bee colonies at
locations with varying degree of forest cover and decoded their waggle dances at regular
intervals from early spring to late summer. Reducing beekeeping management of the
colonies to a bare minimum, we closely simulated wild-living colonies inhabiting a Central
European deciduous and mixed forest. Assuming that changes in the availability of
attractive resources inside the forest or in adjacent fields would be indicated by changes in
the foraging distances, we asked (1) whether the proportion of forest cover would affect
foraging distances and whether this effect would differ between seasons and forage types
(nectar/honeydew versus pollen). Furthermore, by analysing the approximate foraging
locations of honey bees with geographic land use maps, we tested (2) whether honey bees
use woodland at the expected level given the landscape-wide availability of forests. Finally
(3), via connecting waggle dance information with hive weight recordings, we directly
estimated the contribution of different habitat types to the net weight gain and subsequent

honey yield of honey bee colonies.
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Methods

Study region and site selection

We conducted this study in the years 2018 and 2019 in the Steigerwald, a low mountain
forest region in southern Germany. Most of the forested area (around 165 km?) is managed
by the Bavarian state-owned forest enterprise which aims to reconcile commercial timber
production and biodiversity conservation e.g. by setting aside islands of old-grown forests
(Mergner and Kraus, 2020). With a share of 44 % of the forest area, beech (Fagus sylvatica)
is the dominant tree species, followed by oak (Quercus spp., 21 %), Scots pine (Pinus
sylvestris, 13 %), spruce (Picea abies) and hornbeam (Carpinus betulus) (Mergner and
Kraus, 2020). Being part of the warm temperate zone (BayFORKLIM, 1996), the study
area has a mean annual temperature of 7.5 °C, and a mean annual rainfall of about 850 mm

(Mergner and Kraus, 2020).

We intersected the state forest area with a recently published pan-European land cover data
set representing five major habitat types (Weigand et al., 2020) using GIS software (QGIS
Development Team, 2009). We chose twelve sites according to the proportion of forest
within two-kilometres circular buffer areas to represent a gradient from locations at the
forest edge to locations surrounded only by woodland (Fig. 1A). Besides, the proportions
of grassland and cropland within the buffer areas were as balanced as possible, and two
neighbouring locations were at least around two kilometres apart to ensure spatial
independence (distance to nearest neighbour: mean +/- s.d.: 2643 m +/- 505 m; range: 1972

m — 3920 m).

Observation hives and honey bee colonies

We used custom-built observation hives that were based on single Zander hive boxes
(volume approximately 45 1) with ten frames each, allowing to house normally sized honey
bee colonies (Fig 1B). Each hive had a glass window for filming the waggle dancing bees
on the outer side of the first comb. In July 2018, we transported twelve equally sized
colonies of A. mellifera carnica to the selected sites in the forest. The mere beekeeping
manipulation was that we treated colonies against varroosis with formic acid in August
2018. While using the rest of the honey bee flight season 2018 to test the methodology, the
main data collection started in March 2019 with the colonies having over-wintered in the

forest. Further methodological details are given in the supplementary material (SM).
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Video recording and dance screening

On nine observation days between March and September 2019 with good weather
conditions, we simultaneously recorded dancing bees in all twelve study colonies using
digital camcorders. For every colony, we screened the videos of each observation day and
selected dances in such a way that the samples were distributed across the whole
videorecorded periods (see also SM for camera setup and screening scheme). Numerous
dances were recorded except on the last observation day in September 2019 when only
foragers of one colony danced (thus, the date was discarded for the analysis. In case pollen
was visible on the hind legs, we identified them as dances for pollen, all other dances were

classified as nectar/honeydew dances.

Decoding waggle dances to infer foraging distances and habitat use

Back in the hive, honey bee foragers perform a figure eight-shaped dance on the comb,
consisting of alternating waggle phases and return phases (Frisch et al., 1967). The bearing
of the dancing bee during the waggle run and the duration of the waggle phase encode the
direction and distance of the advertised resource in the field. We inferred approximate
foraging distances from circuit duration (duration of one waggle phase plus one return
phase) since circuit duration is faster to time than waggle duration and provides distance
information sufficiently accurate for forage mapping (Arra et al., unpublished data). To
obtain an average circuit duration of a dance, we timed the duration of several consecutive
dance circuits (mean 6.2 +/- 2.1 circuits). We measured the dance angle (relative to a
vertical) by aligning a digital protractor with the dancer’s body orientation during the
waggle phases and obtained the direction of the resource in the field by adding the current
solar azimuth angle. The measurements were manually performed on a computer using the

program utilius fairplay 5 from ccc software.

To derive foraging distance from circuit duration we used our own calibration curve that is
based on a feeder training experiment performed in the same forest region and with the
same bees as this study (Kohl and Rutschmann, 2021); Arra et al., unpublished data). We
applied the following two formulas to translate the mean circuit duration t per dance (in

seconds) into distance (d, in meters) depending on the value of t:

- t<=4.439852: d =1n(-0.2253179 * t + 1.3305467) * (-1534.086) - 84.98
- t>4.439852: d = 1242.854 * t - 3903.066
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To infer the geographic foraging locations indicated by dances we combined distance and

angle in the field for every decoded dance.

We directly obtained information on the error of our decoding method from the feeder
training experiment (Fig. S1): We back-decoded the dances for the known feeder positions
and determined for each dance-indicated location the spatial deviation (in meters) from the
actual location of the respective feeder. We use these data to produce an uncertainty buffer
(b, in meters) for each inferred dance location which includes 75 % of all distance

deviations for a given foraging distance d:
- b=33.7335867 1+ 0.3301049 * d

Regarding the habitat analysis, the proportional amount of different habitat types in the
uncertainty buffer was calculated for every dance. Further details and R codes can be found

in the SM.

Calculating the expected habitat use of honey bee colonies in the study landscapes

The information of realized habitat is especially insightful when related to the actual
frequencies of the different habitat types in the study landscape. Bees travel only as far as
necessary during food collection to minimize energy expenditure and mortality risk (Frisch
et al., 1967; Seeley, 1994). As a result, patches close to the hive are of greater importance
and will be visited more frequently than patches of similar quality further from the colony.
In calculating expected habitat use we therefore used a distance correction: based on the
observed honey bee foraging distance distribution, patches further away from the hive
location were considered to contribute less to the expected habitat use than patches in close
vicinity (Fig. S2). This allowed us to identify which habitat types foragers preferred without
overestimating the importance of habitats occurring proximate to the hives (Henry et al.,
2012; Couvillon et al., 2014). The workflow for the habitat analysis is described in the SM.
With this method, the twelve study landscapes had forest cover values (both deciduous and
coniferous combined) ranging from 52 % to 96 % (Fig. 1C).

Weight analysis
We used eleven weight scales (Capaz BEE HIVE SCALE GSM 200; one location had no
GSM signal) with a 100 g precision, equipped with a GSM module, and set the hive scales

to record hourly weights during the whole experimentation period. To extract meaningful
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information, we manually took care of artefacts during the preliminary data analysis
(caused by scales malfunction, manipulations during the videorecording setup or by swarms
leaving the colony in spring). For the analysis we chose to use the corrected midnight

weight when all foragers were back in their nest.

Statistics

Foraging distances and colony weight changes

A linear mixed effect model (Bates et al., 2015) was built with foraging distance as response
variable, forest cover (both deciduous and coniferous combined and scaled), observation
day and forage type (nectar/honeydew versus pollen) as categorical explanatory variables
with all the two-way-interactions and the three-way-interaction. Colony location was
modelled as a random factor (Harrison et al., 2018). Due to non-normality, we box cox
transformed the model. An anova (Kenward-Roger, Type II) from the stats package in R

was used for the inference.

Likewise, we modelled the influence of forest cover on daily colony weight changes with
a linear mixed effect model with forest cover (both deciduous and coniferous combined and
scaled) as the explanatory variable and colony location as a random factor. For inference,

an anova (Kenward-Roger, Type II) was used again.

Habitat use

We built a generalized linear mixed effect model using the glmmTMB package (Bolker,
2016; Magnusson et al., 2017) to analyse whether the observed number of dances per
habitat category deviated from the expected number of dances based on the distance-
corrected habitat proportions in the landscapes surrounding the colonies. The number of
observed dances for a habitat type was the response variable. We modelled the ratio
between observed dances and expected dances for a habitat by including “expected number
of dances” (habitat proportion*number of dances per colony, observation day and forage
type) as an offset term in the model, thereby also accounting for different number of dances
of different colonies and dates (Bolker, 2016). A generalized Poisson distribution
(“genpois”) was chosen for the response variable (Brooks et al., 2019). Colony locations
were implemented as a random factor (Harrison et al., 2018). We followed an information
theoretic approach to select the best among several models that included different

combinations of the four explanatory variables, habitat type (deciduous forest, coniferous
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forest, grassland, cropland, and settlement), forage type (nectar/honeydew versus pollen),
observation day, forest cover (both deciduous and coniferous combined and scaled), and
their interactions. Model comparisons were based on AIC (“AlCtab” from the package
bbmle). For inference we used the Anova.glmmTMB-command from the glmmTMB
package (Chi-Square test, type Il anova) (Magnusson et al., 2017). To visualize the results
of habitat use analyses, we plotted observed habitat use for every colony and observation

date (in per cent) next to the respective expected habitat use.

For all models, model assumptions were checked and verified with the package DHARMa
(Hartig and Hartig, 2017).

Landcover type

Bl Settlement
Cropland
Grassland

Il Coniferous forest

I Deciduous forest

O Study sites

Expected proportional habitat use

0,
Ete LD J B e L KH G

Colony ID

Figure 1: (A) Landcover map of the study region based on Weigand et al., 2020. (B) Observation hive in the
forest on a weight scale during dance recording (C) Expected proportional habitat use of the twelve colonies

across the forest cover gradient.
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Results

Foraging distances in relation to season, forage type, and forest cover

We observed and decoded a total of 2022 waggle dances performed by the twelve colonies
residing in the forest (mean dances analysed per observation day 253 +/- 72, range: 82-
307). While most dances (1497 dances, 74 %) were performed for carbohydrate sources
(nectar/honeydew), 525 dances (26 %) were performed for pollen. 81 % of the advertised
food locations were less than two kilometres away from the colonies. The overall median,
mean and maximum foraging distances, as inferred from waggle dances, were 861 m, 1257
m, and 9060 m, respectively, meaning that colonies potentially foraged in areas up to 82
km? around their hives. Foraging distances varied considerably between observation days
(p<0.001; table 1 and Fig S3): They were shortest in early spring (median distance on
March 31%% 592 m) and largest in midsummer (median distance on July 10" 1466 m).
Overall, foraging distance distributions for nectar/honeydew and pollen sources
significantly differed, i.e. distances for nectar were significantly shorter than those for
pollen sources, implying more reliable nectar than pollen supply in the vicinity (median
distance for nectar/honeydew: 817 m, median distance for pollen: 988 m; p<0.01, Fig. S4).
When considering all analysed dances and all observation days together, foraging distances
increased with the amount of forest in the surrounding landscape (p=0.043; Fig. 2): from
626 m (mean) in colonies with 52 % forest to 1215 m (mean) in colonies with 96 % forest.
Importantly, the effect of forest cover on foraging distance varied strongly depending on
the season and on the forage type considered (three-way-interaction between forest cover,
forage type and observation day: p<0.01). Prior to the closing of the canopy (and therefore
reduced light falling on the understory), on March 31%, forest cover had no effect on
foraging distances, and colonies generally foraged in their closer surroundings for both
pollen and nectar. On five of the remaining seven observation days (April 18", May 1%,
May 18", June 23", July 10™), foraging distances for both pollen and nectar/honeydew
increased with forest cover, signifying resources outside the forest or at the forest edges.
However, on June 4™ and August 11%, forest cover differentially affected foraging distances
for pollen and carbohydrate sources: while pollen foraging distances increased with forest
cover, we observed a trend for shorter nectar/honeydew foraging distances in hives with
more forest in the surroundings, indicating carbohydrate sources but not pollen availability

inside the forest.
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Table 1: Effects of season (observation day), forage type (nectar/honeydew versus pollen) and forest cover
on foraging distances as inferred from waggle dances. Results of a three-way ANOVA (Type II with

Kenward-Roger's method) with two-way- and three-way-interactions are given (N=2022 dances).

factor Fvalue d.f. pvalue
main effects
observation day 29.00 7 <2.2e-16 oAk
forage type 8.21 1 0.0042 ok
forest cover 5.34 1 0.0431 *
interactions
observation day x forage type 3.49 7 0.0010 ok
observation day X forest cover 7.00 7 2.9¢-08 ok
forage type X forest cover 0.05 1 0.8267
observation day x forage type x forest cover 3.27 7 0.0018 *x
Nectar/Honeydew . Pollen
March 31 April 18 May 1 May 18 June 4 June 23 July 10 August 11

=
1

w
1

]
I
I
]
I
!
I
1
!
!

/’_/ =T /// / K

50 70 9050 70 9050 70 9050 70 9050 70 9050 70 9050 70 9050 70 90
Forest cover [%]

-
1

_——
——

Foraging distance [km]
N

o
]
|
\

Figure 2: Influence of forest cover on foraging distances on different dance observation days for the different
forage types, nectar/honeydew and pollen. Predictions from the model are given as coloured lines. On August

11", the prediction curve for pollen is dashed as only four colonies were dancing for pollen sources.

Habitat preferences in relation to forage type, season, and forest cover

We identified a model with the explanatory variable habitat type and its interactions with
forest cover, forage type and observation day as the best model to describe the spatial
foraging patterns (see SM, table S1, for an AIC-based comparison of different models).
Bees significantly preferred certain habitat types over others (main effect of habitat type on
the relative number of advertised food locations per unit area, p<0.001, table 2). Habitat
type preferences were more pronounced during pollen foraging than during nectar foraging
(two-way interaction between habitat type and forage type, p<0.01, Fig. 3A and 3B). While
the majority of dances pointed to deciduous forests, these areas were less often advertised

by the bees than expected given their landscape wide proportion (expected use for nectar:



4 HONEY BEE FORAGING IN CENTRAL EUROPEAN FOREST LANDSCAPES 57

64.0 %, observed use for nectar: 57.2 %, here and in the following, the reported proportional
habitat use values are median values over all colonies, Fig 3A). Especially when looking at
pollen collection, deciduous forests were less frequented than expected (expected use for
pollen: 65.7 %, observed use for pollen: 45.2 %, Fig. 3B). Coniferous forests were about as
attractive for both nectar and pollen collection as expected and were only slightly under-
used (expected use for nectar: 6.0 %, observed use for nectar: 5.9 %; expected use for
pollen: 6.0 %, observed use for pollen: 5.3 %). Both croplands and grasslands were visited
much more often than expected (expected cropland use for nectar: 11.0 %, observed
cropland use for nectar: 14.7 %; expected cropland use for pollen: 11.0 %, observed
cropland use for pollen: 18.5 %; expected grassland use for nectar: 9.5 %, observed
grassland use for nectar: 11.8 %; expected grassland use for pollen: 9.6 %, observed
grassland use for pollen: 16.3 %). Settlements were under-used during both nectar and
pollen collection, but they only made up a small fraction of the landscapes surrounding our
study colonies.

Table 2: Effects of habitat type, forage type (nectar/honeydew versus pollen), season (observation day) and
forest cover on the relative number of foraging sites per unit area as communicated by waggle dances. Results

of three-way ANOVA (Type II Wald chi-square tests) with two-way- and three-way-interactions are given
(N=1938 dances).

factor Chi-sq d.f. p value
main effects
habitat type 204.91 4 <2.2e-16  ***
interactions
habitat type x forage type 16.08 4 0.0029 ok
habitat type x observation day 102.37 28 2.0e-10 ok
habitat type x forest cover 15.62 4 0.0036 ok

Taking the different observation days into account, we found strong spatio-temporal shifts
in habitat use (interaction between habitat type and observation date, p<0.001, Fig. S5). In
spring, colonies first shifted foraging preferences from forests (March 31%) to grassland and
cropland (April 18" and May 1*'), and then shifted back to forage in forests at the expected
level (May 18™). In summer, colonies continued foraging for nectar/honeydew in forests at
the expected frequency (on June 4, June 23" and on August 11%), but clearly under-used
deciduous forests for pollen collection from June onwards (Fig. S5). In August, pollen
foragers also disproportionally danced for settlements, indicating that pollen sources from
residential areas were attractive late in the season when pollen was scarce in other habitats.

Importantly, forest cover itself also had a significant influence on the colonies’ habitat use
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(p<0.01, Fig. 3C): the frequency of foraging in cropland, grassland and coniferous forests
increased with higher proportions of forest cover in the surroundings, highlighting again
the importance of crop- and grasslands, but also of coniferous forest, for colonies residing

in forest-dominated landscapes.
Figure 3: Expected (white) and observed (grey) habitat use of the five major landcover types in the study
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region during the foraging season (March to August) for nectar/honeydew dances (N=1441) (A) and for pollen
dances (N=497) (B). (C) Influence of forest cover on the bee’s habitat preference for all decoded dances.
Coloured regression lines show model predictions and 95 % confidence intervals. (D) Forager performing a

waggle dance inside the observation hive (upper right quarter, bee with blurred abdomen). Photo taken by

Ingo Arndt.
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Contribution of different habitat types to colony weight gain

Hive scale recordings revealed five distinct phases of colony weight change (phases 1-5 in
Fig. 4A and 4C). The two phases of colony weight accumulation (net nectar/honeydew
influx into the colonies) occurred between mid-April and beginning of May and between
mid-May and the beginning of July, respectively. Forest cover had no effect on daily colony
weight changes (p=0.28, Fig. 4B and Fig. S6). Combining the spatial information from
waggle dances for nectar/honeydew sources and colony weight change data, we estimated
the proportional contribution of the different habitat types to the carbohydrate intake for
each of the five weight change phases (Fig 4C). During the first two-week phase of net
weight gain, between mid-April and beginning of May (phase 2), colonies clearly over-
used agricultural areas and grasslands (including orchards) suggesting that they foraged on
fruit trees and oilseed rape. While the average daily weight increase in these two weeks was
highest (0.39 kg/day), the contribution to the total yield in this phase was 32 %. In the
second phase of net weigh gain, between mid-May and July (phase 4), 68 % of the total
yield was accumulated, albeit the average daily weight gain was only 0.23 kg/day.
Interestingly, in this phase the visitation of the different habitat types was almost as
expected, with coniferous forest areas now being slightly over-used. In the three phases of
net weigh loss (phases 1, 3 and 5) nectar/honeydew foraging was clearly biased towards
crop- and grassland, suggesting that times of general carbohydrate scarcity might be more
severe in landscapes with high forest cover. From July on (phase 5), the bees also showed
a preference for residential areas which were generally further away from the colonies than

any other habitat type.
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Figure 4: (A) Seasonal pattern of colony weight changes. We averaged the values from all colonies and used
generalized additive modelling (GAM) to identify times of major nectar/honeydew gain (and loss) in the
whole region. Positive values represent times of weight gain (highlighted in green), negative values (dark
grey) show phases of colony weight loss. Dance observation days are marked as light grey vertical lines.
Phase 3 represents a period of unfavourable weather conditions. (B) Daily colony weight changes across the
foraging season in relation to forest cover. (C) Habitat use for carbohydrate intake inferred from dances for
nectar/honeydew sources for the five phases. The striped bar plots represent the expected proportion of dances

for a certain habitat and phase. The filled bar plots illustrate the observed proportions.

Discussion
In this study we analysed honey bee foraging and colony performance in central European
forest landscapes. Colonies foraged over larger distances in landscapes with higher forest

cover, showed stronger preferences for remaining non-forest habitats, and were more
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limited in pollen than carbohydrate resources. Seasonal variation in foraging distances, and
long periods with colony weight losses revealed that managed forest lack key resources for
wild-living honey bee colonies, thereby underpinning the need for more pollinator-friendly

management of temperate forest ecosystems.

Previous studies decoding waggle dances of honey bees placed in mixed European
agricultural landscapes demonstrated that the bees need to fly larger distances to collect
pollen in simple compared to complex landscapes (Steffan-Dewenter and Kuhn, 2003), that
they preferentially forage in semi-natural habitat and on mass-flowering crop fields (Binsch
et al., 2020; Danner et al., 2016; Couvillon et al., 2014), and that flower-rich urban areas
can provide better bee forage than rural land (Samuelson et al., 2021). We here complement

this knowledge by exploring the value of woodland as foraging habitat for honey bees.

While the overall mean foraging distance of 1257 m in the Steigerwald forest region was
within reported limits (from 740 m to 1526 m; (Bénsch et al., 2020; Danner et al., 2016;
Samuelson et al., 2021; Couvillon et al., 2015; Steffan-Dewenter and Kuhn, 2003), the
average foraging distance of colonies located deep inside forests was twice as large as that
of colonies in landscapes with only about 50 % forest cover. Furthermore, mapping dance-
communicated foraging locations revealed that bees foraged significantly less frequently in
forests than expected given their landscape-wide availability. This shows that beech-
dominated forests in Central Europe generally provide inferior forage resources for honey
bees than open habitats. However, we also found that one needs to differentiate between
time of the year and forage type when evaluating the value of forests for honey bees.

Early in the season (in March), colonies foraged locally and used forests at the expected
level for both pollen and nectar collection, indicating that spring-flowering plants on the
forest floor offer important resources for honey bees after hibernation. After tree canopy
closure in April, however, foraging distances increased, forest cover affected foraging
distances and forests were less frequented than expected, indicating scarcity of forage in
woodlands (Heinrich, 1976; Ginsberg, 1983; Mandelik et al., 2012). In line with studies
conducted in agricultural landscapes (Couvillon et al., 2015; Garbuzov et al., 2020), we
found that bees had to fly furthest in summer (here: July), and a steep increase in foraging
distances with forest cover indicated that the lack of forage during the ‘summer blues’ is

even exacerbated in forests compared to open habitat.



4 HONEY BEE FORAGING IN CENTRAL EUROPEAN FOREST LANDSCAPES 62

Beyond the effect of season, the use of forest strongly depended on forage type. Distinct
distance distributions of pollen and nectar/honeydew foraging locations suggested that the
two forage types were collected at different habitat patches. Clearly, the overall larger
foraging distances for pollen and the significantly stronger preference against forests during
pollen foraging than carbohydrate foraging showed that especially pollen forage is scarce
in forests. While nectar and honeydew are stored in large quantities in the hive, pollen stores
last no longer than a few days and thus need to be supplied continuously (Seeley, 1995).
Therefore, the lack of pollen supply in forests might be notably detrimental in late summer
when colonies require protein to raise winter bees (Winston, 1991) but face difficulties

finding it.

The bees’ under-use of forests was slightly less pronounced during nectar foraging. In two
occasions, nectar foraging distances even decreased with increasing forest cover,
suggesting nectar availability: In the beginning of June, blooming trees like lime, black
locust and chestnut or shrubs like raspberry might have produced nectar, and the woolly
beech aphid (Phyllaphis fagi) could have been a source of honeydew (Schmutterer, 1952,
personal observations). Likewise, in August, honey bees probably collected honeydew
produced by aphids on coniferous tree species. Although these phases of forest-borne honey
flow were temporally restricted, the connection of dance information and colony weight
recordings revealed that their contribution to the overall colony weight gain was substantial.
While the first phase of net weight gain in April was clearly attributable to mass-flowering
oilseed rape and fruit trees, during the second weight gain phase, from mid-May to July,
75 % of nectar dances communicated forest locations, and this phase contributed to an
estimated 65 % of the total weight yield of the colonies. It is this early summer nectar flow
that explains why colony performance, measured as the average daily weight gain, was not
negatively affected by forest cover. Since beekeepers know about the melliferous potential
of forest, they seasonally monitor plant-sucking insects and move their hives into forests to
exploit temporal honey dew flows (Ruppertshofen, 1995; Liebig, 1999; Presern et al.,
2019). These insights also show that a certain amount of forest in the landscape will be
beneficial for bees due to the supply of complementary carbohydrate resources during short
phases of the year, even though forests do not continuously provide resources (Mitchell et
al., 2014; Eeraerts et al., 2021). We show that combining dance decoding with daily weight

recordings offers the unique opportunity to evaluate the quality of different habitats and
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directly assess resource availability and identify bottlenecks or interruptions in food supply

in different landscapes (Schellhorn et al., 2015).

Large beech-dominated forests in Central Europe may be a suboptimal habitat for honey
bees and other flower-visiting insects when considering the whole foraging season. In fact,
the lack of continuous forage might partly explain why the densities of wild-living honey
bee colonies in Central European forests are low (Kohl and Rutschmann, 2018; Requier et
al., 2020) compared to those in species-rich forests in the Northeast USA (1 colony km?,
Seeley, 2019), or in historic tree beekeeping regions in Russia (0.5 colonies km™, Galton,
1971). However, our data imply that simple interventions could have great potential for
releasing resource limitations in managed forests. The distinct under-use of forests after
canopy closure indicates that the main driver of food scarcity in the studied forests is low
light permeability, lack of open areas and the dominance of a few, mainly wind-pollinated
tree species. Therefore, if it is the goal to promote populations of bees and other pollinators
within managed forests, we recommend supplementation of forest stands by native insect-
pollinated trees (e.g., willows, linden, maple, cherry, alder buckthorn, mountain ash and
sweet or horse chestnut) and identifying and promoting forest-dwelling plant species of the
herb and shrub layer, especially those that produce pollen in late summer. Moreover,
pollinator-friendly management should focus on transitional structures with open areas
(e.g., clearings and roadside corridors) in closed forest landscapes. At larger scales, we
propose the creation of landscapes with a high diversity of different forest types and open

habitats.
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Supplementary material

Observation hives and honey bee colonies

We used custom-built observation hives (Fig. 1B) with a glass window on one side. The
entrance of the hive was constantly narrowed down to about 3 cm width and a wedge behind
the entrance guided homecoming bees to the window side of the first comb. Outside
observation hours, this window was covered by a wooden board. If necessary, any holes
between the observation comb and its frame were plugged with little wax pieces right
before each video recording session. These measures hindered the bees from easily
switching sides near the entrance to regions that could not be filmed. Hence, we were able
to record most waggle dances. During video recording, we used a light-proof cloth spread
out over the hive to prevent direct sunlight from entering the colony (Fig. 1B). Four colonies
at three locations were replaced before or during the main experimentation period in 2019:
two after winter due to small colony sizes (colonies at locations A and C) and two after the
swarming season due to the absence of a laying queen (colony E in May and colony C in

August).

Setup of the cameras and dance sampling scheme

We simultaneously recorded dancing bees in all twelve study colonies using digital
camcorders (Sony HDR-CX240E, Panasonic HC-X929 and Panasonic HC-V707; frame
rate: 25 Hz). For this purpose, we drove from one study site to the other by car and set up
the tripods and cameras for recording. A metal chain attached to the observation hive within
the view of the cameras served as a vertical reference for the later video analysis. The
internal clock of the cameras was set before filming and the actual time was spoken on the
video when we started recording. Filming lasted around six hours per colony and
observation day until the external power banks were empty. We reversed the order of setting

up the cameras at the sites between observation days.

For every colony, we screened the videos of an observation day in such a way that the
sampled dances were distributed across the whole videorecorded period (time of observed
dances: between 09:04-17:20). Except for two camcorders, all cameras split the recorded
videos into segments of 12 min and 35 seconds. For these ten cameras the following scheme
was applied: we started the screening for dances with the second recorded video segment.
The first five dances from different foraging bees in this video segment were analysed. We

then skipped two video segments (~27 minutes) and screened the fifth segment of the day
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for the next five dances. In case not enough dances could be found in a focal segment, we
also screened the subsequent video segments that would have been skipped otherwise.
Screening was stopped when around 25 dances were analysed per colony and observation
day. An equivalent temporal sampling scheme was applied for colonies recorded with the
two cameras that used a different video segmenting. We could not completely exclude the
possibility that one individual bee was analysed twice in different videos on the same
observation day. However, since a colony has foragers in the range of thousands, repeated

sampling should have rarely occurred and therefore we treated every dance as independent.

Notes on forage mapping

Dance decoding is afflicted by several types of noise. Errors stem from both the variability
in behaviour of the bees and the decoding method (Schiirch et al., 2013, 2016; Tautz, 2022).
Therefore, individual dances indicating locations very close to the hives could be translated
into negative foraging distances. Negative foraging distances were set to a foraging distance
of 1 meter to avoid successive problems with non-positive values in the models. Also, we
avoided including the first and the last circuit of a dance due to the increased variability of

waggle runs therein (Couvillon et al., 2012).

Since the error in forage mapping increases with the foraging distance (Fig S1), we only
considered dances indicating foraging distances up to 4 km from the hives for the analyses

of habitat use (N=1938 out of 2022 dances).

Calculating distance-corrected land cover and expected habitat use

So far, most ecological studies on honey bee foraging considered circular landscapes
surrounding colonies with a fixed radius (often two kilometres, e.g. (Steffan-Dewenter and
Kuhn, 2003; Danner et al., 2016; Samuelson and Leadbeater, 2018) to quantify the
proportion of different land use types that might affect foraging patterns and to determine
expected habitat use. However, this method neglects that different land cover types often
have an unbalanced spatial distribution within the considered landscapes, and that habitat
patches close to the hive are more important in influencing foraging patterns than areas far
from the hive. Recently, some dance decoding studies implemented a distance correction
to determine the most profitable habitat types based on waggle dance decoding without
overestimating the importance of habitat types that are, by coincidence, proximate to the

hive (Henry et al., 2012; Couvillon et al., 2014; Stange et al., 2017; Samuelson et al., 2021).
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We chose a similar but novel approach to calculate distance-corrected land cover
proportions and the expected habitat use. From the overall distribution of foraging distances
based on all waggle dances decoded in our study (Fig. S2A) we first derived a three-
parameter log-logistic function that describes the visitation probability of a given habitat
patch in relation to its distance from the hive (Fig. S2B). Since we sampled dances from
multiple colonies placed in differently structured landscapes and at different times of the
season, this visitation probability distribution should closely predict how a colony would
distribute its foragers in a hypothetical landscape in which equal, average-quality food
patches are homogeneously distributed. In such a landscape, the distribution of foragers
would merely be the result of the scout bees’ innate search behaviour (which determines
the probability of finding a food patch in relation to its distance from the hive), the distance-
dependent probability of recruits to find an advertised patch, and the distance-dependent
net energetic return during foraging (a forage patch closer to the hive provides higher net
profit and thus is visited more frequently than an equal patch further from the hive). We
used this visitation probability function to differently weight the contribution of habitat
patches in the study landscapes based on their distance from the hive so that patches further

away contributed less to the expected habitat use.

To classify the study landscapes, we used a recently published pan-European land cover
data set derived from satellite images with a ten meters resolution (Weigand et al., 2020).
The land cover types present in our study area were deciduous forests, coniferous forests,
cropland, grassland, settlements, open soil, and water bodies (the latter two habitat types
represented less than 0.2 % and were neglected for the final analysis). We divided the
landscapes into equally sized square raster cells of 80m? (“st make grid*“ command from
sf package) and calculated for each raster cell within an area of 4 km from the hive the
proportional area of each of the five major land cover types. The distances from the hive to
the centroids of the raster cells were taken to calculate the visitation probabilities for each
raster cell using our visitation probability function (Fig. S2B). For each raster cell the
proportional area of each land cover type was multiplied by the visitation probability. Then,
the values for each of the five land cover types were summed up over all raster cells of a
landscape and divided by the total (to normalize it). In this way we obtained for each study
landscape a proportion of each of the five land cover types that summed up to one. These
distance-corrected proportions can be considered as the effective land cover proportions for

the central place foraging honey bees. They also represent the expected contribution of each
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land cover type to honey bee colonies’ food intake under the null hypothesis that all land
cover types provide the same forage (Fig. 1C). Our approach of directly implementing a
distance-correction into the calculation of expected habitat use has the advantage that
expected and observed habitat use can be compared and any deviations are directly

interpretable as preferences for/against a certain landscape type.

R packages used for these analyses include: sf (Pebesma, 2018), sp (Pebesma and Bivand,
2005; Pebesma et al., 2012), raster (Hijmans et al., 2015), exactextractr (Baston, 2020),
data.table (Dowle et al., 2019).The tidyverse “architecture” (Wickham, 2017) was used for
data transformation, ggplot2 (Wickham, 2016) and patchwork (Pedersen, 2020) to create
the figures. Individual changes to the plots were done with Inkscape 1.0.2-2 (Inkscape
Project, 2020) and gimp 2.10.18 (The GIMP Development Team, 2020). All statistical
analyses were performed in RStudio (RStudio Team, 2020) with R 4.0.3 (R Core Team,
2016).
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Table S1: Selection of the best model of habitat use based on AIC. The models are ordered according to their
AAIC values. Models with factor combinations that did not converge were not considered.
Model df AAIC
habitat type + forest cover + observation day + forage type + 52 0.0

habitat type:forest cover  + habitat type:observation day  +

habitat _type:forage type

habitat type + forest cover + observation day + forage type + 48 7.3
habitat_type:observation_day + habitat_type:forage type

habitat type + forest cover + observation day -+ forage type + 57 7.8
habitat type:forest cover  + habitat type:observation day  +

habitat type:forage type + habitat type:forest cover:forage type

habitat type + forest cover + observation day + forage type + 57 7.8
habitat_type:forest cover + habitat_type:observation day +
habitat_type:forage type + habitat type:forage type:forest cover

habitat type + forest cover + observation day + forage type + 87 9.7

+

habitat _type:forest cover + habitat type:observation_day
habitat type:forage type + habitat type:forest cover:observation day
habitat type + forest cover + observation day + forage type + | 44 16.1
habitat type:observation_day

habitat_type + forage type + observation_ day 47 16.6
habitat type + forest cover + observation day + forage type + 92 17.9
habitat_type:forest cover + habitat_type:observation day +

habitat _type:forage type + habitat_type:forest cover: observation day

+ habitat type:forest cover:forage type

habitat type + forest cover + observation day -+ forage type + 92 17.9
habitat type:forest cover  + habitat type:observation day  +

habitat _type:forage type + habitat type:forest cover:observation day

+ habitat_type:forest_cover:forage type

habitat type + forest cover + observation day + forage type + 122  19.5
habitat type:forest cover  + habitat type:observation day  +

habitat type:forage type + habitat type:forest cover:observation day

+ habitat_type:observation_day:forage type

habitat type + forest cover + observation day + forage type + 122  19.5
habitat type:forest cover  + habitat type:observation day  +

habitat type:forage type + habitat type:forest cover:observation day

+ habitat_type:observation_day:forage type

habitat type + forest cover + forage type + habitat type:forest cover+ 17 233
habitat type:forage type

habitat type * observation_day 42 24.0
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habitat_type + forage type + observation day

habitat type + forest cover + forage type + habitat_type:forage type
habitat _type * forest_cover

habitat_type + forest_cover + forage type + habitat_type:forest cover
habitat type + forest _cover + forage type + habitat type:forest cover +
habitat _type:forage type + habitat type:forest cover:forage type
habitat type + forest cover + forage type

habitat type + forage type + observation day

habitat type + forage type + observation day

habitat _type * forage type

habitat type + forest cover + observation day + forage type +
habitat_type:forest cover + habitat_type:forage type

habitat type + forest_cover + forage type + habitat type:forest cover +
habitat type:forest cover:forage type

habitat type

habitat type + forest cover + observation day + forage type +
habitat _type:forage type

habitat type + forest cover + observation day + forage type +
habitat_type:forest cover

habitat type + forest cover + observation_day

habitat type + forest_cover + observation_day + forage type

habitat type + forage type + observation day +
habitat _type:forage type

habitat type + forage type + observation day

habitat _type + forest_cover + observation_day +

habitat_type:forest_cover + habitat_type:forest cover:observation day

43
13
12
13
22

82
82
12
24

20

20

15

16

19

15
54

26.0
26.6
27.1
29.0
30.4

32.9
34.1
34.1
343
37.0

37.8

39.0
40.3

42.7

44.7

46.6

48.1

54.9
57.9
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Figure S1: (A) Map overview of the feeder training experiment performed to calibrate the distance-related
increase in waggle and return phase duration of the bees used in this study (Kohl and Rutschmann 2021). The
observation hive used for the feeder experiment is illustrated by a hexagon and the study sites used for this
study are depicted by diamond symbols (map overview, left). The feeders (triangles) were located along a
forest road at distances between 100 m and 1.7 km from the observation hive (right). The dots denote locations
communicated by the waggle dances performed by the bees visiting the feeder stations (dance locations are
in the same colour as the corresponding feeding location). The dark grey map background illustrates
deciduous (brighter) and coniferous forest areas (darker). (B) Spatial deviation (in meters) between the
foraging locations indicated by dances and the actual locations of the feeders for nine feeders placed at
increasing distances from the hive. The line fits the 75 percentiles of all the distance deviations (quantile
regression produced using function “rq” from the “quantreg” package in R (Koenker et al., 2018). We used
this regression function to calculate uncertainty buffers for dance-inferred natural foraging locations. (C)
Example of a forage map (study colony G on 18" of May 2019, 25 dances). Back dots are the dance-decoded
foraging locations, and the yellow areas are the respective uncertainty buffers. The radii of the buffers increase
linearly with the distance to the hive. We considered the average proportions of land cover types within the

buffer areas as the observed proportional habitat use.
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Figure S2: (A) Histogram of all foraging distances inferred from dances performed by bees in the Steigerwald
in 2018 and 2019 (bar width=150 m). For each distance class (bar) in the histogram, the corresponding
foraging area was calculated (area within the distance of the right margin minus the area within the distance
of the left margin of a bar). (B) We derived a distribution of visitation probability depending on distance from
the hive by dividing the number of dances per distance class by the area corresponding to that distance class
and rescaling to obtain values between 0 and 1 (open dots, colours match the colours of histogram bars in A).
A three-parameter log-logistic function fits the visitation probability as a function of distance well (black
line). (C) Example of a landscape surrounding an observation hive (study colony G). Dashed circles display
1,2, 3 and 4 km buffers around the colony. (D) Graphical representation of a “distance-corrected landscape”
(again, study colony G). The more transparent a raster cell, the less it contributes to the expected habitat use

of the colony in the centre of the landscape due to the greater distance from the hive.
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Figure S3: Nectar/honeydew and pollen foraging distances across the season. Nectar/honeydew is colour-
coded in yellow, pollen in pink. Dashed lines give median values for each forage type calculated for the whole
foraging season. Raw data are depicted in the background (extreme values exceed the y-axis range). The
number of the dances (Nd) for the different experimentation days and forage types are given (both for

nectar/honeydew and pollen) as well the number of colonies (N¢) from which these dances were analysed.
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Figure S4: Advertised foraging distance distributions for nectar/honeydew and pollen. Black lines depict the
median distance, dashed lines give the mean value. The means (linear mixed effect model, factor forage type,
p=0.0042) as well as the distributions of foraging distances differ significantly (Two-sample Kolmogorov-

Smirnov test, p=0.015).
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Figure S5: Expected (white box plots) and observed (coloured in five individual colours) habitat use of the
five major land cover types on the different observation days for nectar/honeydew foraging (N=1441 dances)
(top) and for pollen foraging (N=497 dances) (bottom). The boxplots allow easy comparison of observed and

expected habitat use.
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Figure S6: Overall weight change from March to September 2019 for 10 colonies in relation to forest cover.



75



76

Honey bee colony residing in a hollow electric power pole. Such poles are spacious inside and provide maximum

protection from predators as they are virtually indestructible. This makes them interesting subjects for the

conservation of wild-living honey bees. Photo taken by Dimi Dumortier.
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Abstract

The diversity of endemic honey bee subspecies and ecotypes is at risk in Europe because
modern apiculture promotes only a small number of honey bee strains. A crucial step for
the conservation of honey bee diversity is the assessment of the status of remaining wild
populations and their limiting factors. Here we present a two-year census of native, wild-
living honey bees inhabiting power poles in an intensive agricultural landscape in Galicia,
NW Spain. The autumn colony densities were at least 0.22 and 0.17 colonies/km? and
winter survival rates were 59 % and 26 % for the years 2019 (N = 29) and 2020 (N = 23),
respectively. Both the initial occurrence and the subsequent winter survival of the colonies
were positively correlated with increasing proportions of wood- and shrubland in the
surroundings in both study years. These observations highlight the importance of semi-

natural habitats for the conservation of wild-living honey bees.
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Introduction

The abundance of insect pollinators is in decline in several European countries, posing a
risk to the stability of the important ecosystem function of pollination (Aizen et al., 2019;
Potts et al., 2010). In this context, losses of managed Western honey bee (4pis mellifera)
colonies have gained disproportionally high attention (Garibaldi et al., 2013; Geldmann and
Gonzalez-Varo, 2018), although they have largely different causes than the decline in wild
pollinators. While wild pollinators primarily suffer from reduction and fragmentation of
habitat and land use intensification (Steffan-Dewenter, 2003; Winfree et al., 2009; Kennedy
et al., 2013; Tonietto and Larkin, 2018), managed honey bees receive critical resources
from beekeepers. The latter are rather threatened by novel pathogens and parasites which
easily spread, aided by migratory beekeeping and the global trade of the bees and their
products (Genersch, 2010; Meixner et al., 2015; Brosi et al., 2017; Beaurepaire et al., 2020).
Furthermore, it has been shown that trends in managed honey bee stocks strongly depend
on socioeconomic factors and vary between regions (Smith et al., 2013; Moritz and Erler,
2016; Herrera, 2020). For example, while managed honey bee populations are in decline in
temperate European countries since the 1960s, they are strongly increasing in many
southern European countries in the Mediterranean basin (Herrera, 2020). Given that the
concentration of large numbers of commercial honey bee colonies in apiaries can negatively
affect wild pollinator populations via competition for food (Lindstrom et al., 2016;
Herbertsson et al., 2016; Magrach et al., 2017; Mallinger et al., 2017; Henry and Rodet,
2018; Herrera, 2020 but see Steffan-Dewenter and Tscharntke, 2000) or the dissemination
of infectious diseases (Fiirst et al., 2014; Graystock et al., 2015; McMahon et al., 2015;
Tehel et al., 2016; Alger et al., 2019; Manley et al., 2019; Tehel et al., 2020), managed
honey bees could actually exacerbate wild pollinator decline in some regions (Geldmann

and Gonzalez-Varo, 2018).

Ironically, the pollinators who are potentially most affected by increasing managed honey
bee densities are native honey bees that are still maintained in small scale traditional
apiaries or that live as wild colonies (Requier et al., 2019). This is on the one hand, because
modern intensive apiculture promotes only a small number of honey bee strains, which are
often allochthonous. As a consequence, introgression threatens the geographic diversity of
honey bee subspecies and ecotypes with their potentially adaptive genetic variation

(Mufioz, 2020). On the other hand, current apicultural practices commonly involve large-
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scale transhumance aiding the dissemination of pests and parasites. Obviously, pathogens
introduced with managed hives should primarily affect other honey bees (prior to other wild

bees and other organisms) in any given region.

In contrast with the practices used in modern intensive apiculture, current works suggest
that a key to the long-term conservation of honey bee diversity and to sustainable
beekeeping, is to foster natural selection (Neumann and Blacquiére, 2017; Blacquiére et al.,
2019; Seeley, 2019) and to promote bees of local origin (Strange et al., 2007; Biichler et
al., 2014; Meixner et al., 2015). Populations of colonies which are not treated against
parasites and which are allowed to vary in fitness (as opposed to survival and reproduction
being dependent on the beekeepers' actions) are expected to evolve resistance against
emerging pests and pathogens (Neumann and Blacquiere, 2017; Blacquiere et al., 2019).
Furthermore, when selection pressure is high, maladaptive introgressions by foreign bees
should be less likely to spread in the population (Requier et al., 2019). While the approach
taken so far is to leave the bees in a quasi-wild manner (Darwinian beekeeping) (Seeley,
2019), few attempts have been made to assess the extant status of potential wild honey bee
populations, probably because it is widely believed that wild or feral colonies do not exist,
or because they are not easy to locate (but see (Kohl and Rutschmann, 2018; Oleksa et al.,

2013b; Seeley, 2019; Browne et al., 2020).

Landscape scale variation in flower resource provision and land-use intensity has an effect
on various measures of colony performance in social bees (Steffan-Dewenter et al., 2002;
Steffan-Dewenter and Kuhn, 2003; Decourtye et al., 2010; Donkersley et al., 2014;
Sponsler and Johnson, 2015; Lecocq et al., 2015; Alaux et al., 2017; Alburaki et al., 2017;
Mufioz-Colmenero et al., 2020). Throughout the year, a honey bee colony requires a
sustained supply of nectar and pollen to maintain colony functioning and to strengthen
immune defences (Schmehl et al., 2014). In fact, nutrition has been identified as a crucial
point in honey bee health (DeGrandi-Hoffman et al., 2010) and temporal shortages of
feeding resources can decrease abundances of honey bees and other flower-visiting insects
in aregion (Di Pasquale et al., 2016; Requier et al., 2017). In this context, the loss of natural
habitats is a major threat to pollinators (Naug, 2009; Dolezal et al., 2019). Studies with
managed honey bee colonies identified semi-natural habitat and areas with diverse floral

resources as predictors for colony overwintering success (Doke et al., 2019; Kuchling et
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al.,, 2018). However, such investigations are currently lacking for wild honey bees,

presumably due to their cryptic way of life (Kohl and Rutschmann, 2018).

Despite high numbers of managed hives and an intensification of apiculture in the last
decades (Jones, 2004; Herrera, 2020), the Iberian Peninsula still harbours a large population
of the native honey bee subspecies A. m. iberiensis (Pinto et al., 2012). The population is
still mostly free of introgression and little affected by selective breeding (Canovas et al.,
2011; Chavez-Galarza et al., 2015, 2017) but at present, no data are available on the
occurrence and number of wild-living colonies. Here we report on the population density
and overwinter survival rate of wild-living honey bee colonies from Galicia based on
censuses of hollow power poles before and after the winters of two successive years.
Specifically, we asked: (Q1) is the occupation rate of the surveyed power poles higher in
locations with larger proportions of semi-natural habitat; (Q2) does the amount of semi-

natural habitat promote the subsequent winter survival of these wild-living colonies.

Methods

Study region

We conducted our census in the surroundings of the city of Xinzo de Limia, in the province
of Ourense in Galicia, NW Spain. The region has a warm-summer Mediterranean climate
with westerly winds extending the impact from the ocean. It is characterized by a yearly
average temperature of 12.2 -C and a rainfall of 1133 mm, which is significantly higher
than for a typical Mediterranean climate (https://de.climate-

data.org/europa/spanien/galicien/xinzo-de-limia-44326/).

The mountainous land of the province exhibits a rich flora with elements of both the
Eurosiberian and the Mediterranean floristic regions, the dominant forms of vegetation
being shrubland (45 %) and forests (37 %) (see supplementary material Fig. S1). The areas
not used for intensive agriculture provide ample supply of flower resources to honey bees;
the most important forage plants include Castanea sativa, Rubus spp., Calluna vulgaris,
and Erica, Cytisus, Ulex, and Genista species (Seijo and Jato, 1998; Diaz Losada et al.,
1997; Diaz-Losada, 2002; Rodriguez-Castifieira et al., 2015). While industrial agriculture
generally only makes up for a very small part of the land-use in the province (<4 %, see
supplementary material Fig. S1), we worked in a flat area around the former Laguna de

Antela, which was drained in 1958 and is now part of the largest coherent area of intensively
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farmed land of the province (Soto et al., 2011). The main crop produced in this area is

potato.

Power pole search and honey bee colony censuses

One of us (AM) repeatedly observed that honey bee colonies chose hollow power poles as
their dwelling places. The type of poles that could serve as nesting sites was about 7 to 13
m tall and made of concrete. Since they were hollow inside and contained small entrance
holes (18 mm cross-section) they offered a protected cavity of more than 1000 I; (see
http://www.prefabricadoshormigon-
prephor.es/images/Pdfs/Concrete Poles/technical data concrete poles for overhead po
wer lines h v_and hvh-20131203131141.pdf and Fig. 1) We took advantage of the fact
that these poles were frequent in the region and easy to locate. In October 2019, we
surveyed the study area by driving all major roads with a car and scanning the surroundings.
During good weather conditions with temperatures exceeding 15 -C, we inspected all
detected poles from the ground with binoculars. Regular directional flight traffic of honey
bees and pollen import were indicative of an active honey bee nest. To make an estimate of
the minimum wild-living honey bee colony density, we recorded our searching track with
a GPS device equipped with OpenStreetMap (OSM) and calculated the examined area
based on the assumption that we were able to spot poles up to 250 m away from both sides
of the road (see supplementary material Fig. S2). In March 2020 we re-examined all power
poles that were occupied in the preceding autumn to determine the wild-living colonies'
winter survival rate. The autumn power pole census and the subsequent test for winter

survival were repeated in October 2020 and March 2021, respectively.
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Figure 1: (A) Electricity corridor with hollow power poles comprising suitable nest sites for honey bees. (B)

Close-up of a honey bee nest entrance in a power pole.

Evolutionary lineage identification

Due to a significant correlation between genetic information and wing venation patterns,
wing morphometry can be used as a cost-effective and reliable identification measure for
honey bees (Oleksa and Tofilski, 2015; Nawrocka et al., 2017; Henriques et al., 2020). To
see whether the discovered wild-living colonies were members of the honey bee subspecies
native to the study region or likely to descent from allochthonous honey bee stocks
imported by beekeepers, we determined the bees' evolutionary lineages based on
morphometric analyses of their wing venation patterns. In October 2019 we collected bee
samples from a subset of the colonies and analysed the wings of 10 workers per colony
using standard methods (Nawrocka et al., 2017). Further information on the morphometric

analyses is given in the supplementary material.
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Influence of landscape on pole occupation and winter survival

To test the relationship between landscape context and the occupation rate of power poles
as well as the winter survival of colonies, we first imported the coordinates of the power
pole locations into QGIS version 3.16.2 (QGIS Development Team, 2009) and quantified
the landscapes within circular buffer areas with a radius of 2 km around every pole. This
radius was chosen as it reflects around 80 % of the range over which temperate A. mellifera
forage (Danner et al., 2014; Couvillon et al., 2015), and because earlier studies showed that
the landscape has an effect on honey bee colony performance at this scale (Danner et al.,
2016). The circular areas were intersected with a recently published pan-European land
cover data set (Pflugmacher et al., 2019). Land cover types present in our study area were
grouped into the five categories “semi-natural areas” (consisting of broadleaved,
coniferous, and mixed forests, and shrubland), cropland, grassland, urban areas, and water
bodies. The relatively broad category “semi-natural areas” was created because different
forests, heaths and other shrubland types were generally spatially intertwined in the
mountainous areas and their occurrence was highly inter-correlated (see Fig. 1A and
supplementary material Fig. S3). The category “grassland” was not included into this
category since the intensity of grassland use vastly differed depending on the location
within the study region. The proportions of the five land cover types were quantified for all
the circular buffer areas around the colonies. A PCA analysis of these circular areas
revealed that the landscape variation was largely driven by the contrasting proportions of
cropland and semi-natural areas (see supplementary material Fig. S3). To assess the
influence of the surrounding land on the occurrence (pole occupation rate) and winter
survival of wild-living colonies we used a generalized linear model and a generalized linear
mixed effect model, respectively. First, we modelled the occupation of the power poles by
honey bees (as a binomial factor, “occupied” = 1, “not occupied” = 0) as a function of the
percentage of semi-natural habitat surrounding the colonies and the factor “year” (function
glm of the stats package). A type Il-anova with Kenward-Roger approximation (anova
function from the car package (Fox et al., 2012)) was used for inference. Second, we
modelled winter survival as a binomial factor (“overwinter success” = 1, “overwinter
failure” = 0) in relation to the percentage of semi-natural habitat surrounding a colony and
the factor “year” (function glmmTMB of the package glmmTMB (Bolker, 2016;
Magnusson et al., 2017)). Here, we accounted for the possibility that nests had the same

outcomes of winter survival simply because they were close to each other and thus shared
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the same landscape (spatial autocorrelation) by including the spatial covariance structure
among power poles as an additional factor (Kristensen, 2019). Moran's I tests were
separately applied to each year (function testSpatial Autocorrelation from the DHARMa
package; Hartig and Hartig, 2017), but showed no signs of spatial autocorrelation (see R-
script in the supplementary material). To make inferences for the effect of semi-natural
areas after the potential effect of between-year variation on winter survival, we performed
a type IlI-anova (Anova.glmmTMB function from the glmmTMB package). Residuals of
the models were inspected with DHARMa package (Hartig and Hartig, 2017); no

significant deviations from model assumptions were detected.

All statistical analyses were performed in RStudio (RStudio Team, 2020) with R 4.0.3 (R
Core Team, 2016). The tidyverse “architecture” (Wickham, 2017) was used for data
management, and ggplot2 (Wickham, 2016) was used to create the figures. Individual
annotations to the plots were performed with Inkscape 1.0.2-2 (Inkscape Project, 2020) and
gimp 2.10.18 (The GIMP Development Team, 2020).

Results

In October 2019, we searched an area of 136 km2 for electric power poles suited as nest
sites for honey bees. We found 214 poles (1.6 poles/ km2), from which 29 poles were
occupied by honey bee colonies (occupation rate: 13.6 %). This corresponded to a minimum
density of 0.22 colonies per km2. Wing morphometric analyses of bees sampled from 16 of
the 29 colonies revealed that all belonged to the evolutionary lineage including the Iberian
honey bee, Apis mellifera iberiensis, (lineage M) so that it can be assumed that the focal
bees were native to the study region and did not decent from imported honey bee stocks
(see supplementary material). At the resurvey of the 29 colonies in March 2020 we found
that 17 colonies had survived the winter (59 %) (Fig. 2A). In October 2020, we re-inspected
210 power poles and found that 23 were occupied (occupation rate: 10.9 %), corresponding
to a minimum density of 0.17 colonies per km2. From these 23 colonies, six overwintered
successfully (26 %), resulting in an average overwintering rate of 42 % for the two

consecutive years.

The landscape analyses revealed that pole occupation was skewed towards semi-natural
areas in both years (glm anova, F(1, 421) =17.6, p < 0.001) (Fig. 2B). While the average

occupation rate of power poles surrounded by landscape with less than 25 % semi-natural
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habitat was only 4 %, occupation of poles with 25-50 % semi-natural habitat was around
13 % and occupation of poles in landscapes with more than 50 % semi-natural habitat was
more than 21 %. Furthermore, the subsequent winter survival of honey bee colonies was
positively correlated with semi-natural habitat (glmmTMB anova: chi2(1) =5.9, p = 0.015)
(Fig. 2C). Taken both years together, among the colonies living in landscapes with less than
25 % semi-natural habitat no colony out of 6 (0 %) survived, colonies with 25-50 % semi-
natural habitat survived in 10 out of 22 cases (45 %) and among the colonies in poles
surrounded by more than 50 % semi-natural habitat 13 out of 24 (54 %) survived the winter.
Our model further predicted an almost 7-fold increase in winter survival rates from 8 % in
landscapes with less than 25 % semi-natural habitat to 54 % in landscapes with more than

75 % semi-natural habitat.
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Figure 2: (A) Landcover map of the study area around Xinzo de Limia in Galicia, NW Spain showing the
locations of power poles and honey bee nests. Note that two poles with bees that survived the winter are
shown although their locations would be outside the map (indicated by the arrows). Occupied poles have
different symbols for the different years and different colours depending on the overwintering success. (B)
Occupation rate of the surveyed power poles for distinct groups with similar landscape variation. The bar
chart shows the average occupation rate across the two years; values for the individual years are depicted with
a dashed line (October 2019) and dotted line (October 2020). The mean occupation rates in the year 2019
(13.6 %) and in 2020 (11.0 %) are depicted as dashed and dotted horizontal lines, respectively. The
distribution of power poles along the semi-natural gradient is indicated on the x-axis with black marks
representing individual poles. Note that while the distinct groups with similar landscape variation span the
same range, the amount of power poles that fall in the different groups is highly skewed to poles with lower
proportions of semi-natural habitat (C) Relationship between percentage of semi-natural habitats and honey
bee colony winter survival. Raw data are on a binomial scale with “1” denoting “winter survived” and “0”
denoting “winter not survived” with half-circles identifying the two consecutive years (see legend 2A).
Horizontal box plots additionally describe the distribution of sites with overwintered and non-overwintered
colonies along a semi-natural habitat gradient. The black line is the model of survival probability across the

two years (see text for statistics).
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Discussion

The wild-living honey bee colony density we inferred for an agricultural landscape in Spain
by examining power poles (0.17-0.22 colonies/km2) must be regarded as a lower limit since
there were probably some additional nesting opportunities in urban areas and forests (see
Kohl and Rutschmann, 2018; Albouy, 2019; Requier et al., 2020; Browne et al., 2020 or
the BEEtree-Monitor (www.beetrees.org)). Nevertheless, our estimates exceed the feral
colony densities reported for rural avenues in Northern Poland (0.1 colonies/km2) (Oleksa
et al., 2013b) and for near-natural beech forests in Germany (0.11-0.14 colonies/km?2)
(Kohl and Rutschmann, 2018). This difference could be due to the climate and the resource
conditions being more favourable for honey bees, and/or the bees being better adapted to a
life without beekeeping management in Galicia due to few commercial breeding efforts.
Alternatively, the higher density of wild-living colonies could simply be the result of more
swarms escaping from managed hives which are generally more numerous in Spain than in
Poland and Germany (Jones, 2004). Given that in any region, feral/wild-living and managed
colonies of the same honey bee species belong to one biological population and that
migrations occur between both groups (swarms escape from apiaries and beekeepers can
catch wild swarms), population demographic parameters need to be measured over several
years to safely determine whether a given population is self-sustaining or not (Seeley, 1978;
Oldroyd et al., 1997; Seeley, 2017). While the population status of the wild-living honey
bee colonies in Galicia is still ambiguous, our present study points to a key promoting

factor.

Both the initial occurrence and the subsequent winter survival of the colonies were
positively associated with the amount of semi-natural habitat (wood- and shrubland) in the
landscapes surrounding the power poles. When offered two equally suited cavities as a new
home, a dispersing honey bee swarm chooses the one that is closer to the parental colony
(Lindauer, 1955; Seeley and Morse, 1977; Jaycox and Parise, 1980, 1981; Schmidt, 1995;
Kohl and Rutschmann, 2018). Hence the non-random occupation of power poles observed
in autumn suggests that semi-natural zones act as a source habitat of honey bee swarms. It
is conceivable that beekeepers prefer to place their managed hives in such areas (Geldmann
and Gonzalez-Varo, 2018), which would lead to landscape variation in the number of
escaping swarms and explain the observed pattern. However, since the distribution of wild-

living colonies was even more biased towards semi-natural areas after the winter (and thus
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before the swarming season), the landscape-dependent occupation of power poles might be

readily explained by the landscape-dependent survival of wild-living colonies alone.

What our correlative analysis cannot clarify is the underlying cause of the landscape effect.
On the one hand, most bee forage plants in the region are abundant in the semi-natural areas
but rare in the highly agricultural zones. On the other hand, shrublands and forests are little
contaminated, but the intensively farmed croplands of the study area are highly exposed to
nitrogen and pesticides (Lopez-Pérez et al., 2006; Rodes and Mejuto, 2018). Hence, it is
conceivable that the landscape effect was due to the positive influence of flower resources,
the negative effect of pollutants or a combination of both (see for example Seibold et al.,
2019; Rundlof et al., 2015; Goulson et al., 2015 or Brown et al., 2016). Managed honey
bee colonies are not critically limited by habitat quality since beekeepers can feed sugar to
keep their hives well-nourished. However, our data suggest that the survival of wild-living
honey bee colonies is indeed highly dependent on flower-rich, unpolluted areas, which are
often only found in natural, protected areas. Conversely, provided that wild-living honey
bee colonies are less affected by pests and parasites than managed colonies due to different
life histories and infection probabilities (frequent swarming and spatial dispersion of nests
(Seeley and Smith, 2015; Loftus et al., 2016; Nolan and Delaplane, 2017)) or higher genetic
diversity and associated immunocompetence (Youngsteadt et al., 2015; Lopez-Uribe et al.,
2017), our observations suggest that wild-living honey bee colonies might have chances to

form viable populations in Europe if suitable habitat is available.

Our choice to use hollow electric poles as a monitoring tool for wild honey bees was mainly
based on practical reasons: finding power poles in the open area was much easier than
finding hollow trees in the forest. However hollow power poles also combine several
features that make them ideally suited as honey bee nest sites: they are very spacious inside
and provide maximum protection from predators as they are virtually indestructible (except
due to human intervention; see supplementary material Fig. S4) and have very small nest
entrances high above the ground. In our study area they can be considered as true back-up
nest sites because in these intensive agricultural landscapes they probably represented the
major nesting opportunity. With thousands of electric power poles all over rural areas in
Spain and other parts of Europe, we should consider their potential role as important nest

sites for wild-living honey bees and other cavity nesting insects.
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Conclusion

In Europe, the Western honey bee is regarded as the domesticated insect species managed
for honey production and crop pollination whose wild ancestors have long gone extinct.
However, this study contributes to the increasing body of evidence that honey bees still
exist in the wild in Europe and gives hope that honey bees are still able to survive on their
own if conditions are suitable. We suggest that a distinction should be made between wild-
living and commercially managed honey bee colonies, especially in the context of
conservation. More studies are needed that identify regions with possible native wild
populations of Apis mellifera and that investigate the conditions under which they are

viable.
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Supplementary material

Morphological survey of the honey bee samples

By taking samples in October 2019 from a subset of the colonies (N=16) we could classify
these colonies by wing analysis (Oleksa and Tofilski, 2015). Not all colonies in that year
could be sampled due to the risk of getting an electric shock in some locations. From the
sampled colonies the right forewings of ten workers were prepared between two glass
slides. We took digital images using a Motic Moticam 2300 which was mounted on a
microscope with the software Motic Image Plus 2.0. We used the freely available software
identifly 1.3 (Nawrocka et al., 2017) to measure nineteen landmarks that were manually
placed by the same person on each image. Colony averages were compared with the
reference samples in identifly, allowing the calculation of relative assignment probabilities
to different lineages (Nawrocka et al., 2017). The honey bee subspecies native to the Iberian
Peninsula, Apis mellifera iberiensis, belongs to the endangered evolutionary lineage of the
West and Northern European honey bees (lineage M). There are two other evolutionary
lineages in Europe, which are dominating modern apiaries (lineage C and lineage O)
Currently, reference data for M-lineage honey bees utilized by the software identifly is
restricted to samples of the sister-subspecies 4. m. mellifera. Therefore, we could only
identify the heritage of our samples on the level of the evolutionary lineage and not on the

level of subspecies.

Table S1: A taxonomic wing morphometric analysis of bees from the wild-living colonies for which we were
able to get samples (N=16) confirmed that all colonies belong to the evolutionary lineage including Apis
mellifera iberiensis (lineage M). The relative assignment probabilities to a different lineage (M/A, M/C, M/O)
are also shown. Absolute probabilities of M-lineage classification are low since the reference data currently
only include samples of the sister subspecies of A. m. iberiensis.

Pole_Nr | classification probability M/A M/C M/O

1 M 0.000225 1.42E+13  1.42E+13 1.42E+13
2 M 1.14E-06 7.27E+10  7.42E+10 7.09E+10
3 M 5.30E-08 3.39E+09 3.40E+09 3.36E+09
6 M 1.23E-06 7.70E+10 7.67E+10 7.37E+10
9 M 1.35E-05 8.55E+11 &8.16E+11 8.58E+11
10 M 6.92E-13 4.30E+04 4.48E+04 4.32E+04
12 M 9.97E-07 6.24E+10 6.76E+10 6.05E+10
13 M 1.10E-06 7.10E+10 @ 6.79E+10 @ 6.84E+10
14 M 8.39E-07 5.32E+10 5.08E+10 5.23E+10
18 M 2.36E-08 1.49E+09 1.49E+09 1.55E+09
20 M 1.00E-07 6.35E+09  6.62E+09 6.55E+09
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21 M 2.71E-08 1.66E+09 1.77E+09 1.76E+09

23 M 2.27E-07 1.44E+10 1.55E+10 1.40E+10

24 M 1.08E -02 6.84E+14 6.77E+14 6.70E+14

27 M 4.29E-07 2.81E+10 2.82E+10 2.78E+10

28 M 2.78E-08 1.80E+09 @ 1.84E+09 1.77E+09
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Figure S1: Overview of the landscape types in the Ourense province based on the classification of
Pflugmacher et al., 2019. The study region with the observed power poles is located around the biggest patch

of industrial cropland in the centre of the map.
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™ Investigated area
O  Power pole

Figure S2: Surveyed area for the power pole inventory. The tracked GPS route is shown with a 250m buffer
area to each side of the driven road representing the assumed distance limit to spot a power pole. Map data:

contains modified Copernicus Sentinel data 2019/2020 processed by Sentinel Hub.
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Figure S3: Principal component analysis (PCA; using the prcomp function in R from the package
ggbiplot (Vu, 2011)) of the variation in land cover within 2 km buffer zones around the power poles
(the individual pole sites are indicated by grey dots). Large parts of the variation were explained by the
first principal component axis, as it captured 79.6 % of the variation and was negatively correlated with
semi-natural areas (forests and shrubland) and positively correlated with cropland. The landscape

types "urban area" and "water" are not shown as their loading scores are too small to be visible.

Figure S4: Power pole with closed entrances probably due to maintenance work of the electricity company.

The bees cannot enter the hollow pole anymore to build a nest inside the cavity.
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Power line in Galicia, Spain. This picture shows the striking landscape contrasts. From large areas of intensive

potato cultivation with high pesticide and fertiliser inputs in the foreground to semi-natural areas with no or
traditional, extensive use in the background. In Galicia I empirically identified landscape composition as one
important driver for viable populations of wild-living honey bees. Therefore, the protection of near-natural habitat
is of paramount importance for the conservation of wild-living honey bees in Europe. Photo taken by Alejandro

Machado.
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CHAPTER 6: GENERAL DISCUSSION

While researchers and bee scientists were generally unaware of the existence of wild-living
honey bee colonies, local beekeepers, ornithologists, or forest rangers knew about them but
were at the same time not familiar with the importance of this phenomenon. Until recently, the
cryptic nature of wild-living honey bee colonies, e.g. living secretly in trees or power poles high
above ground, has prevented them from being systematically studied in Europe. In fact, we
owed our knowledge about honey bees living wildly in temperate zones almost exclusively to
two populations outside their natural range in a forest in New York State (Seeley, 2007;
Mikheyev et al., 2015; Seeley et al., 2015; Seeley, 2017, 2019) and in the Wyperfield National
Park in southeast Australia (Oldroyd et al., 1997). Additional to the studies in the US, Oleksa
et al. (2013b) described wild-living colonies in Polish rural avenues that were initially
discovered as a by-catch while investigating hermit beetles (Osmoderma eremita) (Oleksa et
al., 2013a). Two other groups surveyed parasite burden of wild-living colonies in the UK and
Poland (Thompson et al., 2014; Lopienska-Biernat et al., 2017). However, systematic studies
about occurrence, density, survival rates, and food resources were missing in Europe. Thus, in
my thesis [ performed the first quantitative surveys of wild-living honey bees in Germany and

Spain and due to their occurrence studied wild-living honey bee colonies in both countries.

After it had been assumed by many for the last 40 years that wild-living honey bees in Europe
were “all but wiped out” (Meixner et al., 2015), the findings of my thesis open up many new

research questions, e.g. the following:

- How long do wild-living colonies survive and what is the average longevity of these
colonies?

- What is the lifetime reproductive success of their queens?

- Do these colonies present a risk to the managed honey bee population by harbouring
disease agents and re-infecting managed stocks? Or is the transfer of pathogens and
parasites rather happening from managed to wild populations via human-mediated
dissemination?

- What are the limiting factors of wild-living populations in Europe? Is the number of
wild-living colonies limited by parasites in the first place? Or is it the availability of
suitable cavities, or resource limitation that keeps wild-living honey bee population

density low?
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- Are wild-living honey bees threatened by the same stressors as beekeepers’ colonies?
And how can we foster wild-living populations and create conditions under which they

are viable?

THE STUDIES ON WILD-LIVING HONEY BEE COLONIES PRESENTED IN THIS THESIS

My thesis shows that wild-living honey bee colonies can still be found in various habitats and
regions in Europe and as an important reservoir of genetic variation, their population status
should be clarified. Given that wild-living and managed colonies belong to the same biological
population in any given region, and that both groups migrate (swarms escape from apiaries and
beekeepers can catch wild swarms causing a constant gene flow between wild-living and
human-kept populations), population demographic parameters must be measured over several
years to safely determine whether a given population is self-sustaining (Seeley, 1978; Oldroyd
et al., 1997; Seeley, 2017). So far, it is still unclear if the survival and reproductive rate of the
wild-living colonies in the two surveyed areas allow stable populations or whether they still
depend on the recurring emigration of swarms from managed apiaries. Since there are thousands
of woodpecker cavities and hollow poles in Europe being regularly occupied by honey bee
colonies, it is possible to use them to study population demography parameters of honey bees

in the wild.

While the survival of colonies residing in black woodpecker cavities in German forests is low
(Kohl, Rutschmann & Steffan-Dewenter, submitted), preliminary results on the survival rates
of colonies in power poles in Galicia are in the range of what is expected for a self-sustaining
population in the first two years. Even though colonies were present in both countries at low
densities, the colony density in the Spanish mixed agricultural landscape almost doubles the
one in German forest areas, implying better foraging conditions or more suitable nest sites.
Importantly, based on morphometric analyses of their wing venation patterns, the colonies in
Galicia belong to the endangered evolutionary lineage of the West and Northern European
honey bees (M-lineage). Future studies to identify the genetic identity with more scrutiny could
make use of new methods that are evolving including rapid innovations in single-nucleotide

polymorphism (SNP) array technology and high-throughput sequencing (Parejo et al., 2018).

Interestingly, in the mixed landscape in Spain, colonies surrounded by more semi-natural
habitat had an increased overwintering probability and I empirically identified landscape
composition as one important driver for viable populations of wild-living honey bees. While

the intensively farmed croplands of the study area are heavily contaminated with nitrogen and
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pesticides, shrublands and woods are mostly unpolluted and forage plants like Castanea sativa,
Rubus spp., Calluna vulgaris, and Erica, species might provide crucial resources in near-natural
areas for the bee’s survival. Unravelling whether the intensive agricultural land or the semi-
natural areas (or a combination of both) drive the difference in hibernation success should be

the subject of further studies.

Concern emerged that high densities of managed honey bee colonies may have unintended
negative effects on local wild bees populations via resource competition (for reviews see
Mallinger et al., 2017 or Wojcik et al., 2018) or dissemination of infectious diseases (see
Goulson and Hughes, 2015; Graystock et al., 2016; Piot et al., 2022), and could actually
exacerbate wild pollinator decline in some regions (Geldmann and Gonzalez-Varo, 2018).
Regarding wild-living colonies, their density is clearly lower than the one of beekeeper-
managed colonies (Jones, 2004; Jaffé et al., 2010; Requier et al., 2020). Also, they are more
equally distributed across the landscape, thereby reducing potential spread of diseases or
competition for food. This stands in contrast to managed colonies since beekeeping activity is
concentrated in rural and urban areas (Lorenz and Stark, 2015; Ropars et al., 2019).
Furthermore, due to the conditions under which wild-living colonies exist (e.g. frequent
swarming and small colonies (Seeley, 2019)), they should be less affected by pests and parasites

than managed colonies and therefore do realistically not threaten other pollinators in Europe.

Overall, extrapolating the entire population size of wild-living honey bee colonies residing in
German forests yields several thousand colonies (or over 80’000 wild-living colonies in
European forests (Requier et al., 2020)). They need to be considered when estimating overall
wild pollinator abundances or when assessing the role of forest areas in providing pollination
services to the surrounding land (Tscharntke et al., 2005; Jaffé et al., 2010; Mitchell et al., 2014;
Decocq et al., 2016). Moreover, knowledge about differences in resource availability among
different habitats and different types of forests are needed. Understanding and comparing the
drivers of the wild-living honey bee colony density in differently managed areas (Hinson et al.,
2015) will help to answer the question how frequent honey bees would naturally be in temperate
Europe. Compared to densities of one feral colony per square kilometre in the species-rich
Arnot forests in North-eastern United States (Seeley, 2019) or one feral colony per two square
kilometre in historic tree beekeeping regions in Russia (Galton, 1971), the density of wild-living

honey bee colonies in Europe is low, suggesting mediocre foraging or nesting conditions.
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Lack of resources might partly explain the low densities of wild-living honey bee colonies in
Central European forests. My study presented in CHAPTER 4 is the first to compare a European
forest landscape in terms of its suitability as refugium for pollinating insects. Investing colonies
located in forests, the original habitat of the honey bee in temperate Europe, I identified periods
that lack key resources for wild-living honey bee colonies. While spring-flowering plants on
the forest floor offered important resources for honey bees after hibernation, the shortage of
pollen supply in forests in late summer is especially harmful, as colonies need protein to raise
winter bees. Nevertheless, contribution to overall weight gain was substantial during short
periods of the year and even though forests do not provide resources on a constant basis, a
certain quantity of forest in the landscape will benefit bees by providing additional carbohydrate
supplies (probably mainly honeydew) during short periods of the year (Mitchell et al., 2014;
Eeraerts et al., 2021). In fact, simple interventions could have great potential for releasing
resource limitations in managed forests. I highlight strategies to improve the suboptimal forage
situation in todays managed forests, e.g. creating more open areas, thereby improving light
permeability (as a main driver of food scarcity) or introducing more insect-pollinated tree
species. Importantly, measures aiming at increasing pollen sources inside the forest that flower

late in the season are urgently required.

In my thesis I established new methods to the research foraging ecology of wild-living honey
bees. My approach to combine waggle dance decoding and colony weight recordings at the
same time gave fundamental insights not only into the seasonal foraging patterns but also into
colony performance of a social bee species in forest dominated landscape. This combination
allows to infer habitat quality, immediately assess resource availability, and identify food
supply bottlenecks or interruptions in any habitat (Schellhorn et al., 2015). Furthermore, I used
an innovative methodology for evaluating the landscape for its expected ability to feed the bees.
From the overall distribution of foraging distances (based on all waggle dances decoded in the
study) I derived a function that describes the visitation probability of a given habitat patch in
relation to its distance from the hive. According to this visitation probability the surrounding
patches of the colony are weighted with further patches contributing less to the expected habitat
use. This approach has the advantage of directly incorporating a distance-correction into the
computation of expected habitat use. Expected and observed habitat usage can be easily
compared, and any discrepancies may be immediately interpreted as preferences for or against
a specific habitat type. Lastly, while the waggle phase is the actual distance signal used by the

bees, I show that inferring approximate foraging distances from measured dance circuit duration
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provides distance information sufficiently accurate for forage mapping, especially when large
numbers of dances (here N=2292) are being decoded. Nevertheless, dance decoding is very
noisy (Schiirch et al., 2013, 2016; Tautz, 2022). Therefore, I used a regression function to
calculate uncertainty buffers for dance-inferred natural foraging locations based on empirical
data from a feeder experiment (Kohl and Rutschmann, 2021). Based on the results of the feeder
training experiment it became evident that the error in forage mapping increases linearly with
foraging distance. Especially for advertised distances far from the hive this uncertainty should

be taken into account.

NEW WAVE OF STUDIES EXAMINING WILD-LIVING HONEY BEE COLONIES IN THEIR NATIVE RANGE

Although Apis mellifera is an important and natural part of the local fauna and biodiversity in
Europe, knowledge about wild-living colonies is only about to emerge. Contrary to Europe,
wild honey bee populations were described and investigated in great detail outside their native
range (in the US: e.g. Gambino et al., 1990; Morse et al., 1990; Kraus and Page, 1995; Baum
etal., 2005; Loper et al., 2006; Baum et al., 2008; Rangel et al., 2016; Seeley, 2019; in Australia:
e.g. Oldroyd et al., 1997; Cunningham et al., 2022; in South America: Rosenkranz, 1999;
Brettell and Martin, 2017; Martin et al., 2020). Similarly, when reviewing documented evidence
of wild Apis mellifera nesting sites to assess possible impact of honey bees on other cavity-
using species, Saunders et al. (2021) found only six (out of 27) studies carried out in their native
range and only two studies stemming from Europe (including CHAPTER 3 of this thesis).
Consequently, much of the applied research on wild-living honey bee colonies, e.g. on parasite
loads in feral colonies (Youngsteadt et al., 2015; Lopez-Uribe et al., 2017; Rangel et al., 2020;
Hinshaw et al., 2021), forager survival times and life spans (Ward et al., 2022), or population
growth rate and virulence of Varroa destructor collected from feral and managed colonies
(Dynes et al., 2020), was undertaken in the New World where the honey bee was introduced by

settlers.

After CHAPTER 3 of this thesis was published, a handful of further studies, both research and
opinion paper, on the subject of wild-living colonies in Europe were released. Requier et al.
(2019) emphasized the value of native honey bee colonies and encouraged integrated
conservation planning in natural areas to foster wild populations. Blacquiére and Panziera
highlighted the importance of leaving room for nature in the colonies reproduction (i.e. natural
selection) to enhance resilience and genetic diversity in managed and wild colonies (Blacquiére

and Panziera, 2018; Blacquiére et al., 2019; Panziera et al., 2022). Requier et al. (2020)
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analysed the tree cavity densities of 106 forest areas across Europe and estimated that more
than 80’000 wild-living honey bee colonies could be sustained in European forests. Importantly,
cavity density was highest in unmanaged broadleaved forests, a category most German national
parks belong to. Regarding data-driven studies, most reports documenting the occurrence of
honey bee colonies nesting wildly in Europe used help from the public to gather information
about the bees’ locations. Following a nationwide appeal in a newspaper, 182 colonies, largely
comprised of pure Apis mellifera, were described in Ireland (Hassett et al., 2018; Browne et al.,
2020). Unfortunately, the authors do not clarify whether the reported survival times refer to
colony lifespans or to the number of consecutive years a nest site was inhabited. Moro et al.
(2021) recounted 48 European reports from wild-living colonies via a targeted citizen science
approach without any information on their life-histories. A case of a population of wild-living
honey bees was found in the Serbian capital Belgrade, consisting of 460 opportunistic reports
of wild-living colonies for the years 2011-2017 (Bila Dubaié et al., 2021). Similarly, the
BEEtree-Monitor illustrates the clustering of wild-living colonies in densely populated, urban
areas in Germany (for a map of wild-living colonies see www.beetrees.org). The downside
using crowdsourcing to gather honey bee locations is the bias towards urban areas and often the

compromised data quality.

An increasing number of books give examples of Varroa resistant stocks and emphasize new
ways to keep honey bees (Heaf, 2021; Powell, 2019; Mittl, 2022) or address the ecology of
wild-living colonies (Seeley, 2019; Albouy, 2019). The cultural heritage of tree beekeeping
was inscribed in 2020 on the Representative List of the Intangible Cultural Heritage of
Humanity in Poland and Belarus (https://ich.unesco.org/en/RL/tree-beekeeping-culture-01573
or see Madras-Majewska and Skonieczna, 2021). Furthermore, the method of beelining was
recently used to a greater extent in several European locations by different individuals or
associations (in Germany (Sebastian Roth, personal communication, waldbienen.eu), in an
Austrian wilderness area (Oberreiter et al., 2021), in Switzerland (freethebees.ch) or in the UK
(https://www.theguardian.com/environment/2021/nov/07/no-one-knew-they-existed-wild-

heirs-of-lost-british-honeybee-found-at-blenheim)). All these developments buttressed the
view that the honey bee also occurs in Europe as a wild species and I pledge that research should
be undertaken to identify additional regions with native populations of Apis mellifera
potentially thriving without human intervention. Pan-European monitoring projects should be
set in place to determine the factors that affect the viability of wild-living honey bee populations

in different regions and climates. Independent of their population status, their occurrence has
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implications for the species’ perception among researchers, beekeepers, and conservationists
and one should differentiate between managed colonies aggregated in apiaries and colonies
living singly in natural nests. From a conservational point of view, it is evident that, due to their
low densities, wild-living colonies do not threaten other pollinators. On the contrary, as they
undergo a process of natural selection they can be an important asset to foster locally adapted
wild honey bee populations and deserve protection. Furthermore, there is an urgent need for
ecological research of the honey bee in nature e.g. to investigate the suitability of different
cavity types for colony wellbeing (Mitchell, 2016; Erdogan, 2019; Seeley, 2019), the ecological
interaction and potential competition for cavities or the interaction with honey bee predators

(Saunders et al., 2021).

In conclusion, the findings of my thesis suggest that the availability of semi-natural habitats is
an important driver of wild-living colonies. Particularly, if sufficient suitable habitat is
available, colonies may have a chance to develop sustainable populations in Europe. Therefore,
the protection and floral enrichment of habitats and safeguarding tree cavities and other sorts
of nesting sites are of paramount importance for the conservation of wild-living honey bees in
Europe. Merely reducing the level of intensification in forestry and agriculture could improve
flower density and cavity abundance and subsequently can give honey bees the chance to

resettle in European landscapes as a wild species.
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There is high competition for tree cavities in today’s forests. Here a young

black woodpecker (Dryocopus martius) and a honey bee colony (located in

different cavities) share the same habitat tree. Photo taken by Luigi Marchesi.
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