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Abstract: Our study aimed to quantify the pollen trapped by the seeds and relate it with the airborne
pollen concentrations. Individual Populus spp. tuft-like seeds were sampled while suspended twice
a day in 2017 and 2018 during the seed dispersal season. The seeds were submitted to laboratory
treatment for pollen extraction, which was quantified using an optical microscope. Airborne pollen
was monitored using a seven-day Hirst-type volumetric spore sampler. A correlation analysis was
performed between the airborne pollen, the pollen on the seeds, and the meteorological parameters.
A total of 26 pollen grains/mg was counted in the airborne tuft-like seeds, with 26 different taxa
being identified, compared with the 18 pollen taxa identified in the airborne samples. Quercus,
Poaceae, Urticaceae, Pinus, and Platanus were the most frequent pollen found on the seeds, while in
the atmosphere, pollen from Urticaceae, Quercus, and Cupressaceae were the most representative. A
tendency of higher pollen concentrations found in the afternoon samples, both airborne and on the
seeds, was observed. Correlations between the meteorological parameters and pollen concentration
found airborne and in the seeds were overall not significant. Thus, airborne poplar tuft-like seeds can
trap and transport pollen, most of which has been recognized to induce respiratory allergies.
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1. Introduction

In most cities, trees occupy a large proportion of the urban greenery [1-3] and play
a crucial role in the quality of life of urban communities (human and non-human) [4].
According to the World Health Organization, urban residents should be able to access
public green spaces of at least 0.5-1 hectare within 300 m of their homes’ linear distance
(around 5 min walk) [5]. The urban green structures comprise urban woodlands, large and
small urban parks, green fields/gardens surrounding public/historical buildings, street
trees, private green spaces, and railway and road corridors [6].

One aspect that should be taken into consideration in urban ecosystems is the careful
selection of appropriate tree species, not only those meeting parameters such as a dense
crown, easy maintenance, or adaptability to local climate stress [7] but also the allergenicity
level of the pollen produced [8,9], once pollen-related respiratory allergies have been
increasing in number and severity in the last decades, particularly in urbanized areas [10].
In fact, during the pollination season of anemophilous trees, a large quantity of pollen is
released into the atmosphere, being among the ecosystem disservices with the greatest
impact [8]. So, in urban ecosystems, interdisciplinary involvement in the implementation of
the different planning and maintenance stages of tree populations is important to maintain
the natural quality and sustainability of the city environment [6,11].
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Trees of the genus Populus L., popularly known as poplars, are common trees present in
urban green spaces, particularly the species P. alba L., P. nigra L., P. tremula L.,
P. x canadensis Moench., and P. x canescens (Aiton) Sm. [12]. Some of these species are
typical of riparian formations associated with watercourses that run through many urban
environments [13]. These are deciduous species, dioicous, present in temperate regions in
the Northern Hemisphere with fast growth and easy adaption to adverse terrain [14]. They
are considered to have high net CO, sequestration, moderate-to-high drought tolerance,
erosion control, and air pollution mitigation [12]. Also, the Populus commercial value has
been increasing in recent years due to the growing demands for industrial purposes, such
as biomass and biodiesel production, particularly in Europe, North America, and Asia [15].

The poplar male trees flower in early spring [16], being entirely wind-pollinated
and producing a high amount of pollen, scoring maximum points for pollen emission [8].
The female trees produce fruits that are capsules grouped in catkins that, when mature,
around two months after pollination, open and release the seeds [14]. These seeds have
specialized trichomes on their outside, allowing them to float in the air and facilitating their
transport by wind. These trichomes are similar to cotton fibers and are composed of pure
cellulose [17]. The tuft-like seeds are released daily for about 2 to 12 weeks during the seed
dispersion season and can be windblown miles from their origin [18,19]. This characteristic
is viewed as a disservice and results in a dislike from the inhabitants, who associate it with
health problems [20].

The population perceives that the Populus seeds can cause respiratory allergies; how-
ever, it has been argued that the tuft from the seeds is allergen-free, and its allergenicity is
null [21]. Nevertheless, it was reported by Hu et al. [19] that the tuft-like seeds collected
from the ground contain pollen. However, it is not possible to ascertain from this study
if the pollen present in the seeds is collected during the seed dispersion, while airborne,
when the seeds contact the ground, or both.

Since the dispersion of the cotton seeds coincides with the pollination period of many
plants, the seeds, which can be innocuous in terms of their allergenicity, might become
responsible for allergy symptoms or play a role in the scavenging of airborne allergenic
pollen, contributing to their removal from the atmosphere. Therefore, the aim of our study
was to identify and quantify the pollen trapped by the poplar tuft-like seeds while airborne
and compare it with the amount and species-variations of airborne pollen concentrations
in the days of seed dispersal.

2. Materials and Methods
2.1. Study Area

The present study was carried out in 2017 and 2018 in the second largest Portuguese
city, Porto (41°8'58 N and 8°36'39 W), an urbanized area located in northwest Portugal with
238,000 inhabitants and a population density of 5736 inhabitants/km?. It is delimited by the
Atlantic Ocean at the west and the Douro River at the south and has a Mediterranean climate
with Atlantic influence, presenting warm winters and mild summers. The annual average,
maximum, and minimum temperatures are 15.2 °C, 19.6 °C, and 10.7 °C, respectively; the
annual average air humidity is 80% and the total annual precipitation ranges from 690 mm
and 1780 mm, mainly concentrated during the winter and early spring months. Prevailing
winds are from W and NW in the summer and E and SE in the winter [22].

The sampling site was the surroundings of the Faculty of Sciences of the University of
Porto, located within a residential zone, near the ocean and the Douro River and close to a
highway road that is one of the main entrances of the city, with frequent traffic congestion
and jams during the rush hours (Figure 1).
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Figure 1. Sampling area of Populus spp. tuft-like seeds. Location of the spore sampler (A) and
meteorological station (B) (Google, Digital Globe images).

The landscape around the study area is characterized by public parks, small gardens
around the faculty campus buildings, the Botanical Garden, and several avenues and street
walks ornamented with different trees. In all these spaces, Populus trees are represented
primarily by the species Populus alba and Populus nigra, but Populus x canadensis, Populus
deltoides W. Bartram ex Marshall, and Populus nigra var. italica Miinchh. can also be found
in lower proportions.

2.2. Airborne Sampling

Sampling was conducted on the 3 and 4 of May in 2017 and in 2018 during
four consecutive days from 15 to 18 May, which coincided with the main period of Populus
seed dispersal and absence of rainfall.

2.2.1. Populus spp. Seed Sampling

Individual Populus spp. tuft-like seeds were hand-picked from the air while in suspen-
sion in a sterile glass bottle using disposable sterile gloves. The sampling was made twice
daily (at 11 a.m. and 4 p.m.) for 10 min. The seeds collected in each sampling period were
stored in separate glass containers, sealed, identified, and returned to the laboratory to be
submitted to laboratorial treatment for pollen extraction.

For each sample, a sub-sample fraction of 30 mg of seeds was used and submitted to
several physical-chemical treatments to concentrate the pollinic content. The treatment
methodology includes adding sulfuric acid to destroy the tuft, filtration through a dis-
posable nylon mesh, and acetolysis to enable the destruction of the pollen cytoplasmatic
content for better identification [23]. The residue obtained was diluted and stored in phe-
nolated glycerin. For pollen identification and quantification, slides were mounted and
observed using an optical microscope (Leica DM/LS) at a magnification of 400 along
latitudinal sections, allowing for the scanning of all the slide area. Pollen grains were
classified by morphological characteristics using our palynology laboratory slide reference
collection and by comparison with a published atlas [24-26]. Pollen concentration was
expressed into pollen/mg of sample.

Control samples corresponding to closed seed capsules were collected directly from
the tree (Figure 2A). In the laboratory, under a controlled and pollen-free environment, the
capsules were naturally opened (Figure 2B), and the tuft-like seeds released were collected
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and submitted to the same laboratorial treatment for pollen extraction and quantification
as the airborne sampled seeds.

Figure 2. Closed seed capsules collected from a Populus spp. tree branch (A) and naturally opened
seed capsules in the laboratory under a controlled environment (B).

2.2.2. Pollen Sampling

Airborne pollen was continuously monitored using a seven-day Hirst-type volumetric
spore sampler (Lanzoni VPPS-2000, Bologna, Italy) placed on the roof of the Faculty of
Sciences of the University of Porto, approximately 18 m above the ground level (Figure 1).

This sampler is calibrated to sample air at a rate of 10 L min~!, which is accelerated
by passing through a narrow intake orifice (2 x 14 mm) and impacts onto a clock-driven
drum covered with a Melinex tape, where airborne pollen is retained. The drum rotates
once every seven days, and after exposure, the tape is cut into seven 48 mm daily segments
and mounted on microscopic slides with a mounting medium. The identification and
quantification of the airborne pollen concentrations were determined using an optical
microscope at a magnification of 400 x along four complete lengthwise traverses, divided
into 24 latitudinal sections of 2 mm intervals (each representing one h), which allows for
the quantification of the hourly variation in airborne pollen concentration [27]. Pollen
concentration was expressed as the number of pollen grains per cubic meter of air recorded
during the morning (7 a.m. to 11 a.m.) and afternoon (11 a.m. to 4 p.m.) hours.

2.3. Data Analysis

The normality of the data was assessed by the Shapiro-Wilk test. A correlation analysis
was performed using the Pearson’s correlation coefficient (significance level of 99%, 95%,
and 90%) between (i) airborne pollen and pollen trapped in the Populus spp. airborne
tuft-like seeds and (ii) the mean meteorological parameters (temperature, relative humidity,
and wind velocity) and the pollen concentration (airborne and present in the seeds). The
meteorological data were obtained from a meteorological station located at the Faculty of
Sciences of the University of Porto, 7 m apart from the pollen sampler at approximately the
same height, being managed by the Palynology laboratory.

These analyses were performed using the IBM SPSS Statistics 24 software.

3. Results

In our study, it was observed that all samples of airborne Populus spp. tuft-like seeds,
collected twice a day each day, presented pollen content. A total of 26 different pollen
taxa were identified on the tuft-like seeds, while only 18 were observed on the airborne
pollen samples, but apart from Juglans pollen type, all the others were concordant with
the ones observed on the tuft-like seed samples (Table 1). No pollen was observed in the
closed seed capsules naturally opened in the laboratory under a controlled environment
(control samples).
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Table 1. Pollen taxa identified on the airborne Populus spp. tuft-like seed samples and on the
atmosphere during the 2017 and 2018 Populus spp. seed dispersal season. Bold names are pollen
recognized to induce allergic respiratory symptoms [28].
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The most frequent pollen taxa found on the airborne tuft-like seeds were Quercus,
Poaceae, Urticaceae (mostly Parietaria), Pinus, Platanus, and Plantago, accounting for 75%
of the total pollen concentration. In the atmosphere, pollen from Urticaceae, Quercus and
Cupressaceae, and Acer and Ericaceae provided 75% of the total pollen concentration, with
the other frequently observed taxa representing less than 5%, namely, Olea, Poaceae, Rumex,
and Betula (Figure 3). We also observed, with a representation lower than 2%, the presence
on the tuft-like seed sample of untypical airborne pollen in Porto such as Cyperaceae
and Liliaceae.

Daily and inter-daily total pollen concentration variations were registered in the atmo-
sphere and on Populus spp. tuft-like seed samples (Figure 4). Airborne pollen concentration
was at its minimum on 15 May 2018 and at its maximum on 4 May 2017. Curiously, these
days coincided, respectively, with one of the highest and lowest pollen concentrations
found on the tuft-like seed, with an observed negative linear correlation between the daily
total airborne pollen and the pollen on the seed samples, although this was not statistically
significant (Table 2). Also, a tendency towards more days with higher pollen concen-
tration in the afternoon compared with the morning one was observed on airborne and
tuft-like seeds.
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Figure 3. Most representative pollen taxa, as a percentage (more than 2%), identified on the airborne
Populus spp. tuft-like seed samples and in the atmosphere during the 2017 and 2018 Populus spp.
seed dispersal season.
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Figure 4. Diurnal variation of total pollen identified on the airborne Populus spp. tuft-like seed
samples and on the atmosphere during the 2017 and 2018 Populus spp. seed dispersal season.
Airborne pollen is expressed as the sum of pollen grains per cubic meter of air recorded during the
morning (M: 7 a.m. to 11 a.m.) and afternoon (A: 11 a.m. to 4 p.m.) hours.

Table 2. Pearson’s correlation coefficients (significance level of 95% and 90%) calculated between
airborne pollen and pollen identified in the Populus spp. tuft-like seed samples, and between the
mean meteorological parameters (temperature, relative humidity, and wind velocity) and the pollen
concentration (airborne and present in the seeds) during the 2017 and 2018 Populus spp. seed dispersal
season. The dashed values presented correspond to significant correlation coefficients.

Normality Test Sig. Airborne Pollen Seed Samples

Seed samples 0.164 —0.340 -
Airborne pollen 0.391 - —0.340
max 0.979 0.366 0.088
T (°C) min 0.961 0.178 0.097
mean 0.899 0.186 0.218
max 0.666 0.062 -0.111
RH (%) min 0.631 0.446 —0.469
mean 0.353 0.284 -0.377
max 0.546 —0.573 * 0.117
WV (m/s) min 0.146 —0.635 ** 0.138
mean 0.625 —0.623 ** 0.107

min: minimum; max: maximum; T: temperature; RH: relative humidity; WV: wind velocity. ** correlation
significant at the 0.05 level; * correlation significant at the 0.1 level. n = 12.

Considering the taxa with a representation higher than 2%, we observed variations in
terms of the pollen frequency on airborne and seed samples between the morning and the
afternoon hours and along the sampling period (Figure 5). Only the pollen of Urticaceae
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was continuously present in the atmosphere and on the seed samples during the study
period. In terms of the seed samples, pollen from Pinus and Quercus were also always
present, and Poaceae pollen was only absent on 4 May 2017. Overall, for each taxon, a
greater number of mornings and/or afternoons were observed where no pollen was present
in the atmosphere compared with the seed samples.
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Figure 5. Frequency variation along the study period of the pollen taxa presenting a total repre-
sentation higher than 2% identified on the airborne Populus spp. tuft-like seed samples and on
the atmosphere during the 2017 and 2018 Populus spp. seed dispersal season. Airborne pollen is
expressed in the number of pollen grains recorded during the morning (M: 7 a.m. to 11 a.m.) and
afternoon (A: 11 a.m. to 4 p.m.) hours.
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Correlation analysis showed that a statistically significant influence was only ob-
served between wind speed and airborne pollen concentration (Table 2). However, it
was possible to notice a positive relationship between temperature parameters and pollen
concentration in the air (particularly maximum values) and on the seeds (considerable for
mean temperature).

The influence of relative humidity and wind speed showed a distinct pattern. Al-
though not significant, correlation coefficients were positive in the case of airborne pollen
and negative with pollen in the seed samples. On the contrary, a negative significant
correlation was observed between wind speed and airborne pollen, while for the seeds, it
was positive.

4. Discussion

Poplars can contribute to clean air by discharging oxygen, storing carbon, and capturing
atmospheric contaminants [29,30], helping in water and soil conservation, having the role of
balancing the city’s natural urban environment (temperature, noise, biodiversity) [12], and
having great commercial value in the wood and biomass industries [15]. Aside from these
Populus traits, the female trees also release wind-dispersed seeds that the population views as
litter and, therefore, as a disservice from these trees [20,31,32]. Moreover, as demonstrated in
our study, these tuft-like seeds transport pollen trapped during airborne seed dispersion since
no pollen content was observed in the closed seed capsules directly collected from the tree.

In our study, of the 26 different pollen taxa identified on the seed samples, 14 are
recognized to induce allergic respiratory symptoms, 8 of them from trees and the remaining
from herbaceous vegetation, particularly Poaceae and Urticaceae that are of the most
concern [28]. This points to a possible allergenic impact of the poplar seeds, not because of
the seed itself but due to its ability to trap, transport, and accumulate pollen in the tufts,
which can be in contact with atopic individuals when the seeds enter in people’s houses,
offices, and public spaces.

On the other hand, a curious negative linear relationship (although not statistically
significant) between the daily total airborne pollen and the pollen on the seed samples
was observed. This makes us question if the seeds could have a role in the natural pollen
cleaning out of the atmosphere since thousands to millions of seeds may be released by
a single mature female Poplar tree [31,32]. However, this hypothesis should be further
investigated, inclusive in in vitro simulations.

Indeed, in our study site, the maximum dispersion period of the Poplar seeds was
only four days. This can be due to the reduced number of female trees found within the
FCUP campus, which were phenologically synchronized, mainly Populus alba and Populus
nigra that have been reported to have shorter seed dispersal seasons of 2-3-weeks [18,31]
and also to the occurrence of rainfall in other days that did not allow the proper sampling.
However, in areas with more trees, the presence of airborne seeds is higher and prolonged,
and therefore there is a longer contact time for airborne pollen to be trapped by the seeds
and transported. In the case of tree pollen, the pollination season is described as short,
characterized by a rapid release of a great quantity of pollen at the beginning of the main
pollen season, with the maximum airborne concentration achieved a few days later [8,16,33].
This characteristic diminishes the interaction period between pollen and airborne seeds.
However, Poaceae and Urticaceae pollen can be airborne for many weeks, including months,
and therefore it can be trapped and accumulated by the tuft-like seeds.

Our study showed higher pollen taxa diversity in the seeds compared to airborne
samples. Also, a greater number of days were observed where pollen from a particular
taxon was present on the seed samples but absent from the atmosphere. This may be
related to the seed residence time in the atmosphere. The seed’s large tuft-like plumage
induces a decrease in its terminal velocity and therefore promotes its buoying behavior [34],
remaining in the air for a longer time. A percentage of the seeds sampled bi-daily may have
been released on the previous day(s), being airborne for longer periods, with particular
emphasis in the afternoon sampling, where high total pollen concentrations were observed.
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Also, the presence of pollen on the seeds not common in the atmosphere of Porto [16], such
as Liliaceae pollen with big size and less aerodynamic, can point out the existence of the
resuspension phenomenon of the seeds that can also catch pollen from the ground or very
close to it.

The dominance of Urticaceae, Quercus, and Poaceae pollen was observed on both
the airborne tuft-like seeds and on airborne samples. The presence of pollen from Betula,
Cupressaceae, Pinus, Plantago, Rumex, and Salix was coincident in the seeds and airborne
samples, pointing to a local origin of the pollen found on the seed samples. In fact, looking
at the long-term airborne pollen calendar for Porto City, during May, high concentrations
of these taxa are traditionally observed in the atmosphere [16].

Furthermore, more than 50% of the pollen taxa counted belonged to trees. Porto
airborne pollen spectrum is much dominated by an arboreal contribution (total annual
around 48%) [16], being the reflection of its urbanization level with parks, city avenues,
and streets-walks mainly ornamented with trees [20].

Only statistically significant correlations were found between the airborne pollen data
and wind speed. This negative relationship can indicate that the airborne pollen sampled
can originate mostly from the vicinity area [35]. However, a positive relationship between
air temperature and airborne pollen was found. This is widely described in the literature,
with increasing temperatures facilitating the opening of flowers and synchronization of
anthers’ dehiscent [36,37].

On the other hand, the positive association between air temperature, wind speed, and
the amount of pollen collected in the seeds can be associated with higher temperatures facil-
itating the suspension of the seeds that, together with wind, allow them to be transported
to longer distances. The negative relationship with relative humidity can be related to the
cotton fibers of the seed, which in higher humidity conditions could absorb water and
become heavier, facilitating sedimentation. Nonetheless, the absence of a significant corre-
lation could indicate that the pollen trapped could be more determined by the atmospheric
content of the different pollen types and their amount.

5. Conclusions

We observed pollen on the poplar tuft-like seeds that were captured while airborne.
Higher concentrations were found in the afternoon compared to the morning. Twenty-
six different pollen taxa were identified on the seeds, and 54% of them were recognized to
induce allergic respiratory symptoms. A higher pollen taxa diversity was observed in the
seed samples compared to airborne.

This study can contribute knowledge to the decision-making process of urban green
space maintenance and management systems, since some measures can be taken such as
the selection of poplar species with low seed dispersal season, implementing a frequent
street cleaning routine during these periods, and increasing the awareness of the population
suffering from pollen-related allergies for the need of a regular cleaning of indoor work
and house spaces.
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