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HIGHLIGHTS GRAPHICAL ABSTRACT

London plane is one of the most used
tree in world's urban forests.

Emission of allergens by plane tree is af-
fected by meteorological factors and
pollutants.

Minimum winter temperature is the
most influential variable in Seasonal
Pollen Index.

The value of the seasonal pollen peak is
influenced by the presence of NOx and
03.

London plane's disservices should be
considered when being selected as an
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Atticle history: Platanusx hispanica (London plane) is a tree species widely used in urban areas due to the diversity of ecosystem
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emission of Biogenic Volatile Organic Compounds (BVOCs) and allergens. This work aims to analyze the effect
that urban environmental conditions and air pollutants have on pollen emissions of plane tree. The study has
been carried out in Granada, in the southeast of the Iberian Peninsula, a city with a Mediterranean climate and

Editor: Elena Paoletti one of the most polluted in Spain. Granada is also one of the Mediterranean cities in which the increase in the

percentage of the population affected by allergy to Platanus pollen in recent decades has been most significant.
Keywords: The 1992-2019 Platanus pollen data series has been considered to establish the main aerobiological parameters,
Green infrastructure trends and correlations with meteorological variables and particulate and gaseous atmospheric pollutants, both
Allergens before and during the flowering period. The average Seasonal Pollen Integral (SPIn) of about 2700 pollen grains
Ecosystem disservices has shown a significant increase throughout the series. This increase in allergen emissions could be related to the
;Zﬁgrf’;ig:ne tree increase in crown volume associated with tree growth, but also to other environmental factors. Precipitation and

minimum temperatures of the winter prior to flowering were the parameters that have shown the most influ-
ence with SPIn, while O3 and NOy are the pollutants that have the most effect on the peak value. Due to the
good adaptation that London plane has to changing climatic conditions in urban environments, its hegemonic
presence as an element of Urban Green infrastructure must be reviewed so that the net balance of ecosystem ser-
vices is not diminished by the disservices.
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1. Introduction

Platanus x hispanica Mill. Ex Miinchh (sycamore, London plane,
shadow plane, London plane tree, or hybrid plane), also known as
Platanus x acerifolia, is a hybrid of Platanus occidentalis L. and Platanus
orientalis L. (Castroviejo et al., 1990; Cennamo and Cafasso, 2002). It is
a species widely used as an urban tree due to the large number of eco-
system services it provides. In addition to being fast growing and having
a good tolerance to urban microclimate conditions, it is quite resistant to
soil compaction and air pollution (Hull, 2009). As a result, it is a very
popular street tree both in Europe and elsewhere of the world (Pauleit
etal.,, 2002; McBride, 2017). The London plane tree's pollution tolerance
is due to its ability to accumulate pollutants in its cortex (Willis and
Petrokofsky, 2017), and most importantly because of its high capacity
to capture Particulate Matter (PM) due to the morphological character-
istics of its leaves (Popek et al., 2013; Baldachini et al., 2017), in which
the superficial hairs have shown efficiency in the retention of ferromag-
netic particles (McIntosh et al., 2007). Notable features of the London
plane tree are its phenotypic plasticity, with resistance to frost and
drought and moderate wind regimes, which has allowed it to be part
of urban forests in cities of distinct climatic typology (Pauleit et al.,
2002; Hull, 2009). As a prominent species in the Urban Green Infrastruc-
ture (UGI), it also helps regulate the urban microclimate due to its large
shade provisioning cup and support biodiversity (Fernandez-Sarria
et al., 2013; Georgi and Zafiriadis, 2006; Yang et al., 2015; Endreny,
2018). These are some of the reasons why the London plane tree is
such a popular urban tree in cities such as New York, Sydney, and
London. These cities contain over 100,000 plane tree specimens which
makes it the most featured species among the world's urban forests
(McBride, 2017). Its presence can be further increased through Nature
Based Solutions (NBS), where the planting of plane tree specimens is in-
dicated as one of the main measures of strengthening urban resilience
against the effects of climate change (Willis and Petrokofsky, 2017).

On the other hand, there are also references of negative effects or
disservices associated with the presence of London plane trees in cities
(Salmond et al., 2016; Carifianos et al., 2017). Among them, the suscep-
tibility to pests and diseases such as the deadly canker stain caused by
the fungus Ceratocystis platani, or anthracnose that can recurrently af-
fect individuals after rainy springs (Tubby and Pérez-Sierra, 2015). The
high amount of organic debris derived from the annual foliage renewal
(Jin et al., 2014), or the high maintenance costs necessary to maintain
the shape of the canopy (Ferrini, 2006) are other associated disservices.
However, the impact that Biogenic Volatile Organic Compounds
(BVOCs) and allergens have on air quality is perhaps the most signifi-
cant negative effect the London plane tree has on urban communities.
In relation to BVOCs, the London plane tree is indicated as one of the
main species of urban trees emitting monoterpenes and sesquiterpenes
(Curtis et al., 2014), participating in the formation of atmospheric ozone
(Xiaoshan et al., 2000). Regarding the emission of allergens, the involve-
ment of Platanus pollen grains as a causative agent of respiratory symp-
toms is widely referenced (Varela et al., 1997; Valero et al., 1999;
Alcazar et al., 2004; Iglesias et al., 2007; Nowak et al., 2012; Willis and
Petrokofsky, 2017). This allergenic capacity is given both by the pres-
ence of Pla a 1-3 allergens in their pollen grains (Fernandez-Gonzalez
et al., 2010; Alcazar et al., 2015), and by the large amounts of pollen
that are emitted during the flowering period due to the London plane
tree's effective wind pollination strategy. The estimated pollen produc-
tion of 3.3 x 10° pollen grains per inflorescence (Maya-Manzano et al.,
2017a) is one of the highest of the woody anemophilous species
(Damialis et al., 2011). If we add to this that the flowering period can ex-
tend for >4 weeks, it is understood that the London plane has an Aller-
genic Potential Value of 24 (VPA), one of the highest in the database
of parameters for the calculation of the Index of Allergenicity of Urban
Green Zones (Iygza), registered in the Safe Creative platform, N° IPR-
684 (Carifianos et al., 2014, 2017, 2019a). It should be also noted that
the threshold of symptomatic responses in people sensitized to this

pollen type is only 50 grains of pollen/m> of air (Alczar et al., 2004;
Nowak et al., 2012). Therefore, it is clear why the Platanus pollen has
been identified as the main cause of pollen allergies in urban environ-
ments, with incidence ratios >60% of the affected population in cities
such as Madrid (Varela et al, 1997; Subiza et al., 1998). Cross-
allergenicity has also been reported with other species of the same
genus and with other plant species (Miralles et al., 2002; Pazouki
et al., 2008). The increase in cross-allergies that can occur between pol-
len panallergens and fruits such as apples, bananas, kiwis, melons,
peaches, and vegetables has also been reported (Miralles et al., 2002;
Carifianos et al,, 2019b).

Another aspect that has been studied recently is the impact that the
current and future effects of climate change, exacerbated in urban envi-
ronments, have upon the species that make up the urban vegetation
(Ordofiez and Duinker, 2014; Esperon-Rodrigez et al., 2019). Some stud-
ies highlight how the phenology of urban trees is already being affected
as a result of changes in local environmental conditions, such as the in-
crease in minimum temperatures and the change in the rainfall pattern
(Menzel and Fabian, 1999; Galan et al., 2001; Menzel et al., 2006;
Nanninga et al., 2017). In this sense, the changes that have taken place
have been in both the phenological phenomena (Luo et al., 2006; Neil
and Wy, 2006) and in the advancement and intensity of the flowering
(Lu et al., 2006), as well as in the amount of pollen emitted (Ziello
et al,, 2012). The proven linkage of the reproductive biology of the
London plane tree with the climatic parameters of the environment in
which they grow can alter current phenological and reproductive dy-
namics predictable (Diaz de la Guardia et al., 1999; Alcazar et al., 2004;
Iglesias et al., 2007; Sabariego-Ruiz et al., 2008; Makra et al., 2014;
Alcézar et al., 2015). In addition to the effects of meteorological parame-
ters in urban settings, the impact that air pollutants have on pollen emis-
sions must also be considered (Sénéchal et al., 2015; Oduber et al., 2019).
Given certain concentrations of air pollutants, pollen grains can undergo
physical-chemical changes on the surface, increasing the fragility of the
exine (Duhoux, 1982), modifying the total protein and allergen content
(Bist et al.,, 2004), changing reproductive functions (in particular viability
and/or germination (lannotti et al., 2000)), and altering the allergenic
potential which results in an allergic response of greater intensity in sen-
sitive patients (Sedghy et al., 2018). All these effects may be most notable
in regions where the greatest impact of climate change is expected, such
as the Mediterranean basin, which has been classified as one of the most
vulnerable regions to climate change in the world due to the projected
temperature increase of >2 °C and a marked decrease in precipitation
(Giorgi and Lionello, 2008). The response to this change could in turn af-
fect the key role that the plane tree has in the green infrastructure (GI) of
many cities, tilting the net balance of ecosystem services towards disser-
vices - particularly those services that have an impact on public health.
Therefore, given that the presence of the London plane in many cities is
expected to grow as part of the GI to combat the effects of climate
change, and given the strong impact that Platanus allergens have on pub-
lic health, this work aims to estimate the dynamics and response that the
allergens can have against changing weather variables in polluted urban
environments. This will allow for a greater understanding of its repro-
ductive behaviour in urban scenarios which are undergoing changes in
climate. The study will be carried out in an area where very pronounced
climatic alterations are expected to take place, such as medium-sized
Mediterranean cities (IPCC, 2007).

2. Material and methods
2.1. Study area

The city of Granada was selected as the study area to assess the dis-
services of the plane tree (Andalusia, Spain). It is located in the south-

east of the Iberian Peninsula (37° 10’ 27" N; 3° 35’ 55” W; 680 m a.s.
1), in the northwest of the Mediterranean. According to data from the
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National Institute of Statistics, the city has a surface area of 21 km? and a
population of 232,208 inhabitants (INE, 2019).

In terms of biogeography, the city is in the Mediterranean Basin,
more specifically in the Baetic Province (Costa-Pérez and Valle-
Tendero, 2004). The area has an Oceanic Pluviestational bioclimate
with a lower Mesomediterranean thermotype and a lower dry
ombrotype, characterized by hot, dry summers and cold winters
(Costa-Pérez and Valle-Tendero, 2004). The average temperature is 15
°C and the mean precipitation is 439 mm for the 1981-2019 series
(AEMET, 2017).

The urban forests of the city are made up of a wide number of species
of different genera, including Platanus, Ulmus, Acer, Cupressus, Citrus,
and Populus (Carifianos et al., 2016a). These species are distributed in
363 green infrastructure elements catalogued in the city, totalling
1060 x 10® m? of total green area, and an average of 5 m? of green
area per inhabitant (Carifianos et al., 2016a). Approximately 40,000
trees are in the city, with an estimated average of 19 trees/ha and 170
trees per approximately 1000 inhabitants.

Regarding allergenic indicators in the city, the most recent data from
the Allergy Service of the Clinic Hospital San Cecilio indicates that 30% of
the population of Granada is diagnosed with a pollen allergy, a figure
that according to specialists has doubled in the last two decades. The
pollen types with the greatest impact on the population are Olea (80%
of the total affected), Grasses (54% of the total) and Cupressus (50% of
the total). The percentage of the population affected by allergy to
Platanus pollen is 26,2%, but it is worth noting that this number has in-
creased significantly in recent years; since in 1990 the incidence rate
was only 0,4% (Vegetation and Pollen Allergy in Granada, 2005; De
Linares-Fernandez, 2007).

2.2. Platanus x hispanica inventory

The last tree census available from the Parks and Garden Service of the
City Council is from 2008, in which 4592 specimens of Platanus x hispanica
were counted in the city of Granada (https://www.granada.org/inet/
warboles.nsf/xtod/D563002478832861C1256E35007B9CF9; Carifianos
et al,, 2016a). Given that important urban changes have taken place in
the city over the last decade, and that in the census there is no other infor-
mation available for the interpretation of the results (age and size of the
trees), an on-site inventory of the specimens of P. x hispanica trees present
in both public and private areas was carried out. To do this, the city was
divided into 4 zones, grouping the main neighbourhoods and districts of
the city - Zone 1: Center-East; Zone 2: North; Zone 3: West; Zone 4:
South. Within these zones the number and location of the trees were re-
corded. The number of trees in private areas was determined from the
outside and only those trees visible from the public areas were counted.

In addition to the number of P. X hispanica trees, data were also col-
lected to calculate the age of the specimens, since we started from the
assumption that mature trees produce substantially more pollen than
younger trees (Matthias et al., 2012). To estimate tree age, some data
on the annual potential increase in diameter at breast height (DBH)
for Platanus x hispanica in the climatic conditions of Granada (Ripoll
Morales et al., 2009) were used. For this calculation, a growth rate of
2,6 cm per year of the species was considered (Peper et al., 2001;
Ripoll Morales et al., 2009; Shoda et al., 2020). Taking into account
that our study covers a period of 27 years, the age classes indicated in
Table 1 have been established.

The green infrastructure typology of which the censored specimens
were a part of, according to the established categories (Branquinho
et al., 2015; Salbitano et al,, 2016), was also registered during the visits.

2.3. Airborne pollen data
Daily airborne pollen counts were provided by the Aerobiological

Monitoring Unit, located in the Faculty of Science, University of Granada
(37°10" 50" N, 3° 36’ 31" W, Fig. 1). Pollen sampling was carried out by

Table 1

Tree classes established for this work based on Diameter Breast height (DBH). The classes
have been established taking into account a rate of 2.6 cm of annual increase for the cli-
mate of Granada (Ripoll Morales et al., 2009).

Class

I Young trees (<25 years old) DBH <50 cm
Il Mature trees (between 25 and 50 years old) DBH between 50 and 100 cm
1 Old trees (more than 50 years old) DBH > 100 cm

means of a Hirst-type suction volumetric sampler, in accordance with
the standardised methodology of the Spanish Aerobiology Network
(REA) procedure (Galan et al., 2007). The results are expressed in pollen
grains/m° of air/day. For our purposes, the daily data from the series be-
tween 01/1992 to 05/2019 was used.

From this daily pollen series, different phenological and aerobiolog-
ical parameters of interest were determined: Pollen-Season Start Day:
the day of the year where 1 pollen grain/m> of air is registered for at
least 5 consecutive days (Garcia-Mozo et al., 2006); Pollen-Season End
Day: the day of the year were 1 pollen grain/m? of air is registered,
followed by 5 consecutive days without any pollen count (Algarra
etal, 2019); Length of the Pollen-Season: the period of time (days) be-
tween the start and end day of the season; Pollen Peak: the maximum
amount of daily pollen recorded within the pollen season; Pre-Peak Pe-
riod: the period of time (days) between the start day and the pollen-
peak day; and Seasonal Pollen Integral (SPIn): the seasonal sum of
daily pollen values (Galan et al., 2017).

2.4. Meteorological data

Daily Meteorological parameters including the maximum, mini-
mum, and average daily temperature (°C), the total daily precipitation
(mm), the relative humidity (%), the insolation (tenth of hour), the
total daily radiation (W/m?), the wind speed (m/s), and the wind direc-
tion for the 1992-2019 period were supplied by the State Agency of Me-
teorology (AEMET) from the closest Meteorological Weather Station
(Base Aerea Armilla, 37° 8’ 14" N, 3° 37/ 53" W).

From these variables, other parameters were studied. Both cumula-
tive (Ac) and average (Av) values from the previous autumn (6 months
before the start of the pollen season, PA), the previous winter (3 months
before the start of the pollen season, PW) and the main pollen season
(MPS), were calculated in order to understand their influence on the
aerobiological variables.

2.5. Air pollution data

In order to explore the possible relationships between airborne pol-
len and atmospheric pollutants, data about the main air pollutants were
requested from the Network of Environmental Data of Andalusia
(REDIAM) the General Directorate of Prevention and Environmental
Quality of the Ministry of Agriculture, Livestock, Fisheries, and Sustain-
able Development of the Junta de Andalucia. Data included gases (CO,
NO,, NO, NOy, 03, SO,) and particulate matter (PM, s, PM;() for the pe-
riod available (2010-2019), and were recorded in the Station of the En-
vironmental Surveillance Control Network located in the Conferences
Centre of Granada (37° 10’ 03” N, 03° 35’ 56” W, Fig. 1).

Similar to what was done with the meteorological variables, new
monthly and seasonal variables for statistical purposes were created
using the data provided - i.e. the average data of the values during 1,
2, or 3 months before pollen season start (1 M, 2 M, 3 M) and seasons
prior (previous autumn PA, previous winter PW), as well as during the
Main Pollen Season (MPS).

2.6. Statistical analysis

Average annual data (aerobiological, phenological, meteorological,
and atmospheric pollutants) were fitted to simple linear regression
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Fig. 1. Location of study area.

models, and slopes of regression equations and determination coeffi-
cients (R?) were examined in order to determine possible trends
throughout the study period.

A Shapiro-Wilk Test for normality was carried out to contrast the
normality of the data and select the appropriate correlation test. After-
wards, either Spearman's or Pearson's correlation between aerobiologi-
cal data and environmental data (meteorological and pollution) were
tested in order to find significant relationships between variables.

The variables that previously correlated with the SPIn and Peak
Value were adjusted to Generalized Linear Models (GLM) using the
Poisson distribution and the logarithmic link function. Various models
were created and the most appropriate one was chosen according to
the Akaike Information Criterion (AIC), so that the variables that per-
formed best were selected, and therefore were the ones that had the
greatest influence on these parameters. All the statistical analyses
were carried out using R software (R Core Team, 2019).

3. Results

The census of London plane specimens in the city of Granada re-
sulted in a total of 5655 individuals of P. x hispanica, representing a den-
sity of 2.7 trees/ha, although this value was not uniform throughout the
entire city. The densest populations were in the northern zone and in
the central zone of the Genil river where they are mainly in road

alignments, sidewalks, and parks (Table 2, Fig. 2). The Center-East
area of the city contained the highest percentage of Class III trees
(trees over 50 years old), while the North area contained the highest
percentage of Class I trees (trees under 25 years old). Most of the trees
in the city were Class II, that is, mature trees between the ages of 25
and 50 years old. If we consider that the populations located within a ra-
dius of 2 km around the pollen sampler are the ones that most influence
the pollen levels collected, then these concentrations come mainly from
the populations located to the east, south, and southwest of the sampler.
These populations have an average of between 20 and 40 trees, al-
though there are also populations that exceed one hundred individuals
in full reproductive maturity (Table 2).

Table 2

Percentage of trees of each class in each of the areas of Granada established in this study.
Trees in the different areas: 1163 in Center-Eastern zone; 2568 in Northern zone; 864 in
West; 1339 in Southern zone.

Zone Class 1 Class I Class IIl
Center-East 3.78 64.75 3147
North 72.28 25.66 2.06
West 41.09 58.91 0
South 48.02 48.99 2.99
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Fig. 2. Distribution map of P. x hispanica in the city of Granada (Spain).

As for the aerobiology of this taxa, the pollen begins to be detected in pollen season start date takes place from the beginning to the end of
the atmosphere of the city at the end of February and the beginning of March, and the pollen season end date takes place from mid-April to
March, peaking generally in the middle of March, after which the con- the end of May. This has generated flowering periods of an average du-
centrations decrease between the end of March and April (Fig. 3). The ration of 44 days, but with oscillations ranging from 27 days in 2004 to

1992-2019

1001

Pollen Grains/m3 of Air

50

50 75 100 125
Day of the Year

Fig. 3. Mean daily pollen concentrations from 1992 to 2019 in the city of Granada.
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Fig. 4. P. x hispanica Seasonal Pollen Integral (SPIn) (Pollen grains/season) from 1992 to 2019. The years 2004 and 2014 have been removed from the series due to the sensor malfunction.

74 days in 2017 (Supplementary Table 1). The time elapsed between
the beginning of flowering and the peak date has also been highly var-
iable: just 2 days in some years (2003, 2010), up to 22 days in 2004.
With an average peak value of 486 pollen grains throughout of the se-
ries, this data had a minimum of 128 pollen grains in 1994 and a maxi-
mum of 1534 pollen grains in 2004. The Average Seasonal Pollen
Integral (AvSPIn) throughout the series resulted in a value of 2708 pol-
len grains, with a coefficient of variability between years (the difference
between the maximum and the minimum value divided by the average
value) of 190%. The two extremes of this average are 1998 which had a
SPIn value of 1058, and 2019 which had 8114 pollen grains.

Adjustments to the simple linear regression of the main aerobiolog-
ical parameters resulted in a significant trend towards the delay at the
beginning of flowering throughout the series (+0.3979 days/year, p-
value = 0.029; R? = 0.136) and a significant delay at the end of the sea-
son (+0.7833 days/year; p-value = 0.0023; R? = 0.28). However, these
trends did not generate a significant increase in the length of the season
(0.407 days/year; p-value = 0.12; R> = 0.0571) (Supplementary
Figs. 1-3). As for the Seasonal Pollen Integral (SPIn), although it has
shown a tendency to increase by 72 pollen grains/year, this trend was
not significant (p-value = 0.087; R? = 0.0804) (Fig. 4).

3.1. Relationship between aerobiological and meteorological data

The linear regression adjustment of the meteorological data for the
1992-2019 period showed significant linear trends (p-value < 0.05) in
the case of the annual average humidity (p-value = 0.042; R? =
0.122), the annual average pressure (p-value = 0.017; R> = 0.175),
and the annual average maximum temperature (p-value = 0.0067; R?
= 0.229) (data not shown). It is also worth noting that, although not

Table 3

Spearman's Correlations significant results between the SPIn and Peak value with meteo-
rological variables. AcPre_PW: Accumulated Precipitation during Previous Winter;
AvTmin: Average Minimum Temperature during Previous Winter; AcTim_PW: Accumu-
lated Minimum Temperature during Previous Winter; AvT_PW: Average Temperature
during Previous Winter; WS_MPS: Win Speed during Main Pollen Season.

Aerobiological variable ~ Meteorological variable  Correlation coefficient (rho)

Seasonal Pollen Index AcPre_PW —0.4038462"
AvTmin_PW —0.4175487"
AcTmin_PW —0.4069231"
AVT_PW —0.3962335"
WS_ MPS 0.4595099"

Peak value AvTmin_PW —0.4029417"
AcTmin_PW —0.3962393"
AVT_PW —0.3982883"

* p<0.05.

significant, the annual average minimum temperatures (p-value =
0.77; R> = —0.0363), annual average temperature (p-value = 0.55;
R? = —0.0247) and total annual precipitation (p-value = 0.46; R*> =
—0.0174) for the entire period considered showed a negative trend
(Supplementary Figs. 4 and 5), that is, towards a progressive decrease.

Spearman's non-parametric correlation analysis between aerobio-
logical variables and meteorological variables (Table 3) resulted in sig-
nificant correlations (p < 0.05) between SPIn and the accumulated
precipitation during the winter prior to the pollen season (AcPrec_PW),
the minimum temperature (average and cumulative) from the previous
winter (AvTmin_PW, AcTmin_PW) to the pollen season, and the wind
speed during the main pollen season (WS_MPS). In the case of the pol-
len peak value, the correlation between the temperatures during the
winter prior to the flowering season was significant (AvTmin_PW,
AcTmin_PW, AVT_PW) (Table 3).

For the parameters start date, end date, and length of MPS, different
correlations with the meteorological variables were presented (Supple-
mentary Table 2). In summary, the beginning of the pollen season
showed a significant negative-sign relationship between the relative
humidity and the temperature during February (1 month before the
pollen season). Also, there was a positive relationship between global
radiation and the temperature prior to the pollen season. Regarding
the end date, negative correlations were obtained with the humidity
prior to the MPS. On the other hand, the duration of the flowering pe-
riod was related to the maximum temperature immediately prior to
flowering (Supplementary Table 2).

The variables that best correlated with both SPIn and the Pollen Peak
were adjusted to Generalized Linear Models (GLM) by using the Poisson
distribution and the logarithmic link function. In the case of SPIn
(Table 4), the model that performed best according to the Akaike Infor-
mation Criterion (AIC), and once the lack of multicollinearity was veri-
fied using the Variance Inflation Factor (VIF > 5), included the Average
minimum Temperature (AvTmin_PW) and precipitation accumulated
during the previous winter (AcPrec_PW), and the wind speed during

Table 4

Results, Coefficients and significance levels of the GLM between SPIn and Meteorological
Data. AcPre_PW: Accumulated Precipitation during Previous Winter; AvTmin: Average
Minimum Temperature during Previous Winter; WS_MPS: Wind Speed during Main Pol-
len Season.

Hkk

Variable Estimate Std. Error z value Pr(>|z|) Signif.
AvTmin_PW  —0.0629568  0.0045382 —13.87 <2e—16 ***
WS_ MPS 0.0896658  0.0037640 2382 <2e—16
AcPrec_PW —0.0015994  0.0000748 —2138 <2e—16 ™

AIC: 10507; Null Deviance: 14647; Residual Deviance: 10325; D?: 29.51.
**<0.001.
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Table 5

Results, Coefficients and SPIn significance levels of the GLM between Pollen Peak Value
and Meteorological Data. AvTmin: Average Minimum Temperature during Previous Win-
ter; AVI_PW: Average Temperature during Previous Winter.

Hok

Variable Estimate Std. Error z value Pr(>|z|) Signif.
AvTmin_PW —0.21016 0.01206 4.061 0.000049 e
AVT_PW 0.07548 0.01859 4.061 <2e—16 o

AIC: 6405.9; Null Deviance: 6982.9; Residual Deviance: 6197.8; D*: 11.24.
i <0.001.

the pollen season (WS_MPS) (p < 0.001). With these parameters, a
29.51% of the variability of the variable (deviance) is explained by the
model. It is interesting to note that the average minimum temperature
of the previous winter (AvTmin_PW) has a negative sign. The variables
selected by the GLM to explain the value of the pollen peak included
those with which it had a significant correlation (Table 3). Once the
lack of multicollinearity of the variables (VIF > 5) was verified and ac-
cording to the AIC, the model obtained explained a variance of 11.24%
(deviance) with the average minimum temperature of the previous
winter (AvTmin_PW), and the average temperature of the winter
prior to the pollen season (AvT_PW) (Table 5).

3.2. Relationship between aerobiological and air pollution data

Spearman's correlations between aerobiological variables and pollu-
tion data showed a highly significant correlation (p <0.01) between the
peak value and O3 concentrations two months before the pollen season,
and a significant correlation (p < 0.05) with NO,, prior to the flowering,
in both cases with a negative sign. The relationship between SPIn and
PM;o content (PM;q MPS1) in the first month of the pollen season
was also significant (p < 0.05) (Table 6).

For the rest of the aerobiological variables, different correlations
were presented to highlight the relationship between the length of
the MPS and CO, NO,, NOx, and SO,, both before and during the
flowering period. The Peak Day was correlated with both PM;, and
PM, s, before and during the MPS (Supplementary Table 3).

Since PM;o was the only variable with which a significant correlation
was obtained for SPIn, several GLM models were tested to analyze the
possible influence of other variables, achieving the best results in the
models that included the PM;( concentrations of the first month of
the pollen season (PM;o,_MPS1) as an independent variable (Estimate
= 0.062148; z-value = 44.45; Pr(>|z|) = <2e—16; Signif. = ***)
which can explain up to 22.27% of the variance (D?).

Regarding the results of the GLM modelling for the pollen peak and
the contaminants, according to the AIC, the models that included the NO
and O variables were the most adjusted (D? = 53.33). The best model
obtained was the one that incorporated data from both pollutants (NO
and Os) before the flowering season (Table 7).

4. Discussion

P. x hispanica is one of the most abundant plant species in the green
infrastructure of the city of Granada (Carifianos et al., 2016a). The 5655
inventoried specimens in this work represent 14.5% of the total trees in

Table 6

Spearman'’s correlations between Aerobiological Variables and Atmospheric pollution
(2010-2019). SPIn: Seasonal Pollen Integral; PMyg MPS1: PM;, concentration the first
month of the Main Pollen Season; NO_3M: NO concentrations three months prior to
flowering; 0;_2M: O3 concentrations two months prior to flowering.

the city. As such, it is the most prominent species (Carifianos et al.,
2016a). Unlike other urban trees, the plane tree is present in all kinds
of green infrastructure elements (road alignments, sidewalks, round-
abouts, squares, parks, public and home gardens, and historical gar-
dens) which denotes its versatility and great adaptability to urban
environmental conditions (Valero et al., 1999; Gabarra et al., 2002;
Nowak et al., 2012; Alcazar et al., 2015; Willis and Petrokofsky, 2017).
However, its distribution throughout the city is not uniform, with the
most numerous populations being found in road alignments in the
northern district and along sidewalks and squares of the downtown dis-
trict of the city. The specimens found in the latter section are the oldest
in the city of Granada, where they provide the greatest coverage and are
commonly used as shade trees. Therefore, these populations contribute
most to the pollen concentrations detected in the pollen sampler, both
because they are located within a radius of 500 m, and thus have the
greatest influence on the pollen concentrations recorded at the moni-
toring site (Maya-Manzano et al., 2017a,b), and because of their age
and crown volume, producing significantly more pollen than younger
trees (Matthias et al., 2012; Bogawski et al., 2019).

The period in which pollen is present in the atmosphere of Granada
usually begins during the month of March and ends between the end of
April and the beginning of May. The trend analysis throughout the study
period has shown a delay of the start and end date. The delay is greatest
for the end date which might result in a longer flowering period. This
trend towards increasingly later flowering periods has been observed
in other areas of the region on the same species, but with different bio-
climatic features (Alcazar et al., 2011). Furthermore, Platanus pollen
usually is recorded in the atmosphere at an average of 47 days per
year. This data positions Granada as one of the Spanish cities with the
greatest number of days in which this specific pollen is present in the
aerobiological records, only behind Madrid in which the number of
trees of this species exceeds 125,000 specimens (Alcazar et al., 2011;
Borrajo Millan et al., 2018).

The seasonal peak is recorded after a few days (an average of 10 days
after flowering begins). This dynamic of rapid and intense flowering co-
incides with studies carried out in other locations (Alcazar et al., 2004;
Iglesias et al., 2007; Nowak et al., 2012; Alcazar et al., 2015), which
may indicate that although the release of pollen can be advanced or de-
layed according to the weather conditions of each year (Tedeschini
etal., 2006), once flowering begins, the pattern of the curve is quite sim-
ilar. The average value of the pollen peak has also presented strong os-
cillations throughout the series, representing only 6.8% of the total
pollen count recorded in the 2017 season, up to 36.9% of the total pollen
count in the 2019 season. With an average value of 480 pollen grains
throughout the series, this peak value exceeds the threshold of 50 pollen
grains/day required to develop allergic symptoms several times (Varela
etal, 1997; Nowak et al., 2012), and also exceeds the 150 grains of pol-
len/day considered as a high risk value (Alcazar et al., 2004). The maxi-
mum daily pollen concentrations recorded in Granada are also among
the highest in Andalusia which itself is among the highest in Spain
(Diaz de la Guardia et al., 1999; Alcazar et al., 2011).

With regard to Seasonal Integral Pollen (SPIn), trends towards
higher amounts of atmospheric pollen were observed throughout the
series. Bearing in mind that the number of plane trees in the city of

Table 7

General Linear Model (GLM). Peak Value as Dependent Variable. 03 2M: O5 concentra-
tions two months prior to flowering. NO_3M: NO concentrations three months prior to
flowering.

Aerobiological variable Pollutant Correlation coefficient (rho)
Seasonal Pollen Index PMyo MPST 0.7380952" Variable Estimate Std. Error z value Pr(>|z|) Signif.
Peak value NO_3M —0.716666" 05_2M —0.130177 0.005956 —21.86 <2e—16 e
05_2M —0.7815402"" NO_3M —0.069459 0.003322 —2091 <2e—16 e
** p<0.01. AIC: 1443.4; Null Deviance: 2928.5; Residual Deviance: 1366.8; D*: 53.33.

* p<0.05.

*** <0.001.
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Granada over the last two decades has marginally increased by 1000
specimens, mostly in new peripheral neighbourhoods, the rise in pollen
concentrations may be due to several causes. In principle, the growth of
the trees over the study time, 27 years, could be considered enough time
for the specimens to reach their optimum maturity, and therefore, their
maximum pollen emission capacity (Bogawski et al.,, 2019). While for
many years the trees have been pruned frequently and intensively, dra-
matically decreasing the amount of pollen emitted, the new concepts of
pruning may be favouring the production of flowers and the amount of
pollen/tree (Bedker et al., 1995; Ferrini, 2006). Another potential cause
could be due to the changing weather during the flowering period, with
a clear continuous decline of precipitation in March (Paredes et al.,
2006). This would allow for the amount of pollen released to remain air-
borne longer, since they are not washed away by the rain (Jones and
Harrison, 2004). A third cause that would explain this increase in annual
pollen concentrations would be in line with the trends observed in nu-
merous European locations, where a greater intensity of flowering is de-
tected as a result of anthropogenic CO, emissions and increased
temperatures (D'Amato et al., 2010; Ziello et al., 2012).

Related to the effect of the meteorological parameters, the tempera-
ture prior to the flowering period showed to be one of the most influen-
tial factors on the Seasonal Pollen Integral (SPIn). Previous studies had
already highlighted that temperature is the weather parameter with
the greatest influence on the Platanus pollen season (Tedeschini et al.,
2006; Iglesias et al., 2007; Sanchez-Reyes et al., 2009; Maya-Manzano
et al,, 2017a). The accumulated minimum and average temperature
values in the period prior to flowering have also been indicated as
some of the most influential parameters on the vegetative period of de-
ciduous species with similar behaviour to that of the shadow plane, such
as Fraxinus (Kubik-Komar et al., 2018), Alnus (Piotrowska-Weryszko,
2013), Betula, Populus (Pletser et al., 2015), and the deciduous Quercus
species close to the study area (Garcia-Mozo et al., 2011). In urban envi-
ronments, the influence of the minimum temperature on flowering is
even more evident due to urban microclimate conditions (Li et al.,
2019). In the case of the city of Granada, the temperature threshold
needed to break the dormancy of the buds of P. X hispanica is of 2.5 °C
to be accumulated from February 10th (Alcazar et al., 2011). Therefore,
the increase of the minimum winter temperatures of 1.1 °C every 30
years (which is the projected increase for the Mediterranean region)
(De Castro et al., 2005; Giorgi and Lionello, 2008), can negatively affect
the reproductive development of this species. This has been indicated
by the negative correlation shown between the minimum winter tem-
perature prior to flowering and SPIn, indicative of the inverse relation-
ship between both variables. The correlation with winter precipitation
prior to flowering has also been shown to be negative. Again, climate
projections for the region also estimate a significant reduction in rain-
fall, especially in the summer-autumn seasons (Giorgi and Lionello,
2008), which will affect the amount of water accumulated during the
vegetative phase. As a result, the phenological and aerobiological mon-
itoring of P. x hispanica in the city of Granada can become an important
source of environmental information due to its dependence on these
changing environmental conditions (Mimet et al., 2009).

During flowering, the variable that relates to the amount of atmo-
spheric pollen is the wind speed due to a double effect, since it fa-
vours the release from anthers and transports the pollen through
the atmosphere (Grundstrém et al., 2017; Recio et al., 2018). The
predominant wind direction throughout the study period was
south, in which the highest number of high-speed gusts were
reached, as well as the northwest. The relationship between wind
speed and pollen is positive since these winds would transport pol-
len emitted by the populations located in the northern part of the
city, as well as those found in the downtown district, which contain
the most mature trees with the highest pollen emission. Subse-
quently, they would be at a lesser distance from the one established
as adequate for the transport of pollen from Platanus in the urban
area, which is approximately 2550 m (Bricchi et al., 2000).

Most of the pollutants in the city's atmosphere have shown a down-
ward trend since 2010, although not significantly. However, 2017 has
been described as having the worst air quality of the entire historical
data series (European Environmental Agency, 2017; Ceballos, 2018).
This reduction may be related to the implementation of international
air quality policies (Council Directive 96/6/EC Air Quality Framework
Directive 96/62/EC), national air quality policies (National Air Quality
Plan 2017-2019_Plan Aire II), and local air quality policies (Casquero-
Vera et al., 2016). Despite this, O5 has shown a slight tendency to in-
crease its levels in the atmosphere, exceeding the target values for the
protection of the vegetation of 120 micrograms/m> several times
(Report of the Evaluation of Air Quality in Spain, 2018, 2019). The atmo-
spheric ozone values of the city are not only at the level of Madrid and
Barcelona (with a population 20 times higher), but also far from the
values contained in Royal Decree 1796/2003, which denotes the
amount of ozone in ambient air which would be harmful to the health
of vegetation and people (Environmental Profile of Spain, 2006). As a
secondary pollutant, ozone appears in the atmosphere as a consequence
of reactions initiated by nitrogen oxides (NOx) and volatile organic
compounds (VOCs), in particular hydrocarbons, in the presence of visi-
ble radiation (Velazquez de Castro Gonzalez and Jiménez Arcas, 2007).
This situation frequently occurs in Granada. It must be stated that
both the NO, and Os variables have been included in the GLM model
and show a significant correlation with the value of the pollen peak
both before and during flowering. However, we must also consider Bio-
genic Volatile Organic Compounds (BVOCs) emissions, especially iso-
prene, produced by the London plane tree, since the plane tree
produces the highest amount of BVOCs among all of the most promi-
nent urban tree species (Chaparro and Terradas, 2009; Steinbrecher
etal.,2009). The negative sign that the correlation has shown may be in-
dicative of the reducing effects on growth and productivity that both
pollutants exert on plants (Ziello et al., 2012; WHO, 2013; Oduber
etal, 2019).

For the SPIn, the correlation with the concentrations of PM;o once
flowering began was significant. A correlation between daily pollen
levels and daily PM;, concentrations had already been observed in
a previous study by Carifianos et al. (1999) in the city of Cérdoba
(Spain). Although several studies link the presence of PM in the at-
mosphere with the direct emission of anthropogenic sources and
with the intrusion of Saharan dust, the origin of these particles may
also be found in the rupture of pollen grains. An increase in the
total suspended particulate matter (PM) mass during the pollen sea-
son has been observed in some areas (Laakso et al., 2003; Manninen
et al.,, 2014), and the presence of these particles can be explained by
both the abundant biological load at certain times, such as the ag-
glomeration that can occur between smaller particles (Laakso et al.,
2003). The period in which the plane tree blooms in Granada coin-
cides with that of other anemophilous species which are abundant
in the city and in its peri-urban environment, such as Quercus,
Pinus, Acer and Populus, and significant pollen levels of Cupressaceae
are still registered (Diaz de la Guardia et al., 2003; Carifianos et al.,
2016b). Atmospheric interactions between the plane tree and these
other anemophilous species could cause a mechanical breakdown
and the formation of PM which have a size of 10 um or even smaller.
It has also been observed how the pollen of Platanus become swollen
after being exposed to some pollutants (Lu et al., 2006; Sénéchal
et al., 2015), which leads to a breakdown in unequal size fragments.
Studies in which the allergenic load has been analyzed in fractions of
submicron size have revealed that the Pla a 3 allergen is more abun-
dant in particulate material of size >7 um (Zhou et al., 2019), and that
Pla a 2 is more abundant in the fraction of size range 2.1-1.1 um (De
Linares-Fernandez, 2007), which could explain the adjusted results
obtained in the GLM between SPIn and both types of PM. It has also
been observed that under conditions on ambient humidity above
50%, plane tree pollen grains can release the allergens in the pollen
wall (Sudrez-Cervera et al., 2005). This breakdown of pollen grains
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into submicron fragments may also cause symptoms of severe
asthma that occur in the population sensitized to Platanus pollen
up to 15 days after flowering ends, when pollen concentrations are
<200 grains of pollen/day (Varela et al., 1997). In Granada, the per-
centage of the population who are allergic to Platanus pollen has in-
creased 25% in 30 years. Therefore, rethinking and reconsideration of
the role of plane tree as an element of urban green infrastructure is
necessary in order to shift the net balance of Ecosystem Services to
the side of benefits and to minimize the disservices associated with
their presence.

5. Conclusions

The results obtained in this study highlight that, apart from the
key role that London plane has as a provider of ecosystem services
in urban green infrastructure, allergen pollen emissions during the
reproductive phase are a significant disservice. This has been con-
firmed by the rapid increase in the percentage of people sensitive
to its allergens which has been experienced in recent decades in cit-
ies like Granada. This increase in the incidence percentage could be
related to the trend towards higher allergen emissions that has
been detected throughout the series. Among the causes that justify
this increase may be the intrinsic growth of trees in the three de-
cades considered, as well as the new concepts of pruning and man-
agement, which can lead to a greater production of pollen per tree.
The effect that both meteorological parameters and air pollutants
have on the phenology and aerobiology of Platanus x hispanica
have been also analyzed. One of the most influential factors in pollen
emissions is the temperature prior to the flowering period, and the
alterations for this parameter foreseen in the different climate
change scenarios projected for the Mediterranean region could
have a direct effect on the reproductive phase. The correlations ob-
tained between seasonal pollen levels and some air pollutants also
highlight the possible involvement of Platanus pollen in worsening
urban air quality, as it may contribute to an increase in PM during
the flowering period, in addition to the direct effect that these pollut-
ants can have on the growth and productivity of trees in urban envi-
ronments. These results also highlight the need to rethink the
hegemonic role that the London plane tree plays today in the Green
Infrastructure of many cities, especially given the challenge of cli-
mate change that cities face, where the reinforcement of green ele-
ments is indicated as one of the more effective measures. An
adequate selection of species as well as an expanded knowledge of
possible associated disservices that they entail would prevent the
net balance of benefits from being minimized.
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