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1. ABSTRACT

As the popularity of urban beekeeping continuously increases, there is a growing
need to establish analytical criteria for the authenticity of urban honey. Across three
years, this research investigates the botanical characteristics of urban honey
through pollen analysis and reveals the most important foraging plants for
honeybees in twelve Central European cities. Two preparation methods for light
microscopy (hydrated and acetolysed) were applied to compare their advantages
for melissopalynological analysis. Additionally, the role of open-access databases

in supporting pollen identification was elaborated.

Urban foraging resources are defined by the distinctive ecological and socio-cultural
features of cities. Pollen spectra in honey from urban apiaries show high floral
diversity, shaped by the heterogeneity of managed green spaces. They strongly
reflect local vegetation patterns influenced by private and municipal planting
schemes. Climate-adapted urban trees are notably present in almost all samples.
Late-flowering ornamental and/or invasive trees such as Ailanthus altissima and
Sophora japonica extend the urban foraging season. In suburban honey, agricultural
crops play only a minor role. Year-to-year variation in honey from the same apiary

can be attributed to various abiotic parameters, including weather conditions.

Both the hydrated and acetolysed method are effective for the identification of
common pollen types and their relative abundances. The hydrated method is more

suitable in diversity studies. DNA metabarcoding may offer complementary insights.

This study provides a foundation for refining both scientific methodology and
regulatory frameworks for the assessment of urban honey. It shows that light
microscopy remains a relevant analysis tool. Results may serve further studies in
the context of ecology climate change and honeybee foraging. To reflect the
globalised and heterogeneous floral compositions typical of urban environments,

traditional geographic labelling frameworks may require revision.

11
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2. ZUSAMMENFASSUNG

Die zunehmende Beliebtheit urbaner Bienenhaltung macht auch die Etablierung
neuer Analysekriterien notwendig, mit denen die Authentizitat von Stadthonigen
beurteilt werden kann. Die vorliegende Arbeit untersucht Uber einen Zeitraum von
drei Jahren die botanischen Merkmale von Stadthonig mittels Pollenanalyse. Sie
zeigt die wichtigsten Trachtpflanzen fir Honigbienen in zwolf mitteleuropéischen
Stadten auf. Zwei lichtmikroskopische Préaparationsmethoden (Hydratation und
Acetolyse) wurden angewendet, um deren jeweilige Vorteile miteinander zu
vergleichen. Dartber hinaus hebt die Studie hervor, wie wichtig frei zugangliche

Referenzdatenbanken fir die zuverlassige Pollenbestimmung sind.

Das Nahrungsangebot fur Honigbienen im urbanen Raum ist gepréagt von
besonderen o©kologischen und soziokulturellen Merkmalen sowie einer grof3en
Heterogenitat an Grunflachen. In der hohen Pollenvielfalt im Honig spiegelt sich die
lokale Vegetation mit vielfaltigen privaten und stadtischen Anpflanzungen wider.
Klimawandel-angepasste Ziergeholze sind in beinahe allen Honigproben vertreten.
Sp2tbl ¢hende AExotenidi wund/oder invasi ve
(Ailanthus altissima) oder der japanische Schnurbaum (Sophora japonica)
verlangern den Sammelzeitraum stadtischer Honigbienen. Am Stadtrand spielen
landwirtschaftlich genutzte Pflanzen nur eine untergeordnete Rolle. Variationen in
den Pollenspektren unterschiedlicher Jahre sind auf abiotische Parameter wie die

jeweiligen Witterungsbedingungen zurtickzufihren.

Sowohl die Hydratation als auch die Acetolyse eignen sich gut fir die Bestimmung
der Pollentypen und ihrer relativen Haufigkeiten im Honig. Die Hydratation ist
insbesondere bei Diversitatsstudien vorzuziehen. Ergdnzende Verfahren wie DNA-

Metabarcoding kdnnen interessante zusatzliche Einblicke geben.

Diese Forschungsarbeit liefert die Basis fur die Weiterentwicklung sowohl der
wissenschaftlichen Methodik als auch der regulatorischen Rahmenbedingungen fir
die Bewertung von Stadthonigen. Sie zeigt, dass die Lichtmikroskopie weiterhin ein

13
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relevantes Instrument fur melissopalynologische Untersuchungen ist. Die
Ergebnisse kdnnen als Grundlage fir weiterfihrende Studien im Kontext von
Okologie, Klimawandel und dem Sammelverhalten von Honigbienen dienen.
Konventionelle Herkunftsanalysen sind so zu Uberarbeiten, dass sie den
Besonderheiten von Stadthonigen flexibel gegenliberstehen und das fur Stadte

typische globalisierte, heterogene Trachtangebot widerspiegeln.

14
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3. GENERAL INTRODUCTION

3.1. BIOLOGICAL AND AGRICULTURAL SIGNIFICANCE OF HONEYBEES

Honeybees play a vital role for the ecosystem. They offer pollination services to
plants by collecting nectar and pollen from flowers. In return, receive nutrients which
they store as honey. Beekeeping has enabled humans to harvest honey to enrich

their diet and trade it as a valuable commodity.

3.1.1. The species Apis mellifera

The Western honeybee, Apis mellifera, is a eusocial, state-building Hymenoptera
species native to Europe. Col onies consi st
nonf ertile female Awor ker beeso, and a fe
communicate and organise themselves through complex patterns of dance

language as well as pheromones (Seeley 1985; Crane 1990; Johnson 2023).

Foragers collect nectar and other plant/insect excretions with their proboscis, store

it in a separate honey stomach, and regurgitate it upon arriving back in the hive
(Goodman and Munn 2022). Other worker bees add enzymes like invertase, which

breaks down sucrose into the simple sugars glucose and fructose. It is then stored

in beeswax cells in the honeycomb, where evaporation causes the water content to

decrease greatly and form the viscous substance known as honey (Crane 1990;
Moosbeckhofer and Bretschko 1996; Johnson 2023). The typical flight radius of

forager bees is 2-3 km, although scout bees may explore resources as far as of 6-

10 km from the hive (Couvillon et al. 2015; Goodman and Munn 2022).

Out of the genus Apis, only two species have been truly cultivated: Apis mellifera
and Apis cerana, which is restricted to Asia. Europe is native to several subspecies
of Apis mellifera. The Carniolan honeybee, A. m. carnica, originates in the
Carpathian plains, Slovenia and Southern Austria. It is known to behave gently and
to be a highly productive honey producer ( Rut t ner 1988; Sul zner 2
al. 2022). The European dark bee, A. m. mellifera, is widely distributed from the Ural
Mountains in Russia to the Pyrenees in Spain, including Scandinavia, and the British
Isles (Crane 1999). It is better adapted to colder climates and shows more defensive
behaviour (Uzunov et al. 2014). In Austria, it overlaps with the distribution area of

15
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A. m. carnica (Ruttner 1988; Moosbeckhofer 2007). Other subspecies used for
commercial beekeeping in Central Europe are A. m. ligustica and the Buckfast bee.
While the Ligustica bee is native to Italy, the Buckfast bee emerged from a breed of
A. m. mellifera and A. m. ligustica (Faugere and Dussy 2023). All subspecies display
a generalist foraging behaviour. According to Koppler (2007), the spectra of
collected pollen differs in date of sampling and sampling location, but not between
various Apis mellifera subspecies. Honey analysed for this research was solely
collected by A. m. carnica bees, which is the most commonly kept honeybee breed
by commercial and private apiarists in Austria and the surrounding areas
(Moosbeckhofer and Bretschko 1996; Moosbeckhofer 2007).

3.1.2. Honeybee nutrition

Both larvae and adult honeybees obtain their nutrients from plants. Their main
source for carbohydrates is nectar and their main source for proteins and lipids is
pollen. The long-term storage of nectar is honey, while pollen is stored in beebread
(perga) for later consumption (Crane 1990).

Not all nectar and pollen sources are of equal value for the honeybee diet. Nectar
composition can vary greatly between plant taxa, with a sugar content typically
ranging between 20% and 40% (Brodschneider and Crailsheim 2010). The main
sugars comprising nectar are fructose, glucose, and sucrose, with higher molecular
sugars such as maltose, trehalose and melezitose also present. The protein content
of pollen is also species-dependent and lies between 10% to 30% (Liolios et al.
2015) or even 60% (Wright et al. 2018). Honeybees need multiple floral sources to
manage their need for essential amino acids like leucine, isoleucine, and valine
(Brodschneider and Crailsheim 2010; Liolios et al. 2015). However, when facing
protein shortages, colonies seem to adjust the rate of pollen collection rather than
going for higher quality pollen types (Pernal and Currie 2001). Pollen grains also
contain 7% to 20% lipids, the most important essential fatty acids being alpha-
linolenic acid and linolenic acid. Vitamins and minerals are usually foraged along
with water but are also contained in nectar and pollen (Johnson 2023). Optimal
nutrition is best achieved through foraging on different plant taxa in a diverse

environment (Roulston and Cane 2000; Liolios et al. 2015).

16
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3.1.3. From honey hunting to modern apiculture

The history of honey harvesting dates back at least 4,500 years and has for the
most part been a process of hunting for wild hives (Crane 1999). After the
domestication of honeybee colonies, beekeeping turned into a profession. Improved
hive design with moveable frames revolutionised beekeeping in the 19" century and
simplified hive management, pest control, and honey harvesting (Moosbeckhofer
and Bretschko 1996; Crane 1999). While this accelerated the commercialisation and
professionalism of apiculture, the structure of beekeeping in Austria remains small-
scaled with an average of 13 hives per enterprise and only 1.5% professional
apiarists (Boigenzahn 2025). Honey extraction times are closely tied to the seasonal
rhythm of honeybees, which is coupled with the progression of climate and plant
phenology (Seeley 1985). Depending on the environment and the primary nectar
sources, many beekeepers in Central Europe are able to extract twice within the
vegetation period: A first time in spring (Mayi June) and a second time in summer
(July’ August). In areas with less abundant floral resources, a single harvest in
Junei July is common (Moosbeckhofer and Bretschko 1996). The actual honey yield
per colony may vary widely according to the climatic region, the Apis mellifera
subspecies, and supplementation with carbohydrates (Brodschneider and
Crailsheim 2010).

3.2. HONEY AS A FOOD PRODUCT

Until the establishment of industrial sugar production in Europe around the year
1800, honey was the only known sweetener. Apart from sugars and water, honey
also contains organic acids, minerals, vitamins, and enzymes. Through its
antimicrobial and probiotic properties, honey offers additional health benefits (Crane
1999). Today, honey is marketed in a multitude of packaged and semi-processed
ways, as well as being a major ingredient in snacks, baked goods, and cereals
(Bellik and Iguer-Ouada 2013). It has become a multi-billion-dollar business and
globally traded commodity with well established distribution lines. As such,
authenticity, adulteration, and consumer safety are constant issues, requiring strict
regulations on what can be sold and under which label (EC 2002; Soares et al. 2017,
Thrasyvoulou et al. 2018; AGES 2020).

17
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3.2.1. Global honey market and consumption

The average honey consumption per capita in the European Union ranges from 0.31
0.4 kg in France and Great Britain to 1.07 1.8 kg in Germany and Austria (Bellik and
Iguer-Ouada 2013). Economically, the biggest producers of honey worldwide are
China, Turkey, Ethiopia, Iran, Argentina, India, Russia, Brazil, United States, and
Mexico (FAOSTAT 2025). Honey production in the European Union marked
285,700 tons in 2022. An additional 363,077 tons were imported, while 17,533 tons
were exported from the EU (CBI 2024). The global honey market size is estimated
at USD 9.45 billion in 2023 (Grand View Research 2025).

3.2.2. Honey authenticity and testing

According to the Codex thé haturaleswe¢et substarsce
produced by Apis mellifera bees from the nectar of plants or from secretions of living
parts of plants or excretions of plant-sucking insects on the living parts of plants,
which the bees collect, transform by combining with specific substances of their
own, deposit, dehydrate, stor e and | eave i n honeyco

(Codex Alimentarius Commission 2022).

Honey as a food product is particularly prone to adulteration, because of the high
market demand and limited natural production by honeybees. Testing for
authenticity is necessary to ensure quality standards such as the nutritional value of
honey, consumer safety, and correct labelling (Bogdanov and Gallmann 2008;
Soares et al. 2017). This is typically done at specialised laboratories and follows
national and international legislation (Thrasyvoulou et al. 2018). Such tests consist
of sensory, physico-chemical, and melissopalynological components. At first, the
taste and smell of a sample is compared to the label under which it is distributed
(Marcazzan et al. 2018). Physico-chemical testing includes moisture content, sugar
profile, electrical conductivity, enzyme activity, free acidity, and the pH level
(Persano Oddo and Piro 2004). Botanical and geographical origin is examined with
the help of pollen analysis (Louveaux et al. 1978; Von der Ohe et al. 2004; Soares
et al. 2017). As a natural product, honey does not contain any additives or
preservatives. Further, to be sold as a food product, it must not be filtered, heated,
or have started to ferment (EC 2002).
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Honey fraud can be divided into two main categories: 1. The production of honey,
which covers the filtration of pollen, thermal treatment, increased water content, and

the addition of sugar syrups; 2. Honey labelling concerns both the botanical and
geographical origin as well as, (Ee 2092; , Aor
Bogdanov and Gallmann 2008; Soares et al. 2017). The relation between analysis
methods and regulative legislations on the one hand and adulteration practises on

the other hand can be descr i bed a Everfmneworeethods oftfraud n 0
require a constant update of control mechanisms. Melissopalynology may not be
suitable for the detection of all fraudulent practises, such as the filtering and the
addition of customised pollen compositions. It does however provide good
identification success on the level of plant species/genera and thus is still invaluable

for the analysis of foraged plants and geographical origin (Soares et al. 2017).

Honey labelling differentiates between multifloral and unifloral honey as well as

honeydew honey:

3.2.2.1. Multifloral honey

Multifloral (polyfloral) honey is defined as wholly or mainly from nectar of flowers
and extrafloral nectaries. It has been foraged by honeybees from a multitude of floral
resources. Colour, viscosity, and flavour profile can vary, depending on the
vegetation surrounding the hive. Organoleptic, physico-chemical, and
melissopalynological characteristics do not meet the criteria for unifloral honey. The
jars therefore must be | abelled in a more g
according to the seasons in which they were harvested in (EC 2002; AGES 2020).

3.2.2.2. Unifloral honey

Unifloral (monofloral) honey has the predominant character of a single floral source.
This plant species is responsible for the unique flavour, aroma, colour, and viscidity
of the honey (Persano Oddo and Piro 2004). Multiple tests have to be passed before
the respective honey can be sold as unifloral. This includes organoleptic and
physico-chemical evaluation as well as the analysis of botanical origin through
pollen analysis (Beckh and Camps 2009). Whether a plant species gives unifloral
honey depends on several factors, including the amount of nectar production, a
distinct flowering period, honeybee foraging behaviour, and the plant diversity in the
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vicinity of the hive. Of the more than 100 taxa giving unifloral honey in Europe, some
are widely distributed and relevant for commercial reasons, while others are
produced only on a local scale (Persano Oddo et al. 2004). Typically, unifloral honey
is sold at a higher price than honey blends (Persano Oddo & Bogdanov 2004). The
main plant species contributing to unifloral honey in Central Europe are highlighted

in Table 1. Percentage thresholds may vary according to national legislation

(Thrasyvoulou et al. 2018).

Table 1: Main botanical species giving unifloral honey in Central Europe, as well as the required
range of percentages (relative abundances of particular pollen species in the honey).

English Name Deutscher Name Latin name Range Reference
Oilseed Rape Raps Brassica napus 60-99% Persano & Piro 2004
Heather Besenheide Calluna vulgaris 10-77% Persano & Piro 2004
Sweet Chestnut Edelkastanie Castanea sativa 86-100% Persano & Piro 2004
Cornflower Kornblume Cyanus seggetum 20% (> 8%) Beckh & Camps 2009
Erica (heather) Erika Erica sp. > 45% Beckh & Camps 2009
Buckwheat Buchweizen Fagopyrum esculentum 30% Beckh & Camps 2009
Fennel Fenchel Foeniculum vulgare 68% (> 55%) von der Ohe 2016
Sunflower Sonnenblume Helianthus annuus 12-92% Persano & Piro 2004
Lavender Lavendel Lavandula sp. 1-20% Persano & Piro 2004
Stone fruits Steinobst Prunus sp. 68% (> 60%) Beckh & Camps 2009
Alpine rose Alpenrose Rhododendron sp. 3-20% Persano & Piro 2004
Black locust Robinie (Akazie) Robinia pseudoacacia 7-60% Persano & Piro 2004
Raspberry Himbeere Rubus sp. 82% (>71%) Beckh & Camps 2009
Dandelion Léwenzahn Taraxacum sp. 5-41% Persano & Piro 2004
Linden (Lime tree) Linde Tilia sp. 1-56% Persano & Piro 2004
Clover Klee Trifolium sp. 70% (> 60%) Beckh & Camps 2009

3.2.2.3. Honeydew honey

Honeydew honey consists partly or mainly of excretion products from phloem
feeders such as certain aphids (Ali et al. 2024). Typical botanical origins of
honeydew are Abies sp. (fir), Picea sp. (spruce), and Pinus sp. (pine tree).
Deciduous tree species giving honeydew are, e.g., Quercus sp. and Tilia sp.
(Heimbach 1986).
restricted to honey from forested areas. Honey from urban parks and green spaces
must not be labelled as such (DLMBK 2023). From a physico-chemical perspective,

honeydew honeys typically have a higher pH value and electric conductivity as well

However,
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as a different sugar spectrum than multifloral or unifloral honey (DLMBK 2023).
Microscopical characteristics of honeydew honey are fungal spores, microalgae,

and wax elements.

3.2.2.4. Other bee products

Other bee products, which are commonly harvested and sold for human
consumption, include corbicular pollen pellets, propolis, and royal jelly (Crane 1999).
Pollen pellets are collected off the hind legs of the forager bees with specialised
combs at the entrance of the hive. They are of different colours, depending on their
predominant floral source (Kirk 2018). Propolis is a resinous mixture of beeswax,
phloem exudates, and honeybee saliva. It is produced by bees to construct, seal,
and repair the hive. Thanks to its antimicrobial properties, it is used to treat illnesses
such as cough and wound healing (Walker and Crane 1987; Crane 1999). Royal
jelly is the nutrient mixture secreted by nurse bees to feed the queen larvae. It is

high in proteins, mineral content, and vitamins (Crane 1999; Johnson 2023).

3.3. URBAN HONEY

3.3.1. Characteristics of the urban environment

The degree of urbanisation has increased continuously over the last decades. With
cities spreading and becoming more dense, natural landscapes cease. Species
have to adapt to urban conditions, including an altered microclimate, habitat
fragmentation, and a new array of food sources and competitors (Goulson et al.
2015). Plant species are introduced and maintained for aesthetic reasons, which
favour some pollinators and endanger others (Bates et al. 2011; Baldock 2020;
Prado et al. 2024).

3.3.1.1. Climate, green spaces, and intentional planting

The climate in cities may differ drastically compared to the surrounding rural areas,
due to the density of built elements and impermeably sealed surfaces.
Anthropogenic emissions of light, heat, and air pollutants interfere with atmospheric
processes like radiation and evaporation, leading to the so-called urban heat island
effect (Oke 2017; Marando et al. 2022). Urban green spaces may consist of parks,

private gardens, cemeteries, road verges, rail tracks, industrial sites, brown fields,
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green rooftops and facades, allotments, urban farms, and remnant natural
vegetation (Lepczyk et al. 2017; Baldock et al. 2019; Ayers and Rehan 2021). The
quality of different types of green spaces can be described as continuum from
original plant communities to highly altered patches of ornamental and invasive
plants, requiring a varying degree of long-term maintenance (Bates et al. 2011,
Baldock 2020; Bell et al. 2023). The higher the individual patch size and connectivity
between isolated green spaces, the higher is their positive impact on the natural
ecosystem (Lepczyk et al. 2017). Plants, however, need to be well adapted to heat
and drought when growing in urban areas. This may favour non-native plants
(Sjoman et al. 2012; Sponsler et al. 2020; Fox et al. 2022). Additionally, urban green
spaces are often shaped by intentional choice of species or compositions planted
by private and municipal gardeners.

3.3.1.2. Insect pollinators in cities

The composition of insect species is filtered by their ability to deal with the unique
features of urban landscapes. Many thermophilic species prefer the warm and dry
condition of inner-city environments over those in seminatural or rural areas (Hall et
al. 2017; Baldock 2020). However, through habitat modification and the urban heat
island effect, a simplification of functional trait diversity in urban wild bee
communities was reported (Baldock 2020; Ferrari and Polidori 2022). Conditions in
densely built-up areas require sufficient flight ability to deal with habitat
fragmentation, less strict dietary specialisation, and the availability to find nesting
sites. Insect pollinators in cities are more polylectic in their diet, depict a higher cavity
nesting behaviour, and later emergence (Bates et al. 2011; Ayers and Rehan 2021).
On the other hand, specialist foragers are underrepresented because of the various
qualities of green spaces and their loose connectivity (Bates et al. 2011; Lepczyk et
al. 2017). In general, there seems to be an incongruence between what plants urban
bees and urban gardeners find attractive (Bell et al. 2023). However, the willingness
among garden centre customers to preferentially choose bee-friendly plants is great
(Wignall et al. 2019).

3.3.2. Urban beekeeping

Beekeeping has gained popularity across many urban areas worldwide. The density

of honeybee colonies in some Central European cities by far exceeds the one in the
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countryside (Casanelles-Abella and Moretti 2022). In Vienna, around 5,000
honeybee colonies are kept by 700 apiarists (Stadt Wien 2025a), which equals 12
hives per square kilometre. With around 4,500 beehives within its municipal borders,
the density in Ljubljana is even more than twice that of Vienna (City of Ljubljana
2025).

There are multiple socio-ecological benefits to urban beekeeping (Egerer and
Kowarik 2020; Sponsler and Bratman 2021): As regionality and transparency are in
high demand among customers, it can be a source of local supply parallel to urban
gardening. When run in a sustainable way, urban apiaries can be a chance to teach
city dwellers about the environment and importance of pollinator conservation (Cho
and Lee 2018). They create livelihoods by providing apiarists with economic
opportunities. Urban honey can be offered at elevated prices, with eye-catching
labels and the potential to generate additional benefits from advertisement of a
certain landmark or rooftop (Soares et al. 2017). Urban apiaries also bring together
an expert community of beekeepers, urban planners, and scientists. On the other
hand, there is some concern about the competitive stress on wild bees (Ropars et
al. 2019; Weissmann et al. 2021; Gratzer and Brodschneider 2023), the
transmission of diseases to wild pollinator assemblages, and stinging (Sponsler and
Bratman 2021; Matsuzawa and Kohsaka 2022; Melathopoulos et al. 2025). Colla
(2022Juses t he -weshmi mpeef or the negative

hype on wild bee conservation efforts, criticising misleading information and

misallocation of resources.

The extent of urban beekeeping largely depends on local regulations and governing
regimes. Some cities offer a high amount of support, e.g., through advice for
nuisance-free residential beekeeping, offering training and services for apiarists,
research grants, and consideration in urban green planning (Melathopoulos et al.
2025; Erhart et al. 2022). Other cities may have restrictions in place or are planning
on establish them, or they limit the number of apiaries due to human safety and/or
ecological concerns (Casanelles-Abella and Moretti 2022; Matsuzawa and Kohsaka
2022). In Austria, restrictions primarily concern pest control and the distance to the
nei ghbour sd (@WrermepLandtagy2000)i n e s
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3.3.3. Specific challenges for authenticity of urban honey

The urban beekeeping boom comes along with strong marketing efforts for a variety
of honeybee products (honey, corbicular pollen loads, or value added derivates like
oxymel and mead), as well as seasonal beehive renting and management services
for businesses and private individuals (Sponsler and Bratman 2021). Major
concerns for authenticity of urban honey include geographical origin and incorrect
labelling. From a food safety perspective, urban pollutants may create potential

health hazards.

3.3.3.1. Origin and labelling

Inner city rooftops and private gardens can typically only host a small number of
honeybee colonies. The net weight of urban hives in a study in Latvia increased
continuously throughout summer, rather than in peak-patterns related to the
flowering of mass crops in spring (Komasilova et al. 2023). This may shift harvesting
times and limit the honey material from a one city site to often not more than 100 kg
a year, which is in stark contrast to the high demand of honey from, e.g., a certain
address or landmark. Transparency can be vague in order to disguise potential
blending practises (Soares et al. 2017) and labelling can be intentionally misleading.
In addition, regulative methods relying on pollen analysis may be insufficiently
acknowledging the altered plant communities in urban areas with high amounts of
non-native plants (Bates et al. 2011; Sponsler et al. 2020; Fox et al. 2022; Bell et al.
2023).

Current legislature (EC 2002; AGES 2020; DLMBK 2023) offers guidelines to honey
labelling in the general terms. So far, they have indifferently been applied to honey
from inner city apiaries. However, most commercial urban honey distributers use
labelling far more detailed and specific regarding a certain site. According to (Soares
et al. 2017), labelling honey in such detailed manner requires to proof that the exact
pollen type combination is unique to this location and cannot be expected in the
surrounding areas. However, because of the typical 3 km flight radius of honeybees
(Couvillon et al. 2015), a differentiation between neighbouring political districts or
even rooftops is purely speculative (Soares et al. 2017) and as such alone is not
compliant with regulations on the labelling of geographical origin (AGES 2020).
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However, next to all other national and international labelling requirements, it is not

illegal to add geographical references to the label for marketing purposes.

3.3.3.2. Food safety and contaminants

Several studies have researched the safety of honey for consumers in regards to
heavy metal contamination, the presence of polychlorinated biphenyls (PCBs) and
polycyclic aromatic hydrocarbons (PAHS), pollen from GMO plants, antibiotics and
pesticides (Soares et al. 2017; Quiralte et al. 2023). Potential contaminations are
either due to environmental contamination of nectar and pollen, or due to treating
hives in the apiary (Bogdanov 2006; Passarella et al. 2022). The level of heavy
metals was generally attributed to air polluton( J ov et i |  anttheelevate® 0 1 8)
levels of the PAH naphthalene to combustion (Passarella et al. 2022). The seasonal
differences of PAHs and PCBs concentrations in urban honeybee and pollen
samples are due to fluxes in anthropogenic emissions (Sari et al. 2020). As matter
of food safety, J o v e t i {2018)trepoatdd that all their analysed honey samples
from Belgrade, Serbia, met the international and national quality criteria for safe
human consumption. There are still no established maximum levels of PAHs, PCBs,
heavy elements, and other contaminants in honey (EC 2010; Thrasyvoulou et al.
2018; Quiralte et al. 2023).

3.4. PALYNOLOGY

3.4.1. Pollen development

Pollen grains are the reduced gametophyte of seed plants and contain the male
gametes (sperm cells). They only possess one set of chromosomes, since they
develop through meiosis of pollen mother cells in the microsporangia of anthers

(angiosperms) or cones (gymnosperms).

During microsporogenesis, diploid microsporocytes are enclosed by a thick callose
layer and undergo meiosis, in which a tetrad of haploid microspores is formed.
Polarity as well as aperture orientation of the pollen grain are determined at this
stage (Figure 1, from Halbritter et al. 2018). Each of these microspores is then itself
enclosed with callose and develops into a fertile pollen grain through the process of

microgametogenesis. In a first mitotic division, a large vegetative cell with vegetative
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nucleus and a much smaller, spindle-shaped generative cell are formed. The
second pollen mitosis produces two sperm cells. This happens either still in the
anther, or later in the pollen tube after successful pollination. Whether pollen grains
are dispersed in a 2-celled or 3-celled stage depends on the plant taxon (Brewbaker
1967; Williams et al. 2014).

During the maturation of pollen grains, the exine and the intine layer of the pollen
wall are formed. At first, primexine is deposited on the surface of the microspores.
The endoplasmic reticulum of the microspore cell inhibits the deposition of primexine
in the predetermined aperture positions. Later, the primexine template is substituted
by sporopollenin to build the final pollen wall. A layer of specialised tapetum cells
around the microspore is responsible for its nourishment as well as the synthesis of
the callase enzyme, exine precursors, Ubisch bodies, viscin threads and pollenkitt
(Halbritter et al. 2018). Before anthesis, the mature pollen grain dehydrates, which

preserves it for dispersal. The mature anthers dehisce and release the pollen.

Figure 1: Configuration of microspores and tetrad pollen grains with the apertures (yellow), polar axis
(red line), and distal poles (shaded green). In: Halbritter et al. 2018, p.38.
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3.4.2. Pollination mechanisms
Dispersal of pollen grains is vital for the reproduction and distribution as species.
Plant taxa have developed various strategies for short- and long-distance pollen
dispersal, which involve biotic or abiotic vectors. The most common are:
Anemophily (wind)
Zoophily (animals)

Hydrophily (water)

= == == =2

Autophily (self-pollination)

Wind pollinated plants typically produce masses of pollen, which is exposed on
reproductive structures such as cones or spikes. Anemophily is ideal for long-range
transport and the predominant pollination syndrome in higher latitudes. Pollen, e.g.,

from pine trees, can travel thousands of kilometres by wind (Willmer 2011).

The majority of animal pollinators are insects (entomophily), bats (chiropterophily),
and birds (pterophily), although the latter two occur mostly in the tropics (Willmer
2011). Insect pollination is limited to the flight range of pollinators. Plant taxa have
evolved distinct pollination syndromes to attract specific pollinators. They depict
certain colours, shapes, and odours, oftentimes in combination with nectar guides
(e.g., Asteraceae). In a mutualistic relationship, plants foraged by honeybees and
other hymenoptera typically display nectar and pollen as reward for pollinators.
Certain bee species also collect oils, resins, and scents (Willmer 2011). Much more
rarely, hydrophily is the transportation of pollen by water, which usually happens on
the water surface (Taylor et al. 2020).

Self-pollination in plants can be divided into autogamy, in which the pollen of the
anther pollinates the stigma in the same flower (e.g., many kinds of orchids), and
geitonogamy, in which the pollen is transferred to another flower or
microsporangium of the same plant individuum. Cleistogamy is a specialised form
of autogamy, where flowers do not fully open, such as in Viola species (Ammarellou
et al. 2021).
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3.4.3. Pollen morphology
Pollen morphology is described through different parameters in relation to the
structure and form of pollen grains. Morphological identification of pollen grains is
important in order to understand taxonomic relations, evolutionary biology, ecology,
and plant reproductive biology. The main parameters are:
Dispersal unit
Shape and symmetry

Size (length of polar axis and diameter)

Number, shape, and arrangement of apertures

= =2 =4 -4 -2

Ornamentation of the pollen wall

The shape of pollen grains is often determined by the dispersal mechanism.
Anemophilous pollen does usually not have prominent sculptural elements or
pollenkitt. Some gymnosperms such as Pinaceae are saccate. Pollen grains of
zoophilous plant taxa have a rougher surface, oftentimes with sculptural elements
such as striae or echini. Pollenkitt, a gluey substance produced in the anther, may
be present for adherence. Pollen transported in or on the water typically has a very

thin wall and reduced apertures (Punt 1986; Pacini and Hesse 2005).

The main functions of the aperture are harmomegathy, ion exchange, and
germination (Thanikaimoni 1986). In order to protect the cytoplasm from
dehydration, plants may reduce the aperture area. For germination on the flower,
pollen grains are rehydrated in liquid on the stigma of flowers. The larger the
aperture area and number, the quicker the pollen tube is formed and can transfer
the sperm cells to the gynoecium. Factors influencing the exine pattern of pollen
include transportation, protection, germination, as well as genetic factors (Punt
1986). The pollen wall can be very thick in species that rely on pollination by larger

insects, bats, and birds.

3.4.4. Pollen ultrastructure

The term ultrastructure is used for cellular and sub-cellular components of the pollen

wall and the cytoplast. The two primary layers of the angiosperm pollen wall are the
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intine and the exine. Subclassifications, additional layers, or reductions can occur
depending on the plant taxa and its evolutionary relations (Figure 2, from Halbritter
et al. 2018). The use of transmission electron microscopy (TEM) provides a detailed
view of the internal wall construction. The exine structure is comprised of the
complex and very durable biopolymer sporopollenin (Straka 1975; Halbritter et al.
2018), which is often naturally coloured or artificially stained and used for pollen
identification in LM. The intine, endexine and foot layer may appear in the LM as a
gap between exine and cytoplast.

Some of the contents of the cytoplast can be observed with the LM as well. To
determine whether a pollen type is binucleate or trinucleate (Brewbaker 1967), a
drop of acetocarmine is added to fresh pollen. The nuclei of the two sperm cells are
usually more spindle-shaped and stain darker than the generative nucleus
(Halbritter et al. 2018). If starch is present, potassium iodine will stain the starch
granules dark brown. Starch reserves are disproportionally more prevalent in

anemophilous species (Roulston and Cane 2000).

A supratectal
elements
tectum
: ()
w —
e £ 3
% Q < columellae h | /
_E foot layer
& )
= endexine ‘
intine

tectate atectate

Figure 2: Structure of the pollen wall. In: Halbritter et al. 2018, p. 47.

3.4.5. Applied palynology

Various disciplines can profit from the study of pollen grains and spores. Aerobiology
identifies pollen and monitors their concentration in the air to determine air quality
and the burden for allergy sufferers. The latter stresses the relevance of pollen in

the medical field (Dirr et al. 2023; Bastl et al. 2023). In archaeology, pollen may be
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analysed from waste dumps, coprolites, and kitchen vessels in order to reconstruct
ancient lifestyles, foods, medicines, agricultural habits, and environmental
conditions (Weber et al. 2020; Jakobitsch et al. 2023). Forensic palynology relates
identified pollen grains to potential environmental sources, timespans, and origins
of the material. It involves the analysis of crime scenes, clothes, and body parts
(Mildenhall et al. 2006). Palaeoecology and climate reconstruction use drill cores of
sediment rocks or sediments in water bodies to assess changes in pollen spectra
over long time periods (Straka 1975). Prehistoric plant-pollinator interactions can be
assumed from relating fossil pollen grains to pollen on fossil insects (Geier et al.
2024).

3.5. MELISSOPALYNOLOGICAL METHODS

Melissopalynology is the study of analysing pollen grains found in honey. It is
performed to examine the floral as well as the geographical origin of honey and thus
ensures the quality and authenticity of honey as a food product (Von der Ohe et al.
2004; DLMBK 2023). Ecologically, melissopalynology allows to identify the types of
plants that bees forage on. This may serve as an environmental monitoring tool to

assess the quality and plant diversity of the surrounding ecosystem.

3.5.1. History of melissopalynology

The advance of light microscopes with sufficient magnification was the starting point
of melissopalynological studies around the beginning of the 20" century. In the
1 9 3 Odiscreased interest in honey analyses lead to the first extensive literature
works (e.g., Armbruster and Oenike 1929). Mid-20" century, Gunnar Erdtman
developed the acetolysis technique for pollen (Erdtman 1943). In the last third of the
20" century, great advances in melissopalynology have been published (Louveaux
et al. 1978; Sawyer 1988; Vorwohl 1995). The international standardisation of
techniques for the analysis of botanical and geographical origin of honey as a food
source has been attempted by members of the International Honey Commision
(e.g., Persano Oddo et al. 2004; Von der Ohe et al. 2004). In more recent years,
molecular methods such as DNA metabarcoding (Bell et al. 2016; De Vere et al.
2017; Fox et al. 2022) and Near Infrared Spectroscopy (Escuredo et al. 2021; Bodor
et al. 2021) have been elaborated.
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3.5.2. Standardised metho ds
3.5.2.1. Hydrated pollen

The hydrated method of melissopalynology is described in detail in the publication
AComparing the acetolysed and hydrate
(see Chapter 4.B.). A graphic description of the preparation process can be found
in the Appendix (Figure A6).

3.5.2.2. Acetolysed pollen

The acetolysed method of melissopalynology is described in detail in the publication
AComparing the acetolysed and hydrate
(see Chapter 4.B.). A graphic description of the preparation process can be found
in the Appendix (Figure A7i A8).

3.5.3. Identification and Counting

Pollen types were identified with the help of relevant literature, if available. This
included online pollen databases (PalDat 2025; Stebler 2025), as well as books
(Reille 1992; Bucher 2004; Beug 2021).

Counting a statistically relevant number of pollen grains is done to determine the
relative abundances of identified pollen taxa. The minimum required number of
counted grains depends on the type of sample and the research aims (Djamali and
Cilleros 2020; Weng and Hooghiemstra 2024). In some disciplines, e.g., forensic
palynology, counting out 300 individual pollen grains is usually sufficient (Weber et
al. 2020). In case one taxon dominates massively, the other taxa may be counted
up to 300, or 500, respectively (Weber et al. 2020). The standardised method of
melissopalynology (Von der Ohe et al. 2004) requires 500 grains as the minimum
value. This is due to the high diversity of pollen types in honey and the need to unify
the results for official food safety analyses, in which unifloral honey is defined by
percentages of the respective pollen type (Von der Ohe et al. 2004; Lau et al. 2018;
Weng and Hooghiemstra 2024).

3.5.3.1. Anemophilous pollen taxa

Pollen from wind-pollinated plants is present in almost all honey samples to some

extent. This is typically due to airborne contamination (Louveaux et al. 1978; Bryant
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and Jones 2001). Pound et al. (2023) could show that elevated concentrations of
Pinus pollen are correlated to large amounts of pollen in the atmosphere. Pollen of
Poaceae and Plantago, in contrast, is oftentimes foraged intentionally. While lots of
pollen analysts are ignoring anemophilous pollen from counting to 500 (Von der Ohe
et al. 2004), others are advising to include them in the counts as well. This links
pollinators and their resources in a diverse landscape. Ecologically, it might also
point to behavioural traits of a colony and/or nutritional shortages (Saunders 2018).
Honeybees in urban areas (Pound et al. 2023) and alpine environments were found
to intentionally forage Poaceae pollen in higher amounts (Brodschneider et al.
2019).

3.5.3.2. Over- and underrepresented pollen in honey

The nectar:pollen ratio in a flower is responsible for the under- or overrepresentation
of botanical species in honey and may lead to false conclusion in regards to the
overall importance of foraging plants. In Robinia pseudoacacia, the ratio is very high,
and therefore, Robinia pollen will likely not be very abundant and the threshold for
unifloral Robinia honey is as low as 7% (Persano Oddo and Piro 2004). Other taxa
underrepresented in honey include Citrus, Lavandula, and Coriander. Castanea
sativa, on the other hand, produces vast amounts of small pollen grains in addition
to having nectaries at the floral bases. In 10 g of unifloral Castanea honey, there
can be up to 250,000 Castanea pollen grains. Hence, pollen of Castanea sativa is
overrepresented. Other overrepresented taxa include Myosotis sp., Mimosa sp.,

and Eucalyptus sp. (Escriche et al. 2023).

Additionally, the quantities of pollen that make it into honey do not necessarily
correlate to the amount of nectar which has been foraged by the honeybee from that
plant species. This depends on many factors including the pollen size, time of the
day, and distance between the foraging source and the hive (Bryant and Jones
2001).

3.5.3.3. Pollen coefficients

The relative percentage of a certain pollen type in comparison to its absolute pollen
count per volume (APC) indicates the quantitative contribution of each plant taxon

to the sample. The average number of pollen grains per gram honey is known as
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pollen coefficient and was researched in controlled experiments, e.g., by
(Demianowicz 1964). These coefficients are constant for each unifloral honey type
and include information whether a pollen type is usually over- or underrepresented
in honey. While Castanea sativa is largely overrepresented with a pollen coefficient
of 1000/g, Tilia sp. produces much higher quantities of nectar than pollen and thus
its pollen is underrepresented with a pollen coefficient of only 10/g (Sawyer 1988).
However, due to the complexity of determining pollen coefficients for each plant
species and the lack of unification, the standardised method of melissopalynology
as in Von der Ohe et al. (2004) does not include total quantitative analyses with
coefficients. The co-occurrence of under- and overrepresented pollen can be

challenging for the identification of unifloral honey (Russo Almeida et al. 2024)

3.5.3.4. Counting tools and visualisation

For this research, a virtual pollen analysis tool was used for the counting of 500
pollen grains, as well as a visual presentation of the results. The counting tool
designed by the AGES Department of Apiculture and Bee Protection was combined
in Excel with the automated colour-coded diagram function used by Martina Weber

in forensic palynology (Figure 3). Colours were chosen to indicate distinct plant

families.
Pollen Count
Most abundant pollen types (n = 500)
Pollen Types n add in %
Acer sp. 11 +1 2.20
Aesculus hippocastanum +1
pocOalxs 25 | 5.00 Allanthus altissima; 29.80%
Ailanthus altissima 149| +1 ‘ 29.80
Anemone-Type 6 +1 J 1.20
Apiaceae 2| +1 ‘ 0.40
Asteraceae (Bellis-Type) 1| +1 | 0.20 e T
Astragalus sp. 1( +1 ‘ 0.20
Begonia sp. 1) +1 | 0.20 Syringa vulgaris; 8.20%
Brassica sp. 8| +1 ‘ 1.60
Brassicaceae 31| +1 J 6.20) o o e R
Campanula-Type 1| +1 | 0.20 Brassicaceae; 6.20%
Catalpa sp. +1 -
el 1 J 0.20 Aesculus hippocastanum; 5.00%
crstum Type 1] o
Cornus sanguinea 2 _+1 0.40 e Parthenocissus sp.; 3.40% Gleditsia triacanthos; 2.60%
Echium sp. 3 +1 0.60 Acer sp.; 2.20%
FElaeagnus angustifolia 1| +1 0.20] P LI
Brassicasp.; 1.60%
Fragaria sp. | Potentilla sp. 7| +1 1.40
Geranium sp. 1| +1 | 0.20]
Gleditsia triacanthos 13| +1 2.60
Lirfodendron tulipifera 1| +1 ‘ 0.20

Figure 3: Virtual pollen counting tool: List of identified pollen types, macro buttons (+1) to add a
pollen record (n), automatically produced relative percentages, and automatically created colour-
coded diagrams of the most abundant pollen types.
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3.5.4. Additional methods

Light microscopic techniques (hydrated and acetolysed) are applied in the routine
analysis of honey and are suitable to examine the floral resources of honeybees.
This is the only standardised method in which results from multiple decades and
world regions are comparable qualitatively as well as quantitatively. Nonetheless,
the abilities to detect fraud with LM are limited (Soares et al. 2017). Adulterations
may concern the botanical and geographical source of honey and all sorts of
contaminations. Method diversity can lead to improved results. While electron
microscopy has been used for many years, newer techniques such as DNA-
metabarcoding, near infrared spectroscopy, mass-spectrometry, or the application
of artificial intelligence are developing rapidly. Some have already yielded reliable
results and are being routinely implemented in certain honey laboratories, although

a standardisation of methods across several laboratories or countries is still missing.

3.54.1. SEM

Electron microscopy can be performed to get high resolution images of pollen wall
surface (SEM), or the cellular content of pollen grains (TEM). With SEM, the
morphological characteristics of pollen grains and especially the ornamentation of
the pollen wall is examined. This may assist with the identification of pollen types
with similar morphologies, and help to analyse the evolutionary relationship within
taxonomic groups (Dustmann and Von der Ohe 1993; Halbritter et al. 2018). In
melissopalynology, SEM cannot replace traditional LM methods and/or determine
relative abundances, but it can be a valuable tool for the identification of unknown

pollen types in various honey samples.

During this research, multiple honey samples were examined in SEM. They were
selected according to the relevance of unidentified pollen types after LM analysis.

Additionall vy, the eight pooled honey

sampl e s

acetolysedandhydr at ed met hods for t heé&hapterdBen anal

were examined with SEM to produce micrographs of the general pollen diversity. All
honey samples were prepared with the acetolysis method (Halbritter et al. 2018),
updated by (Koelzer et al. 2024) to completely dry out the material and get rid of
organic substances such as sugar and pollenkitt. The acetolysed pollen in 96%

ethanol was then pipetted onto an aluminium stub and sputter coated with gold in
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an Argon atmosphere in order to create a conductive surface. In the SEM, a focused
beam of high-energy electrons was emitted by a tungsten filament and directed onto
the pollen sample, where it hit the surface and ejected secondary electrons. These
secondary electrons together with some backscattered primary electrons, were
absorbed by detectors and their energy was used to create a detailed image of the
pollen wall surface. The electron microscope used during this research was a JEOL
IT300. A graphic description of the preparation process can be found in the
Appendix (Figure A7+A9).

3.5.4.2. DNA

DNA metabarcoding is a precise and efficient method to identify pollen diversity in
honey (Bell et al. 2016). It can improve melissopalynological analyses, especially
when pollen types are difficult to identify microscopically due to similar morphology

or limited optical resolution.

First, DNA is extracted from honey in a multi-step process that eliminates sugar and
other inhibiting compounds. After that, primers are applied to amplify target DNA
regions with polymerase chain reaction (PCR). Five primer systems have been
successfully used for DNA metabarcoding of pollen from honey before. They are the
nuclear ribosomal regions ITS2 and ITS1, as well as the chloroplastic trnL, rbcL and
matK regions (Richardson et al. 2015). They can vary considerably in base pair
lengths. By using highly universal markers, a large variety of taxonomic groups can
be identified. On the other hand, inter-specific discrimination may be compromised
(Bell et al. 2016). The targeted DNA is sequenced using high-throughput
technologies such as MiSeq lllumina technology (Fox et al. 2022; Noél et al. 2023).
Sequences are then checked against available taxonomic references in the NCBI
nucleotide database using BLAST technology. For the processing of sequence
reads, quantitative thresholds are applied and operational taxonomic units (OTU)

may be assigned (Bell et al. 2016).

As of now, there has not been a successful attempt to standardise DNA
metabarcoding techniques across laboratories and countries, which limits its use for
official analyses. It is however widely used in the academic research of honeybee

nutrition, foraging behaviour, and as biomonitoring tool to assess the surrounding
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plant diversity (De Vere et al. 2017; Bansch et al. 2020; Fox et al. 2022; Noél et al.
2023).

3.5.4.3. NIRS

Smell and taste of honey derives from the distinct composition of polyphenols,
carotenoids, flavonoids, and minerals in the nectar of the respective plant species
(Escuredo et al. 2021). Determining these compounds with the help of near-infrared
spectroscopy (NIRS) may point to the principal botanical source of the sample.
While mainly suggested for the detection of adulterations with rice and maize syrup
and beet root sugar (Soares et al. 2017), NIRS may also help with the identification
of unifloral honey. For this, near-infrared light with wavelengths ranging from 700 to
2500 nm (Escuredo et al. 2015; Bodor et al. 2021) is directed at a sample on a cam-
lock cup and the reflectance of compounds is measured. Combined with multivariate
statistical analyses, it is a rapid, non-destructive, low-cost analytical technique for a
multitude of food products (Escuredo et al. 2021). Good results have been obtained
by (Escuredo et al. 2015) for the detection of minerals and some pollen types such
as Erica, Eucalyptus, and Castanea. On the other hand, NIRS alone is not effective
enough in differentiating honey samples for the analysis of botanical and
geographical origin and a combined approach together with physico-chemical
parameters and light microscopy is recommended (Bodor et al. 2021).

3.5.4.4. MALDI-MS

Matrix Assisted Laser Desorption/lonization mass spectroscopy (MALDI-MS) has
been used to determine the geographical origin of honey through the analysis of
protein mass spectra. The protein Afingerpri
to the spectral barcodes of a known reference collection (Wang et al. 2009). It was
also used to determine the botanical origin of corbicular pollen pellets (Braglia et al.
2024). However, the chemical marker profile may be altered by environmental
influences and certain beekeeping practises, allowing to question the reliability of

spectroscopic results (Madesis et al. 2014).
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3.6. AIMS OF THIS RESEARCH

Urban honey presents particular challenges in tracing its botanical and geographical
origin, especially so in a globalised world with changing climate. This research aims
at developing a fundamental understanding of what defines urban honey from a
melissopalynological perspective. The results of detailed light microscopic pollen
analyses will shed light on the diversity of foraging resources used by honeybees in
Central European cities today, with a focus on Vienna.

To account for the heterogeneity of urban environments, the analysed samples are
from three consecutive years (20207 2022) and different harvesting times between
beginning of June and end of August. For the full list of samples, see Appendix
Chapter | and Figures Ali A5. The twelve selected cities vary in population size from
approximately 30,000 to 2 million inhabitants. In larger cities, honey from multiple
apiaries allows for a comparison between densely built inner-city and suburban
areas. Mass foraging resources for city-kept honeybees are identified. Besides, the
frequency of ornamental and neophytic plants in urban honey is analysed, in order

to evaluate their potential as fAmarke

A second pillar of this study is a comparison of the advantages of different
melissopalynological preparation methods (hydrated and acetolysed). The aim is to
evaluate their suitability in the context of identifying a very diverse set of pollen
types. Lastly, this research describes how open access reference databases
support pollen identification, particularly in light of the increasing presence of non-

native ornamental plant species.

Ultimately, this research shall serve as a basis for the assessment of the botanical

and geographical origin of urban honey in future routine analysis.
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Integration of the pollen databasePONETinto PalDatwith new features
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Abstract

Free access to sciepti data, knowledge and technology transfer has become more and more imporsarence, al
universities, governmental institutes, and in our society in general. In an interdisciplinary project initialised by

palynologistsat the University of Vienna and the Austrian Agency for Health and Food Safety Ltd (AGES), the world&

most comprehensivedatabasePalDat has been expandedby more than 2000 datasetsfrom the PONET database
comprising high resolution light microscopy (LM) micrographsof hydrated pollen. The main aim of this fusion of

knowledge was to share digital data in a secure way and to ensure users of various disciplines free access to relise
The project was ynally completedin 2021. In the courseof the expansion,additional data entry yelds regarding LM
descrption have beenadded,and new features,such as a searchfunction for ordersand families, have been implementec
in the new version 3.4 d?alDat A global online submission and publication tool for palynological daRat®at, including

review and editnal process, assures easy knowledge transfer and facilitates a continually increasiner of datasetsand

taxa contributedfrom scientistsall over the world. The free accessibleonline pollen databaséalDat is maintainedby

membersof the Division of Structuraland Functional Botany (University of Vienna).

Keywords: melissopalynologypollenanalysis electronmicroscopyterminology,identiycation, dataset,submission

The identycation of pollengrains is crucial in many  (Bucher & Kdper 2023, or spegic preparation
branche®f appliedscienceg.g.in melissopalynology methods, i.e. PollelViki (Stebler2023.
(Armbruster& Jacobsl934 Sawyer1981), aerobiology As individual pollen databases are usually run
(Bastl et al.2017, and forensics (Mildenhall et al. different institutes, some may exist parallel to e
2006 Weber & Ulrich2016. As researchers of these other in the same region, as it was the case wittwtbe
disciplines, we rely heavily on broad access teremce most important Austrian online database®NETand
pollen data in literature and databases, to identify the PalDat (2000 onwards;https://www. paldat.ord). In
botanical origins of various pollen types in a sample. 1992, melissopalynologists at the Institute

There are several online pollen databases for thisApiculture and Bee protection at the Attsan Agency
reason, most of which focus on certain geographic for Health and Food Safetytd (AGES) started tc
regions, i.e. Astralasian Pollen and Spore Atlas build up a pollen reference collection as backbfore
(APSA Members2007), disciplines,i.e. aerobiology applied honey analysis.The dataand
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PONET into PalDat 222

images gathered since then were combined ifteedy range of descriptioyelds that aid in light micro
accessible  online  database calledPONET scopic pollen idengication.

(Moosbeckhofer et al.2013. PONET comprised
datasets with light microscopic images of more than

2000plant speciesprimarily of CentralEuropeardis- Pollen terminology used for light microscopic

tribution and relevant to honey pollen analysis. analysis

Around the same time, another pollen databasses Identiycation of pollen taxa is based on the chari
established in Austria PalDat Started by a group of teristics of the pollen grains: size, number and p
palynologists at the Department of Botany and ition of aperturesand structureand ornamentation
Biodiversity Research at the University dfienna n of the pollen wall. Their characteristicsare highly

1997,PalDat aim has been to provide excellent data consistentwithin a plant speciesbut may vary
and images to scientists and priitoners dealing with  widely betweendifferent plant generaand families
pollen and spores (Weber & Ulri@017). Thisis done  (e.g. Sarawichit2012 Ulrich et al. 2012 Hesse&
by combining pollen mer phological ad structural Blackmore2013 Halbritter et al2018. The charac
characteristics from light microscopy (LM, hydrated teristics of an individual pollen grain should be
and acetolysed pollen) and electron microscopy described by using a standardisedterminology,
(scanning electron microscopy [SEM] as well as basednthebooklllustrated Pollen TerminologyHal-
transmission electron microscopy [TEM]). The focus britter et al. 2018. The book (Figure 1) is open

of PalDathas so far been on SEM images. access and available as online pdf on therfger
Unfortunately,in 2019, costintensivenew infor- Link website (https://link.springer.com/content/pdi

mation technology (IT) requirements made the 10.10079783-319-713656.pdf?pdf=buttop and

further operation ofPONETimpossible and the provides detailed descriptionsand illustrations of

website was shut down. With the attempt to save thepollen termsfor LM, SEM, and TEM. In addition,
extensive pollen data for sciefti and applied use, a shortenedversion is available on the PalDat
palynologsts from AGES and University of Vienna  website on the derminology page under the link

formed a unique cooperation between a gov- dools for Pollen Descriptiord(https://www.paldat.
ernmental agency and a university institution, to-inte  org/static/illustrated_pollen_terminology_20@0f).
gratethe datafrom PONETto PalDat The database The newly spegied parameters for LM iRalDat

merge wasynally completed in early 2021, after each 3.4arediscussedh thefollowing section.
individual dataset had been peeriewed through
the submission process PalDat The integration
andpublicationof thesedataset:mow allows a large
number of international users to utilise them for
identiycation purposes. The yve existing categories undeBize (Pollen
For pollen identfcation, the@Combined Searé@ Unit)§ ranging from&ery smalbto &ery large are
tool is routinely used by palynologists. In this primarily measured on pollen in hydrated state inv
advancedsearchtool, specyc pollen characteristics tigatedwith SEM, or acetolysegbollensamplesaina
(i.e. size, ornamentation, type of apertures) can bdysedwith LM andSEM.With thevariability of size
selectedandtheresultsaredisplayedn ataxonomic  due to the various preparation methods, a yeld
tree(including total numbersof investigatedspecies  for &ize of Hydrated Polléin LM was needed for
with these combined characteristics). theintegrationof datasetérom the formerdatabase
As of 2022, PalDat is the mostcomprehensive PONET Therefore, several new size categories
database available, offering reference data on a widénydratedpollenin LM wereincludedin PalDat 3.4.
rangeof taxa using multiple methodsand coveringa  The new size categories for hydrated pollen in L
worldwide distribution. The expansion in LM images rangefrom & 11 pméto @0 umoin stepsof 5 um, fol-
and users in applied disciplines made a new set ofowedby @1i 50 pmgd &1 100 pmband& 100pumod
parameters orPalDat necessary. fie new versiori On thed&ombined Seardypage Figure 2, these
PalDat3.47 now includes newelds for size in LM  sizecategoriexanbeselectedn adropdownlist in
(hydrated) and dominant orientation, inthe theyeld &ize of Hydrated Polleén
submission, publication and search tool. Cparedto
PONETand other LM pollen databases, for example,
PollenWiki (Stebler 2023, the com bined search
optionson PalDat provide a complete The size of an unidentiyed pollen grain can be
helpfulto narrowdownsearctresults.Pollengrains

dollen Uniti &ize (Pollen Unigand &ize of
Hydrated Poller®

Howto measurepollengrains during LM pollenanalysis
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llustrated

Pollen
Terminology

Second Edition

10 pm 10 pm

10 pm 10 pm

- @ Springer

Figurel1. lllustrated Pollen Terminology (Halbritter et al. 2018. Screenshotshowingthe coverpageandonepagefrom the chapter
®rnamentatiod

can be masured using LM with either a calibrated categories (i.e. due to size variability withihe
imaging software on the computer or by using a anther), the species will then show up in the sei
micrometre scale slide. All measurements are per results in any of the determined size categories
formed in optical crossection. Orientation and/ addition to the existing entryeld &ize of Hydratec
E ratio of pollen grains should be considered when Pollerd (longest axis of hydrated pollen), four ne
measuring polle size. The length of the polar axis yelds concerning pollen size have beeided,namely
and the equatorial diametefigure 3 are the most  for the&hortest/longest polar axis in equatad view
important measurements in prolate and oblate pollen(LM)§ and for the &Ghortest/longest diameter
grains. Isodiametric, spheroidal pollen grainkere equatorial or polar view (LM) For further infor
polar axis and equatorial diameer are of equal mation seePalDat® dnstructionsfor Authors) which
length, are measured in at least one afis can be downloaded as pttbm the PalDat website
identiycation purposes(Figure 4). For measuring (https://www.paldat.org/static/paldat_
other pollen types (e.g. ulcerate, sulcate, tetrads)instructions_for_authors.pdf

respective literature is available (e.g. SivE&73
Goldblattetal. 1991; Grimsson& Zetter2011; Hal-
britter et al.2018).

To publidh data inPalDatthe size of the longest
andshortestengthof bothpolaraxisandequatorial ~ Thepollenpolarity is determinedy the orientation
diameter is required in the submission processof the immature pollen grain@nicrospores) in the
(Figure 9. For the description of a pollen type, at tetrad stageRigure §. The polar axis of a micrc

Polarity and P/Eratio i understandingthe polarity and
shape of hydrated pollen

leastyve individual pollen grias should be measureih spore/pollen grain runs from the proximal pc
polarandequatorialiew eachlf pollengrainsof the orientated towards the tetrad centre, to the d
respectiveplant speciesyt in two or moresize pole of the microspore/pollengrain. The pollen
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Search
Combined search is a tool for a directed search
Pollen Characters Taxonomy
Pollen Unit 539 taxon/taxa found
- BED Angiospermae (534)
— B Alismatales (1)
Pollen Unit v 5
L ei] Alismataceae (W]
L eEl Alisma (1)
Dispersal Unit and Peculiarities L | B Aliara lanceolatusn
— ©ED Apiales (28)
Pollen Class v [~ ©EJ Apiaceae (25)
= Bl Anethum (1)
Size (Pollen Unit) v L Anethum graveolens
- QLIE_ A (1)
Size of Hydrated Pollen 26-30 pm % | om M:MA’USW(”“ syivestis
L [ Anthriscus caucalis
<10 pm I~ Bkl Astrantia (1)
Polarity and Shape 11-15 pm L Astrantia carniolica
16-20 pm [ Ezli_mhamenra (1) _
Polarity 515 ym b [8 Athamanta cretensis
— 8kl Bifora (1)
26-30 pm [s ' L [& Bifora radians
Shape  31-35um - ©EI Chaerophyilum (1)
36-40 pm L Chaerophyllum hirsutum
Outline in Polar View 41-50 pm 1 - Ol Cicuta (1)
51-100 pm L [@ Cicuta virosa
P/E-Ratio >100 pm . - ©&l Daucus (1)
- ﬁ Daucus carota

Figure2. ScreenshofCombinedSearclowith selectedSizeof HydratedPollerd

grainsaredivided by the equatoriablane(locatedat determines theolar and tadhe equatorial view of
the microsporé& centre)into a proximal (towardsthe
tetrad centre) and a distal half. The polarity

Figure 3. Measuring hydrated Apiaceae pollen (LM) in equatorial Figure 4. Measuring hydrated Asteraceae pollen (LM) in pc
view: Length of polar axis (A) andlength of equatorialdiameter view. Thesizeof ornamentatiorelementssuchasechini,should
(B). Scalebars 10 pum. be measured parately. Scale bar 10 um.
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Size Of Hydrated
Pollen (LM)

21-25pym = 2630 ym x

Shortest Polar Axis in v
Equatorial View (LM)

Longest Polar Axis in <10 pm b
Equatorial View (LM) 11-15 pm
16-20 pm
Shortest Diameter in 21-25 ym "
Equatorial or Polar 26.30 pm b
View (LM)
31-35 ym
Longest Diameter in 36-40 pm b
Equatorial or Polar 41-50 pm
View (LM) 51-100 pm
>100 pm

Figure 5. Screenshot of the diagnosis section in the submission

tool: For&ize of Hydrated Pollen (LM)multiple categoriexan
be selected.

pollen grain. Pollen with identical proximand

andaremeasuredh hydratedpollengrains.According
to Halbritter et al. 2018, the P/E ratio can be
describedas isodiametric (polar axis isequal to the
equatorialdiameter) prolate(polaraxisis longerthan
the equatorial diameter), or oblate (polar axis is shc
than the equatorial diameter tRéE ratio).

Dominant orientationi polar, equatorial, andoblique
view

For somebrancheof appliedpalynology,for example,
melissopalynologyit canbeusefulto knowthedomi
nantorientationof hydratedpollen of a specieswithin
the sample. The orientation is determined byRhe
ratio of the pollen grain. Oblate pollen is mosfigund
to be present in polar view, whilst prolate pollen
mainly found in equatorial views{gure 7. Spheroidal
pollen grains with isodiametrid®/E ratio may be
oriented in either a polar or equatorial viebut they
are usually also found without a specyc orien tation
(oblique view,Figure TC). In pantoporate pollen type
(for example, Amaranthaceae species) polaritygl
P/E ratio are undgned and therefore have r

distal poles are termed isopolar pollen, whereas thedominant orientation
proximalanddistalpolesaredifferentin heteropolar '

pollen. Also, the shape and aperture position are

directly relatedto thepolarity of apollengrain(Hal-
britter et al.2018.

The pollen shape refers to the thidimensional
form of apollengrainin relationto the P/E ratio. The
P/E ratio refersto thelengthof the polaraxisbetween
the two polescomparedo the equatorialdiameter

Figure 6. lllustration showing the orientation of microspores

within the tetrad during pollen development (Halbritter et
2018.

al.
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@rnamentationin LM&i a moredetaileddescriptionof
the pollen wall ornamentation

As theresolutionof light microscopess constantly
increasing due to advanced technology, descrit
termsfor the ornamentatiorof the pollenwalls also
becomemorediverse While theformerpollendata
basePONETwas limited to only seven ornament
tion groups,it is now possibleto chooseandsearch
in PalDatunder@rnamentatiom.M &for 26 individ-
ual ornamentation types&igure §. All ornamenta
tion typesshouldideally be observedanddescribed
using a x100 oil objective lens. For an accui
description of ornamentation elements during |
analysisthe bookIllustrated Pollen Terminology(Hal-
britter et al.2018, or the online pd@Pollen Termi
nologydprovided on théPalDatwebsite, are useft
toolsfor palynologistsA shortdescriptionandillus-
trations for each term are the prerequisites for ¢
sistent, unambiguous descriptions of pollen grail

Taxonomicsearch

A taxonomic search tooF{gure 9 has been added the
latest version of PalDat 3.4 to the section&earch
Datad In addition to the®Alphabetical Seardhof
plant generaand the dCombined Searcld(Figure
2), it allowsusersto searchfor specyc plantorders
(for example,Brassicalesl.amiales)or plant families
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Figure7. Dominantorientationof selectedpollentypesin a melissopalynologicatample:Tilia sp.in polarorientation(A), Castaneasativa
in equatorialorientation(B), andAsteraceaén obliqueorientation(C). Scalebars 10um.

Ornamentation and Structure

LM
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Figure 9. Screenshot showing thaxonomic Searditool with
taxonomic tree of results.

database. At present (31 March 2023) the datak

Figure 8. Screenshot of the diagnosis section in the submissioprovides 35 817 pictures of 4491 species belongimg

tool: Multiple ornamentation types can be selected uddera
mentation LM

(for example, Brassicaceae, Oleaceae), and to ammp

pollen of closely relatedspecies/generaThe results
are displayed in a taxonomic tree (inclillg numbers

1789 genera, and the number of datasets condilhy
increases.

Registered users can easily publish their datéine
on thePalDat website and shardém with a larger
scientyc community through a free global onlin
submission and publication tool for a wide spectrt

of investigated _speci_es), which helps to understandy¢ pollen data. Authors can either submit a new
pollen characteristics in the context of plant phylogeny. qataset or contribute as -amthor(s) to an existing
This tool has an enormous potatand may be used, gataset, i.e. by adding Liictures. New submissions

for example, in testing how lineage spacicertain
pollentypesare,or in testingphyloge netic signals in
certain pollen types.

Conclusions

The integrationof PONETInto PalDatresultedin a
remarkableincreaseof plant speciesin the pollen
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as well as all changes made in an exigg publication
undergo a review process and-ddrial check, before
being published. Each dataset ideally includes
detailed pollen description, lightand electron
micrographs, images of the plant/ifpor-

escencddower, and relevant literature. Online publ
cation on thePalDat website might be especiall
useful if the datacannotbe usedfor publicationin
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a peer reviewegburnal but may still contribute to the

open exchange of knowledge and data.
With thefusionof thetwo pollendatabased?alDat

has strengthened its role as an eligible online publi
cation platform for LM images for users in various

disciplines.
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Comparing the acetolysed and hydrated methods for the pollen analysis
of honey
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Abstract

Melissopalynology is an integral part of honey analysis and indicates the honey's botanical and geographical origin. Two
preparation methods for light microscopy are commonly and interchangeably used in laboratories: acetolysis and
hydration of honey samples. In this study. an extended comparison of the two methods was performed. Eight honey
samples from eight locations in central Europe were analysed according to both standard procedures. We identified the
pollen gramns with 1000% magnification to the lowest possible taxonomic rank and counted out the relative abundances of
each pollen type in the sample. In addition, potential other biases that might affect the results were investigated by
analysing one honey sample multiple times with each method, consecutively. Across all honey samples, more pollen types
were identified with the hydrated method (136) compared to the acetolysed method (95). For the hydrated method, less
washing steps were necessary and a higher amount of pollen grains remained. No taxa-specific loss could be observed,
apart from Myosotis sp., which was present in significantly lesser amounts in acetolysed compared to hydrated samples.
This study shows a detailed analysis of the advantages and disadvantages of the two methods, which are also highlighted
in a side-by-side comparison box. Both methods are equally suitable to perform melissopalynological analysis of the most
common pollen types and pollen type combinations in honey. However, to identify the largest variety of pollen types in
honey samples, the hydrated method is more efficient.

Keywords: abundances, acetolysis, floral resources, foraging plants, honeybees, light microscopy, melissopalynology,
methodology, palynology

Pollen analyses have been an essential part of (Mavrizio 1975; Vorwohl 1995; von der Ohe]

environmental research for many vyears in the et al. 2004).

fields of aerobiology (Oteros et al. 2013; Galin In fact, one of the earliest pollen analyses of recent
et al. 2014; Bastl et al. 2017), palasobiology material has been conducted by apiarists in an
(Faegri & Iversen 1975; Grimsson et al. 2020; attempt to identifv foraging plants of honeybees.
Geter et al. 2023), climatology (Straka 1973; Che- Identification literature for beekeepers with descrip-
valier et al. 2020), and forensic palynology (Mil- tions and drawings of unstained hydrated pollen
denhall et al. 2006; Weber & Ulnch 2016). In grains date back to the 1930s, e.g. Armbruster and
melissopalynology, they are used in food safety Jacobs (1934—1933), coinciding with the increasing
laboratories as important routine tool for the availability of microscopes with sufficient magnifi-
analysis of honey and other honeybee products cation. The method of hydrating honey samples in
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Acetolysedand hydrated pollenanalysis 260
glycerine or glycerol gelatine is simple yet effective multiple samples and multiple places, both in ace
and has been used by apiarists and melissopakynololysed and hydrated state. To this end, honey ffour
gists for more than a century to determine the -bota countries was investigated. In addition, one selec
nical and geographical origin of honey, e.g. by sample was repeatedly prepared and- dysed yve

Louveaux et al.197Q 1978, Sawyer 1988, Vorwohl
(1999, the DIN (Deutsches Institut fir Normung)
(2002, and von der Ohe et al. (2004.

Since the midwentieth century, acetolysis of
pollen samples is a mualtilised light microscopy
(LM) method besidessimply hydratinga samplein
water orglycerine. Erdtman1(943 stated thatthere
are several methods of pollen analysis availablet
acetolysis would deliver the most beautifakults.
Acetolysis, as described in detail Bydtman {960
and revisited by Hesse and WaH®8§9, can be
applied to any pollen sample and is thethodof
choice for palaeobotanistsclimatolo- gists and
archaeologists due to thge of their analysed

times consecutively with both methods to éstigate
possible ifppuences on the results other than t
preparation method.

Material and methods
Study design

In theyrst part, pollen analyses of the same ei
honeysamplesn hydratedstateaswell asin aceto

lysed state were performed. In the second part,
selected honey sample was independently prepi
and counted in four more repeats, in order to ch
for possible variance within one preparatimethod

samples and the organic debris such samplesSeeTable ).

commonly contain (e.g. Strak®75).

Today, using the hydrated method is standard in pi5ierial

melissopalynologicalnvestigations(von der Ohe et
al. 2004. However, which methodis actually used
for honey pollen analysis dependslargely on the
training of the analyst, the common practise the
specic laboratory, the geographic region, anihe
available literature.

Eighthoneysampledrom eightdifferentcitiesin central
Europe were analysed. The cities were Mun
(Germany), Bratislava (Slovakia), Ljubljana (Sloveni:
as well as Vienna, Linz, Salzburg, Innsbruck, and k
genfurt(all locatedin Austria). All extractechoney

Differences in the results between the two methodssamples were harvested in the summer of 202(

might occur qualitatively during the identiation of

localapiarists Forthepurposeof depicthngagreater

pollen types, when they highlight certain character Vvariety of pollen types in the sample of each ci

istics of a pollen grain (e.g. pollen wall sculpture),
or quantitatively, when a statistically relevanmount

honeyfrom severahpiarieswithin therespectiveeity
was mixed. The number of apiaries that were

of pollen grains is counted out to track the relative resentedn theynaleighthoneysamplesangedrom

abundanceof each pollen type in the sample, e.g.
DIN (Deutsches Institut flir Normung2@02 and von
der Ohe et al. 2004. These differ ences might
impact the integrity of results in applied

two (Ljubljana, Linz, Salzburg, Innsbruck) to 1¢
(Vienna)accordingo availability. All samplesvere
thoroughlyhomogeniseteforefurtherhandling.

For the second part of the study, the honey san

melissopalynology, where the occurrence of certain from Munich was analysed four more times. T

pollen types points to the geographical origin of the

honey, and/or wherabsolute numbers and/or relative

percentages are used to classify the botanacigin.
Some aspects of sample quality and pollen

identiycation level in regard to the two methods were

described before (Lieux 1980, yet previous

publications on the comparison of the two methods are

scarce and often restricted to sinbleney samples or
certain geographical locations (Gadbi®79. More
often, after pollen analysis was performed with a
hydrated sample, a subsampleas additionally
acetolysed to corrm the botanical origin (e.g. Duran
Escalante et aR023.

sample from Munich was seledtas it showed the
largest variety of pollen types among all analys
sampleswith morphologiesrangingfrom very small
to very large size.

Acetolysignethod(LM)

Acetolysis ofsamples was performed after Halbritt
etal. (2018, with someadaptation$or melissopalynal

ogy. For this study, 1@ of honey were added t
approximately 30nl of warm water in a small beake
and thoroughly dissolved on a heated magnetic sti
for 3 min. The sample was transferred into anil2

The aim in this study was to elaborate on the simi roundbottomcentrifuge glassube andcentrifugedat

larities, differences, and potentials of both methbgs
conducting melissopalynologicalanalysesfrom
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3000rpm (1107x g) for 3 min. The supernatant wa
decantecand the restof the solutionwasadded after
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Table I. Study design

Repetitions

Cities

Munich 2 Munich 3 Munich 4 Munich 5

Munich 1

Vienna

Salzuorg

Munich

Ljubljana

Linz

Innsbruck Klagenfurt

Bratislava

acet
5M Muen

SM_Muen

acet
40 Muen

40 Muen

acet

3M Muen

3M_Muen

M Muen
acat
M Muen

-

acett
1M Muen

1M Muen

acet B
IM_Vien

1M Wien

acet

1M Salz
1M Salz

acet¥
1M Muen

1M Muen

IM Lijub
acet

acet B
IM Linz

IM Linz

E_
acet
1M KEla

1M _Kla

IM Imns
acet

acet

1M _Brat
1M _Brat
hyd

Acetolysed

T.I‘_.'d

T.I‘_.'d

T.I‘_.'d

T.I‘_.'d

2
hyd hyd*

E} rd

_hyd*

1M Lijub
hyd

E)'d

E_

E}'d

1M Imns
hyd

Hydrated

*Honey sample from Munich was considered the first repetition and 13 therefore identical.

PR, N— 7
AceLoiysed ana

budrated moll Tyt 161
nyarated pollen analysis =01

which it was centrifuged and decanted again until com-
pleted. Before acetolysis, the concentrated pollen
material was washed with acetic acid to remove the
water and centrifuged at 4000 rpm (1968 = g) for 3
min_ After the acetic acid was carefully decanted, acet-
olysis mixture consisting of nine parts acetic anhydride
and one part concentrated sulphuric acid was added to
approximately two thirds of the height of the glass tube.
The sample was then placed 1n an ultrasonic water bath
at 80 °C for 10 mun. Afterwards, the tube with the acet-
olysed sample was taken out and centrifuged for 6 min
at 3000 rpm (1107 = g). The supernatant acetolysis
mixture was decanted, a drop of acetic acid was
added and vortexed before washing the sample once
more in acetic acid. After 3 min at 4000 1pm
(1968 = g), the acetic acid was decanted and a final
washing step with deionised water was performed.
After decanting the tube for a last time, it was placed
upside down on a filter paper for at least 10 min
Finally, 100 pl of deionised water was added to the
pollen sample and pipetied onto a heated object slide.
When the water was nearly completely evaporated, a
drop of Kaiser's glycerol gelatine (Mulisch & Welsch
2015) was placed on the sample and 1t was covered
with a 20 mm = 20 mm cover glass.

Hydration method (LM)

An adapted version of the standardised method of
melissopalynology according to von der Ohe et al
(2004) was used to perform a detailed LM pollen
analysis. From each homogenised honey sample,
10 g were mixed with 30 ml of deionised water and
placed on a magnetic stirrer for 5 min. The solution
was centrifuged at 3000 rpm (1107 = g) for 3 min in
a 12 ml pointed centrifuge glass tube and decanted.
These steps were repeated until the solution was com-
pleted. The sugary deposit was carefully removed
using a pipette. The remaimning pollen pellet was resus-
pended 1n 100 pl of detomised water. As the amount of
pollen was very high at this stage, only approximately
half of the suspended pollen was pipetted onto an
object shde. This reduced the nisk of problematic
overlay of pollen grains caused by too much material
used. The object slide was then dried on a heating
plate and in a final step, the sample was embedded
in one drop of Kaiser's glycerol gelatine (Mulisch &
Welsch 2015), covered with a 20 mm * 20 mm
cover glass and let rest for 24 h.

Pollen identification and counting

LM analysis was performed with an Olympus BX50
with attached digital camera. At least one grain of
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eachdistinct pollentype wasdocumentedwhich is
recommended for a later ideytiation attempt, or
whenproceedingvith the analysisat anothertimer.

canbe smoothor ornamentedln somespeciese.g.
Aesculus hippocastanurfFigure 1@ T), the ornamen
tation remainedeven after acetolysis,while in others,

For documentation, micrographs were taken at ae.g. some Lamiaceae or monocots, this character

1000x magnication and in three different optical

sections: top view and bottom view for details of the

pollen wall sculpture and apertures, and dpé&cal
crosssection for pollen wall thickness and
measuring the pollen diameter (Koelzer et2023.

If necessary for correct idefiiation, we con sulted
online pollen databases PalDabQ0Oonwards) and
PollenWiki (Stebler 2023, as well asrelevant
literature (e.gReille 1992 Beug2004). Pollen grains
were also counted out with 1000x mamdycation and

up to a total amount of 500 in both methods. To

guarantee homogeneous examinatanthe slide,
counting was done in a matrix of multipleandom
equidistant linesas in von der Ohe et al2@04).
Spores,algae and other palynomorphswere not

was in many cases lost.

In hydrated state, the pollen wall of some spec
was naturally coloured in a light yellow (eSglix sp.;
Figure 2K L) or brownish Aesculusp.;FigurelS T)
or even purple (Cirsiumtype). In addition, the
presence or absence of pollenkitt could only
observed in hydrated state and impacted colour
there. Pollenkitt of Asteraceae speci€sunus sp.
(Figure 1K L) or Helianthemumsp. was yellow, of
Koelreuteriasp.brownish,andof Amorphafruticosa
orangebrown. Even within one plant family, differ
ent genera could be distinguésh by natural colour
ing. In Rosaceadpr example Prunussp.(FigurelK,
L), appeared more yellow in colour thdalustype
(Figure 2Q P). Colour intensity in hydrated statalso

considered. Grains of anemophilous Poaceae andorrespondedto the thicknessof the wall. Pollen
Pinaceae were included into the 500 pollen grainswith very thin walls, e.gMyosotissp. Figure 10, P)

for the purposeof a full comparisonbetween the

or Begonia sp. Figure 4S T), were especially

methods with all pollen types. Broken pollen grains translucent.

were only included when they could be-disictly
assignedo analreadyidentiyedpollentaxa.

All pollen identiycation and counting were per
formed by the same palynologically trained iasher,
who has more than four years of expeence in
analysing both acetolysed and hydratethoney
samples.

Results

In hydrated pollen samples, the cytoplast did 1
dissolve. It remained within the pollen walls ai
slightly expandedvhenembeddedn glycerolgela
tine. The way in which the hydrated cytoplast-pi
trudes the apertures posed a valuable tool
identiycation. In Rosaceae, such Beunussp. or
Malus-type, it presented somewhat constricted at
tip (Figure 5B D). In some species, also the contel
of the cytoplast were a useful charaetstic. Starch
globules within the cytoplasm are a promine

All eight honey samples were analysed using the-acet microscopic feature iRumexsp. Figure 9.

olysed as well as the hydrated method. The igedti
taxaaswell astheirrelativeabundancem thehoney
samples are seen BBupplemental Table (aceto

lysed) and Supplemental Table Il(hydrated).

Comparativequantitative analysesof pollen spectra

Across all eight honey samples analysed for t

Figures 14 show the 20 most abundant pollen types study, a totabf 147 pollen types weréentiyed. A

across all pollen countings.

Appearanceand condition of pollen samplesin LM

During the process of acetolys&s expected, the

lot more pollen types were idepdd with the
hydrated method (136 out of 147, s@epplemental
Table Il, compared to the acetolysed method (95
of 147, seeSupplemental Table).l The identyed
pollen types within all acetolysed and hydrat

cytoplastdissolved andthe pollenwall remainedit samples were of 69 individual plant familie
also dissolved organic debris in the sample, which altogether: 68 out of 69 families with the hydrat
left the background much cleaner and highlighted method,comparedo 47 out of 69 families with the
thepollengrains.Thebrownishstainingafteraceto acetolysed method. In the honey sample fr
lysis increased the visibilitpf details in the pollen  Munich, atotal of 52 plantfamilieswasident iyed

wall structure and sculpture. In some cases, the(see Supplemental Table [J] with 48 out of 52

margins of the aperture could be much better (hydrated method), compared #0 out of 52
observed in the acetolysed state, e.g. in Rosaceaéacetolysed method). Across all samples, the fami
speciesKigure 5A C). Another important feature of comprisingthemostidentiyedtaxawereAsteraceae
pollen grainsis the aperturemembranewhich
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Figure 1. Some of the most abundant pollen forms in acetolysed
(left) and hydrated (right) stateAi D. Castanea sativain
equatorial viewEi H. Acersp.in polarview. Ii L. Prunussp.in
polarview. Mi P. Myosotissp. in equatorialview. Qi T. Aesculus
hippocastanumin equatorial view. Scale bars10 um.
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Figure2. Someof the mostabundantpollen forms in acetolysed
and hydratedstate.Ai D. Filipendula sp. in equatorialview. Ei H.

Ailanthus altissima in equatorialview. I L. Salix sp.in equatorial
view. Mi P. Malustypein polarview. Qi T. Tilia sp.in polar view.
Scalebars 10 um.
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Figure 3. Some of the most abundant pollen forms in acetolysed
and hydrated stateAi D. Brassicaceae in polar viewei H.
Buddleja sp. in equatorialview. Ii L. Parthenocissussp. in
equatorialview. Mi P. Plantago sp.in obliqueview. Qi T. Rubus
sp.in equatorialiew. Scalebars 10 pum.
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Figure4. Someof themostabundanpollenformsin acetolysed
andhydratedstate.Ai D. Syringasp.in equatorialview. Ei H.
Sambucustypein equatorialview. Ii L. Gleditsiasp. in equatorial
view. Mi P. Trifolium repenstype in equatorial view. Qi T.
Begoniasp. in equatorialview. Scale bars 10 um.
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Figure5. Aperturesof RosaceaspeciesA, C.Prunussp.in acetolysedtate B. Malus-typein hydratedstate.D. Prunussp.in hydrated

state. Scale bars10 pm.

(12),Fabaceaél0),RosaceaéB), Boraginaceaés),
and Sapindaceae (5).

Within the honey from eight cities, the most abun
dant pollen type wagfastanea sativa657 pollen

grains or 16.43% in total when acetolysed, compared

to 553 or 13.83% when hydrated). Alggersp. and

Prunussp. were among the most abundant, regard

less of the method: Prunus sp. with 378 pollen

grains (9.45%) when acetolysed and 237 (5.93%)

when hydrated;Acer sp. with 356 pollen grains

(8.90%) when acetolysed and 319 (7.98%) when

hydrated. With a total of 263 pollen grains (6.58%)
across all eight pollen countslyosotissp. was the

third most abundant pollen type in the hydrated

samples, wheas only 19th
samples (39 grains or 0.98%).
In thesecond parof the study, thehoney sample
from Munich was prepared and analysed Joe conr
secutivaimesondifferentdaysby thesameperson,
in order to evaluate possible bias cadisby the
researcherAlso here theplantfamiliescomprising
themostpollentypeswereAsteraceaé?), Fabaceae

in the acetolysed

pollen ranged from 1i®20% (acetolysed) and 5.€
6% (hydrated)Brassicasp. pollen ranged fromiO
4.2% (acetolysed) and 5.8.2% (hydrated). Acros
the acetolysedrepetitions, Trifolium repens type
could only be detected in one sample, wt
d-abacea@pollen was present in ajflve samples
However, in the hydrated repetition$rifolium
repenstypewaspresentn all andd-abacea@pollen
in none.Aesculusippocastanumrangedrom 4.6
10.8% (acetolysed) and 4.2% (hydrated)Casta
neasativafrom 3.4i 7.2%(acetolysedand3.4i 4%
(hydrated) andTilia sp.from 4.4i 13% (acetolysed)
and 5.4 8.2% (hydrated).

Discussion

Across all honeysamples analysed for this study,
remarkable difference in idegygd pollen types
between the acetolysed and hydrated method coal
observed. Around a third more pollen types w
identiyed in the hydrated samples.This is due to
the overall higher qudity of pollen which remainet

(7), Rosaceae (7), and Boraginaceae (5). Notableof the honey material after preparation and des
differences between the repetitions of each method using only approximately half the volume of st

occurredn theBrassicaceaandFabaceatamilies,
aswell asin some othepollentypes.d@rassicacede
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pended pollen (equal to 5 g instead of 10 g) for
analysedobject slide. Multiple steps of washing,
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Figure6. Numerousstarchgranulesin the cytoplastof RumexspeciesScalebar 10 pm.

centrifuging, and decanting of the supernatant in the remains unclear whether this is because of the st
process of acetolysis probably leads to pollen beingsize, or possible disintegration of the pollen grain
gradually washed out, reducing the chances of due to the thin wall, or other factors. Other smallen
encountering less frequent pollen types during types with thin walls (e.gBegoniasp., Buddleja sp.,
analysis. Cynoglossumsp., Omphalodessp.) were presen
An extensivestudyby Sadl (2013, which focussed slightly more often in the hydratedmethod.In these
on pollen in fabrics, showed that no sgecipollen taxa, differencescannot be quantiyed however, due
taxa were lost during repeated washing steps withto their little overall abundance in treamples. As
subsequent acetolysis. Similarly, in this studyauld noted by Ramalho and Kleine&iovan nini (1986,
not be observed that spgcipollen types are lostto a smaller pollen grains might accompany the movem
larger extent in the acetolysed samples. Notable of the embedding material afterdding the cover glas:
exception isMyosotissp., where abundances varied and counting in multiple random line@sross the slide
drastically between the methods, despite carefulis important to avoid effects of differentiate
microscopic screening. This was repeatedlgested distribution. With glycerol gelatine used for bot
with the several analyses of the honey sample from preparation methods in this study aktyosotis sp.

Munich. Pollen fromMyosotissp. is very small with being encountered all ovethe slide in the hydrated
less than 10 um in size in addition to a very thin samples,this is not likely to have caused the little
exine (Meudt 2016. Therefore,it may have been abundance ofMyosotis pollen in the acetolysec
partially lost during acetolysis. It samples.
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While it is relatively quick and easy to prepare
hydrated sample, it is more time consuming i
requires a laboratory equipped with necessary ch
cals andume hood to perform acetolysis (Halbritter
al. 2018. The availability of technical equipme!

The depth of taxonomic resolution might account
for someothervariancesn thelist of identiyedpollen
types. Generally speaking, certain pollen types may
not be distinguishable on species level and a higher
taxonomic name should therefore be used (e.g.

dRosacea®or d°runustypedinsteadof Prunus domes
tica) in order not to produce falggositive results.
Another way in which to describe potentially also

paraphyletic groups is to assign a pollen type to an
aggregate of similar looking pollen species (see

Ramalho & KleinedGiovannini 1986, e.g. by
calling it Sambucugype instead oSambucus nigra
sensu stricto.

The identyed taxonomic level of a pollen type might

also vary with several repetitions. In this study, for

examplesomepollengrainswereidentiyedasTrifolium
repenstypein onesampleandFabacaein another
sample. WhileTrifolium repenstype can be unambigu
ously identyed with both acetolysed and hydrated

methods, there are reasons why it might not be

presentassuchin theresultlist of somesamplesThe
sample itself might contain obstructions to the visibility
of importanfpollencharacteristicsnakinganidentiy-
cationdownto alow taxonomidevelunfeasible.
Similarly, pollengrainsmightbeidentiyedasBras-
sicasp.in onesampleandBrassicaceaim anotherA
majorcharacteristiof Brassicasp grainsin hydrated
conditionisthetypical/averagsizeof 26 28umin

equatorial and/or polar diameter (see e.g. PalDat

2000onwardsStebler2023 i acharacteristioyhich
isnotrecommendetb rely onin acetolysegdamples,

because pollen grains tend to slightly shrink during

acetolysis (Halbritteetal. 2018 Koelzeretal. 2023.
Hence, in acetolysed samplggymight be included
in the Brassicaceapollentype.

Although the multiple repetitions of a method gener

ally produced comparable results, a distinct pollen type

maybepresenin anunusuallyhighabundancen one
individual sample Forexamplethehighamountof
Tilia sp. pollen (13%) in one of the acetolysed-rep
etitions(1M_Muen_acetjnaybedueto aclumpof

Tilia sp. pollen grains in the portion of the sample

that wasanalysed for this repetition. In hydrated

samples, pollen grains of all types can potentially stick

togetherTheymaydo sobecausef glueypollenkitt,
remainingsugarprominensurfacesculpturingpras
relic of the tetrad stag@Hessel98)). In the acetolysed
methodthisis muchrarer.Here,clumpingmayoccur
due to defects of the anther.

Choosinga preparation method

Both preparationmethodshave unique advantages
and disadvantagesvhen utilised for pollen analysis.
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including a light microscope with spfient magny-
cation (preferably a 60x objective lens for acetoly
samples and a 100>bjective lens in oil for hydrate:
samplesianda digital camerais highly recommendec
for both methods. When using a smaller mggr
cation, e.g. a 40x objective lens, certain charac
istics of pollen grains cannot be seen gradential
diagnostic information is lost.

For the analysis of a sample with high content
organic sediments such as yeasts, spores, alge
parts of organisms, it may be bgweél to perform
acetolysis for better visibility of pollen grains. Soir
times though, the presence or absence of certain
pollen organic material can be important for the trac
of botanical and geographical origin as welhs
potential alterations and/or adulterationsof honey.
For example, to determinehoneydew hone)
microscopically (Straka975 Beckh & Camp<2009),
acetolysis would largely remove possibidicators.

Oneadvantagef acetolysegollenis thestaining
of the pollen wall, whichncreases the visibility o
surface details (e.g. Lieux98Q Halbritter et al.
2018, see Brassicaceae grain kigure 7A The
stainingof thepollenwall is darker themorespore
pollenin is contained in its structure, which usue
corresponds to the thickness of the exine layer ir
pollen wall, e.gPrunussp. Figure 11 J), Tilia sp.
(Figure 2Q, R), Parthenocissussp. (Figure 3, J).
After some months though, the brownish staindrfic
the embedded acetolysed samphéght fade, which
should be considered especially when photo
graphic documentation is desired. In hydra
samples, staining is not required but may basset.
It can be achievedwith agentssuch as fuchsine
(aniline red), see the datab&RellenWiki (Stebler
2023, and Figure 7Ccompared to the unstaine
pollen grain Figure 7B. The dye can be mixe
directly into the embedding material, as in Kas¢
glycerol gelatine (Mulisch & Welscl2015. The
quality of embedded hydrated samples will all
proper pollen type identcation for years.

The choice of a preparation method might also af
the shape in which pollen granappear. During
acetolysis, the cytoplast and aperture mémane is
destroyed, while in the hydrated state, the cytof
usually swells. Some pollen types hence apy
spheroidal when hydrated and prolate a#tegtolysis,
e.g. Robinia pseudoacaciaor Trifolium
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Figure 7.Brassicaceae pollen grain acetolysAjl fiydrated unstainedB) and hydrated atned with fuchsine@. Scale bars 10 pm.
Source: Karen Koelzer.

repenstype (seeFigure4Mi P). Thereforerelevant (1980 recommended acetolysis for honey paoll
referencditeratureshouldbe usedfor identiycation, analysis in the soutbastern United States, whe
preferably referring to the same method of prep the few palynologists at that time were trained
aration (acetolysed or hydrated). Pollen grains mayacetolysis. As one of therst honey researchers i
also shrink to various extent during acetolysis. the United States, she herself prepared more 1
When using the size for idegitiation purposes, 200 reference samples oféging plants in Louisianay

measuring in the hydrated state is advised andusingacetolysigLieux1969. Shealsomentions the
allows to compare the measurements to the refer potential of shared reference literature with ott

ences in most online databases (PalR2a00
onwards; Koelzer et a2023 Stebler2023.

When applying the hydrated method, the use gf 5
of honeymaterialwill usuallybesufycientfor theanaly
sisof 500 pollengrainson oneslide,unlessit is honey

known to contain little amounts of pollen, such as for

example urporal Robiniahoney (van der Ohe et al.

2004). With this volume, the pollen will also be spread

out in a comfortable way in order to be ablédentify
andpicture eactgrainindividually while allow- ing for a
continuougpow of counting.

Theoverallavailability of literatureshouldaswell

areas of palynology (e.g. palaeobotanyYyegions
with less advancedpalynological knowledge and
limited resources (Lieux980. Countries, where
acetolysis continues to be commonly udedthe
analysisof geographicaland botanicalorigin are
India(e.g. Bhargava et &009 Ponnuchamyet al.
2014, and Nigeria (e.g. Durugbo et ak02Q
lkegbunam et al.2022. Plant species that ar
restricted to these regions may be easier to ider
when using the same method likewise.

Lastly, the choice of preparation methods may ab&o
consideredin regardto potential further analyses

be considered when choosing a method. Literaturewith additional methods. With theell content and
can be limited in certain geographic regions and/or intine dissolved acetolysedollen samplesanstill

to certain methods. Gadbiiq979, who analysed be processed for SEM (scanning electr
honey fom Chad Republic, could identify more microscopy)aswell asTEM (transmissiorelectron
pollen types acetolysed (15), compared to the microscopy) analysis of the exine pollen wa
hydrated method (12). He recommended acetolysisUnstainechydratedsamplesallow for morefollow-

for honey from the central African regiowrstly, up methods: iodine staining to detect starch ¢
because the pollen wall details are important for carmine staining to determine the number of nuc
identiycation when théporal resourceare notwell (Halbritter et al. 2018, as well as electror
known, and secondly, because of more availablemicroscopy for more detailed analyses of poll
reference literature with the acetolysed method onwall structure/sculpture andcelt organelles within
the melliferousporaof theregion.Similarly, Lieux the cytoplasm.In addition, hydratedsamplescan
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potentially be further processed for DNghalysis (as pressure through strict deadlines or limited time u
described e.g. in Bell et &016. This might work closing hours, splitting the counting acrossesal
best if the hydrated pollen sample is embedded indays,disruptionswvhile counting,or increasingpersonal
glycerine instead of glycerol gelatine, from which identycationabilitieswithin arow of multiple samples
individual pollengrains may be extracted using a (e.g. Galan et al2014. However, colour visior
micromanipulator (Halbritter et aR018 Ulrich & deycienciessuchasdescribedor pollenpelletsorting
Grimssor2019. in Hornby et al. 2022, are a neglectable factor

For an elaborate comparison of acetolysed andmicroscopicanalysessincepollengrains aradentiyed
hydrated methods, s@able Il with their more prominent structural and sculptu
characteristics rather thaolely by colour.

As aselfcritical approacho testfor potentialother
biaseghanpreparatiormethodsiuringcountingout
pollensamplesthesecondpartof this studyincluded
unintentionallyinpuencedby humanerrors.Possible multiple repetitive analyses of the same honey. Dif
factorsof subjectivitymaybetheresearché level of ences between the acetolysed and hydrated me
experience with using either the acetolysed or thewere reproducible in regards to pollen diversity
hydrated method, the palynologistcondition and  well asspecyc taxa(e.g.Myosotissp.).Differences
moodon the day of analysistheir conydencetime within the acetolysedand the hydrated group,

Thehuman factor

Besidegdechnicalavailability, pollenanalysesnay be

Tablell. Sideby-sidecomparisorof multiple factorswith theacetolyseandhydratedmethod

Method

Acetolysed Hydrated

Laboratorywork  Requiredamountof
honeymateriat
Ageandconditionofthe Fresh to subfossil

honey

Minimum 10g Minimum 5g

Fresh, up to 5 years before cytoplas
slowly disintegrates

Requiredchemicalsaand
laboratoryequipment

Deionised water, acetic acid, acetic pdfide,
concentrated sulphuric acid, ultrasonic water
bath,fumehood,centrifuge plungeroperated

Deionisedwater,centrifuge heating
plate, plungeioperated pipette

pipette

Preparatiortime 90min

Resting time after
embeddingnobject
slide

Optimal LM
magny cation(optical
lens)

60x

Referencditerature

Referencenline
databases

Visibility of pollengrains Excellent
in the sample

Available,abundant
Available

Identiycation
toolsfor LM

Pollen
characteristics

Staining of pollen grains Brownish due to acetolysis
Highlighted through staining, no obstructions

Pollen wall details

Pollensurface Usually clean
Ornamentation of May belost
aperturanembrane
Aperture seams Usually clearly visible
Cytoplastataperture Destroyed
Cytoplast contents Destroyed
Further handling  Sampleavailability for SEM, TEM

othermethods

15 min (glycerine)or longer/overnight

30min
1 day (glycerol gelatine)

100xin oil

Available
Available,abundant

May be reduced by debris such as
starch globules, yeasts, spores,
algae, bee parts and wax tubes

Natural colour of the pollen grains
Might be hidden by obstructions
Canbe obstructedy sugarremains,

otherorganiccontent,or pollenkitt
Usually intact

Not alwaysclearly visible

Appearsin taxatypical way

Potentiallycontainsstarchand/or
lipid globules

Stainingwith iodine or carmine,
acetolysisSEM, TEM, DNA-
barcoding
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respectively, were neglectable and did hatve an
effectontheoverallintegrity of results Thenumber

uniqueadvantagedn orderto identify pollentypes
correctly applying either method, it needs a hi

of identiyed pollen taxa and the percentages of the degree of experience, accessdterence literature,

mostimportantpollentypeswerecomparable.

Relevancef LM analysisin times of
DNAmetabarcoding

andawarenessf thelimitations. For mostusesand
quality requirements, analysing the sample w
either method (acetolysed/hydrated) is ysignt.
The reproducibility could be shown through multip
repetitions with acetolysed awsell as hydrated

Our study shows that both the acetolysed and thematerial. Remarkablythe hydratedmethodrevealed

hydratednethodsaretechnicallysuitablefor thequali
tative and quantitative analyses of pollenhaney.
Despite the larger pollen spectrum idget] with the
hydratedmethod therearestill limits to taxonomicres
olution and the number of idepgd taxa. Such limit

an overall higher number of taxa on the object slide
total and within 500 counted pollen grains.

For experienced palynologists, pollen analysis o
honey sample takes less than a dyiroe, from
preparation to the list of results. LM methoc

ations may be overcome by promising new methods especially hydrated samples in glycerol gelatii

such as DNA metabarcoding. DNA rabarcodindias

requireaminimumof costsandmaybewideracces

been used to analyse and quantify the full pollen sible for researchers, students and interested apie

spectrum in honey (e.g. Smart et 2017 Noél et al.
2023. Thesestudiesshowedstrong,yet taxaspecyc,
concordancéo LM results.DNA metabarcodingnay

alike, compared tacetolysis and nesv techniques
such as DNA metabarcoding.
For going from experimental research to t

complement LM methods as it potentially enables a implementatiorof novelmethodsn routineanalysis
higher taxonomic resolution for pollen types that can on the ofcial scale, further extensive validation «

only be identyed collectively to family level by LM,
suchasPoaceaeRinaceaeor Cupressacegégeontidou
et al. 2021). Moreover, it was shown to surpass LM

methods is essential. Here, LM (acetolysis or hydrati
functionsasabackbondor methoddevelopmenand
needs to be conducted with diligence and/signt

when it comes to taxa richness, especially when taxaphotographic documentation. So far, melissopalynolc

were present in little abundances (Smart et@l?
Polling et al.2022. However, limitations concerning
the reliable idengication of certain plant taxa have

been observed with DNA metabarcoding as well.
These are mostly due to the choice of primer system in

combinaton with the available referencedatabases.
Anotherlimitation is thequantiycationof pollenabun
dancesSomestudieshavequantitativelycomparedhe
relativenumberof ampliconreadsfrom DNA metabar
codingto thatof microscopicpollencounts Effectsof
pollen morphology (Swenson & Gemeinhol28921)

and amplycation biases through primer mismatch

(Banschet al. 202Q Leontidou et al. 2021; Polling
et al. 2022 may be a common cause for large -pro
portionsof unexplainedabundanceariations.Hence,
at the current state of knowledge, yemtion by LM

needghelLM techniquesindcannotbefully replaced
by DNA-methods. However, the latter could ae
veryusefuladditionto futureresearch.

Acknowledgements

The authors kindly thank all apiarists wr
contributed honey samples for this study: Matth
Kopetzky and Adriana Traumduller (Bezirksimker
Wien), Dietmar Niesser (Biolmkerei Bienenschule
Wien), Robert Andres (Innsbruck), Bernhard Ri
and David Hintersteiner (LinzerBiene), Dani
Pfeifenberger (Bienenlieb, Salzburg), Winfri
Dareb (City Imker Klagenfurt), Gorazd Tanovec

(Urbanic®elar,Ljubljana),Petralezekova(CEEV

Gvica, Bratislava), and Bernd Dany (Da®syBienen

and botanical plausibility checks are vital to detect g Honig, Munich).
false positive results at the stage of taxon assignment.

Due to the current technical limitations observed in

DNA metabarcoding, it cannot fylreplace LM ana

Disclosure statement

lyses. Here, especially the hydrated method remains

themethodof choicefor reliableand,in generalrepro
ducible quantitative melissopalynological data.

Conclusions

No potentialcorpict of interestwasreportedby the author(s).

Funding

This study was funded throughdactoral researct

Both the hydrated and acetolysed methods of -prep position at the Austrian Agency for Health and Fo

aration for the pollen analysisof honey have their

72

Safety (AGES).



Doctoral Thesis

Authenticity of Urban Honey

2025

Supplemental data

ErdtmanG. 196Q Theacetolysismethodi areviseddescription.
SvenskBotaniskTidskrift 54: 561i 564.

Supplemental material for this article can be accessed Faegri K, Iversen J. 1975 Textbook of pollen analysis.

online at https://doi.org/10.1080/00173134.2024.
2348651

ORCID

Karen Koelzer http://orcid.org/0000001-8807-3439

References

Armbruster L, Jacobs J1934 1935 Pollenformen und
HonigherkunftBestimmung. Berlifzehlendorf: Verlag des
Archivs fur Bienenkunde.

Bansch S, Tscharntke T, Winschiers R, Netter L, Brenig B,
Gabriel D, Westphal C2020 Using ITS2 metabarcoding
andmicroscopyto analyseshiftsin pollendietsof honeybees
and bumble bees along a mdmsvering crop gradient.
Molecular Ecology 29: 500%018. doi10.1111/mec.15675

BastlK, BergerU, KmentaM, WeberM. 2017 Isthereanadvan
tage to staying indoors for pollen allergy sufferers?
Composition and quantitative aspects of the indoalten
spectrum. Building and Environment 123:183. doil0.
1016/j.buildenv.2017.06.040

Beckh G, CampsG. 2009 New specycationsfor uniporal honey.
Deutschd_ebensmittelRundschad05:105 110.

Bell KL, deVereN, Keller A, RichardsorRT, GousA, Burgess
KS, Brosi BJ.2016 Pollen DNA barcoding: current appli
cations and future prospects. Genome 59i 629. doi10.
1139/ger2015-020Q

Beug HJ.2004 Leitfaden der Pollenbestimmung fiir Mitteleuropa
und angrenzende Gebiete. Pfeil, Minchen.

Bhargava HR, Jyothi JVA, Bhushanam M, Surendra 2089
Pollen analysis of Apis honey, Karnataka, India. Apiacta 44:
147 19.

ChevalieM, DavisBAS, Heiri O, Sepp&H, ChaseBM, Gajewski
K, Lacourse T, Telford RJ, Finsinger W, Guiot J, Kuhl N,
Maezumi SY, Tipton JR, &ter VA, Brussel T, Phelps LN,
Dawson A, Zanon M, Vallé F, Nolan C, Mauri A, de Vernal
A, lzumi K, Holmstrom L, Marsicek J, Goring S, Sommer
PS, Chaput M, Kupriyanov 202Q Pollenbased climate
reconstruction techniques ftate Quaternary studies. Earth
ScienceReviews210:103384.doi:10.1016/j.earscirev.2020.
103384

DIN (Deutschesnstitut fir Normung).2002 Untersuchungon
Honig - Bestimmung der relative Pollenhzgkeit, DIN
10760: 200205, Berlin, http://www.din.de http://www.
beuth.de

DurénEscalant&C, Ortiz-DiazJJ,Pinz6rEsquivelP ,Galvez
Mariscal MA, AlfaroBates RG.2023 Palynological character
isation of palm honey (Sabal yapa) produced in Yucatan
(Mexico). Grana62: 133/ 145.d0i:10.1080/00173134.2023.
2178264

Durugbo EU, Daramola GG, Abazuh DU, Odim MM202Q
Pollen characterization and physicochemical analysis of six
Nigerian honey samples; test for authenticity. Turkish
Journal of Agriculturei Food Science and Technology 8:
1863 1870. doi10.24925/turjaf.v8i9.1863870.3477

Erdtman G1943 An introduction to pollen analysis. Waltham,
MA: Chronica Botanica Company.

73

Copenhagenvunksgaard.

GadbinC. 1979 Lantérétde I@cétolyseen mélissopalynologie
Apidologie 10: 23i 28. doi:10.1051/apido:19790103

GalanC, SmithM, ThibaudonM, FrenguelliG, OterosJ, Gehrig
R, Berger U, Clot B, Brandao R, EAS QC Woroking Grol
2014 Pollen monitoring: Minimum requirements and rep
ducibility of analysis. Aerobiologia 30: 38395. doil0.
1007/s1045314-93355.

GeierC, BouchalJM, Ulrich S, Uhl D, WapplerT, Wedmanrs,
ZetterR, Grimssorf. 2023 Collectingin situ/adheregbollen
from fossil compressed angiosperpowers. Review of
Palaeobotany and Palynology 310: 104831. 1dbi016/j.
revpalbo.2022.104831

Grimssorf, BouchalJM, Xays A, ZetterR.2020 Combined_M
and SEM study of the middle Miocene (Sarmatian) paly
pora from the Lavanttal Basin, Austria: Part
V. Magnoliophyta3 i Myrtalesto Ericales.Grana59: 127
193.d0i:10.1080/00173134.2019.1696400

HalbritterH, Ulrich S, GrimssonF, WeberM, ZetterR, HesseM,
Buchner R, Svojtka M, FroseRadivo A.2018 lllustrated
pollen terminology. New York: Springé&rerlag.

Hesse M.1981 Theyne structure of the exine in relation to t
stickinessof angiospernpollen. Reviewof Palaeobotangnd
Palynology 35: 80192. doi10.1016/00345667(81)900154.

Hesse M, Waha M. 1989 A new look at the acetolysis methao
PlantSystematicand Evolution 163:147 152.d0i:10.1007/
BF00936510

Hornby S, Benn J, Vinkenoog R, Goldberg S, Pound 2022
Methods in melissopalynology: colour determination
pollen pellets for colour vision ¢eient individwals.
Palynology 46: 17. doi10.1080/01916122.2022.2062476

lkegbunam NC, Nweze NO, Walter OJ, Njokuocha RC, Ag
COC. 2022 Melissopalynologial characterization of hone
samples from southeastern, Nigeria. Turkish Journal
Agriculture - Food Science and Technology 10: PQ30.
doi:10.24925/turjaf.v10i2.20210.4537

Koelzer K, Weber M, Ulrich S2023 Integration of the poller
database PONET into PalDat with new features for [i
microscopy. Grana 62: 2211 227. doi:10.1080/00173134.
2023.2256328

LeontidouK, Vokou D, SandionigiA, BrunoA, LazarinaM, De
Groevel,Li M, VarottoC, GirardiM, CasiraghM, Cristofori
A. 2021 Plant biodiversity assessment through pollen D
metabarcodingn Natura2000habitatgItalian Alps). Scientyc
Reportsl1:18226.doi:10.1038/s4159821-976193.

Lieux MEH. 1969 A palynologicalinvestigationof Louisianahoneys.
PhD Thesis.LouisianaStateUniversity, Baton Rouge LA.

Lieux MEH. 198Q Acetolysisappliedto microscopicalhoney
analysis. Grana 19: 581. doi10.1080/0017313800942498
Louveaux J, Maurizio A, Vorwohl G. 1970 Internationale

Kommission  fir Bienenbotanik:  Methodik der
Melissopalynologie.Apidologie 1: 193 209. doi:10.1051/
apido:19700205

Louveaux J, Maurizio A, Vorwohl G978 Methods of melissopa
lynology. Bee World 59: 139 157. doi:10.1080/0005772X.
1978.11097714

Maurizio A. 1975 Microscopyof honey.In: CraneE, ed.Honey:
A comprehensive survey, 24P57. London: Heinemann, i
cooperatn with the International Bee Research Associat

MeudtHM. 2016 Pollenmorphologyandits taxonomiautility in
the Southern Hemisphere bracteptestrate forgetmenots



Doctoral Thesis

Authenticity of Urban Honey

2025

(Myosotis Boraginaceae). New Zealand Journal of Botany 54:
475 497. doi10.1080/0028825X.2016.1229343

Mildenhall DC, Wiltshire PEJ,BryantVM. 2006 Forensigoaly-
nology: Why do it and how it works. Forensic Science
Internationall63: 163 172. doi:10.1016/j.forsciint.2006.07.
012

Mulisch M, Welsch U., eds2015 Romeis 1
Technik. Heidelberg: Springer Spektrum.

Noél G, Mestrez A, Lejeune P, Francis F, Kawai J, Miwa M,
Uehara K, Nagase A2023 Pollen metearcoding reveals
different community structures of foraged plants by honeybees
(Apismellifera L.) alongspacetime gradientin JapanUrban
Forestry & Urban Greening 79: 127794. d6i:1016/j.ufug.
2022.127794

Oteros J, Galan C, Alcazar P, Domingikches E. 2013
Quality control in biemonitoring networks. Spanish aerobiol
ogy network. Scienceof The Total Environment443: 559
565.d0i:10.1016/j.scitotenv.2012.11.040

PalDati a palynological databas€000 onwards http://www.
paldat.org accessed 31 October 2023.

Polling M, Melati S,deWeger LA, SpeksnijdeAGCL, Koenders
MJF, de Boer H, Gravendeel B022 DNA metabarcoding
using nrITS2 provides highly qualitative and quantitative
results for airborne pollen monitoring. Science of Trwaal
Environment 806: 150468. doi:10.1016/j.scitotenv.2021.
150468

Ponnuchamy R, Bonhomme V, PrasadDas L, Patel 2014
Honey pollen: Using melissopalynology to understand foraging
preferences of bees. Tropical South India. PLoS One 9(7):
€101618. doit0.1371/journal.pone.0101618

Ramalho M, KleinerGiovannini A.1986 Some aspects of the
utilization of pollen analysis in ecological research.
Apidologie 17: 159174. doi10.1051/apido:19860207

Mikroskopische

74

Reille M. 1992 Pollen et spores@lurope et @frique du nord.
Marseille: Laboratoirede Botaniquehistoriqueet Palynologie.

SawyerR. 1988 Honeyidentiycation.Cardiff: AcademicPress.

Smart MD, Cornman RD, Iwanowicz DD, McDermott
KubeczkoM, PettisJS,SpivakMS, Otto CRV.2017. A com
parison of honey beeollected pollen from working agricul
tural lands using light microscopy and ITS metabarcodil
Environmental Entomology 46: 889.

Sodl B.2013 PalynologischéJntersuchungen an ausgewahlte
Textilien aus forensischer Sicht. Diploma Thesis, Univers
of Vienna, Vienna.

Stebler T.2023 Pollen Atlas. Polleiwiki. https://pollen.tstebler.
ch/MediaWiki/index.php?title=Pollenatlas accessed 31
October2023.

StrakaH. 1975 Pollen undSporenkundeEine Einfihrungin die
Palynologie. Stuttgart: Gustav Fischer Verlag.

SwensorSJ,GemeinholzeB. 2021 Testingthe effectof pollen
exine rupture on metabarcoding with lllumina sequencil
PLoS One 16(2): e0245611. ddi1371/journal.pone.
0245611

Ulrich S, Grimsson F2019 The singlegrain method: adding
TEM to the equation. Grana 59: 48/. doi10.1080/
00173134.2019.1666915

vonderOheW, PersandddolL, PianaML, Morlot M, Martin P.
2004 Harmonized methods of melissopalynology.Apidologie
35: 18 25. doi10.1051/apido:2004050

Vorwohl G. 1995 Madoglichkeiten und Grenzen
mikroskopischerdoniguntersuchunddienenvated 16:276'
283.

Weber M, Ulrich S.2016 Forensic palynology: How pollen in dry
grass can link to a crime scene. In: Kars H, van den Eike
eds. Soil in criminal and environmental forensicsj 2%
Cham: Springer International Publishing.

de



Doctoral Thesis Authenticity of Urban Honey 2025

C. TREES ARE A MAJOR FORAGING RESOURCE FOR
HONEYBEES IN THE CITY

Karen KOELZER, Alexandra RIBARITS, Karin
Authors: WEYERMAIR, Johannes M. BOUCHAL, Josef
MAYR, Martina WEBER

Published in: MDPI Plants

Year of publication: 2024

KK performed the melissopalynological work and
wrote the manuscript. Together with co-authors, KK
conceived the idea for this paper, exploited the
data and interpreted the results,

Koelzer, K., Ribarits, A., Weyermair, K., Bouchal, J.
M., Mayr, J., & Weber, M. (2024). Trees Are a
Citation: Major Foraging Resource for Honeybees in the
City. Plants, 13(21), 3094.
https://doi.org/10.3390/plants13213094.

Contribution:

75


https://doi.org/10.3390/plants13213094

Doctoral Thesis Authenticity of Urban Honey 2025

76



Doctoral Thesis

Authenticity of Urban Honey

plants

]

Article
Trees Are a Major Foraging Resource for Honeybees in the City

Karen Koelzer 123 , Alexandra Ribarits 2 , Karin Weyermair 4, Johannes M. Bouchal 1 , Josef Mayr z

and Martina Weber !

check for
updates

Citation: Koelzer, K,; Ribarits, 4,;
Weyermair, K.; Bouchal, [.M.; Mayr, [
Weber, M. Trees Are a Major Foraging
Resource far Honeybees in the City.
Planis 2024, 13,3094, hegps:/ fdelorg)
10.3390/plants13213094

Arademic Editor: Javier Rodrigo

Received: 4 October 2024
Revised: 30 Ocmober 2024
Aceepted: 31 October 2024
Publizhed: 3 November 2024

()@

S [

Copyright: © 2024 by the auchors.
Licensee MDPL Basel Switzerland,
Thiz article is an open aceess article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license ([https://
creativecommans.org/licenses /by /
40/).

Division of Structural and Functional Botany, Department of Botany and Biediversity Research,
University of Vienna, Rennweg 14, 1020 Vienna, Austria

¢ Deparmment for Apiculture and Bee Protection, Institute for Seed and Propagating Material, Phytosanitary
Service and Apiculture, Division for Food Security, Austrian Agency for Health and Food Safety Ltd.,
Spargelfeldstrafis 191, 1220 Vienna, Austria

Department of Oto-Rhino-Laryngology, Medical University of Vienna, Wahringer Girtel 18-20,

1090 Vienna, Austria

Department for Statistics and Analytical Epidemology, Division for Data, Statistics and Risk Assessment,
Aunstrian Agency for Health and Food Safety Ltd. Zinzendorfgasse 27 /1, 8010 Graz, Austria

#  Correspondence: a01108018@Eunecunivie.ac.at

Abstract: Large cities are typically characterized by a mosaic of green spaces that hold a remarkable
variety of native and “exotic” plants. Urban beekeeping has gained increasing popularity. In order to
characterize the "urban” in the honey, pollen diversity in 50 honey samples from 18 apiary locations
in Vienna, Austria, was microscopically analyzed. The relative abundances of each plant taxon were
determined by counting out 500 individual pollen grains per sample. In total, 202 taxa could be
identified, with a median of 46 per sample. Taxa richness and diversity differed significantly across
three years but did not so between urban and suburban apiaries, Despite trees comprising only
roughly a quarter of all taxa, the amount of tree pollen was disproportionally high. The invasive
Ailanthus alfisstna was predominant in 15 out of 50 samples. Other important non-native and/or
ornamental trees included Sephora japonica, Gledifsia friacarthios, Castanea sativa, Koelrewteria paniculata,
and Liriodendron fulipifera. Urban honey from Central Europe may typically comprise pollen taxa
from Europe, East Asia, and North America alike. The results of this study show that intentionally
planted, managed urban green spaces can support stable foraging resources for pollinators in cities.

Keywords: floral resources; honey; melissopalynology; plant diversity; pollen analysis; pollinators;
urban ecolegy

1. Introduction

Urban landscapes are characterized by the heterogeneity of floral resources and habi-
tats [1.2]. However, the high propertion of sealed surfaces is an inhospitable matrix for
many poellinators. In addition, expesure to higher temperatures in "urban heat islands”
affects not only the physiology of plant species but also the quality of plant-pollinator
interactions [3]. Worldwide, a decline in pollinators could be linked te human pressures,
environmental change, and a high degree of fragmentation [4,5].

Plants in the city are vital for humans and animals in many aspects. In view of global
warming, trees, in particular, have become an important source of shade for residents,
besides fulfilling an aesthetic purpose. Atthe same time, they actas a valuable food source
for pollinating insects. Appropriately managed urban green spaces can act as hotspots for
pollination services, specifically for bees [6.7].

Honeybees of the Apis mellifera subsp. carnica race, which is the most frequently kept
honeybee type in Austria [8], are generalist flower visitors. They collect pollen and store it
inside the hive as beebread (perga). which provides the larvae with protein. Nectar is stered
in the comb cells as honey and is the celony’s primary source of sugar. Pollen grains are
indirectly introduced to honey through secondary input in the beehive [9,10]. The specific
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morphology and characteristics of pollen grains allow us to microscopically identify their
taxonomic source and hence link the honey to the botanical and geographical source of
honeybee foraging [11,12].

Urban beekeeping has many benefits: It contributes to a healthy environment by
maintaining plant-pollinator interaction in urban areas, provides economic profits for
beekeepers and apiary localities, and is a valuable tool to educate the general public about
the importance of pellinators [13,14]. There is a continuous trend to keep honeybees in
urban environments. Yet, the authenticity of urban honey from a melissopalynological
perspective is often unclear.

Urban landscapes present particular challenges for melissopalynological pollen anal-
vses due to a high diversity of both native and ornamental plants [15]. Ornamentals,
especially, have become a vital part of municipal and private planting regimes [16]. Typ-
ically, certain “marker” pollen types indicate the origin of a honey sample by knowing
the geographical distribution of that plant taxon. As relatively few plant individuals can
provide vast amounts of flowers, trees especially comprise an important food source for
bees in disturbed areas such as urban environments [17,18]. In recent years, however, tree
species from other geographical regions have been widely introduced to Central Euro-
pean cities as inner-city environments increasingly mimic the heat and drought conditions
of their original distributions. Those trees include, e.g., Ailanthus altissima, Koelreuteria
paniculata, and Sophora japonica from the Qinling Mountains in China, Gledifsia triacanthos
and Liriodendron tulipifera from the Appalachians in the United States, and Tilia fomentosa
from the East European steppes [19,20]. When available in higher abundances, introduced
and non-native plants may also change the seasonal pattern of foraging resources for
pollinaters [3].

A more systematic approach is essential to shed knowledge on the spatial and temporal
availability of floral resources in cities and to understand honeybee preferences. The aim of
this study is to gain basic knowledge of the actual foraging resources in a Central European
urban metropolis and highlight the importance of planted trees for honeybees. It examines
the availability and origin of trees across the heterogeneous mosaic of urban and suburban
landscapes. Knowing how honeybees interact with the floral resources in their environment
will provide information for the management of municipal planting regimes, as well as
point private owners of gardens towards honeybee-friendly plant choices. Moreover, this
study will give scientific guidance for beekeepers regarding the spatial and temporal
availability of floral resources in a city and how they might impact hive management.

2. Results

For this study, 50 honey samples were melissopalynologically analyzed. This includes
nineteen honey samples in 2020, twenty samples in 2021, and eleven samples in 2022,
Across all samples and all three years, a total of 202 individual pollen types could be
identified. Out of these, 52 pollen types could be identified at the species level (25.7%), 91 at
the genus level (45%), and 23 at the family level [11.4%). A further 5 could be identified
down to two or three potential genera (2.5%], 25 were classified as “type” (12.4%), and
6 remained unidentified (3%). Across all years, the mean number of taxa per sample was
46. The mean number of taxa was highest in 2022 (Figure 1A). In general, the number of
identified plant taxa did not correlate with the number of apiary locations per year (see
Table 1).

Mean taxa richness and mean Shannon Diversity Index were calculated for the differ-
ent years (Figure 1AD), the urban and suburban groups (Figure 1B,E), and the different
harvesting times (Figure 1C,F). The diversity of foraged plants was significantly different
between the years (Table 1) but did not significantly change from urban to suburban lo-
cations and between extraction times. Differences in taxa composition were assessed by
permutational multivariate analysis of variance, which revealed significant differences by
vear, urban vs. suburban location, and extraction time.
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Table 1. Number of samples, apiary locations, and identified taxa per year.

Year i Samples n Locations n Taxa
2020 19 15 150
2021 20 16 141
2022 11 11 142
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Figure 1. (A-C): Taxa richness per sample across three years (2020-2022: (A), by proximity (urban
and suburban; (B), and three harvesting times (single harvest in June, spring harvest in the first half
of July, and summer harvest in July-August; (C). (D-F) Mean Shannon Diversity Index of pollen
spectra across years (D), proximity (E), and harvesting times (F).
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Further, a growth type was assigned to each of the 202 plant taxa, if possible. As shown
in Figure 2A, they belong to herbaceous species (108), trees (49), shrubs (28), lianas (3],
epiphytes (2), and various growth types (12). The number of tree taxa was clearly lower
than the number of herbaceous species. Despite that, the relative abundance of tree pollen
per 500 counted pollen grains by far exceeded all other categories (Figure 2B}, with a
median of 350. This trend was reproducible in 2020 and 2021 across all three harvesting
times (single harvest, spring harvest, and summer harvest); see Figure 2C,D.
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Figure 2. Number of identified taxa per growth habit [A), total amount of pollen per growth habit
per 500 counted grains in the urban and suburban groups (B). distinct taxa counts per growth habit at
different harvesting times (C). total amount of pollen grains per growth habit per 500 counted pollen
grains at different harvesting times (D). Asterisks indicate the mean value across all 50 honey samples.

To determine the overall most abundant taxa, all pollen types with more than 8%
relative abundance in at least one sample were considered (Figure 3). Out of these 23 taxa,
ten belonged to trees. They were Acer sp., Aesculus hippocastanum, Ailanthus altissima,
Castanea sativa, Gleditsia triacanthos, Malus-Type, Prunus sp., Salix sp., Sophora japonica,
and Tilia species. Two were shrubs (Rubus sp. and Syringa sp.), and two were lianas
(Parthenocissus sp. and Vitis vinifera). The rest was herbaceous or of various growth types.
Only five identified pollen types occurred predominantly (>45%) in at least one honey
sample. These were Ailanthus altissima, Castanea saffva, Myosotis sp., Sophora japonica, and
Brassica species. Micrographs of the most occurring tree taxa are shown in Figures 4-6, and
of the most occurring shrubs in Figure 7.
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Figure 3. Pollen types with more than 8% abundance in at least one of the 50 honey samples.
The occurrence is displayed according to defined frequency categories (predominant = > 45%,
secondary = 15-45%, important minor = 3-15%, minor = < 3%).

The seven taxa most widely occurring across all 50 honey samples (see Table 2) were
Ailanthus altissima, Tilia sp., Aesculus hippocastanum, Gleditsia triacanthos, Parthenocissus
sp., Syringa sp., and Castanea sativa. Ailanthus alfissima pollen (Figure 4A,B) occurred in
49 out of 50 honey samples and at all 18 apiary locations. [ts highest relative abundance
per 500 counted pollen grains was 80.6%, with a mean of 31%. It was the predominant
pollen type (>45%) in 15 out of 50 samples. Pollen of Tilia sp. was likewise present in
49 put of 50 honeys and at all 18 apiary locations but was predominant in neither sample.
The relative abundance of Tilia sp. pollen grains was highest at 37.2%, with a mean of 6.6%.

To examine the importance of non-native and/or ornamental species, the identified
taxa were assigned to one or more of the following four categories: established/native to
Austria, invasive in Austria, ornamental species, and agricultural species. The majority
of taxa were native/established (145), followed by ornamental (71), agricultural (13}, and
invasive species (12). Ailanthus altissima, for example, was included in the established and
invasive categories.

Out of the 49 identified tree taxa, 19 were non-native ornamentals (see Table 3). Those
occurring in more than half of all analyzed honey samples and locations were Sophora
japonica (Figure 4C,D), Gleditsia triacanthos (Figure 41]), Koelreuteria paniculata (Figure 5A,B),
and Liriodendron tulipifera (Figure SKL).

Pollen of nectarless species was included to cover the full diversity of botanical origin
and occurred in all 50 honey samples. Neither the apiary location in urban or suburban
areas nor the harvesting time did affect the abundance of nectarless taxa significantly.
The most frequent pollen of nectarless trees was of Betula sp. (Figure 60,P), Morus sp.
(Figure 5M,N), Pinus sp., Platanus sp. (Figure 6EF), Quercus sp. (Figure 64,B), and Taxus sp.
(Figure 50,P). None of these taxa occurred with more than 3% relative abundance in any of
the samples.
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Table 2. The 33 pollen types occurring in more than 50% of all analyzed samples, their growth habit

(T =tree, 5 = shrub, H = herbaceous, L = liana, E = epiphyte), number of samples, number of samples
per frequency category [predominant = > 45%, secondary = 15-45%, important minor = 3-15%,

minor = < 3%), and maximum relative abundance in %.

Taxa Name Family G;"}::]‘ nSamples >4504 15-450g  3-150F <30  Max. (%)
Ailanthus altissima Simaroubaceae T 49 15 20 10 4 80.60
Tilia sp. Malvaceae T 49 ] 5 30 14 37.z0
Aesculus hippocastanon Sapindaceae T 48 ] 2z 18 28 30
Castanea sativa Fagaceae T 47 1 2 22 22 49
Gleditsia triacanthos Fabaceae T 47 0 1 23 23 39.60
Parthenocissus sp. Vitaceae L 47 0 0 22 25 11.20
Syringa sp. Oleaceae 5 47 0 0 12 35 8.20
Acer sp. Sapindaceae T 46 0 3 19 24 19.20
FPlantago sp. Plantaginaceae H 46 0 0 1 45 3.60
Trifoliion repens-Type Fabaceae H 46 0 0 4 42 6.80
Sambucus-Type NA 3 46 0 0 9 37 5.20
Malus-Type Rosaceae T 44 V] V] 2 42 11.80
unidentified unidentified NA 43 0 0 0 43 2.20
Anemone-Type Ranunculaceae H 39 0 0 1 38 3.20
Koelrewteria paniculata Sapindaceae T 38 ] ] 5 33 4.20
Poaceae Poaceae H 37 0 0 1 36 3
Brassicaceae Brassicaceae H 36 0 0 7 29 13.80
Corrus sanguinea Cornaceae 5 36 ] ] 1 35 5.60
Salix sp. Salicaceae T 34 ] ] 3 31 9.60
FRubus sp. Rosaceae 5 34 ] ] 2 3z 9.60
Prunus sp. Rosaceae T 33 o 1 3 29 3180
Myosotis sp. Boraginaceas H 32 2 1 12 17 64.30
Fragaria sp./Potentilla sp. Rosaceae H 32 0 0 1 31 4
Echium sp. Boraginaceas H 31 0 0 6 25 9.20
Alltum sp. Alliaceae H 30 0 0 3 27 10.80
Buddleja (4-aperturate) Scrophulariaceae 5 29 0 0 3 26 640
Sophora japonica Fabaceae T 28 2 1 6 19 63
Taraxacum-Type Asteraceae H 28 0 0 1] 28 1
Begonia sp. Begoniaceae H 28 0 0 1 27 3
Robinia pseudoacacia Fabaceae T 27 0 0 1] 27 160
Rosaceae Rosaceae NA 26 o o 1] 26 2
Lamiaceae (6-aperturate) Lamiaceae H 25 0 0 1] 25 0.60
Liriodendron fulipifera Magnoliaceae T 25 0 0 1] 25 1

Table 3. Pollen of non-native ornamental tree species (19) and their biegeographical origin, as well

as the number of samples in which they occurred, the maximum relative abundance (mazx. %), and
whether the plants produce nectar.

Taxa Name Family Origin n Samples Max. (%) Nectar
Catalpa sp. Bignoniaceae North America, East Asia 8 04 yes
Celis sp. Cannabaceae Southern Europe, North America 1 0.2 no
Corylus colurna Betulaceae South-Eastern Europe, Asia 6 0.6 no
Davidia involucrata Nyssaceae East Asia 1 1 yes
Fraxinus oraus Oleaceas Mediterranean 20 L& yes
Girkgo hloba Ginkgoaceae East Asia 4 0.4 no
Cleditia triacanthos Fabaceae North America 47 39.6 yes
Koelrewteria pariculata Sapindaceae East Asia 38 4.2 yes
Liguidambar styracifiua Altingiaceae North America 1 0.2 yes
Liriodendron tulipifera Magnoliaceae North America 25 1 yes
Morus sp. Moraceae South-Eastern Europe 11 2 no
Paulownia forentosa Paulowniaceae East Asia 2 1 yes
Platanus sp. Platanaceas Southern Europe, Asia 20 1 no
Ptevocarya fraxinifolia Juglandaceae Caucasus 2 0.2 no
Ptelea trifolizta Rutaceas North America 1 0.2 yes
Sophora japonica Fabaceae East Asia 28 63 yes
Tarmarix sp. Tamaricaceae Southern Europe, Asia, Africa 3 5.6 yes
Tetradiurmn danieli Rutaceae East Asia 12 1.2 yes
Zelkova serrata Ulmaceae East Asia 1 0.4 no
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Figure 4. The thirty most abundant tree pollen types in honey from Vienna, Part I: Ailanthus altissima
in polar view (AB). Sophora japonica in equatorial view (CD), Castanea sativa in equatorial view (EF),
Tilia sp. in polar view (GH). Gleditsia triacanthes in equatorial view (L)), Prumus sp. in polar view
(KL), Aesculus hippocastarnam in polar view (MN), Acer sp. in pelar view (0,P), Malus-Type in polar
view (Q.R). and Salix sp. in equatorial view (5.T). Scale bar indicates 10 pm.
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Figure 5. The thirty most abundant tree pollen types in honey from Vienna, Part II: Koelreuteria
pariculata in polar view (AB), Fraxinus ornus in polar view (CD), Rharmmus sp. in polar view (EF),
Frangula sp. in polar view (G.H), Robirnia pseudoacacia in polar view (L]), Liriodendron tulipifera in polar
view (KL), Morus sp. in pelar view (MN), Taxus sp. (0.P), Tefradiian damielll in equatorial view [Q.R),
and Tamarix sp. in equatorial view (S.T). Scale bar indicates 10 pm.
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Figure 6. The thirty most abundant tree pollen types in honey from Vienna, Part III: Quercus sp. in
polar view (AB). tetrad of Catalpa sp. (C.D), Platmius sp. in polar view (EF), Fraximus excelsior in
polar view (GH), Aesculus x carnea in equatorial view (L]), Elaeagius angustifolia in polar view (KL),
Prigius domestica in polar view (MN), Befula sp. in polar view (0.P), Lijuadambar styractfiua (Q.R),
and Cotinus coggygria in polar view (8,T). Scale bar indicates 10 pm.
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Figure 7. The ten most abundant pollen types of shrubs in honey from Vienna: Syrimga sp. in
polar view (AB), Buddleja sp. in polar view (CD), Rubus sp. in polar view (EF), Sambucus-Type in
equatorial view (G.H), Cormus sanguinea in equatorial view (L]), Vilurmon lantana-Type in equaterial
view (KL), Hex aguifoluon in polar view [(MN), Buxus sempervirens (0.P), Berbens sp. (QR), and
Symphoricarpos sp. in polar view (8,T). Scale bar indicates 10 pm.
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2.1, Urban and Suburban Sites

According to the proximity to the city center and the amount of dense grayscape
within the 3 km flight radius, 29 honey samples were classified as from urban locations
and 21 as from suburban locations (Table 4). In the “urban” group, 167 out of 202 pollen
types were observed, while the “suburban” group contained 164 out of 202 pollen types.
The mean number of taxa per sample was similar between the two groups (Figure 1B).
Taxa richness between the urban and suburban groups differed non-significantly across the
vears, with the largest variation in 2021.

Table 4. List of apiaries with the number of analyzed samples per year and their surroundings
classified as urban and suburban, respectively.

Sample District Location 2020 2021 2022  Proximity
25 1st Stubenring 1 1 1 Urban
31 3rd Hotel Daniel 2 - Urban
44 4th Technical University of Vienna - 1 1 Urban
39 6th ibis Hotel 1 1 - Urban
26 Bth Palais Auersperg 1 1 1 Urban
36 10th Suchenwirtplatz 1 1 1 Urban
27 12th Eichenstrafie 1 1 1 Urban
28 15tha Boutiquehotel Stadthalle 1 1 1 Urban
32 15thb KGV Schmelz 2 2 - Urban
46 20th Donaukanal - 1 1 Urban
33 2nd Prater Lusthaus 2 2 - Suburban
45 11th Gartnerei Auer - 1 1 Suburban
40 14th Flotzersteig 1 2 - Suburban

University of Natural
2 16th Resources ailj'lyd Life Sciences 1 1 1 Suburban
59 21st An der Schanze 1 - Suburban
30 22nd NH Danube City Hotel 1 1 Suburban
34 23rd Pappelteich 2 1 - Suburban
37 AP Vienna International Airport 1 1 1 Suburban

The amount of tree pollen with respect to the number of tree taxa was disproportionally
high in urban as well as suburban sites (Figure 2A,B). The median number of pollen from
herbaceous species per sample was considerably higher in suburban areas than in urban
areas (Figure 2B).

The number of ornamental plant taxa, as well as the relative abundances of orna-
mentals’ pollen per 500 counted grains, was higher in urban sites closer to the city center;
however, the differences were not statistically significant.

2.2, Time and Fregquency of Honey Extraction

In the years 2020 and 2021, honey from four locations was extracted twice. The spring
harvest (indicated by “1” in Figures 1 and 2) took place in the first half of June. The
summer harvest (indicated by “2"] followed at the end of July. All other honey samples
were derived from a single harvest in the first half of July (indicated by “0"). General
taxa richness was higher in later extraction times compared to honey harvested in spring
(Figure 1C). The mean number of identified tree taxa per sample, however, decreased
from 15 in the first harvest to 13 in the second harvest (Figure 2C). The least number of
herbaceous taxa occurred in spring. At all harvesting times, the relative abundances of tree
pollen were disproportionally higher compared to the number of tree taxa (Figure 2C,D).
The frequency of tree pollen per 500 pollen grains was similarly high in honey from spring,
summer, and a single harvest.
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2.3. Comparison of Four Different Locations Across Three Years

Four apiary locations were selected for a more detailed look at pollen diversities, as
they represent the gradient from densely built-on urban areas to more open suburban
landscapes. They were in the 1st and 15th districts of Vienna, as well as the 18th district
and the airport (Figure 8).
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Figure 8. Selected apiary locations and the surrounding landscapes as ortho-photo with a 1 km radius
(left), as well as the CORINE land cover analysis with a 1 km and 3 km radius (right): 1st district
Stubenring (A.B). 15th district Boutiquehotel Stadthalle (C,D), 18th district University of Matural
Resources and Life Sciences (EF). and Vienna International Airport (G.H).
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Location

The amounts of tree pollen within 500 counted pollen grains were highest at the city
center and decreased towards the outskirts. At all locations except for the airport, pollen of
trees occurred in disproportionally high amounts (see Figure 9).

The mean number of identified pollen types across all three years was highest in the
18th district (51) and lowest in the 1st district (40). The highest number of tree taxa occurred
in the 18th district in the year 2022 (24). The least number of tree taxa were identified
in honey from the airport, with only eleven taxa in the year 2020. Similarly, the relative
abundance of tree pollen in honey from the airport was low, with a minimum of 13.8% in
the year 2022. This was the only sample out of 50 where the amount of counted tree pollen
was negatively correlated to the number of tree taxa.

The most frequent tree pollen types in the 1st and 15th districts were Ailanthus al-
fissimna and Tilia species. They occurred, among others, together with Acer sp., Aesculus
hippocastanum, Gleditsia trincanthos, and Koelreuteria paniculata. Towards the outskirts, the
amounts of Ailanthus altissima and Tilia pollen decreased and the amount of Castanes sativa,
Malus-Type, Prunus sp., and Salix pollen increased. The most frequent herbaceous species
at the four selected locations were Brassicaceae, Myesotis sp., Echium sp., and Phacelia
tanacetifolia. In addition, a high frequency of Brassica sp. pollen was found in heney from
the airport and considerable amounts of Allium sp. in the 18th district.
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Toial number of pollen grains per growth habit in a sample
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Figure 9. Total amount of pollen per growth habit per 500 counted grains at four selected locations:
1st district Stubenring (1), 15th district Boutiquehotel Stadthalle (15a), 18th district University of
Natural Resources and Life Sciences (18], and Vienna International Airport (AP).

3. Discussion

Over a period of three years, pollen diversity in 50 honey samples from 18 different
locations in Vienna was analyzed microscopically in order to investigate the foraged plants.
Tree taxa were shown to be disproportionally more abundant in honey from urban areas.
Potentially, relatively few plant individuals provide mass amounts of nectar and pollen
throughout the season.
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3.1. The Role of Trees as Floral Resources

From the top twelve most planted tree species according to the Statistical Yearbook of
the City of Vienna [21], seven were also among the most abundant taxa found in the honey
samples (Figure 3). They were Acer, Tilia, Aesculus (identified as A. hippocastanum and A. x
carned), Prunus, Pyrus (identified as Malus-Type), Gleditsia friacanthos, and Sophora japonica.
Some of those tree species were planted throughout the 20th century all across town, such
as Acer sp. and Tilia species. Gleditsia friacanthos has also been growing along urban and
suburban roads for some decades. Aesculus hippocastanum has been a popular urban tree
for centuries because of its majestic size and inflorescences of ornamental value. Aesculus
x carneq varieties and Aesculus flava are planted far less commonly but with increasing
tendency [22].

Fraxinus, Platanus, and Rebinia pseudoacacia (Figure 51]), which are also frequently

planted according to tree records [21], occurred in lesser but still considerable amounts
of honey. Other tree species have become popular in the past twenty years, and many
individuals have yet to reach a maximum crown size. Those include e.g., Sophora japonica,
Liriodendron tulipifera, and Koelreuteria paniculata. Sophora was shown to be the predominant
pollen type in two samples. Thanks to its high nectar availability, Sophora japonica has the
potential to be a major floral resource for honeybees wherever it is regularly planted. Pollen
from Liriodendron and Koelreuteria occurred in more than half of all analyzed honey samples,
also indicating potential use for the melissopalynological identification of urban origin.
Castanea safiva is very rarely considered by municipal landscapers yet is sometimes planted
by private owners of adequately large gardens.

The availability of nectar-producing trees might positively impact honeybees in par-
ticular, as they are polylectic generalists who prefer exploiting mass foraging resources, if
available [9,23]. During the flowering season of common tree species in parks and alleys,
they find large amounts of food in one place at the same time. Commeon tree species such as
Tilia sp. and Robinia pseudoacacia are popular sources of monofloral honey in Austria. Their
role as mass foraging plants might benefit apiarists as well. Further, the high diversity of
trees in cities provides food throughout the season.

In pollen pellets, a decrease in the abundance of tree pollen was observed over the
season [24]. In contrast, this study shows that in honey and especially urban honey, the
amount may remain stable. The flowers of native trees like Salix, Acer, Prunus, Rhammnus
(Figure 5EF), and Frangula (Figure 5G,H) are succeeded by Tilia and Ailanthus in June-July,
followed by Koelreuteria and Sophora in July-August.

3.2, Mass Foraging Plants

In contrast to most wild bees, honeybees prefer the exploitation of mass foraging
sources, regardless of whether they are managed or not [25]. As the predominant species
in this study underline, these can be agricultural crops or widely planted urban trees of
native and non-native origin.

Atlanthus altissima is fast-propagating and tolerant against drought as well as industrial
pollutants [26], which makes it well adapted to urban conditions. In this study and perhaps
typical for urban apiaries, Ailanthus alfissima occurred alongside Tilia sp., which is also
a very common provider of monofloral honey. In the Statistical Yearbook of Vienna [21],
Ailanthus altissima is mentioned with less than 500 individuals. However, as an invasive
neophyte, Ailanthus altissima grows in many crevasses and corners in inner city areas, as
well as alongside side roads and rail tracks. Those trees likely provide the majority of
Ailanthus pollen in honey. They are not intentionally planted, yet they are an essential
source of nectar and pollen for honeybees and other urban pollinators. This, as well as
the mass foraging of “exotic” urban tree species such as Sophora japonica, shows the quick
process of adaption in honeybees considering new mass foraging resources. The nectar
value of Ailanthus altissima is 3 (out of 4), with more sugar produced in male flowers [26].
Additional extra-floral nectaries attract pollinators [27]. The main flowering time is June to
July. So far, very limited literature on Ailanthus altizsima as a potential source of monofloral
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honey is available [28]. Honey is said to be of amber color and crystallizes relatively early.
The taste has been described as stingingly fruity, resembling the odor of Muscat [29].

Tilia pollen was most abundant in the year 2021, thanks to favorable weather conditions
in July at the time of flowering. It peaked in the 1st and 18th districts. Honeybees foraged
the numerous Tilia trees, which are planted along the Vienna Ring Road, as well as other
parks and roadsides. Additionally, in the outskirts of the 18th district, Tilia trees occur
naturally in the broadleaved forest of the Wienerwald. According to the online tree register
of the city of Vienna [22], as many as six distinct species of Tiliz and four hybrids are
intentionally planted within the borders of Vienna.

Besides trees, the most abundant taxa were Brassica and Myosotis. Each of these
was predominant in two honey samples. Brassica species are regularly cultivated in the
agricultural areas on the north-eastern and south-eastern outskirts of Vienna and were
also identified predominantly in honey samples from this area (11th district and airport).
Myosotis is a common genus of the ground cover. Among the widely identified taxa across
all samples were Plantago and the climber Parthenocissus, which were present in almost all
honey samples with a higher abundance in honey harvested later in the year.

3.3. Urban and Suburban Sites

Pollen diversity in honey from Vienna was generally high, which is in accordance with
other studies showing the effect of urbanization on the quantity and diversity of pollen in
urban honey [30]. Although the flight radius of honeybees in urban and suburban apiaries
comprised varying land covers (Figure 8), taxa richness in honey did not significantly differ
between the two groups (167 vs. 164 identified taxa, respectively). Mean taxa richness and
mean Shannon Diversity Index per sample did not significantly differ either (Figure 14,B),
but taxa composition did (Figure 1C). This was described before by [1] for species richness
and composition identified by DNA-metabarcoding of heney.

On the other hand, in this study, the composition of foraged plants differed greatly
between samples within the urban and suburban groups, respectively. This was repro-
ducible over the years. Honeybee colonies preferred unique plant taxa even though their
flight radius overlapped largely with the 3 km circle around other apiaries. The median
estimated flight radius of honeybees in urban areas was shown to be even shorter than
in non-urban areas [31,32]. The high heterogeneity of green patches found in cities leads
to a more diverse array of foraging plants. Hence, potential food sources are available in
even closer proximity to the hive. This might be especially true for mass-foraging plants
like trees.

Taxa richness peaked in areas where the flight radius covers both urban and suburban
areas and/or stretches beyond the city borders. In the 18th district, the apiary is situated
on university grounds in a residential neighborhood next to a large park. The flight radius
also covers vineyards and broadleaf forests. There, the number of identified taxa ranged
from 44 to 65 over the three years. In the dense urban locations, such as in the 1st and the
15th districts, it was lower. With smaller parks, few private gardens, and fewer recreational
areas compared to the suburbs, there are also fewer floral resources available for pollinators.
The airport lies outside of the municipal borders but likewise consists of large concrete
areas. Within the flight radius are large dry grasslands, agricultural fields, and the riparian
forest of the Donau-Auen National Park

Pollen spectra of specific locations in urban and suburban areas show that the domi-
nance of certain taxa diminishes toward the outskirts. Ailanthus altissima, for example, was
the most abundant pollen type in the 1st and 15th districts in all three years, with a mean
of 53.1% and 32.8%, respectively. In the 18th district, its mean abundance was 12.29%, and
at the airport, it was 11.6%. For honeybees, therefore, mass foraging resources might be
described as a gradient from the predominance of Ailanthus altizsima in the concrete inner
city towards the predominance of Brassica sp. in suburban to rural areas.
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3.4, Non-Native Plants May Benefit Foragers

Alien plants are an important food source for bees, especially when they dominate
the “floral market” through high relative densities and abundances [17]. Together with
the managed native vegetation, they may have a powerful effect on plant-pollinator
interactions in urban habitats [3]. For the melissopalynological analysis of honey, however,
alien plants might pose specific challenges. In addition to knowledge about the native flora
of a region, the identification process requires access to data on what is actually planted
in cities.

As the climate is changing and summers become warmer and dryer, municipal and
private gardeners have to adapt their planting regimes. They may select plant species and
plant compositions that are known to withstand the predicted conditions [19]. Oftentimes,
this includes plant taxa that are closely related to native species. One example is Fraxinus
ornus (Figure 5C,D), which has its natural distribution towards the South and the Eastern
Mediterranean. In urban areas, it is slowly replacing the native Fraxinus excelsior. While
the latter is strictly wind-pollinated, Fraxinus ornus depicts a double pollination strategy
and is commonly foraged by honeybees, similar to Castanea safiva [33]. Further non-native
Fraxinus species planted in Vienna include F. angusfifolia, F. americana, and F. pennsylvanica.
The latter is also considered to be an invasive neophyte [34].

Other plant genera have not had representatives in Europe in modern times. Gleditzia
triacanthos and Liviodendron fulipifera are major sources of nectar for honeybees in the Eastern
parts of North America and have become common urban trees in cities across Western
and Central Europe. Similarly popular are Keelreuferin paniculata, Sephora japomnica, and
Tetradium danielii, which all originate in Eastern Asia. While the honey value of many native
tree species has been described [18,35], information on nectar production and nutritional
quality of many non-native ornamental trees has rarely been researched so far [36].

Extensive observations of plant-pollinator interactions have been conducted on urban
and ornamental alien plants. However, they usually neglect trees, which, as this study
shows, are the major foraging source in inner city environments. Ref. [37] concluded that
bee abundance and insect species richness were higher in plots of non-native herbaceous
plants. Native plots, on the other hand, would host more specialized pollinators. As [38]
discovered, the majority of nectar-preducing herbaceous plants and shrubs in urban areas
were non-native. Some produced more nectar sugar than native plants, e.g., Lavandula,
Nepeta, and Mahonia. Important nectar-producing shrubs were Berberis, Buddleja, and
Ceanothus [38]. All of these plants commonly grow in Vienna's green spaces. Single grains
of Berberis sp. (Figure 7Q,R) and an unidentified 6-aperturate Lamiaceae were present in
honey from Vienna, together with pollen from Buddleja sp. (Figure 7C,D), which occurred
in 29 out of 50 samples (Table 2). Preliminary data from other Central European cities
suggest that Buddleja might be a major foraging source for honeybees in urban areas
nonetheless [39].

3.5. Multiple Factors Influence Taxa Richness

The amount of identified plant taxa varied over the wears and did not correlate
with the numbers of analyzed honey samples. In 2021, 141 taxa were identified from
20 honey samples at 16 apiary locations, whereas in 2022, 142 taxa were identified from
only 11 samples in 11 locations (Table 1). This indicates that taxa richness in urban honey
is determined by parameters other than solely location.

One of the most relevant parameters for the foraging behavior of pollinators is the
annual weather conditions. Honeybees do not forage in very cold, rainy, or windy con-
ditions [23]. Firstly, foraged flowers only open fully and display their pollen for bees
in adequate weather. Secondly, bad conditions impact the honeybees’ ability to fly and
navigate to the floral source and back to the colony [40]. In 2020 and 2021, the average
number of taxa per sample was similar, but taxa composition differed. In the year 2020, the
weather in spring was more favorable than in summer, allowing honeybees to forage more
spring bloomers, e.g., Salix sp., Acer sp., and Prunus species. In the year 2021, weather con-
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ditions were especially unfavorable in springtime but suitable in summer, leading to higher
numbers of taxa flowering in June and July. In 2022, there was a considerable increase in
taxa richness per sample. Honeybees encountered suitable foraging conditions in spring as
well as in summer, leading to the most complete pollen spectra in honey considering the
phenological progression.

Another crucial parameter for taxa richness in honey from cities is specific annual
planting regimes by private and municipal gardeners. This affects mostly annual and
perennial herbaceous species, as well as recently planted trees and shrubs. Oftentimes,
planting regimes follow certain recommendations, such as the ability to adapt to urban heat
islands [19]. They might also follow the aesthetic sense of planners and landscapers. Simi-
larly, the existence and frequency of unintentional weeds on brownfields and road verges
fluctuate over the years. This is due to the high dynamic in planning and construction, in
addition to the intensity of chemical and mechanical weed control [2,16,32,41].

Appropriately managed urban green spaces can act as hotspots for pollination services
by bees [7]. However, the frequency of mowing and cutting hedges determines the floral
availability in tended green spaces. For aesthetic reasons, lawns in inner-city environments
are often cut at least once a week, inhibiting herbaceous mass foraging plants such as
Trifolium repens from developing flower heads. In addition, shrubs such as Ligustrum
ngare, Buxus sempervirens, and Ilex aqu{folmm are regularly cut into shape, which results in
the removal of inflorescences.

3.6. Qutlook

Pollen composition in urban honey will likely further change with adaptations of
planting regimes to more heat- and drought-resistant taxa. This will likely lead to even more
non-native taxa and/or higher abundances of pollen from non-native taxa. Trees hereby
have an important synergistic role in urban environments. They require relatively low long-
term maintenance compared to herbaceous flower beds, they have a shading effect, and
they provide ornamental value to inhabitants of cities. By choosing entomophilous mass-
flowering taxa, gardeners can increase and provide foraging opportunities for honeybees
throughout future years. For apiarists, the high amounts of non-native trees may benefit
honeybee fitness and create new types of monofloral honey in the future. Further studies
on this topic should consider the highly dynamic nature of urban beekeeping (e.g., shifts in
apiary locations) as well as the specific weather conditions and, potentially, maintenance
regimes over the study period.

4. Materials and Methods
4.1. Study Design

For this study, beekeepers were asked to send extracted honey samples from their
apiaries within the city of Vienna for three consecutive years. The samples comprised
a total of 17 locations in 16 out of 23 municipal districts. In addition, honey from one
apiary at the Vienna International Airport was included, which is located approximately
2 km southeast of the municipality border and 20 km from the city center of Vienna. For a
complete list of locations and the number of honey samples received per year, see Table 4
and the overview map (Figure 10).

Additionally, four apiary locations were chosen for a more detailed comparison of
pollen diversities. These were locations 1 and 15a as representatives of densely built-
up urban areas, location 18 as northwestern outskirts within the municipality line, and
the airport.

4.2, Materials

All honey samples were extracted by apiarists and received in 240-500 g glass jars.
Each sample was from an individual apiary with a minimum of three bee hives. At seven
locations, a complete set of samples from three years (2020, 2021, and 2022) was extracted.
At the other locations, honey could only be obtained from one or two of these years. This
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was due to bad weather conditions limiting honey production or because locations were
shifted or abandoned by the apiarists. In the majority of apiaries, honey was harvested one
time in the first half of July. At five locations, two harvests were possible (early June and
late July to August). All of the delivered jars were either labeled as multifloral honey or
they were not labeled at all.

Figure 10. Overview of all 18 locations (numbers according to the respective administrative districts
of Vienna, AP = Airport).

4.3. Sample Preparation

All samples were prepared and analyzed according to the harmonized methods of
melissopalynology [11,42]. They were thoroughly homogenized before approximately 5-
6 g of honey material was dissolved in 10 mL of deionized water in a small beaker on a
magnetic stirrer. When fully dissolved, the samples were transferred into a 12 mL pointed
glass tube, centrifuged at 3000 rpm (1107 X g) for three minutes, and decanted. This was
repeated a second time to completely finish off the dissolved sample. After the second
decanting, the glass tubes were left upside down on a drying rag for approximately 10 min.
With a pipette, the sugary deposit on top of the pollen pellet was removed. After 100 pL
of deionized water was added, the resuspended pollen pellet was pipetted onto an object
slide and dried on a heating plate at 40 °C. Lastly, a drop of unstained glycerol jelly was
applied, and the samples were covered with a 20 x 20 mm cover glass and left to rest for at
least 24 h.

4.4, Melissopalynological Analysis

Both identification and counting were conducted at 1000-x magnification in oil, us-
ing an Olympus BX50 light microscope with an attached digital camera. If necessary,
online pollen databases PalDatf and Pollen-Wiki, as well as other relevant literature, were
consulted [43-46]. To examine the relative abundances of the contained pollen types, in-
dividual grains were counted out to a total amount of 500 per sample. While pollen of
anemophilous species such as Poaceae and Pinaceae were included (as advised by [47]),
spores and algae were not. The relative abundances were later assigned to the following
categories: predominant (>45%), secondary (15-45%), important minor (3-15%), and minor
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