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ABSTRACT 

 

I 

Abstract 

Background 

Pollen allergies are widespread around the world, making the study of pollen levels in 

and around cities a task of high importance. This is also related to the fact that an 

increasing number of people is living in cities and urban areas are expanding. In addition, 

environmental changes in the context of climate change are expected to alter plant 

characteristics that affect the amount of pollen in the air. In order to assess the allergy 

risk, information on pollen that people are exposed to is needed. Monitoring of 

aeroallergens in cities is often conducted using a single trap. This trap can provide 

information on background pollen concentration, however, it does not reflect temporal 

and spatial variations of pollen at street level of the heterogeneous urban environment. 

The amount of pollen in the air is the result of a number of processes, one of which is 

pollen production. Pollen production is expected to be altered by climate change and is 

influenced by environmental factors such as temperature or air pollutants. To further 

investigate variations of allergenic pollen in cities, this thesis focuses on these central 

research questions: 

− Are there differences in the amount of airborne pollen between urban and rural 

locations and do pollen loads vary at different spatial and temporal scales? 

− What is the influence of land use and management on pollen loads? 

− Is there a difference in pollen production of allergenic species between urban and 

rural locations and can the influence of environmental factors be detected? 

 

Data and Methods 

Data on airborne pollen were gathered in two study areas with various pollen traps. In 

Ingolstadt, Germany, background pollen concentrations of Poaceae were measured in 

2019 and 2020. Additionally, a network consisting of twelve gravimetric pollen traps was 

set up during the grass pollen seasons of those years. For an additional sampling 

campaign, portable volumetric traps were used to measure pollen concentration at street 

level. Investigations were also conducted in Sydney, Australia, where concentrations of 

Poaceae, Myrtaceae and Cupressaceae pollen and Alternaria spores were measured 
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during three pollen seasons from 2017 to 2020. In the summer of 2019/2020, additional 

ten gravimetric traps were set up. For both study areas, pollen season characteristics and 

temporal and spatial variations of pollen concentrations and pollen deposition were 

analysed in context with land use, land management and meteorological parameters.  

Furthermore, pollen production of the allergenic species Betula pendula, Plantago 

lanceolata and Dactylis glomerata was investigated in the Ingolstadt study area along an 

urbanisation gradient, which covered different types of land use. In total, 24 individuals 

of B. pendula, 82 individuals of P. lanceolata and 54 individuals of D. glomerata were 

analysed. Pollen production was compared between urban and rural locations and the 

influence of air temperature and the air pollutants nitrogen dioxide (NO2) and ozone (O3) 

was assessed. Air temperature was measured in the field and pollutant concentrations 

were computed using a land use regression model.  

Results and Discussion 

In Ingolstadt, grass pollen concentrations and deposition were generally higher at rural 

than at urban locations as documented in peak values and seasonal totals. Diurnal 

variations however, did not vary between urban and rural locations. Grass pollen levels 

were linked to local vegetation and land use but also land management, as grass cutting 

was reducing pollen levels in the surroundings.  

In Sydney, pollen season characteristics varied between the seasons and we found 

significant correlations between daily pollen and spore concentrations and meteorological 

parameters. There were significant positive correlations with air temperature for all 

analysed pollen and spore types. Correlations with humidity (Myrtaceae, Cupressaceae, 

Alternaria) and precipitation (Myrtaceae, Cupressaceae) were negative. Spatial variations 

of pollen deposition were observed, but there were no correlations with land use. This 

could be attributable to the drought before and during this sampling campaign as well as 

the temporal setting of the sampling campaign.  

The results from both study areas suggest that local vegetation is the main influence on 

the pollen amount at street level. However, when the season’s intensity decreased, other 

influences such as resuspension or pollen transport become more important. Analyses of 

pollen production revealed statistically significant differences between urban and rural 

locations for B. pendula and P. lanceolata. Pollen production decreased with temperature 
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and urbanisation for all species, however, pollen production varied at small spatial 

distances within species. For increasing air pollutant levels, decreases were observed for 

B. pendula and P. lanceolata, but increases for D. glomerata. These results suggest that 

environmental influences seem to be species-specific. 

The results from the studies contribute to the knowledge on temporal and spatial 

variations of airborne pollen in cities, as well as on pollen production of allergenic 

species. They highlight the importance of pollen monitoring at street level and at different 

locations in cities to assess the amount of pollen that people are exposed to. Further 

research in this area should investigate the influence of land management, which was 

identified to influence the amount of pollen in the air, and which could be a mitigation 

strategy for allergy-affected people. In addition, pollen production should be further 

examined with different kinds of experiments, as it is the major influence of ambient 

pollen concentration in the air.  
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Individual contributions 

Three publications were prepared for this publication-based PhD thesis. They are 

included in this thesis as individual chapters (Chapters 3 to 5). All of the publications 

were submitted to different scientific journals, which ensure a peer-review process. The 

first and second publication have been published. The third publication has been 

submitted and is under review.  

All publications were written at the professorship of Physical Geography/Landscape 

Ecology and Sustainable Ecosystem Development at the Catholic University of Eichstätt-

Ingolstadt. In addition, the second publication (Chapter 4) was written in collaboration 

Paul Beggs and Jane Al Kouba of Macquarie University in Sydney, where I was on a 

research visit. The third publication (Chapter 5) was written in collaboration with Markus 

Fritsch of the University of Passau. The individual contributions to each publication are 

detailed below:  

 

1. Jetschni J, Jochner-Oette S (2021). Spatial and temporal variations of airborne 

Poaceae pollen along an urbanization gradient assessed by different types of pollen 

traps. Atmosphere, 12, 974. doi: 10.3390/atmos12080974 

Susanne Jochner-Oette contributed with suggestions for the study design, sampling, 

analyses and proofreading. I did most of the work (90 %). I scouted sampling 

locations, set up the sampling network, carried out field work and laboratory work, 

statistical analyses and wrote the manuscript. 

2. Jetschni J, Al Kouba J, Beggs PJ, Jochner-Oette S (2023). Investigation of spatial and 

temporal variations of airborne Poaceae, Myrtaceae and Cupressaceae pollen and 

Alternaria spores in Sydney, Australia, 2017-2020. Aerobiologia, 39(1).  

doi: 10.1007/s10453-023-09783-w 

Jane Al Kouba contributed with laboratory work and data curation of the 2017-2020 

pollen and spore data. Paul Beggs supervised the 2017-2020 sampling and carried out 

the associated field work. He suggested and organised locations for the sampling 

campaign and contributed by proofreading. Susanne Jochner-Oette contributed with 
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suggestions for the study design, ideas for the analyses and by proofreading. I did 

most of the work (80 %), including field work, laboratory work, statistical analyses 

of all data, and manuscript writing. 

3. Jetschni J, Fritsch M, Jochner-Oette S (2023). How does pollen production of 

allergenic species differ between urban and rural environments? Under review at 

International Journal of Biometeorology. Submitted on 19 January 2023 

Susanne Jochner-Oette contributed with suggestions for the study design, statistical 

analyses and proofreading. Markus Fritsch provided the land use regression model to 

obtain air pollution data. He suggested statistical analyses, provided the code for some 

of the analyses, wrote the section about LUR and proofread the manuscript. I carried 

out most of the work (80 %), including field work, laboratory work, statistical 

analyses and writing.  
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1 Introduction and research questions 

Allergies are on the rise worldwide (Pawankar et al. 2013) and therefore the importance 

of aerobiological studies is increasing. Before delving into the details of the following 

chapters, it is important to develop a solid understanding of some terms and definitions 

that form the basis of this thesis titled “Temporal and spatial variations of allergenic 

pollen in cities”. This chapter provides some background information on aerobiology, an 

overview of aerobiological processes and pollen in cities. 

Aerobiology. Aerobiology is an interdisciplinary research area (Agashe & Caulton 2009), 

in which many disciplines, from biology, ecology, meteorology, geography, to pathology 

and medicine, are involved. Aerobiological research focuses on organic particles in the 

air including their sources, release, dispersal and deposition and the effect of 

environmental conditions on each of these processes, as well as their impact on living 

organisms (Lacey 1994). 

Pollen biology. In flowering seed plants, pollen are recognised as the male gamete and 

ensure gene flow and plant reproduction. Pollen develop in the anther and get released 

once they are mature and conditions are favourable (Shivanna & Rangaswamy 1992). 

Pollen grains vary in size and shape, depending on the plant species (Agashe & Caulton 

2009). Their morphology can be classified and described by attributes such as size, 

apertures, sculpturing structure or wall morphology (Faegri & Iversen 1989). In general, 

wind-pollinated, anemophilous plants produce smaller and lighter pollen grains in large 

numbers compared to insect-pollinated, entomophilous plants. The large quantity of 

pollen from anemophilous plants ensures that the chances of successful fertilisation and 

reproduction are increased. In contrast, some entomophilous plants present pollen-kit, 

which makes pollen grains stick together and also to insects that visit the flower (Agashe 

& Caulton 2009).  

Medical relevance. Studies on aerobiological topics are of medical and clinical relevance 

as aeroallergens can cause allergic respiratory reactions. Allergies are a global 

phenomenon, with 10 to 30 % of the adult population and 40 % of children worldwide 

being affected by allergic rhinitis. Depending on its severity and treatment, it affects 

quality of life and has psychological, physiological, social and financial consequences 
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(Pawankar et al. 2013; Vandenplas et al. 2018). The economic and financial impact, 

resulting from direct medical cost, has been estimated at approx. 3.4 billion USD (Meltzer 

& Bukstein 2011). For the EU, it has been estimated that costs between 55 and 151 billion 

€ per year could be avoided through better care, treatment of allergies as well as a better 

communication of triggers and risks (Zuberbier et al. 2014). A phenomenon related to 

pollen allergy that has recently received more attention is thunderstorm asthma, that has 

led to increased hospital visits (D'Amato et al. 2007b; Beggs 2017; Silver et al. 2018; 

Thien et al. 2018; Damialis et al. 2020; Idrose et al. 2020; Straub et al. 2021). In addition, 

the medical relevance of pollen increased during the COVID-19 pandemic, as a positive 

relationship between pollen concentrations and SARS-CoV-2 infection rates was found 

(Damialis et al. 2021). The relevance is expected to increase in the future due to climate 

change (D'Amato et al. 2010; Reinmuth-Selzle et al. 2017; IPCC 2022a), which highlights 

the need for additional research and the development of mitigation and adaption 

strategies. Due to their medical relevance, aerobiological studies are particularly 

important in cities. Studies have shown that city dwellers are more affected by respiratory 

allergies than people living in more rural areas (Sedghy et al. 2018). Studies provided 

evidence that air pollutants such as nitrogen dioxide (NO2), ozone (O3) or diesel exhaust 

particles in cities can worsen symptoms in people with pollen allergies (D'Amato et al. 

2010; Cakmak et al. 2012; Reinmuth-Selzle et al. 2017). More than 50% of the world’s 

population live in cities (United Nations, Department of Economic and Social Affairs, 

Population Division 2019) and the number of people living in cities are increasing as is 

the size of metropolitan areas (OECD/European Union 2020), underlining the importance 

of monitoring aeroallergens in urban areas now and in the future.  

Climate change. Anthropogenic activity has led to an increase in greenhouse gases in the 

atmosphere. These greenhouse gases include carbon dioxide (CO2), methane (CH4) and 

nitrous oxide (N2O), which are caused by activities such as the burning and use of fossil 

fuels, industrial activities, intensive agriculture, deforestation, drainage and the 

conversion of peat lands (IPCC 2022a). Increases in greenhouse gas concentrations have 

led to an increase in air temperature. For example, when comparing the period from 2011 

to 2020 with the period from 1850 to 1900, the global surface temperature has increased 

by 1.1 °C (IPCC 2022a). Climate change has led to changes in aeroallergens, which have 

mostly been attributed to increasing air temperatures and atmospheric CO2 
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concentrations. In relation to pollen, impacts have particularly been documented for 

pollen production, concentration, allergenicity, the onset and duration of the pollen 

season, and the distribution of plants and pollen (Beggs 2004, 2015; Menzel & Jochner 

2016; Katelaris & Beggs 2018; Ziska et al. 2019; D'Amato et al. 2020; Zhang & Steiner 

2022). The increasing relevance of aerobiological studies is also reflected in an increased 

amount of research on the topic of pollen and climate change in the last decades (Fig. 1). 

 

 

Fig. 1 Number of publications per year (1999 to 2022) based on the search for the topic 
"pollen climate change" (Web of Science; accessed on 04 May 2023).  

 

Applications of aerobiological data. Aerobiological data can be used for a number of 

applications. Pollen data (of the past or present) provide information on vegetation 

composition that can be used to detect long- and short-term environmental changes. 

Furthermore, they can be used to predict crop yield or seed production (Westgate et al. 

2003; Ribeiro et al. 2017) as well as for forecasting pollen load in the air (Sofiev et al. 

2013a; Voukantsis et al. 2015; Muzalyova et al. 2021). By analysing the recorded pollen 

data, pollen calendars can be created (Šikoparija et al. 2018; Werchan et al. 2018), which 

can be a useful tool for those affected by pollen allergies. In addition, more specific risk 

maps (Dbouk et al. 2022) can help those susceptible to pollen allergies plan outdoor 

activities or travel.  
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1.1 Pollen in the air  

Pollen in the air are the result of various processes, from pollen production at the source 

to aerobiological processes such as emission, release and dispersal, transport and 

deposition. All processes are controlled and influenced by factors associated with climate 

and the environment (Dahl et al. 2013) as illustrated in Fig. 2.  

 

 
Fig. 2 Processes influencing the amount of pollen in the air (based on Dahl et al. 2013). 

 

Pollen production. Pollen production describes the amount of pollen produced per 

reproductive unit. It can be measured per anther, flower or inflorescence or whole plant 

(Galán et al. 2017) and is the most important factor influencing the amount of pollen in 

the air (Agashe & Caulton 2009). The amount of pollen produced varies between species 

and individuals and is influenced by several factors. Environmental factors include site 

conditions (Faegri & Iversen 1989; González-Parrado et al. 2015; Allen et al. 2020; Pers-

Kamczyc et al. 2020), air pollution (Jablonski et al. 2002; Darbah et al. 2008; Jochner et 

al. 2013; Zhao et al. 2017a; Kim et al. 2018) and air temperature (Jochner et al. 2013; 

Barnes 2018; Kolek 2021). Other factors include genetics (Ranpal et al. 2022), masting 

(Ranta et al. 2008; Crone & Rapp 2014) and climate change (Beggs 2004). Several studies 

have assessed pollen production of different plant species (e.g., Molina et al. 1996; Wayne 

et al. 2002; Piotrowska 2008; Damialis et al. 2011; Jochner et al. 2011; González-Parrado 

et al. 2015; Bogawski et al. 2016; Jung et al. 2018; Katz et al. 2020; Ranpal et al. 2022; 
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Severova et al. 2022), but most are limited to small sample sizes, especially in the case of 

non-woody species.  

Pollen emission and release. Pollen grains are emitted from the plant as soon as pollen 

grains detach and are released into the air (Agashe & Caulton 2009). The first requirement 

for the actual release of pollen is the readiness to flower, which is determined by 

temperature, photoperiod and water stress. Once this phase is reached, pollen can be 

released if environmental conditions such as temperature, humidity, light conditions, 

evaporation and reabsorption are met (Dahl et al. 2013). However, the importance of these 

factors varies depending on the plant species and geographical location (Lacey and West 

2006). The pollination period of the plant starts with the release of pollen grains into the 

air. Pollen calendars can indicate the timing of flowering based on data of previous years, 

which varies between countries and regions (Werchan et al. 2018).  

Pollen dispersal. Once released from the anther, pollen grains are transported by the 

wind. Pollen dispersal is mainly dependent on air mass motion, turbulence and thermal 

convection (Lacey & West 2006), while aerodynamic characteristics, i.e., particle shape, 

size, weight and surface roughness of the particle, play a minor role. Pollen transport 

distances vary mainly with plant characteristics such as height and width but also with 

wind speed during the flowering season (Adams-Groom et al. 2017). In general, pollen 

concentrations decrease with increasing distance from the source (source-distance 

relationship; Bricchi et al. 2000). However, the height of release also influences this 

relationship: pollen released from lower pollen sources such as shrubs, herbaceous plants 

or grasses are higher concentrated close to the source, while pollen from higher sources, 

such as trees, reach highest concentrations further away (Skjøth et al. 2013).  

Pollen transport. Once pollen are airborne, the only force keeping them in the air is air 

movement. Pollen transport can be distinguished in local, regional and long-distance 

transport (Sofiev et al. 2013b), depending on the distance transported away from the 

source. Pollen grains can travel long distances, for example, a study showed that birch 

and pine pollen released in Western Europe travelled several hundred kilometers to the 

North Pole (Rousseau et al. 2004). It has also been shown that the majority of pollen 

captured by a trap does not originate from local sources (Menzel et al. 2021). These 

factors lead to certain pollen being recorded in places where the corresponding species 

were not flowering or were not present at all.  
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Pollen deposition. Pollen grains descend by gravity. If they settle passively on a surface, 

the term sedimentation has been proposed (Sofiev et al. 2013b). This is the principle that 

passive pollen samplers are based on. In contrast, impaction occurs, when the particles 

stick to a surface after an active collision, which is how active pollen samplers collect 

airborne particles (Sofiev et al. 2013b). A more detailed description of the pollen samplers 

can be found in Chapter 2.1. Both processes are referred to as dry deposition, whereas 

wet deposition occurs when pollen are washed out of the atmosphere by precipitation 

(Sofiev et al. 2013b). 

In summary, several factors interact and influence pollen in the air. These influences 

affect each process differently and should therefore be the subject of research. Several 

studies have focused on environmental factors influencing pollen in the air, such as local 

vegetation and land use (Cariñanos et al. 2002; Charalampopoulos et al. 2018; Cariñanos 

et al. 2019), urbanisation (Rodríguez-Rajo et al. 2010; Peel et al. 2014a; Katz et al. 2019; 

Katz & Batterman 2020) and meteorological parameters (Gassmann et al. 2002; Stennett 

and Beggs 2004b; Gassmann & Gardiol 2007; Puc 2012; Rojo et al. 2015; Tassan-

Mazzocco et al. 2015; Vara et al. 2016; Oduber et al. 2019).  

 

1.2 Pollen in cities 

In urban areas, aerobiological processes are subject to urban-specific conditions. These 

conditions are particularly evident when urban areas are compared with more rural areas 

in their surroundings. Cities can also be a good study area to investigate the effects of 

climate change without long time series. Here, some conditions are already as they are 

expected to be due to climate change. Cities have therefore been described as 

“harbingers” of climate change (Ziska et al. 2003) that can be used as a proxy for future 

conditions.  

The Urban Heat Island is described as the “relative warmth of a city compared with 

surrounding rural areas, associated with heat trapping due to land use, the configuration 

and design of the built environment, including street layout and building size, the heat-

absorbing properties of urban building materials, reduced ventilation, reduced greenery 

and water features, and domestic and industrial heat emissions generated directly from 
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human activities“ (IPCC 2022b: 2926). On the basis of this definition, the characteristics 

of cities can be elaborated, especially in comparison with non-urban areas. Higher 

temperatures lead to earlier onset dates for the flowering of plants (Jochner & Menzel 

2015) and thus the start of the pollen season. This and longer pollen seasons, e.g. for grass 

and birch trees, have been observed in urban areas (Rodríguez-Rajo et al. 2010; Anderegg 

et al. 2021; Kolek et al. 2021a). Higher temperatures leading to droughts, however, can 

shorten the pollen season for particular plant species (Gehrig 2006). In addition, artificial 

light at night has been found to influence the timing of phenological development in 

woody plants (Meng et al. 2022). Besides influencing flowering and season length, 

temperature can also influence pollen production (Jochner et al. 2013).  

Compared to rural areas, urban areas are characterised by dense urban structures with 

buildings and infrastructure. Such structures increase surface roughness and influence 

wind circulation. For example, streets, bordered by tall buildings represent canyon-like 

structures that influence the dispersal of airborne pollen (Cariñanos et al. 2002; Peel et al. 

2014a). A general heterogeneity of pollen levels in cities, leading to variations at small 

spatial scales, has been found in several studies (Emberlin & Norris-Hill 1991; Hjort et 

al. 2016; Werchan et al. 2017; Katz & Batterman 2020; Weger et al. 2020). In a recent 

study, Frisk et al. (2022) showed that grass pollen measured in urban locations originated 

from sources within 30 km, whereas in rural locations nearby sources (2-10 km) were 

more important.  

In urban areas, atmospheric concentrations of most air pollutants are higher than in rural 

areas (Strosnider et al. 2017; Liu et al. 2019; Liu et al. 2021). Air pollutants can affect 

various plant characteristics and growth (Rivkin et al. 2020), and studies have reported 

the influence on pollen production, pollen allergen release and allergenicity (Beck et al. 

2013; Frank & Ernst 2016; Sedghy et al. 2018; Galveias et al. 2020; Bernard-Verdier et 

al. 2022). Pollen production has been found to be affected by atmospheric concentrations 

of NO2 (Jochner et al. 2013; Zhao et al. 2016; Zhao et al. 2017a), O3 (Darbah et al. 2008; 

Albertine et al. 2014; Zhao et al. 2017b) and CO2 (Ziska & Caulfield 2000; Stinson & 

Bazzaz 2005; Darbah et al. 2008). However, different results suggest that the effects of 

air pollutants on pollen production might vary between species.  
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Plant biodiversity is generally higher in urban areas, partly due to planting of non-native 

ornamental species or the import of exotic species for cultivation in parks and private 

gardens (Faeth et al. 2011). In addition, warmer conditions in cities favour the 

establishment of invasive species such as ragweed (Ambrosia artemisiifolia) or tree of 

heaven (Ailanthus altissima), as observed in Berlin, Germany (Werchan et al. 2022). Plant 

diversity can also be reflected in the pollen spectrum. In addition to the introduction of 

plants, the management and maintenance of green spaces in cities influences the pollen 

spectrum (Katz & Carey 2014; Jochner-Oette et al. 2017; Maya Manzano et al. 2017). In 

cities, green spaces are usually cultivated and subject to maintenance and management. 

Mowing grass areas or the cutting of trees and shrubs has a direct impact on the amount 

of pollen in the air, in particular if those measures are done before flowering. Jung et al. 

(2018) showed that the timing of grass-cutting can have a major impact on the amount of 

grass pollen in the air and on the severity of hay fever symptoms. The cutting and pruning 

of allergenic species have been included in recommendations for management practices 

with the goal to reduce allergenic pollen in the air (Ogren 2000; McInnes et al. 2017). 

However, observations of land management and maintenance practices are rarely 

included in aerobiological studies, even though they could provide information on their 

impact and therefore form the basis of recommendations for mitigation strategies. 

In spring, the diurnal variations of allergenic pollen concentrations have been taken up 

by the media in Germany (e.g., Hexal AG 2023; Norddeutscher Rundfunk 2023; ntv.de 

2023; tagesschau 2023) with recommendations for ventilation in urban and rural homes 

to help people with allergies. These recommendations suggest that urban homes should 

be ventilated in the morning and homes in the countryside in the evening. This advice is 

likely based on single studies and is therefore not suitable for making general 

recommendations. In fact, several aerobiological studies have investigated urban-rural 

differences in pollen production (Jochner et al. 2011; Kolek 2021) and pollen 

concentration (Mullins et al. 1986; Cariñanos et al. 2002; Gassmann et al. 2002; Kasprzyk 

2006; Šikoparija et al. 2006; Bosch-Cano et al. 2011; Hugg et al. 2017; Kruczek et al. 

2017; Lipiec et al. 2019; Frisk et al. 2022; Markey et al. 2022). In general, the results of 

these studies do not indicate a clear diurnal pattern of pollen concentration: for urban 

sites, some studies confirm comparatively low Poaceae pollen concentrations in the 

morning (Fuckerieder 1976; Mullins et al. 1986; Latałowa et al. 2005) but also higher 
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concentrations in the early evening (Mullins et al. 1986) or in the morning (Kasprzyk 

2006) or the early afternoon (Markey et al. 2022). Two peaks, one in the morning and one 

in the afternoon, have also been observed (Latałowa et al. 2005). For rural sites, studies 

reported low Poaceae pollen concentrations in the evening (Fuckerieder 1976), higher 

concentrations at midday (Mullins et al. 1986), two peaks at midday and in the evening 

(Markey et al. 2022), or no distinct peak at all (Kasprzyk 2006). These different results 

indicate that no general diurnal pattern for Poaceae pollen concentrations exists, probably 

due to site-specific conditions. One of these drivers might be the different Poaceae species 

that flower at different times in the season with possibly different release and emission 

patterns during the day. In aerobiological studies, no differentiation is made between 

different species of the Poaceae family, because the grains share the same morphological 

characteristics and cannot be distinguished under the light microscope (Driessen et al. 

1989; Jaeger 2008); this has to be considered when interpreting data. In addition, different 

meteorological conditions, which vary between years and regions (Camacho et al. 2017; 

Kmenta et al. 2017; Werchan et al. 2018), and distinct topo-climate (Jochner et al. 2012a; 

Wörl et al. 2022) influence variations of pollen loads. 

In general, aerobiological data such as pollen concentration is mostly collected using 

volumetric traps of the Hirst design (Hirst 1952; Buters et al. 2018a). By installing the 

trap at roof level, background pollen concentrations are monitored that are representative 

of a surrounding area of approximately 30 km (Katelaris et al. 2004; Pashley et al. 2009). 

Studies have shown that pollen concentrations measured at rooftop level may not reflect 

pollen concentrations at street level, and may not reflect pollen exposure (Peel et al. 

2014a; Werchan et al. 2017; Katz & Batterman 2020). Considering all this, it becomes 

clear that there is not enough knowledge on diurnal patterns at ground level, where people 

are actually exposed to allergenic pollen. Research is needed to clarify diurnal variations 

of grass pollen at street level in both urban and rural areas.  

As mentioned at the start of this chapter, cities have been described as “harbingers” of 

climate change (Ziska et al. 2003). To put investigations on urban conditions into context, 

studies are readily conducted along urbanisation gradients that can be used to estimate 

the effect of increasing temperatures or, for example, increasing CO2 concentrations 

(Pickett 1989; Ziska et al. 2003). In general, different environmental gradients have been 

used to conduct experiments in natural environments as they present, in contrast to 
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experiments in controlled environment, realistic environmental conditions (Tito et al. 

2020). Moreover, along gradients, varying environmental factors can be observed over a 

relatively short distance (McDonnell & Pickett 1990; McDonnell & Hahs 2008). 

Urbanisation gradients have been used in studies for the investigation of pollen 

production of B. pendula (Jochner et al. 2011; Jochner et al. 2013; Kolek 2021), Betula 

papyfera (Darbah et al. 2008) or Ambrosia artemisiifolia (Ziska et al. 2003; Zhao et al. 

2017a). Based on the investigation of the influence of urbanisation on pollen production, 

projections of pollen production under climate change conditions are made. However, the 

relationships that have been found do not follow a simple pattern that can be applied to 

all species and geographic locations.  

 

1.3 Research questions and thesis outline 

A survey of the existing literature in the previous sections indicates a need for more 

research on spatial and temporal variations of allergenic pollen. In particular, the 

influence of land use and land management on pollen levels, diurnal variations of pollen 

concentration as well as pollen production of allergenic species and their influencing 

factors need to be further investigated.  

Therefore, the following central research questions will be addressed in this PhD thesis: 

(1) How do airborne pollen vary at different spatial and temporal scales? 

(2) Are there differences in the amount of airborne pollen between urban and rural 

areas? 

(3) What is the influence of land use and management on pollen loads? 

(4) Is there a difference in pollen production of allergenic species between urban and 

rural areas? 

(5) Do environmental factors such as air temperature or air pollutants influence the 

amount of pollen produced per plant? 

This thesis is structured as follows:  

The introductory part of this thesis (Chapter 1) provided an overview of the relevance of 

aerobiological studies and highlighted current research on aerobiological processes that 

influence the amount of pollen in the air. Special attention was given to airborne pollen 
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in urban areas. The chapter concluded with the defined research questions of this thesis. 

Next, Chapter 2 summarises the data and methods used to address the research questions. 

This thesis contains three scientific publications in Chapters 3 to 5. The first two 

publications have been peer-reviewed and published (Chapters 3 and 4), whilst the third 

publication is under review (Chapter 5) (see Chapter “Individual Contributions”). 

The first publication (Chapter 3), “Spatial and temporal variations of airborne 

Poaceae pollen along an urbanization gradient assessed by different types of pollen 

traps” explored airborne grass pollen levels in the city of Ingolstadt and its surroundings 

during the 2019 and 2020 grass pollen seasons. Three different types of traps were used, 

covering different temporal resolutions. Differences between measured pollen levels at 

roof level and at ground level were analysed. Furthermore, spatial and temporal patterns 

were also considered, taking into account influences such as land use, land management 

and meteorological data. 

The second publication (Chapter 4), “Investigation of spatial and temporal variations 

of airborne Poaceae, Myrtaceae and Cupressaceae pollen and Alternaria spores in 

Sydney, Australia, 2017-2020”, examined the pollen and spore concentrations of 

selected pollen and spore types in Sydney and analysed them in relation to meteorological 

conditions. In addition, a sampling campaign was conducted to investigate differences in 

pollen deposition across the metropolitan area. The results are examined in the context of 

land use, meteorology and the large-scale weather situation.  

The third publication (Chapter 5), “How does pollen production of allergenic species 

differ between urban and rural environments?”, examined the pollen production of 

the allergenic species silver birch B. pendula, ribwort plantain P. lanceolata and orchard 

grass D. glomerata. Pollen production was assessed quantitatively and compared between 

urban and rural sites. The influence of air temperature and atmospheric NO2 and O3 

concentrations on pollen production was also investigated.  

In the Discussion (Chapter 6), the main findings of the studies are discussed in the context 

of the current published literature and future research avenues are outlined. Chapter 7 

presents the conclusion of this thesis. All references cited are listed in the References 

chapter, and in the Appendix is a list of all my publications, including those not included 

in this thesis.  
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2 Data and methods 

2.1 Airborne pollen and spore data 

2.1.1 Sampling methods for airborne pollen and spores 

In this thesis, different methods were employed to collect data on airborne pollen and 

spores. They differ in their sampling principle (active vs. passive) and their temporal 

resolution of pollen concentration and pollen deposition. For the studies in this thesis, the 

following instruments were used: 7-day volumetric trap, portable volumetric trap (also 

referred to as personal volumetric air sampler), gravimetric pollen trap (also referred to 

as Durham sampler). The 7-day volumetric trap is the most common device to monitor 

aeroallergens (Buters et al. 2018a), while gravimetric traps and portable volumetric traps 

are not used as often. Advantages and disadvantages of each sampler are addressed in the 

Discussion in Chapter 6.1. 

7-day volumetric trap. Volumetric pollen traps have been in use for several decades and 

have been the standard instruments for measuring atmospheric pollen concentrations. 

They are based on the Hirst-principle (Hirst 1952). A more detailed description of their 

mode of operation can be found in Chapter 3 and 4. The trap can be either mains or battery 

operated, allowing continuous monitoring. A temporal resolution of up to two hours can 

be achieved. Two traps of this type (Burkard Manufacturing Co Ltd, Rickmansworth, 

UK, Fig. 3) were used to record data in Ingolstadt and Kösching Germany, for the period 

from spring 2019 to autumn 2020 (Chapter 3). Daily and two-hourly Poaceae pollen 

concentration data were analysed for the corresponding study. Another trap of the same 

type and manufacturer was used to record data in Sydney, Australia, from 2017 to 2020 

(Chapter 4). Data on daily pollen concentrations of Poaceae, Myrtaceae, Cupressaceae 

and the spore concentrations of Alternaria were analysed. These data were collected and 

analysed in collaboration with the Aerobiology Working Group of Macquarie University, 

Sydney.  

Portable volumetric trap. Portable volumetric traps record pollen concentrations and 

work on the same principle as the 7-day volumetric traps, but are more compact and 

suitable for shorter measurement times (up to 60 minutes) due to their design (see Chapter 
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3 for details). Personal volumetric air samplers (PVAS, Burkard Manufacturing Co Ltd., 

Rickmansworth, England, Fig. 4) were used for the sampling campaign in Ingolstadt in 

2019. They were mounted on tripods at a height of approximately 1.5 m above the ground 

to represent the average breathing height.  

Gravimetric pollen trap. In contrast to the active traps described above, which rely on 

impaction, the gravimetric trap, or Durham sampler (Durham 1946), relies on 

sedimentation, i.e., the gravitational settling of pollen. As the volume of air sampled is 

not known, it is infeasible to measure pollen concentration with this trap. Instead, pollen 

deposition is described as pollen grains per surface area (pollen grains/cm²). Gravimetric 

traps were used in two studies (Chapters 3 and 4), and purpose-built after the same 

principle, only differing slightly in size (Fig. 5). There were 12 of these traps in use for 

the study in Ingolstadt, Germany, from June to August in 2019 and 2020. The traps were 

mounted on metal posts at a height of 2 m above the ground. A total of ten traps were 

used for a sampling in Sydney, over an eight-week period from November 2019 to 

January 2020. In this case, the traps were mounted to railings around the roof of air quality 

monitoring stations at a height of about 3 m above ground level.  

Pollen samples were prepared in the laboratory for analysis and pollen and spores of 

interest in the respective studies were identified and counted using a light microscope. 

Poaceae, Cupressaceae, Myrtaceae and Alternaria were identified and counted to 

determine pollen concentration and pollen deposition in the studies in Chapters 3 and 4.  
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Fig. 3 7-day volumetric sampler. 

 

 
Fig. 4 Portable volumetric trap, mounted on a tripod at a height of 1.5 m. 
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Fig. 5 Gravimetric pollen trap used in Germany (left) and Australia (right). 

 

2.1.2 Measures for describing the amount of pollen in the air 

Aerobiological data obtained from the 7-day volumetric trap (Chapters 3 and 4) were 

described following the recommended terminology by Galán et al. (2017). This included 

the start and end of the pollen or spore season, duration of the pollen or spore season, 

Seasonal Pollen Integral (SPIn), Annual Pollen Integral (APIn), Annual Spore Integral 

(ASIn), peak days with peak values, and number of days with pollen or spore 

concentrations above a certain threshold. Data from the portable volumetric traps 

(Chapter 3) were described using the proposed characteristics in a study by Jochner-Oette 

et al. (2017). This included the Campaign Pollen Integral (the sum of all measurements 

for each location) and the Daily Pollen Integral (the sum of all measurements of one day). 

Pollen deposition data obtained with gravimetric traps were described and analysed using 

a Campaign Pollen Integral and Weekly Pollen Integral (the sum of all measurements of 

the campaign and per week) (Chapters 3 and 4). A more detailed description of the terms 

can be found in the Methods sections of the corresponding studies. 
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2.2 Sampling and analyses for the estimation of 
pollen production  

For the research conducted in Chapter 5, pollen production of the three allergenic species  

B. pendula, P. lanceolata and D. glomerata was quantitatively assessed. Betula pollen 

are considered to be the most allergenic tree pollen in northern, eastern and central Europe 

(D'Amato et al. 2007a) and is a major cause of allergic symptoms, with increasing 

sensitisation rates (Biedermann et al. 2019). In recent decades, sensitisation rates to 

Plantago pollen have also increased, almost doubling from 27 % (1998-2007) to 51 % 

(2008-2017) (Forkel et al. 2020). Grass pollen allergy is the most common allergy 

(García-Mozo 2017), and therefore it is important to study species belonging to the 

Poaceae family, such as D. glomerata. Plant material was collected, which was then 

further prepared and analysed in the laboratory. Values for pollen production were 

expressed per floral unit, i.e. per inflorescence (B. pendula, P. lanceolata), flower (B. 

pendula, P. lanceolata, D. glomerata), spikelet (D. glomerata) or centimeter (D. 

glomerata). The analyses for this study followed an approach proposed by Faegri & 

Iversen (1989) and Damialis et al. (2011), according to which the floral unit is placed in 

a solution consisting of potassium hydroxide and distilled water until some of the plant 

material has dissolved and pollen grains are released. Subsequently, samples are taken 

from this solution and the number of pollen grains is determined using light microscopy. 

The pollen production per floral unit is then calculated by extrapolating from the partial 

sample to the whole sample. While this method is based on the extraction and counting 

of pollen grains, and has been employed to allow comparison to recent studies on Betula 

pollen production (i.e, Ranpal et al. 2022, 2023; Kolek 2021), other methods that have 

been used to determine pollen production include the drying and weighing inflorescences 

and pollen grains (Jochner et al. 2011; Beck et al. 2013; Jung et al. 2018).  

 

2.3 Land use and land cover data  
For the study area in Germany (Chapters 3 and 5), data on land cover for 2019 were 

obtained from mundialis (2020) and data on grass cover for 2018 were obtained from 

Copernicus Land Monitoring Service (2020). For the study area in Australia (Chapter 4), 

land use and land cover data were obtained from Geoscience Australia (2017). Based on 
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these datasets for land use/cover, urban index according to Jochner et al. (2012b) was 

calculated in order to quantify the degree of urbanisation (Chapters 3, 4 and 5).  

 

2.4 Land use regression model and pollution data 
The land use regression model (LUR) by Fritsch & Behm (2021) was used in the study 

in Chapter 5 to obtain site-specific data on the atmospheric concentration of the pollutants 

NO2 and O3. The datasets used for the model were pollutant concentrations measured at 

the sites of the German air quality monitoring network in 2019 and 2020 (EEA 2022), 

land use based on the CORINE land cover classes (EEA 2020), topography (BKG 2021a), 

German administrative regions and population density (BKG 2021b), and the road traffic 

network (EuroGeographics 2022). 

 

2.5 Meteorological data 
For the period of airborne pollen sampling in Germany (Chapter 3), data on the 

meteorological parameters air temperature, wind speed and wind direction were obtained 

from the station “Ingolstadt (Flugplatz)” (located at 48.7112° N, 11.5362° E) that is 

operated by the German Meteorological Service. Precipitation data were obtained from 

the station in Ingolstadt operated by the Bavarian Environment Agency (LfU).  

The temperature data used for the study on pollen production (Chapter 5) were derived 

from ten temperature loggers (Hobo Pro v2 U23-001, ONSET, Bourne, Massachusetts, 

USA) and two weather stations (Davis Vantage Pro2, Davis Instruments Corporation, 

Hayward, California, USA). 

For the study in Sydney, Australia (Chapter 4), meteorological data, i.e., air temperature, 

precipitation, relative humidity, wind speed and wind direction, were obtained from ten 

stations operated by the New South Wales Department of Planning and Environment 

(DPE), which were equipped with the 7-day volumetric trap (continuously) at one 

location and gravimetric samplers (for the duration of the sampling campaign) at ten 

locations. 
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2.6 Statistical and spatial analyses and visualization 
Statistical analyses were performed using R (4.2.2). Analyses included Spearman’s 

correlation analyses, regression analyses, Wilcoxon rank-sum test and Kruskal-Wallis 

test. In order to analyse correlations in more detail, component plus residual plots were 

created. For spatial analyses ESRI ArcMap 10.6 was used, for the creation of maps QGIS 

3.14 and for the heatmaps Microsoft Excel 2016 was used.   
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6 Discussion 

The research described in the previous three chapters focused on pollen in cities and their 

spatial and temporal variation. While two chapters dealt with airborne pollen 

concentration and deposition, one chapter focused on pollen production. Pollen 

concentration and deposition were investigated at different spatial and temporal scales 

(Chapters 3 and 4). The results were analysed taking into account different influencing 

factors such as land use, land management and meteorology. Pollen production was 

investigated along an urbanisation gradient and the influence of air temperature and air 

pollutants was assessed (Chapter 5). Finally, these three studies have provided answers 

to the research questions outlined in section 1.3, which are discussed in this chapter and 

can be used as a basis for future research. 

 

6.1 Spatial and temporal variations of airborne pollen 

6.1.1 Spatial variations  

Land use, local vegetation and pollen sources. In both studies on pollen load in the air 

(Chapters 3 and 4), spatial variations between the sampling locations were found. 

Background grass pollen concentrations were higher at the rural site Kösching than at the 

urban site Ingolstadt in 2019 and 2020 (Chapter 3), which was expressed by peak values, 

the number of high-pollen days and the Seasonal Pollen Integral. Spatial variations within 

the study area showed a similar tendency: higher amounts of grass pollen deposition and 

concentration were linked to lower urbanisation. Similar results were found in a study in 

Ireland that examined differences in grass pollen season characteristics between an urban 

and a rural site over two years (Markey et al. 2022). They measured overall higher 

Poaceae pollen concentrations at the rural location, similar to the Ingolstadt study. This 

was expressed in the Annual Pollen Integral and daily peak values and was probably 

related to the surrounding of the sampling site. The rural site was surrounded by rural 

grassland, whereas the other site was located in an urban environment. Antón et al. (2020) 

also reported overall lower values at the less urban site compared to the urban sampling 

locations, and identified the local surroundings as a major source of Poaceae pollen.  
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Data from the Ingolstadt and Sydney sampling campaigns provided a more detailed 

insight into the spatial variations of airborne pollen and the influence of land use and local 

vegetation on pollen at street level. Only a limited number of studies have sampled pollen 

in cities using a network of more than five sites (Katz & Batterman 2020). A study in 

Berlin assessed the spatial distribution of allergenic pollen across the whole city using 14 

Durham-type traps (Werchan et al. 2017). In the case of Poaceae, they identified 

agricultural areas as the major source area, which led to increased Poaceae pollen 

deposition at the nearby trap. However, the study did not report a decrease in grass pollen 

deposition with proximity to the city centre and distance from the agricultural areas. The 

authors suggested that this may be due to urban grass pollen sources, which were reflected 

in grass pollen deposition across the city. Local vegetation has been identified as the 

driver for the spatial variation of pollen exposure by several other studies, such as by 

Charalampopoulos et al. (2018). They used portable volumetric traps to assess pollen 

exposure in the urban environment of Thessaloniki, Greece, and found spatial variations 

in pollen exposure even at small spatial distances, which was associated with local 

vegetation. Furthermore, a recent study found that grass pollen levels in the air are mainly 

influenced by sources nearby and that they vary at small spatial scales, within distances 

of up to 300 m (Frisk et al. 2023). 

The data from the Ingolstadt sampling campaign (Chapter 3) supported these findings. 

Overall, higher grass pollen levels were recorded in the more rural areas, which were 

linked to the local vegetation, and correlation analyses showed their association with 

grassland and agricultural areas. Furthermore, the differences between urban and semi-

rural sites were statistically significant. In contrast, the results of the Sydney study 

(Chapter 4) were somewhat different in terms of spatial variation. Spatial variations of 

pollen deposition were found for all analysed species in this study, but no notable 

relationships between pollen depositions and land use in the immediate surroundings. In 

the case of Poaceae, reason for this might have been the temporal setting of the sampling 

campaign, which only covered the second half of the pollen season. In addition, at the 

time of sampling, the effects of the drought were already visible, e.g., grass areas had 

dried out, which explained the low amounts of grass pollen in the air. This suggests that 

at this time of the season other processes, such as pollen transport or resuspension, are 

more important drivers than local vegetation. Furthermore, we investigated whether sea-
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land breeze could have influenced pollen deposition, as it has been found to influence 

pollen loads (Gassmann et al. 2002; Gassmann & Gardiol 2007). Gassmann et al. (2002) 

found that sea breeze has the potential to locally increase the amount of airborne grass 

pollen in the late evening by stirring up pollen that have already been deposited. Based 

on our data, we could not identify an influence of the sea-land breeze on pollen deposition. 

Nevertheless, even the influence of sea breeze could be masked by local conditions, which 

seem to have a stronger influence on pollen concentrations as it has been documented by 

Bielory et al. (2021) for spore dispersion.  

In addition to land use and local vegetation, city structures play a role in pollen dispersal 

and variations in pollen concentration measured at street level. They include 

heterogeneous structures, microclimate and development (Katz et al. 2019; Katz & 

Batterman 2020). Buildings and walls can act as obstacle that impede airflow and thus 

affect pollen dispersal (Peel et al. 2014a; Hugg et al. 2017). This effect was documented 

in the Ingolstadt study (Chapter 3), where the lowest levels of pollen deposition were 

recorded at urban sites that were partially enclosed, such as in courtyards. In addition, 

Werchan et al. (2017) suggested that surface roughness, which is increased in the city 

compared to the surrounding countryside, may have a further influence on pollen 

dispersal. The influence of buildings on pollen concentration at street level should be 

further investigated. For example, experimental pollen release combined with pollen and 

wind measurements could be used to track dispersal patterns. Land management and 

maintenance. The data gathered with gravimetric traps in two grass pollen seasons 

highlighted the influence of land management. At one site, pollen deposition was more 

than three times higher than in the previous year. This difference could be explained by 

the difference in management of the agricultural field next to the trap. In 2019, the field, 

which included Poaceae species, was cut several times during the pollen season, whereas 

in 2020, it was not cut until mid-August. The frequency of cutting in 2019 prevented 

plants from flowering at all or for a longer period. We also found that pollen 

concentrations in the urban area were about 1.4 times higher than in the residential area. 

Based on the land use data, it would be expected that more grass pollen would be recorded 

in the residential area due to larger grass areas in this area. However, these grass areas 

were well maintained throughout the sampling period. This indicates that even though it 
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was classified as grass area, a limited amount of grass species would be able to start 

flowering before it was cut again.  

Jung et al. (2018) have elaborated on the importance of the timing of grass cutting. The 

local emission of grass pollen and allergens may be highly dependent on the timing of 

hay or silage cutting. In addition, it has been observed that the phenological development 

of grassland species is advancing, however hay-cutting events are not advancing at the 

same rate (Bock et al. 2013), which may result in extended flowering periods of grass 

species and consequently higher pollen loads. In order to identify grass pollen sources, it 

is important to base analyses not only on land cover data, but also on information on their 

management, both in urban and rural areas. Skjøth et al. (2013) classified grass areas as 

possible source areas based on the amount of cuts per year. Their study showed that most 

managed grassland did not release large amounts of pollen compared to unmanaged grass 

areas. This finding underlines that pollen exposure depends on local conditions. Charpin 

et al. (2011) investigated cypress trees and showed that trimming the hedges before 

flowering resulted in lower pollen concentrations in the vicinity compared to uncut 

hedges.  

Such cutting and pruning of allergenic species seems to be an efficient way to reduce the 

amount of pollen in the air and have therefore been included in recommendations for 

management practices with the goal to reduce allergenic pollen in the air (Ogren 2000; 

McInnes et al. 2017). However, a recommendation to radically cut back allergenic plants 

before flowering in urban green spaces would be short-sighted. In urban green spaces 

such as parks, there are different interests regarding the park’s vegetation, which collide, 

but all of which have to be considered. On one hand, they provide several ecosystem 

services such as the regulation of local climate and air quality, pollination, habitat for 

plants and animals, but also cultural services, recreation and mental and physical health 

(Millennium Ecosystem Assessment 2005; TEEB 2011), that have to be maintained. On 

the other hand, there are ecosystem disservices (Lyytimäki & Sipilä 2009) in the context 

with pollen allergies, which have been in the focus of research on the allergy-friendliness 

of urban green spaces and residential greenery (e.g., Cariñanos et al. 2014; Jochner-Oette 

et al. 2018; Battisti et al. 2019; Sabariego et al. 2021). This is the reason why such studies 

are particularly interesting, as a balance needs to be struck between allergy-friendly 

planting and management and inter alia biodiversity conservation. The challenge is to 
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maintain ecosystem services of a park while reducing its ecosystem disservice for allergy-

affected people. Therefore, future studies on allergy-friendly gardening and management 

should follow an interdisciplinary approach to ensure that all interests and services of 

urban green spaces are considered. The monitoring of aeroallergens, e.g. via pollen 

sampling, would be an appropriate complement to assess the success of management 

strategies.  

 

6.1.2 Temporal variations and influence of meteorology 

Pollen season characteristics. Studies have shown that plants flower earlier in cities due 

to higher temperatures and therefore an earlier start of the pollen season is often 

documented (Rodríguez-Rajo et al. 2010; Jochner & Menzel 2015). This was not 

observed in the aerobiological data recorded in Ingolstadt (Chapter 3). In fact, the onset 

day of the grass pollen season was found to be nine days earlier at the rural site in 2019, 

and one day earlier in 2020. In addition to temperature, which is the main factor 

influencing the phenological onset of flowering (Menzel & Fabian 1999; Jochner & 

Menzel 2015), the process of pollen transport to the trap has to be considered. In addition, 

several studies have reported differences in pollen levels sampled at roof height and near 

ground level (e.g., Rojo et al. 2019; Kolek et al. 2021b). In particular, due to the low 

height of Poaceae species, wind conditions have to be favorable for pollen to be 

transported to the trap at roof level. Pollen from other taller species, such as trees, may 

reach the trap more easily. In addition, pollen transported over long distances are another 

input and could be recorded by the trap at roof level (Skjøth et al. 2013). With regard to 

Poaceae, it should be noted that the measured Poaceae pollen concentrations originate 

from different grass species (i.e., 12,000 species; García-Mozo 2017), whose composition 

and therefore flowering times may vary by location.  

While increasing temperature can promote plant development and flowering, the effect 

of extreme temperatures, e.g., associated with drought, can inhibit plant development and 

flowering. This effect on the grass pollen season was reported in a study of the 2003 heat 

wave in Switzerland (Gehrig 2006). Jung et al. (2021) conducted a field experiment where 

different grass species were exposed to drought, which was simulated by excluding rain 

and increasing the temperature. They found varying responses depending on the grass 
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species and suggest that the effects of elevated air temperature and drought conditions on 

pollen production are highly dependent on the grass species. Another study drew attention 

to the influence of water availability during plant development (García-Mozo et al. 2010). 

The influence of drought on pollen season characteristics could be observed in the Sydney 

study (Chapter 4). Data from three pollen seasons showed that the 2019/2020 season was 

less intense than in previous years, likely related to the drought that prevailed until 

January 2020.  

In regards to climate change, temperatures in cities are expected to increase more rapid 

than in rural areas (Liu et al. 2022), which makes studying pollen in cities even more 

interesting, as the effects of increased temperatures are observed sooner than in rural 

areas. In addition, the effect of increased temperature and limited water supply on plant 

growth and pollen production could be studied following an experimental study design.  

Daily variations. In Chapter 4, we analysed daily pollen and spore data in regards to the 

influence of meteorological parameters. There is strong evidence from literature that there 

is an influence of precipitation and temperature on the timing of pollen release and pollen 

season (Dahl & Strandhede 1996; Jato et al. 2002; Gehrig 2006; Bonofiglio et al. 2008; 

García-Mozo et al. 2010; Oduber et al. 2019). Our results show positive correlations 

between mean, minimum and maximum temperature for all analysed species for every 

year. For humidity and precipitation, all statistically significant correlations with 

humidity and precipitation were found to be negative. Similar results have been found by 

a study on Myrtaceae pollen in China (Bishan et al. 2020), and for Cupressaceae (Rojo et 

al. 2015). For Alternaria, studies support these results as Stennett & Beggs (2004a) and 

Rodríguez-Rajo et al. (2005) found a strong positive relationship between Alternaria 

concentration and temperature.  

Weekly variations. Weekly data of pollen deposition was able to reflect the course of 

the pollen season (Chapters 3 and 4). However, relationships between weekly deposition 

and weekly precipitation totals could not be identified in the Ingolstadt study (Chapter 3) 

because precipitation events were rather isolated events and therefore not reflected in the 

comparison of weekly totals. For the pollen deposition data in Sydney (Chapter 4), the 

temporal setting of the sampling and the strong influence of the drought could be 

observed, which was also documented in the daily pollen data and manifested itself in 

comparatively low deposition values.  
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Sub-daily variations. Sub-daily or diurnal variations of pollen concentrations have been 

in the focus of several studies (e.g., Mullins et al. 1986; Latałowa et al. 2005; Kasprzyk 

2006; Peel et al. 2014c; Simoleit et al. 2017; Alcázar et al. 2019). However, results on 

patterns seem to vary depending on the sampling period or geographic location and setting 

of the city. Diurnal variations of Poaceae pollen concentration in Ingolstadt were 

examined in Chapter 3. Based on pollen data collected with portable pollen traps at street 

level over a week in June 2019, there were no indications for different diurnal variations 

of grass pollen exposure between urban and rural locations. For all locations, pollen 

concentrations were highest at noon. Background pollen data were also used to analyse 

diurnal variations: considering the whole grass pollen season of 2019, diurnal variations 

differed between the urban and the semi-rural location. At the urban location, most grass 

pollen were measured in the second half of the day, while at the other site, most grass 

pollen were recorded in the morning between 8 a.m. and 12 p.m. However, considering 

the data from the week of the sampling campaign with portable volumetric traps, this 

pattern cannot be confirmed. In this week, there were no variations between the locations, 

as for both most pollen were measured between 10 a.m. and 12 p.m. This suggests that 

diurnal variations vary depending on the time in the season, as different Poaceae species 

flower at different times and meteorological conditions vary. Based on these data and the 

literature, no general statements can be made about diurnal variations of Poaceae pollen 

at urban and rural sites. However, it has to be considered that our data on pollen 

concentration at street level were derived from measurements that were taken only three 

times a day. During the sampling campaign with portable pollen traps (Chapter 3), 

precipitation events could be linked to measured pollen concentrations due to the high 

temporal resolution of the pollen measurements. Here, the lowest Daily Pollen Integral 

during the sampling campaign occurred on the only day with rain that occurred in between 

our sampling times.  

To gain further insights, continuous sub-daily pollen monitoring at street level would be 

required, in addition to systematic phenological observations of different Poaceae species 

in the source areas. To cover larger areas, remote sensing data can be employed to provide 

data on grass cover and seasonal greenness, which can be linked to the phenological 

development of grass (Devadas et al. 2018). In addition, environmental DNA analysis 

could be employed to allow a differentiation between different Poaceae species 
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(Campbell et al. 2023). An approach like this would help to identify the species that 

release pollen into the air. Such studies are particularly important for people allergic to 

pollen that aim to reduce their exposure to pollen, and because knowledge on diurnal 

patterns could provide strategies for allergy mitigation.  

Furthermore, symptom data have the potential to build a bridge from pollen data to pollen 

exposure and medical relevance. A citizen science approach could help to generate data 

from people of different age groups and geographic locations. For example, the “patient’s 

hay-fever diary” has been implemented in aerobiological studies in Germany and Austria 

(e.g., Karatzas et al. 2014; Bastl et al. 2021) or the “AirRater” in Australia (Jones et al. 

2020; Jones et al. 2021). The BAYSICS app has recently been developed (Batsaikhan et 

al. 2020; Divanis & Meng 2021) and one of its aims is to gather data on allergy symptoms 

and the location of allergenic species. By engaging enough citizen scientists, this app 

holds the potential to create risk maps that can be used by people to better plan outdoor 

activities, and by researchers to link symptom data to aerobiological data.  

 

6.1.3 Sampling methods 

Different types of traps have been used to sample airborne pollen and spores in the studies 

described in Chapters 3 and 4. While each type has demonstrated their potential, their 

inherent limitations also have to be considered.  

7-day volumetric pollen trap. The 7-day volumetric trap was used in the studies 

described in Chapters 3 and 4. It is a standard for monitoring background pollen 

concentration in Europe and Australia (Galán et al. 2014; Beggs et al. 2018), and usually 

placed on the roof of buildings (Chapter 2). By installing the trap at this height, continuous 

monitoring can capture the pollen spectrum of an area of approximately 30 km around 

the trap (Katelaris et al. 2004; Pashley et al. 2009). When placed several metres above the 

ground, it is exposed to influences other than local conditions (Skjøth et al. 2013), such 

as regional winds or pollen transported from further away (long-range transport). They 

are suitable for continuous operation as they can be connected to a power outlet or a 

battery. However, they are comparably expensive and heavy.  

Gravimetric pollen trap. The spatio-temporal variation of pollen loads in cities has been 

the subject to several studies. However, few have used more than five sampling locations 
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(see review in Katz & Batterman 2020). Networks of Durham-type gravimetric traps in 

urban environments have been installed by Bricchi et al. (2000), Ishibashi et al. (2008), 

Katz & Carey (2014), Werchan et al. (2017) and Stas et al. (2021). In addition, they have 

also been used to investigate pollen transport by adding vertically oriented glass slides in 

all four cardinal direction (Eisen et al. 2022; Wörl et al. 2022). The main advantage of 

this trap is its cost-effectiveness, as no special components are required and parts are easy 

to obtain. Other advantages are its ease of operation and maintenance, as there are no 

moving parts and no motor or electricity is required. This allows to equip a study area 

with a large number of traps on a small budget. However, there are also disadvantages to 

be considered. The main disadvantage is that the sampling efficiency cannot be 

determined, as the volume of air transporting pollen to the trap is not known. The catch 

is relatively low because sampling is by sedimentation rather than impaction, as is the 

case with volumetric traps. Despite the disadvantages, they are suitable for assessing and 

comparing pollen deposition. In two of the studies in this thesis, sampling networks with 

gravimetric traps were installed to collect data at different locations in the study areas 

(Chapters 3 and 4). Beyond the known drawbacks, the two studies included in this thesis 

provided data to better understand pollen deposition across cities, as local conditions 

could be linked to pollen deposition. In addition, it was shown that weekly data can reflect 

the course of the pollen season. The Sydney study was particularly important, as there 

has never been a study of this scale in Australia.  

Portable volumetric trap. The portable volumetric trap allowed the assessment of 

temporal variations at a finer scale than the gravimetric traps (Chapter 3). As a volumetric 

trap, which relies on impaction, it was possible to calculate pollen concentrations, 

allowing comparison with the roof level volumetric trap. In the study area, they were 

placed on tripods about 1.5 m off the ground. With the portable traps, 11 locations could 

be covered, as the traps are compact and mobile. They have also been used for 

measurements taken on foot (Charalampopoulos et al. 2018). However, the setup with 

multiple portable traps can be labour-intensive, as each trap needs to be monitored and 

the microscope slide in the trap needs to be manually changed as well as started and 

stopped. Furthermore, the sampling time has to be limited to avoid overlay of pollen and 

particles. In addition, the sampling efficiency of the portable trap was found to be affected 

by wind speed (Peel et al. 2014b), as the orifice that draws air is facing upwards and is 
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not facing the wind as it is with the 7-day volumetric trap (see section 2.1.1). As the traps 

are also not equipped with a rain shield, they should preferably be used outdoors in dry 

conditions or for indoor studies (Jochner-Oette et al. 2022). 

Continuous monitoring is highly important and needed to understand the seasonality and 

intensity of aeroallergens and therefore on people’s exposure to pollen in the ambient air. 

Monitoring should be carried out with traps at rooftop level to reflect background pollen 

concentration, but also at street level to determine the amount of pollen people are 

exposed to. Setting up more than one trap would provide additional data on spatial 

variations. Ideally, automatic pollen monitors would be installed to provide real-time data 

(Buters et al. 2018b, Buters et al. 2022). Comprehensive aerobiological monitoring is not 

evenly distributed around the world (Buters et al. 2018a). Therefore, there is not only a 

lack of knowledge about the characteristics of the pollen spectrum in underrepresented 

areas, but also a lack of data on region-specific pollen and spore thresholds that exert 

allergic reactions. Future research projects should therefore consider conducting 

comprehensive aerobiological studies in those parts of the world, as well as medical 

studies to assess exposure, for example by employing exposure chambers (Pfaar & 

Zieglmayer 2020).  

 

6.2 Pollen production 

6.2.1 Pollen production of allergenic species 

The pollen production of B. pendula, P. lanceolata and D. glomerata was assessed 

quantitatively, as described in Chapter 5. In total, 24 trees of B. pendula, 82 individuals 

of P. lanceolata and 54 individuals of D. glomerata were sampled. The sample size of 

more than 20 Betula trees is similar to other studies (Jochner et al. 2011; Ranpal et al. 

2022) that assessed pollen production. However, such a large sample size of P. lanceolata 

or D. glomerata individuals within a study area has not been used to our knowledge. This 

highlights the importance of this current study as it provides new data on the pollen 

production of those species. 

Pollen production of B. pendula averaged at 1.2 ± 1.0 pollen grains per catkin. Other 

studies on B. pendula have been carried out by Ranpal et al. (2022), Kolek (2021), 
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Piotrowska (2008) or Jato et al. (2007). Other birch species, such as B. papyrifera, have 

also been studied (Katz et al. 2020). The estimates of P. lanceolata pollen production 

averaged at 5.0 ± 2.4 million pollen grains per inflorescence. There was only one other 

study that determined pollen production at the same level of analysis, i.e., per flower and 

inflorescence (González-Parrado et al. 2015), while other studies estimated pollen 

production only per anther (Hyde & Williams 1946; Sharma et al. 1999). Pollen 

production of D. glomerata averaged at 40,407 ± 24,339 pollen grains per flower, which 

differs from a study conducted in Spain (Tormo-Molina et al. 2015). The large standard 

deviation of pollen production values for the analysed species is an indication of the high 

variability within each species. This could also be the reason for the different results 

reported in the mentioned studies. Other reasons for variations could be the sampling and 

laboratory techniques that were used, as well as naturally occurring variation. In addition, 

small sample sizes in pollen production studies may not be representative enough.  

In order to further disentangle the observed variations in pollen production estimates, they 

were analysed in relation to urbanisation. Therefore, we calculated the urban index 

(Jochner et al. 2012b), a measure to describe the degree of urbanisation, for all sampling 

locations and compared the results based on the classification into urban and rural 

locations. For two of the analysed species, B. pendula and P. lanceolata, pollen 

production was significantly higher at rural sites. Differences in pollen production 

between urban and rural areas have only been investigated in a few studies. For example, 

for A. artemisiifolia, pollen production was found to be higher in urban areas (Ziska et al. 

2003). There are two other studies (Jochner et al. 2011; Kolek 2021) conducted in 

Germany comparing pollen production of B. pendula between urban and rural locations. 

The study conducted in Munich found higher pollen amounts in rural locations, but only 

at the beginning of flowering (Jochner et al. 2011), while the study conducted in 

Augsburg reported higher pollen production with increasing urbanisation (Kolek 2021).  

 

6.2.2 Environmental influences on pollen production 

To explain the differences in pollen production between urban and rural locations, 

environmental factors that are known to influence pollen production were analysed. It has 

been documented in the literature that temperature has an effect on pollen production. 
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While some studies have reported increases due to warmer conditions (Barnes 2018), 

others have observed decreases (Jochner et al. 2013). In addition to temperature, elevated 

CO2 concentrations have been associated with increases in pollen production in some 

studies of various plant species (Ziska & Caulfield 2000; Jablonski et al. 2002; Wayne et 

al. 2002; Ziska et al. 2003; Rogers et al. 2006; Kim et al. 2018). It is therefore generally 

assumed that pollen production, and in turn, pollen loads will increase in the course of 

climate change. However, with regard to the influence of atmospheric NO2 

concentrations, studies documented different effects: At elevated NO2 concentrations, 

Jochner et al. (2013) reported reduced pollen production in B. pendula. Zhao et al. (2017a) 

reported the opposite effect in A. artemisiifolia. An experiment on the effect of elevated 

O3 concentrations on B. papyfera documented its impact on plant reproduction, i.e., the 

number of catkins and catkin length, diameter and mass (Darbah et al. 2008).  

Based on these studies, environmental factors seem to affect pollen production differently 

depending on the species. Such species-specific effects were also identified in our study 

(Chapter 5). We found a negative correlation between pollen production and temperature 

for B. pendula and P. lanceolata. The analyses of pollen production and atmospheric NO2 

and O3 concentrations showed a negative relationship between them for B. pendula and 

P. lanceolata. For D. glomerata, however, the relationship was positive, as seen in the 

analyses after excluding the influence of the other variables. However, in nature, there 

are various influences that can also have a masking effect. Nonetheless, based on these 

results, findings in the literature on the effect of air pollutants NO2 and O3 on pollen 

production can be confirmed. These results also underline that this effect seems to be 

species-specific and might even vary within each species.  

Regarding the study area, it has to be considered that the city of Ingolstadt presents a 

relatively small urban area with approx. 140,000 inhabitants (Bayerisches Landesamt für 

Statistik 2023) with the urban index of the study sites ranging from 0.30 to 0.72. 

Therefore, the results may not be applicable to much larger urban areas or to urban areas 

at higher or lower altitudes. Future studies should consider investigations along 

urbanisation gradients that cover a wider range of the urban index.  

Our results indicate a decrease in pollen production with increasing temperature, which 

is contrary to the results of other studies. As this has implications for pollen loads in 

regards to climate change, this influence has to be further investigated: it needs to be 
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clarified how much influence temperature has on pollen production, whether it is the main 

driver of such variations, and whether all potentially masking effects have been taken into 

account. Moreover, future studies on the influence of air temperature and pollutants on 

plant characteristics such as pollen production should be assessed by a combination of 

experiments in a controlled environment and field research in order to give new 

indications on single and combined effects. Tito et al. (2020) recommended an approach 

using altitudinal gradients as ‘natural laboratories’ and proposed to transplant and 

translocate species from different locations on the gradient to others. Whether this could 

be conducted with larger trees is, however, questionable, and would require a different 

study design. Furthermore, it should be discussed how suitable urbanisation gradients are 

for aerobiological studies, and whether other gradients might me more suitable. However, 

such experiments should consider the whole plant and its physiological performance, i.e., 

visual parameters of the plants such as the amount of flowers or foliage and their condition 

should be assessed, but also characteristics such as the allergenicity of pollen. In addition, 

other species should be included in the investigation, such as other Poaceae species, to 

determine if the effect of temperature is different for other species of this family.  

In order to better relate atmospheric air pollutant concentrations to pollen production, 

site-specific measurements should be made on each individual plant sampled, rather than 

deriving these data from a land use regression model. Nonetheless, land use regression 

models are highly useful when such data are not available. 

For the studied species B. pendula, masting, which occurs in woody species, is another 

factor that plays a role in pollen production, as it might have the potential to mask the 

effect of other influences. The frequency of masting can vary and depends on the species. 

In the case of Betula, it has been documented to occur every two (Latałowa et al. 2002) 

or three years (Detandt & Nolard 2000). It is not entirely clear how large the areas are 

where synchronous masting takes place. It is usually a regional phenomenon (Ranta et al. 

2008), but has also been found to appear at continent-scale (Koenig & Knops 1998, 2005). 

However, a large variation of pollen production can still be observed at smaller areas such 

as seed plantations (Ranpal et al. 2022). There have been no studies on the masting 

behavior of birch trees in cities, so it is not possible to assess the extent to which masting 

plays a role in our study. However, this phenomenon could explain the differences in 

pollen production estimates between the study in Chapter 5 and those from literature (e.g., 
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Jato et al. 2007; Piotrowska 2008; Kolek 2021). In order to identify masting years, pollen 

production data over several years are needed. Thus, it is highly recommended to install 

pollen traps for long-term monitoring in cities in order to identify masting years 

retrospectively. 

The estimation of pollen production is time-consuming as it is based on laboratory 

analyses. In order to efficiently determine the pollen production of several individuals, 

the laboratory technique for extracting and counting pollen grains should be automated. 

For example, Ali et al. (2022) counted pollen grains using software algorithms. In 

addition, there have been attempts to use proxies for pollen production, such as measures 

of biomass to indicate resource allocation in plants. This approach is based on the theory 

that inter-annual variation of leaf area influences the supply of assimilates, so that a year 

with rich foliage is associated with fewer flowers and the subsequent year with opposite 

characteristics (Dahl & Strandhede 1996). Therefore, remote sensing techniques have 

been employed to identify masting years by analysing NDVI (González-Naharro et al. 

2019) or to infer the size of the pollen source by investigating tree characteristics using 

LiDAR (Light Detection and Ranging) (Bogawski et al. 2019). Ground-based 

investigations of LAI (Leaf Area Index) in relation to pollen production of hazel (Corylus 

avellana) have also been conducted by Jetschni & Jochner-Oette (2019), however, no 

clear relationship between those measures was found in the analysed years. This could be 

due to the fact that there is also a species-specific pattern of resource allocation, which 

needs to be studied for each tree species specifically. 

Putting it all together: To get a holistic picture of the factors influencing pollen in cities, 

all aerobiological processes have be considered. To link pollen concentration to pollen 

production, a detailed inventory of the relevant plant species and their phenological 

development should be established. In addition, pollen dispersal and transport models 

could link pollen sources to measured pollen levels. For this purpose, studies should 

include experimental pollen or spore release to model dispersal patterns in cities. For 

example, Katz et al. (2023) used pollen production and pollen emission to model airborne 

pollen concentrations within a city. They highlight that this approach has potential, but 

also further research is needed to cover larger areas and to apply it to different tree species.  
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7 Conclusion 

This thesis presented an investigation on the temporal and spatial variations of allergenic 

pollen in cities. The focus was on pollen concentration, pollen deposition and pollen 

production. The most important findings highlight the importance of continuous pollen 

monitoring both at street and rooftop level, as pollen concentrations were found to vary 

with height. In addition, the importance of a network of several traps to collect data on 

spatial variations was highlighted. The studies showed that for the duration of the main 

pollen season, the spatial variation in grass pollen load was mainly linked to surrounding 

land use, but variations due to land management or meteorological factors were also 

identified. Outside of the peak season, other influences such as pollen transport 

contributed to the amount of pollen in the air and could only be detected by continued 

monitoring outside the main flowering period. In addition, only continuous monitoring 

can reflect diurnal variations, which were shown to vary within the season and between 

locations. For pollen production, the results showed variations within each species at 

small spatial distances. The fact that B. pendula and P. lanceolata were linked to a higher 

pollen production in rural, i.e., cooler, areas, shows that temperature alone is not sufficient 

to explain variations in pollen production. It still has to be clarified why certain species 

do no profit from elevated temperatures. In our study, we found that atmospheric NO2 

and O3 concentrations tend to decrease pollen production in B. pendula and P. lanceolata, 

and increase pollen production in D. glomerata. This indicated that the influence of 

environmental factors is species-specific. However, this is of limited validity as more data 

and research would be needed to make more complete statements. Based on these 

findings, several promising research perspectives were outlined in Chapter 6. The 

relevance of aerobiological studies is ongoing, as the challenges posed by climate change 

need to be addressed.  
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