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Abstract: Airborne pollen concentrations vary depending on the location of the pollen trap with
respect to the pollen sources. Two Hirst-type pollen traps were analyzed within the city of Munich
(Germany): one trap was located 2 m above ground level (AGL) and the other one at rooftop (35 m
AGL), 4.2 km apart. In general, 1.4 ± 0.5 times higher pollen amounts were measured by the trap
located at ground level, but this effect was less than expected considering the height difference
between the traps. Pollen from woody trees such as Alnus, Betula, Corylus, Fraxinus, Picea, Pinus
and Quercus showed a good agreement between the traps in terms of timing and intensity. Similar
amounts of pollen were recorded in the two traps when pollen sources were more abundant outside
of the city. In contrast, pollen concentrations from Cupressaceae/Taxaceae, Carpinus and Tilia were
influenced by nearby pollen sources. The representativeness of both traps for herbaceous pollen
depended on the dispersal capacity of the pollen grains, and in the case of Poaceae pollen, nearby
pollen sources may influence the pollen content in the air. The timing of the pollen season was similar
for both sites; however, the season for some pollen types ended later at ground level probably due to
resuspension processes that would favor recirculation of pollen closer to ground level. We believe
measurements from the higher station provides a picture of background pollen levels representative
of a large area, to which local sources add additional and more variable pollen amounts.
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1. Introduction

Pollinosis in urban areas has increased notably in recent decades [1], and numerous studies have
examined potential sources of airborne pollen recorded in cities [2–4]. For instance, ornamental plants
in urban green areas play an important role in allergic sensitization to pollen allergens and episodes of
pollen allergy symptoms [5–8]. In addition, pollutants inside cities increase the severity of allergic
symptoms [9–11]. Although several nature-based solutions may be implemented to reduce pollen
emissions [12,13], avoiding pollen exposure in cities is hardly possible and necessitates prevention and
medication [14]. Approximately 30% of the population of Germany is estimated to be sensitized to at
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least one type of aeroallergen [15]. To enable preventive measures or properly timed medication by
pollen-allergic individuals it is useful to maintain an updated alert system [16–18].

Pollen information to warn of allergy risks is often provided by pollen stations located in cities,
and in most cases only by one pollen station per city [19]. Traditional aerobiological sampling is
labor-intensive and requires enormous amounts of human and economic resources [17]. Therefore,
data from a single sampling point are extrapolated to a larger surrounding area. This, however, requires
a representative (optimal) location for installing the pollen-sampling devices [20].

There are numerous factors that influence the representativeness of pollen data, especially at the
location of the point of sampling. Thus, different locations may report significant differences in pollen
measurements [21]. These differences are associated with the spatial distribution of pollen sources
with respect to the prevailing meteorological conditions [3,22–24]. Pollen sampling in close proximity
to the emission sources provides unrepresentative measurements, only applicable to very local pollen
conditions [25]. Other characteristics such as urbanization levels near the station or the proximity to
gardens or parks will influence measured pollen concentrations [26].

Buildings can influence the trajectories of air masses transporting pollen inside cities [27,28].
In addition, height of sampling has an impact on pollen measurements, although this influence is
limited [29]. However, the effects of height on sampling may be increased when pollen originates from
nearby sources [22].

In this study two pollen traps were compared in the city of Munich (Germany), one of them
located at Biedersteiner street at 2 m above ground level (AGL), and the other about 4.2 km away
at Thalkirchner street at 35 m AGL on a rooftop. The aims of this comparison were to study the
representativeness of each pollen trap with respect to the amount of pollen in the air in Munich and
the phenological parameters (timing of the pollen season), to quantify the differences between both
pollen traps and to determine which trap is most suited for a pollen alert system.

2. Experiments

Two Hirst-type volumetric spore traps were operated within the city of Munich (Germany).
Aerobiological sampling: the preparation and the analysis of the samples followed the requirements
proposed by the International Association for Aerobiology [30]. The quality of pollen identification
and quantification was controlled as described previously by Smith et al. [31].

The lower station was located at 2 m AGL in the middle of the gardens of the Center of Allergy
and Environment (ZAUM) (Biedersteiner Street, DEBIED station). The higher station was located
4.2 km away, on the roof of the Klinik und Poliklinik für Dermatologie und Allergologie, University of
Munich at 35 m AGL (Thalkirchner Street, DEMUNC station) (Figure 1).

The abundance and distribution of the pollen sources around both pollen stations were studied
using Corine Land Cover information (Coordination of Information on the Environment, 2012 version)
provided by the European Environment Agency (https://www.eea.europa.eu). Spatial information
for this project was reclassified in 9 main units: urban areas, roads/peri-urban, agricultural fields,
ornamental/green zones, broadleaf forests, coniferous forests, pastures, scrubs and riverbanks.

Concentric ring graphs were generated, which represent the relative abundance (% of the total
ring surface) of the main land uses and vegetation types surrounding the two pollen monitoring
stations DEBIED and DEMUNC (0 to 1, 1 to 2, 2 to 5 and 5 to 10 km from the pollen trap). This spatial
representation was used for interpreting the general landscape configuration that characterized the
abundance of the main pollen sources for specific pollen types around the stations [3,32].

https://www.eea.europa.eu


Atmosphere 2020, 11, 145 3 of 14Atmosphere 2020, 11, 145 3 of 14 

 

 
Figure 1. Geographical location of both pollen traps in the city of Munich, Germany (550 m above sea 
level (ASL)). Source: Google Earth, October 2019. 

Further, the relative abundance spectrum of the all pollen types in the air was calculated for the 
period 2006–2016 using the ‘iplot_abundance’ function from the AeRobiology R package [35]. Only 
the most abundant pollen types in Munich were studied: Alnus, Betula, Carpinus, Corylus, 
Cupressaceae/Taxaceae, Fraxinus, Picea, Pinus, Quercus and Tilia as woody taxa; and Poaceae and 
Urticaceae from herbaceous taxa. Differences were compared using the paired Student´s t-test. 

Daily pollen concentrations for the most abundant pollen types were compared only considering 
days when both pollen traps registered more than 10 pollen grains/m3. Days with concentrations 
below this threshold were removed as proposed in previous studies [29,36] to reduce potential 
sources of error due to very low pollen concentrations [37]. Comparison of daily pollen 
concentrations according to pollen type and studied years were assessed by the slope and the 
coefficient of determination (R2) of the linear regression. The slope of the regression indicates the 
relationship between both pollen station (slope < 1 means that lower station DEBIED collected more 
pollen than the higher station DEMUNC), and the coefficient of determination (R2) indicates the 
variability of the data. Supplementary Materials can be consulted for extended results. 

From the phenological point of view, only the period 2009–2016 was analyzed because of 
uncommon behavior in 2006–2008. Phenological analysis was done using the ‘iplot_pheno’ function 
from the AeRobiology R package [35]. 

3. Results and Discussion 

3.1. Pollen Total 

Significant differences were observed when the annual pollen integral (API) for the sum of all 
pollen types were compared between the stations. Figure 2A shows that the lower trap (DEBIED) 
registered higher APIs in the same period than the trap that was placed higher (DEMUNC). There is 
a large height difference between the two stations (Δheight = 33 m) and so disparities in the amounts 
of pollen collected in each trap were expected. However, Rojo et al. [29] recently observed that the 
effect of height on airborne pollen concentrations was linear in the first meters of height difference 
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Figure 1. Geographical location of both pollen traps in the city of Munich, Germany (550 m above sea
level (ASL)). Source: Google Earth, October 2019.

Pollen season characteristics (start and end dates) were calculated using the 95% method for the
period 2006–2016, whereby the start date was defined as being when 2.5% of pollen is recorded and
the end date is when 97.5% of the pollen is collected for that year [33], as recommended when a large
number of very different pollen types are compared [34].

Further, the relative abundance spectrum of the all pollen types in the air was calculated for
the period 2006–2016 using the ‘iplot_abundance’ function from the AeRobiology R package [35].
Only the most abundant pollen types in Munich were studied: Alnus, Betula, Carpinus, Corylus,
Cupressaceae/Taxaceae, Fraxinus, Picea, Pinus, Quercus and Tilia as woody taxa; and Poaceae and
Urticaceae from herbaceous taxa. Differences were compared using the paired Student´s t-test.

Daily pollen concentrations for the most abundant pollen types were compared only considering
days when both pollen traps registered more than 10 pollen grains/m3. Days with concentrations below
this threshold were removed as proposed in previous studies [29,36] to reduce potential sources of
error due to very low pollen concentrations [37]. Comparison of daily pollen concentrations according
to pollen type and studied years were assessed by the slope and the coefficient of determination (R2) of
the linear regression. The slope of the regression indicates the relationship between both pollen station
(slope < 1 means that lower station DEBIED collected more pollen than the higher station DEMUNC),
and the coefficient of determination (R2) indicates the variability of the data. Supplementary Materials
can be consulted for extended results.

From the phenological point of view, only the period 2009–2016 was analyzed because of
uncommon behavior in 2006–2008. Phenological analysis was done using the ‘iplot_pheno’ function
from the AeRobiology R package [35].
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3. Results and Discussion

3.1. Pollen Total

Significant differences were observed when the annual pollen integral (API) for the sum of all
pollen types were compared between the stations. Figure 2A shows that the lower trap (DEBIED)
registered higher APIs in the same period than the trap that was placed higher (DEMUNC). There is a
large height difference between the two stations (∆height = 33 m) and so disparities in the amounts
of pollen collected in each trap were expected. However, Rojo et al. [29] recently observed that the
effect of height on airborne pollen concentrations was linear in the first meters of height difference but
this effect lost relevance from a certain height above ground level. This effect is probably the reason
why height differences in pollen amounts were limited for the Munich stations (1.4 ± 0.5 times higher
pollen amounts measured by the pollen trap located at ground level).
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Figure 2. Comparison of the annual total pollen integral with paired Student´s t-test statistic (A), and
comparison of seasonal behavior of the total pollen (B), between both traps (DEBIED Biedersteiner
street vs. DEMUNC Thalkirchner street in Munich, Germany) for 2006–2016.

The seasonal behavior of the pollen curve according to total pollen (sum of all pollen types) were
similar for both pollen stations (Figure 2B). The period of maximum pollen concentrations in Munich
occurred in April and May and pollen peaks registered by DEBIED and DEMUNC generally coincided
in timing and magnitude. Nevertheless, higher amounts of pollen were collected at DEBIED (ground
level) with respect to DEMUNC (rooftop) during February and March, although the timing of peaks
continued to coincide.

3.2. Abundance of the Pollen Types in the Air

The relative abundance of the pollen types in the air of Munich (percentage of the total annual
pollen) is shown in Figure 3. For DEBIED, the five most abundant pollen types (in order, Betula,
Cupressaceae/Taxaceae, Urticaceae, Fraxinus and Carpinus) represented about 60% of the total pollen
load. In DEMUNC, the four most abundant pollen types (in order, Betula, Urticaceae, Fraxinus and
Cupressaceae/Taxaceae) accounted about 60% of the total pollen (Figure 3). The pollen spectra for
DEBIED and DEMUNC were similar, but there were important differences. For instance, Betula
dominated the pollen spectrum of DEMUNC (26%), while the relative abundance of Betula and
Cupressaceae/Taxaceae pollen types were very similar in DEBIED (16% and 15%, respectively). Thus,
the pollen spectrum seemed to differ in DEBIED compared to DEMUNC where a lower number of



Atmosphere 2020, 11, 145 5 of 14

pollen types were prevalent. Moreover, pollen types such as Carpinus and Tilia represented a greater
importance in DEBIED compared to DEMUNC (Figure 3).Atmosphere 2020, 11, 145 5 of 14 
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observed and there were only relevant differences for Cupressaceae/Taxaceae, Carpinus and Tilia. 
This was more likely to be caused by the distribution of the pollen sources rather than differences in 
height above ground level [38–40]. These three pollen types together with Poaceae and Fraxinus 
showed significant differences between both pollen traps (paired Student t-test; p < 0.05). 
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Figure 3. Relative abundance of pollen types in the air for the period 2006–2016.

The abundance of the pollen types in the air varies with the height of sampling (∆height = 33 m),
but also on the distance between pollen traps (∆distance = 4.2 km) and the differences of the distribution
of the nearest pollen sources. The annual contribution from each pollen type to the Annual Pollen
Integral is given in Figure 4. Again, the highest APIs were recorded at DEBIED (2 m AGL). However,
due to the limited effect of height on pollen sampling [29], no large differences were observed and
there were only relevant differences for Cupressaceae/Taxaceae, Carpinus and Tilia. This was more
likely to be caused by the distribution of the pollen sources rather than differences in height above
ground level [38–40]. These three pollen types together with Poaceae and Fraxinus showed significant
differences between both pollen traps (paired Student t-test; p < 0.05).

The pollen types showing the largest differences represented pollen coming from abundant plants
in the local green zones surrounding the pollen traps of Munich [6]. Indeed, species such as Taxus
baccata L. (Cupressaceae/Taxaceae type) and Carpinus betulus L. (Carpinus type) were commonly planted
in hedges in urban green zones in the surroundings of Biedersteiner Street. Hedges close to the building
of the Zentrum Allergie & Umwelt (ZAUM), where the DEBIED trap was located, were dominated
by these woody species. In addition, in the gardens of the Zentrum Allergie und Umwelt (ZAUM)
in Biedersteiner Street species of the genus Tilia (Tilia cordata Mill., Tilia platyphyllos Scop.) were very
common. Gonzalo-Garijo et al. [22] analyzed spatial variations in airborne pollen at different urban
locations, and also observed differences in concentrations of pollen from different ornamental species
distributed throughout the urban green spaces of the cities.

In our study, Poaceae pollen also showed significant differences between both pollen traps
according to the annual pollen integral. These differences could be explained by a combination of the
height effect and the configuration of sources, as the DEBIED pollen trap is located at ground level in
a garden in close contact with grasses. In an experiment where Ambrosia pollen were collected over
an artificially created source, Šikoparija et al. [25] found several orders of magnitude more pollen at
ground level. This suggests that the effect of height on pollen concentrations is enhanced when the
main pollen sources are located in direct contact to the sampling station [41].

To better understand the effect of local sources on the pollen content in the air, we analyzed the
abundance of the potential pollen sources surrounding the pollen traps. Figure 5 represents the relative
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abundance (% of the total) of the main habitats (artificial land uses and vegetation) surrounding both
pollen traps, DEBIED and DEMUNC in Munich.
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Figure 4. Annual pollen integral for each pollen type for the period 2006–2016 (mean and standard
deviation). Comparison between both traps DEBIED vs. DEMUNC (2 m AGL and 35 m AGL,
respectively). Significance level from the t-test: * p < 0.05; ** p < 0.01; *** p < 0.001.

When considering a 1-km ring around the pollen traps (Figure 5), the surface of urban green zones
around the pollen monitoring station DEBIED (30% of the total) was greater than the surface around
DEMUNC (15% of the total). Furthermore, the surface of surrounding urbanized areas was greater for
the DEMUNC pollen trap, which implies lower amounts of pollen [42]. This could be the explanation
for the significant differences for the pollen amounts from woody taxa such as Cupressaceae/Taxaceae
and Carpinus. In contrast, other pollen types such as Betula, Alnus, Picea, Quercus and Pinus, whose
major pollen amounts came from outside of the city did not show significant differences [22,43]. Species
belonging to these genera are frequently planted as ornamental plants in urban green zones. However,
these anemophilous trees are also commonly found in forested areas surrounding Central European
cities and as such it is likely that the majority of airborne pollen from these species recorded in Munich
come from outside of the city [44,45]. It has also been shown that different levels of urbanization lead to
differences in airborne pollen levels, with the lowest pollen concentrations generally registered in the
most urban sites following an urban–rural gradient [42,46,47]. A better knowledge of this effect could
be achieved by studying the local vegetation around the pollen traps in Munich in a more detailed
way [12,48].

The effect of local sources, as shown in our study, is enhanced by the location of the DEBIED trap
at ground level [25]. This is because pollen traps at roof level sample in more homogeneous conditions
and thus deliver more representative measurements of pollen from the surrounding area [29,30]. As a
result, the recommended minimum height for placing a pollen sampler is at least 10 m above ground
level [29].
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3.3. Comparison of the Daily Pollen Concentrations

Daily pollen concentrations of the most abundant pollen types in Munich were compared between
the pollen traps DEBIED and DEMUNC, see Table 1. In agreement with the previous results about
the annual pollen integrals (Figure 4), the regression slope was generally near to the ideal fit (slope
= 1) for Betula, Urticaceae, Quercus and Pinus. However, for Cupressaceae, Carpinus, Corylus or Tilia,
the regression slope tended toward the DEBIED trap, i.e. DEBIED registered higher amounts of pollen
than the DEMUNC trap for all years (Table 1 and Supplementary Material).

Another important parameter was the dispersion of the data (coefficient of determination) of
the regression between both traps (Table 1). Pollen types such as Betula, Fraxinus, Pinus and Quercus
had the highest coefficients of determination, which can be related to the same sources emitting the
collected pollen [43]. In these cases, background pollen in the city of Munich contributed more than
local sources [41]. The amount of pollen collected by both pollen traps was similar (higher R2) when the
most abundant pollen sources were located several kilometers away from the traps, i.e. pollen coming
from outside of the city [22]. This fact can be observed in surfaces of broad-leaved and coniferous
forests, which are similar for the 5-km and 10-km rings from the pollen traps (Figure 5). However,
lower R2 were seen for the woody taxa Carpinus, Cupressaceae/Taxaceae, Picea or Tilia.

On the other hand, meteorological conditions influenced daily pollen concentrations during the
season, particularly wind patterns (i.e., with respect to the distribution of the pollen sources) and
rainfall [4,49]. Pollen types such as Betula, Pinus and Quercus that are, in general, similar between
DEBIED and DEMUNC recorded higher pollen concentrations in the higher trap in some years (e.g.,
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2007, 2012, Supplementary Materials) thereby providing evidence of dispersal and transport processes
in the atmosphere [50,51].

Table 1. Coefficients of determination (R2) and slopes (s) for the comparison of DEBIED vs. DEMUNC
(regression with x = DEBIED and y = DEMUNC, i.e. when slope < 1 means that the lower station
DEBIED collected more pollen than the higher station DEMUNC).

Year Alnu
(R2/s)

Betu
(R2/s)

Carp
(R2/s)

Cory
(R2/s)

Cupr
(R2/s)

Frax
(R2/s)

Pice
(R2/s)

Pinu
(R2/s)

Poac
(R2/s)

Quer
(R2/s)

Tili
(R2/s)

Urti
(R2/s)

2006 - 0.6/0.9 0.0/0.0 0.9/0.6 0.5/0.3 0.8/0.9 0.7/0.8 0.4/1.0 0.1/0.2 0.5/0.7 -/0.3 0.3/1.0
2007 - 0.9/1.7 0.1/0.1 - 0.9/2.2 0.8/1.3 -/1.4 0.3/0.6 0.6/0.7 0.7/1.3 -/0.0 0.3/1.0
2008 - 0.9/1.4 - - - - 0.0/0.0 0.2/0.5 0.1/0.2 0.3/0.3 - 0.2/0.5
2009 0.1/0.4 0.7/2.3 0.8/0.5 0.9/0.5 0.7/0.4 0.5/1.7 0.5/1.0 0.5/0.7 0.0/0.2 0.5/0.8 - 0.4/0.6
2010 0.2/0.3 0.9/0.9 -/0.8 0.5/0.4 0.4/0.4 0.8/0.4 - 0.9/1.0 0.0/0.0 0.9/0.7 - 0.3/0.5
2011 0.7/0.5 0.7/0.6 0.0/0.0 0.5/0.4 0.5/0.2 0.8/0.5 -/0.4 0.7/0.7 0.6/0.2 0.6/0.4 - 0.2/0.2
2012 0.4/0.2 0.6/1.0 0.6/-0.1 0.1/0.1 0.8/0.2 0.3/0.2 - 0.9/1.3 0.5/0.6 0.8/1.2 - 0.5/0.9
2013 0.6/0.5 0.9/1.3 0.3/0.2 0.8/0.3 0.5/0.2 0.9/0.8 0.6/0.7 0.7/0.9 0.4/0.5 0.9/1.2 -/0.2 0.8/1.3
2014 0.7/1.3 0.8/1.0 0.0/0.1 0.4/0.7 0.6/0.1 0.5/0.8 0.2/0.6 0.7/0.8 0.6/0.8 0.2/0.3 0.2/0.0 0.3/0.8
2015 0.8/0.8 0.9/0.8 0.5/0.1 -/1.2 0.3/0.2 0.9/0.6 1.0/0.9 0.6/0.5 1.0/0.5 0.8/1.4 0.1/0.0 0.6/0.8
2016 0.6/0.3 0.9/0.7 0.5/0.3 0.9/0.5 -/0.1 0.7/0.6 -/1.0 0.9/0.6 0.3/0.4 0.9/0.5 -/0.0 0.5/0.9

Mean 0.5/0.5 0.8/1.1 0.3/0.2 0.6/0.5 0.6/0.4 0.7/0.7 0.5/0.8 0.6/0.7 0.3/0.4 0.7/0.8 0.2/0.1 0.4/0.8

Pollen types: Alnu Alnus, Betu Betula, Carp Carpinus, Cory Corylus, Cupr Cupressaceae/Taxaceae, Frax Fraxinus,
Pice Picea, Pinu Pinus, Poac Poaceae, Quer Quercus, Tili Tilia, Urti Urticaceae.

In the case of herbaceous pollen types, Urticaceae showed a slope relatively near to 1 (data
comparable between traps) (Table 1), although a low R2 (Table 1). Poaceae showed important
differences between pollen traps (slope < 1, the highest pollen concentrations were collected by the trap
located at lower height), and very variable data (low R2, Table 1). This different behavior according to
the pollen type can be related to the dispersal capacity of the pollen grain and the local distribution of
the main pollen sources [52,53]. Peel et al. [54] also found different daily patterns for grass pollen in
several locations within a city, and even different intradiurnal emission patterns depending on the
distribution of the pollen sources [40].

3.4. Comparison of the Phenological Metrics

The results of the timing of the start and end of the pollen season for the main pollen types showed
that dates were similar for both pollen stations, see Table 2. With respect to the start date of the pollen
season, only Tilia showed significant differences between both pollen traps (Table 2). The Tilia pollen
season in the higher station (DEMUNC) began earlier than the lower station (DEBIED). In the same
manner, the Tilia pollen season finished later in the lower station (DEBIED) (Figure 6), due to more Tilia
trees surrounding DEBIED. It is possible that part of the pollen collected in the higher station came
from different sources that flowered earlier. Makra et al. [50] analyzed different patterns in airborne
pollen in relation to the sources of the largest amounts of pollen. The origin of the pollen collected by
a trap was determined by the distance from the local sources but also the circulation patterns of air
masses favoring pollen transport [43,51].



Atmosphere 2020, 11, 145 9 of 14

Table 2. Paired t-test for differences between both pollen traps (DEBIED vs. DEMUNC). Paired samples
were compared year-to-year. Average start date and end date of years 2006–2016 ± SD and significance
level from the t-test are given.

Pollen Type Start Date
(DEBIED/DEMUNC)

End Date
(DEBIED/DEMUNC)

Alnus 55.8 ± 13.6/47.1 ± 13.6 (n.s.) 137.5 ± 34.1/88.5 ± 9.1 **
Betula 96.5 ± 6.6/97.2 ± 6.3 (n.s.) 121.1 ± 4.8/119.1 ± 7.5 (n.s.)

Carpinus 95.1 ± 8.8/95.2 ± 8.8 (n.s.) 114.0 ± 6.8/115.4 ± 9.2 (n.s.)
Corylus 51.4 ± 17.4/43.5 ± 14.0 (n.s.) 86.2 ± 6.7/119.9 ± 96.2 (n.s.)

Cupressaceae/Tax 67.2 ± 15.9/68.4 ± 12.8 (n.s.) 110.1 ± 6.0/104.1 ± 8.3 *
Fraxinus 91.0 ± 8.6/92.1 ± 8.4 (n.s.) 111.1 ± 6.9/114.6 ± 7.5 (n.s.)

Picea 106.9 ± 23.0/117.9 ± 12.8 (n.s.) 170.6 ± 43.1/186.1 ± 56.4 (n.s.)
Pinus 125.6 ± 7.4/124.5 ± 7.4 (n.s.) 178.6 ± 20.7/161.5 ± 10.9 *

Poaceae 130.5 ± 5.9/126.1 ± 11.4 (n.s.) 233.8 ± 10.9/232.8 ± 13.3 (n.s.)
Quercus 103.4 ± 9.0/107.5 ± 8.6 (n.s.) 140.0 ± 3.8/136.0 ± 5.6 *

Tilia 170.6 ± 7.1/164.0 ± 5.6 * 205.0 ± 9.0/196.8 ± 11.2 *
Urticaceae 161.1 ± 4.0/165.5 ± 11.1 (n.s.) 242.0 ± 4.8/241.8 ± 6.1 (n.s.)

Significance level: * p < 0.05; ** p < 0.01; n.s., non-significant.
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Other pollen types showing significant differences in the end date of the pollen season were Alnus,
Cupressaceae/Taxaceae, Pinus and Quercus (Table 2, Figure 6). All these pollen types showed that, in
general, the pollen season finished later in the lower station (DEBIED). This fact could also be due to
the process of resuspension of particles at the end of the pollen season [55,56]. This process produces
recirculation in the atmosphere of previously sedimented pollen grains, and these pollen grains could
be too few to reach higher heights in the atmosphere. Thus, the period of pollen emission is possibly
shorter than the period including resuspension, but during the resuspension period the pollen intensity
is lower [57]. Some peaks, however, could also be due to the pollination of other later-flowering species
belonging to the same taxonomic group.

For example, in Figure 7 we observed that several pollen concentrations were collected at ground
level (DEBIED trap) during the days near the end of the pollen season. These peaks were not observed
(or almost not observed) on the rooftop (DEMUNC trap). This late sampling in DEBIED occurred for
Alnus, Cupressaceae/Taxaceae, Pinus, Quercus and Tilia pollen and was significantly different from the
end date of the pollen season in DEMUNC (Table 2).Atmosphere 2020, 11, 145 10 of 14 
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Figure 7. Detailed comparison of the daily pollen concentrations of different woody types which
showed significant differences in the pollen season between the traps. A larger number of pollen grains
can be observed in the lower station (DEBIED) at the end of the pollen season, for example during the
years 2011–2014.
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4. Conclusions

In general, higher annual pollen amounts were registered by the pollen station located at a
lower height (DEBIED). However, this effect was rather limited (i.e., 1.4 ± 0.5), meaning that this
pollen trap measures about 40% more pollen. If a linear relationship between height and airborne
pollen concentrations exist, then we would have expected greater amounts of pollen and phenological
differences in DEBIED. However, a linear relationship does not exist above a certain height, as
documented in recent literature. Also, major differences in pollen concentration would be expected
because of the relatively large distance between both pollen stations (4.2 km between traps). However,
differences were only reported for pollen types with major pollen sources inside of the city. These
differences were enhanced by the location of one pollen trap <10 m AGL (DEBIED), which is less than
the recommended minimum height for trap location.

Airborne pollen from woody trees such as Alnus, Betula, Corylus, Fraxinus, Picea, Pinus and Quercus,
and the herbaceous pollen type Urticaceae showed good agreement between both traps for timing and
intensity. The measurements of these pollen types from both pollen traps can therefore be used for an
alert system for allergenic pollen. Most of the measured pollen for these taxa were background levels
originating from outside the city of Munich. On the other hand, pollen types which showed the most
significant differences regarding phenology and pollen intensity were Cupressaceae/Taxaceae, Carpinus,
Tilia and Poaceae. Here, local sources of these pollen types were relevant in Munich, especially when
the sampler was located at ground level. Although most allergic individuals are exposed at ground
level, the best measurements for allergological purposes come from a station located at rooftop height
as the measurement from the lower stations are more strongly influenced by nearby sources. Thus,
measurements from higher stations provide background pollen levels representative of large areas, to
which local sources add additional and more variable pollen amounts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/2/145/s1,
Figures S1–S12 showing the daily concentrations to compare concentrations between both traps DEBIED vs.
DEMUNC, and the Figures S13–S24 showing the phenological amplitude for both traps year-to-year.
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