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HIGHLIGHTS

GRAPHICAL ABSTRACT

An Aerobiological Index studying the
risk provoked by ornamental trees is
proposed.

AIROT uses LiDAR data to consider not
only biological but also geographical
factors.

It enables mapping risks in different cit-
ies according to their own characteris-
tics.

Healthy itineraries for allergic patients
are proposed by using risk mapping.
AIROT is an efficient tool in urban plan-
ning and a way to assess plane tree's
risk.
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Ornamental trees bring benefits for human health, including reducing urban pollution. However, some species,
such as plane trees (Platanus sp.), produce allergenic pollen. Consequently, urban maps are a valuable tool for al-
lergic patients and allergists, but they often fail to include variables that contribute to the “building downwash
effect”, such as the width and shape of streets and the height of buildings. Other factors that directly influence
pollen dispersion (slopes and other geographical features) also have not traditionally been discussed. The
LiDAR (Laser Imaging Detection and Ranging) technique enables one to consider these variables with high accu-
racy. This work proposes an Aerobiological Index to create Risk maps for Ornamental Trees (AIROT) and the es-
tablishment of potential areas of risk of exposure to Platanus pollen.

LiDAR data from five urban areas were used to create the DEM and DSM (Digital Elevation and Surface Models)
needed to perform further analysis. GIS software was used to map the points for each city and to create risk maps
by Kriging, with stable (3 cases) and exponential function (2 cases) as the optimal models. In short, the AIROT
index was a useful tool to map possible biological risks in cities. Since AIROT allows each city to consider its
own characteristics, including geographical specifications, by using remote sensing and geostatistics techniques,
the establishment of risk maps and healthy itineraries is valuable for allergic patients, allergists, architects and
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urban planners. This new aerobiological index provides a new decision-making tool related to urban planning

and allergenicity assessment.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Currently, world overpopulation has become a significant problem
that exacerbates pollution and urban air quality deterioration problems.
In 2010, 73% of European citizens lived in urban areas, and this number
is predicted to increase to >80% by 2050, with associated problems of
traffic, air pollution, safety and noise (Comission-Mobility, 2017). Aero-
biological information is being considered as an element of design in
green infrastructure planning, potentially avoiding the entrance of pol-
len into these areas (Fernandez-Rodriguez et al., 2018). Thus, the evalu-
ation of local factors and mapping the sources (Rohde and Muller, 2015)
can be used to enhance air quality. Urban maps are increasingly being
produced with multiple applications, including land-cover features, res-
idential heat and health impacts (Jenerette et al., 2016), monitoring the
invasion of natural landscapes by urban trees (Gavier-Pizarro et al.,
2012) and urban flowering maps (Massetti et al., 2015).

There is recent scientific interest in urban green aspects and their
potential to contribute positively to human health (Ekkel and de Vries,
2017), including landscape ecological urbanism (Steiner, 2011). Urban
forests contribute immensely to the sustainability of cities and public
health (Coutts, 2016), with trees considered by some as indispensable
(Duinker et al., 2015). Certainly, their presence can succeed in mitigat-
ing the urban heat island effect (Maimaitiyiming et al., 2014). We
need to begin to consider the need to produce future urban planning
scenarios, based not only on aesthetic criteria regarding the urban land-
scape but also to benefit the evaluation of suitable trees in view of their
potential for allergenicity (Carifianos et al., 2017).

Platanus sp. is included amongst the most allergenic ornamental
trees used in urban planning (Fernandez-Gonzalez et al., 2013a) but is
widely used in Mediterranean urban environments (Maya-Manzano
etal, 2017a) due to its low price, rapid growth, wide shadow and toler-
ance to water shortages. Furthermore, its popularity could be related to
irrigation management and extension in peri-urban landscapes
(Maheshwari and Plunkett, 2015). Blanusa et al. (2015) indicated that
Platanus planting could be considered in Mediterranean urban environ-
ments due to its efficiency in accumulating and retaining airborne par-
ticles. We consider it appropriate to begin this work with plane trees
due to both their importance and allergenicity. Moreover, the mapping
for these trees was done in previous studies for the same region as the
current work (Maya-Manzano et al., 2017a; Maya-Manzano et al.,
2017c¢), and the capability of dispersion is limited (Bricchi et al., 2000),
which implies that this tree could be appropriate.

Aerobiological source mapping in a territory is an interesting topic
due to the importance of vegetation for airborne content (Maya-
Manzano et al., 2017b; Rojo et al., 2015; Smith et al., 2008) and conse-
quently for human health. Lately, the knowledge gaps about the influ-
ence of ornamental plants in the pollen spectrum inside cities are
being filled (Carifianos et al., 2014; Maya-Manzano et al., 2017a;
Maya-Manzano et al., 2017c; Staffolani et al., 2011; Velasco-Jiménez
et al,, 2014). However, it is not as common that those that have studied
this topic have added maps to determine the influence of source loca-
tions within a city and in urban green infrastructures (Fernandez-
Rodriguez et al., 2014a; Maya-Manzano et al., 2017a). In fact, the use
of these maps in practical decision tools has been often overlooked.
Therefore, their influence on the population, especially allergic patients,
allergists and policy makers, needs further study.

In urban assessment and planning criteria, the use of remote sensing
(Senes et al., 2016) and, in particular, LiDAR (Light Detection and Rang-
ing or Laser Imaging Detection and Ranging) is becoming increasingly
widespread. In recent years, LIDAR has been used to analyse bioaerosols

in rural environments (Luo et al., 2017) and in urban ecosystems (Chen
et al.,, 2017) to estimate biomass. Other uses related to urban planning
include the assessment of urban tree condition (Plowright et al.,
2016), their mapping (Alonzo et al., 2014; Dian et al., 2016), prediction
of tree species richness (Gillespie et al., 2016), studies in conifer phenol-
ogy (Lin and West, 2016), quantification of the 3D structure of vegeta-
tion (including height) (Caynes et al., 2016; Imai et al., 2004), and
urban tree canopy cover (Lovasi et al., 2013; Parmehr et al., 2016). Fur-
thermore, M. Sicard et al. (2016); P. Sicard et al. (2016) studied pollen
grains by near-surface and columnar measurements and with diurnal
patterns of their vertical distribution (Noh et al., 2013).

We suggest that LIDAR could be useful for mapping possible biolog-
ical risks in cities, considering some factors that are critical for under-
standing the dispersion process for pollen grains in cities, such as
geographical slopes and features and the influence of buildings and
other barriers within cities, which contribute to the building downwash
effect (Thompson, 1993). The width of the streets and heights of the
buildings can potentially lead to high concentrations of particles in
some places (Carifianos et al., 2002), and they can be considered an ef-
fective barrier in other cases. Some authors have included topography
and geography in the mapping of pollen sources and pollen dispersion
(Puppi Branzi and Zanotti, 1992), but the inclusion of this topic together
with urban barriers remains a gap in the literature.

Another important geostatistical tool frequently used for creating
risk maps is Kriging, a well-known interpolation method that has
been widely used in diverse scientific disciplines, including the environ-
mental sciences. Amongst them, we can cite its inclusion in phenologi-
cal studies (Le6n-Ruiz et al., 2011; Le6n Ruiz et al., 2012) or, in a way
similar to our proposed work, as a function composed of some indepen-
dent environmental variables such as altitude, slope, urbanisation, and
geographical features (Puppi and Zanotti, 1989). Kriging has also been
used in other disciplines such as crop productivity (Machida et al.,
2012) and maps of vegetation inventories and biomass calculations
(Tsui et al., 2013). It is especially important in countries with vast sur-
faces occupied by tropical rainforests (Fayad et al., 2015). In regards to
air pollution, Kriging was used to create urban risk maps of environ-
mental pollution (Berens et al., 2017; Matéjicek et al., 2006; Rohde
and Muller, 2015; P. Sicard et al., 2016). Finally, regarding aerobiological
studies, Kriging has been used for estimating pollen concentrations in
middle points lacking available samples (Alba et al., 2006; Della Valle
et al., 2012; Oteros et al., 2019) and for establishing comparisons be-
tween the flowering of plants and airborne pollen concentrations
(Rojo and Pérez-Badia, 2015).

Recent publications describe the creation and use of indexes in aero-
biology, such as the work of Fernindez-Gonzalez et al. (2013b), Mrdan
et al. (2017) and Rios et al. (2016). In urban planning, aerobiological in-
dexes have been created based on the allergenicity in urban parks
(Carifianos and Casares-Porcel, 2011; Cariflanos et al., 2017). For this,
the composition of the flora and some biological and developmental
characteristics of trees present in several Spanish parks were studied.
Using some parameters (some of them not usually seen in the aerobio-
logical literature) for creating a new aerobiological index for all urban
scenarios, together with a combination of LiDAR and Kriging, would en-
able the creation of risk maps for dispersion. We assume that some of
these geographical features influence biological factors, decreasing the
pollen concentration with the height (Gehrig and Peeters, 2000) and
bringing forward the pollen release when specimens are more exposed
to sun radiation than those in the shade (Kjelgren and Clark, 1992), be-
cause the heat requirement for pollen release would be achieved earlier.
These factors could lead to a higher exposure in populations within
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these areas. In the same way, if pollen has difficulty dispersing to some
places because of obstacles, there would be the same difficulty in disper-
sion from these same areas. It could be used as a novel and powerful tool
for mapping urban healthy itineraries for the population (Maya-
Manzano et al., 2017a), giving information about the most harmful
places for allergic patients and being a useful tool for allergists. Our
study considered several urban elements that have ornamental plane
trees planted in an integral way to establish different zones of urban
risk to said pollen type. Ornamental tree species have been used to as-
sess the particulate matter exposure in urban environments (Barima
et al,, 2014), and Platanus spp. is one of the main urban ornamental
trees with allergenic potential in the Mediterranean region
(Fernandez-Gonzalez et al., 2013a), with high potential for allergenicity
(Carifianos et al., 2017).

This work aims to establish one additional step to the method de-
scribed in a previous publication (Maya-Manzano et al.,, 2017a) and to
use the available information regarding the geolocation of plane trees
in five cities of Extremadura (SW Iberian Peninsula), combined with
available and free-to-use LiDAR data (IGN, 2019) to accomplish the pri-
mary goals.

1) To propose an Aerobiological Index to create Risk maps for Orna-
mental Trees (hereafter, AIROT), that takes into account different pa-
rameters that influence this risk. For this analysis, we use well-
known aerobiological parameters (abundance of pollen sources
and maturity degree of specimens), together with aspects that
seem to play unclear roles in aerobiology, such as geographical fea-
tures, slopes, height above the sea level and intrinsic differences in
the urban characteristics for each city, including the presence of
buildings and differences in urban planning.

2) Based on LiDAR data, and considering the AIROT index and the
geolocation of the ornamental trees, to create risk maps for plane
trees by using Kriging in each city. Points with high and low risks
of exposure will be established, which will be valuable for creating

urban healthy itineraries (taking as an example the city of Badajoz)
or identifying comfortable points.

2. Materials and methods
2.1. Sampling site

Extremadura (Fig. 1) is a large region (41,635 km?) located in the
SW Iberian Peninsula (Europe) that is sparsely populated (1,072,863 in-
habitants according to NSI, 2017, a density of 26 inhabitants/km?). Its
surface is mostly dedicated to agriculture and extensive farming, with
natural landscapes dominated by holm and cork oaks (Quercus
rotundifolia and Q. suber) and pastures in the south, and Pyrenean
oaks (Q. pyrenaica) and chestnuts (Castanea sativa) in the north. Other
species, such as pines (Pinus pinea and P. pinaster) and eucalyptus
(Eucalyptus camaldulensis, E. globulus) were widely planted for silvicul-
ture and have naturalized. Regarding its orography, this region is
crossed by two main rivers (Guadiana and Tajo) separated by a central
medium-high mountain range that runs along the two provinces, Bada-
joz and Caceres, with 290 km from the northern border to the southern.
Its climate is characterized by mild winters and hot summers, with a
continental Mediterranean climate and an annual mean temperature
of 16.7 °C with an annual rainfall of 499 mm (AEMET, 2018).

The cities in Badajoz province in this study were Badajoz (BA)
(38°53’ N, 6°58” W, 184 m.a.s.l.), Don Benito (DB) (38° 58’ N, 5° 50’
W, 253 m.a.s.l.), both with flat orography in their surroundings, and
Zafra (ZA) (38° 25’ N, 6° 25’ W, 508 m.a.s.l.), with the mountain range
of La Alconera in the west of the city. In the Caceres province, we studied
Caceres (CC) (39°48' N, 6°20’ W, 459 m.a.s.l.) and Plasencia (PL) (43°
10’ N, 2° 25’ W, 253 m.a.s.l.), the first one with the mountain range of
Fuentes dividing the city in two, and the second one located in the valley
floor of the Jerte river. The importance, location and number of individ-
ual plane trees in these five cities were previously studied (Maya-
Manzano et al., 2017a), with the annual average concentrations for
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Fig. 1. Map of Extremadura in the Iberian Peninsula and the location of the studied cities.
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three of these cities of 15.1 (DB), 1.7 (PL) and 1.2 (ZA) pollen grains m >
and being the second (after Olea europaea), the first and the second
(after Ulmus minor) ornamental trees in importance for the same
three cities (Maya-Manzano et al., 2017c). Their surface ranged from
15.4 and 13.6 km? for BA and CC to 4.8, 4.3 and 3.5 km? for PL, DB and
ZA. For BA and CC, the predominant urbanisation type is mainly
medium-high buildings for the new residential areas, with wide boule-
vards or avenues and some large parks and squares, together with nar-
row streets for the historical streets in the city centre. In the rest of the
cities, which are smaller than these two, the most abundant urbanisa-
tion type is narrow streets with residential units of one or two floors
for each household. Some parks with abundant plane trees are located
in more open spaces. The most important areas for Platanus pollen
risk according to the calculated index can be consulted in the supple-
mentary material section (Table S1).

2.2. LiDAR data

Groups of 2 x 2 km LiDAR images for each urban area (dated in 2010,
the only database available to date for this region) were used to create
the DEM (Digital Elevation Model) and DMS (Digital Surface Model)
needed to perform the visibility analysis in the following steps (used
in AIROT as Potential Dispersability). They have a LiDAR density point
cloud of 0.5 points/m3 and were obtained from the website of the
Instituto Geografico Nacional ® (IGN, 2019) in LAS files. These files pres-
ent some anomalous points (misclassifications, incoherent points ac-
cording their heights, etc.) that need to be removed from all locations
to avoid mistakes in the following steps. The software package Global
Mapper 16.2 (Blue Marble Geographics, 2016) was used, and DEM
and DSM in raster were created with the same computer programme.
LiDAR technology is very helpful in the construction of these digital
models, for considering all of the buildings, trees and other possible ob-
stacles or barriers in the creation of DSM with high accuracy and excel-
lent resolution, and above all the shape characterization of each building
(Gamba and Houshmand, 2000). Fig. 2 shows some LiDAR point clouds
for different sites, paying attention to buildings and vegetation.

2.3. Creation of the index of risk for ornamental trees. A case study: plane
trees

Since the Aerobiological Index of Risk for Ornamental Trees (AIROT)
was proposed using the same parameters and numerical range for a city,
it allows for the establishment of comparisons of the risk of pollen expo-
sure from ornamental trees (plane trees) amongst cities and even areas
within the same city (Fernandez-Rodriguez et al., 2013; Maya-Manzano
et al., 2017a). In each street, average values for each parameter were
taken into account, and when differences between parameters were
found, we considered as many points as necessary, with the goal of
being as representative as possible responding to the observed changes.
These different sampling points in the vegetation characteristics within
each street were particularly necessary in some main avenues and
parks, due to their large size. A detailed work scheme is shown in Fig. 3.

The index is proposed considering the physical (places where trees
are located, shape of street, elevation and slopes obtained from the
LiDAR database, because they determine the potential of dispersion
for pollen grains) and biological (maturity degree and number of spec-
imens) features of each ornamental tree and the characteristics of the
urban street design. Combinations of these parameters are proposed
by eq. (1), the Aerobiological Index of Risk for Ornamental Trees
(AIROT):

AIROT = Z“: PD;-N;-M;-SH;-H; )

— ST

where

Fig. 2. a. LiDAR point cloud for the city of Badajoz. b. LiDAR point cloud for the city of
Céceres. c. LiDAR point cloud for the city of Don Benito.

PD; = Potential Dispersability (0, 10);

N; = Number of specimens by distance (trees/ha) (from 0 to 10);
M; = Maturity degree for each specimen (1, 5, 10);

SH; = Incidence and presence of high buildings, narrow streets and
squares (1, 2, 4, 6, 8, 10);

H; = Height above sea level (1, 5);

St = total surface of the city in km?;

i = streets.

The calculated index was normalized, taking values between 0 (min-
imum risk, in green colour) and 1 (maximum risk, in red colour) and
mapping each street of each city according to these scores.

The index was created while taking into account the following
parameters:

2.3.1. Potential Dispersability (PD)

Potential Dispersability modelling establishes the extent to which a
nominated feature may be seen from a specified location (Bartie et al.,
2011). This parameter was calculated by means of the visibility analysis,
which was carried out using commercial GIS software and taking into
account all of the buildings and heights presented surrounding the se-
lected points (the plane trees). By using a LiDAR point cloud to create
DSM to perform this analysis, high accuracy can be achieved in this dig-
ital model, and we can consider all of the possible potential barriers in
dispersion. In particular, by means of the tool called “View Shed”, with
a transmitter elevation of 5 m height, we considered the trees with a
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minimum of this size as risky for human health and capable of releasing
pollen, increasing their capability of dispersion according to their matu-
rity. According to Skjeth et al., (2013), in the case of birch, pollen will be
significantly released in specimens with a height ranging from 5 to 20 m
above the ground. This value has been used to establish control visibility
values (Murgoitio et al,, 2013). With this size, the trees would not only
be located a few metres above the ground and would be able to avoid
the lower buildings, but it also takes into account that trees have a min-
imum maturity degree. The receiver elevation would be any point with
1.5 m height because it would be an ordinary height for human expo-
sure. This score was given in absolute values, dividing the areas as ex-
posed (10) or not exposed (0). Middle scores were not considered.

2.3.2. Number of specimens by distance in each street (N)

The presence of sources of vegetation is an important factor that in-
fluences the pollen load in one area (Maya-Manzano, 2017b; Rojo and
Pérez-Badia, 2015). To be able to compare different cities in future stud-
ies, we calculated the density of individuals for each street (trees/ha),
and their values were normalized from O to 10, considering the number
of individuals studied in Maya-Manzano et al. (2017a).

2.3.3. Maturity degree for each specimen (M)

A maturity degree score (trunk diameter and branch development)
was given for each street. This parameter has been studied and consid-
ered as essential in the potential to release pollen, making it possible to
have higher pollen concentrations (Maya-Manzano et al., 2017a). Due
to possible differences between the maturity degree amongst the
plane trees located in a single street, they were scored as an average,
considering a higher value when necessary. This is because in cases
when some plane trees are still immature, a conservative score could
mask the real risk in the near future. For this reason, according to the
three life stages of the tree (Germino et al., 2002; Thomas and Winner,
2002) and the stages of development, we propose these values for
plane trees: young (1), from the time when they are planted until the
first year in which they can produce flowers, adult (5) and mature
(10), for trees >10 years old.

2.3.4. Incidence and presence of high buildings, narrow streets and squares
(SH)

Considering the presence of narrow streets and high buildings as a
theoretical barrier that handicaps pollen dispersion (Carifianos et al.,
2002), lower scores were given in these streets for this parameter.
Based on the classifications of previous papers (Barnett, 2008; Golan,
2015; Hoekstra, 2012; Sreelekha et al., 2017), we proposed these
values: local residential/office/commercial/industrial street (1), park-
way (2), boulevard (4), main street (6), and wide avenue (8). Regarding
parks or public squares (10), a priori they are more suitable to allow tree
pollen dispersion because they have large areas of open space and fewer
obstacles, allowing a better air flux renewal. This kind of urban microen-
vironment also allows the correct development of the tree crown, as
was reported for Robinia pseudoacacia L. and Tilia cordata Mill. (Bayer
et al., 2018).

According to a previous study (Kjelgren and Clark, 1992) of Liquid-
ambar styraciflua L., the individuals in parks and squares received unob-
structed sunlight, with thinner leaves and less trunk growth in canyon
streets compared with parks.

To distinguish between avenues and wide streets, we proposed to
take into account the number of traffic lanes as an easy indicator, with
4 or more considered as avenues. We also consider avenues with
parks and those of greater width (more so than wide avenues, 4 traffic
lanes plus parking and sidewalks) as parks, in order to consider that dis-
persion is easier.

2.3.5. Height above sea level (H)
According to Scheifinger et al. (2002), at a local or regional scale,
changes in phenological time series can be induced by micro-

meteorological conditions in mountainous areas (20-40 days every
1000 m of elevation). It is provoked by disturbances in the North Atlan-
tic Oscillation (NAO), which maintains temperature inversions for long
periods of time in valleys, causing an increase in time for the different
phenophases. The authors grouped the sampled locations into those of
height > 1500 m or height < 1500 m above sea level. This is consistent
with the findings of Sharma et al. (2012), who estimated an average
production of pollen cone per tree of 42.44 + 8.32 x 10° at lower alti-
tudes and 28.1 4+ 0.89 x 103 at higher altitudes. We propose to use
the same two categories previously mentioned in Scheifinger et al.
(2002), using values of 1 for higher altitudes (sampling points within
the city >1500 m.a.s.l) and 5 for lower altitudes (places within the city
<1500 m.a.s.l). This parameter can be useful to distinguish the behav-
iour of phenology in places with points in the two categories, or making
it possible to compare amongst different places, including different
countries and different bioclimatic regions.

However, since the 5 cities studied in this work belong to the second
category (all the places in these cities were below 1500 m.a.s.l), this pa-
rameter was not relevant in our calculations.

2.4. Kriging and risk maps

The Kriging technique is performed by means of complex mathe-
matics, algorithms and equations. This technique gives estimations
based on semivariogram calculations about continuous variables at
points where there were no monitoring stations or sampling points.
Each function is tested until the best fitness to the points is found, ac-
cording to the values for Root Mean Square Error (RMSE) and the
Spearman's rank correlation. The Kriging was carried out using com-
mercial GIS software and the two mentioned parameters by using R sta-
tistical software (R-Team, 2013). Five different functions (Stable,
Circular, Spherical, Exponential and Gaussian) were compared
(Table 2). The semivariograms for the optimal models (Fig. S1), the
cross validation for each model and city (Fig. S2), together with the un-
certainty maps (Fig. S3), can be found in Supplementary materials. After
that, the different points and the coordinate z (AIROT index) were stud-
ied by ordinary Kriging, which was used considering the 25 closest
values to locate the continuous scores in intermediate areas inside the
surfaces studied. According to the AIROT index, raster maps with scores
for different streets with plane trees present or not were created for
each city. To study the cities, a balance between representativeness for
all places and computational resources was taken into account, and
samples were taken from 162 (PL) to 680 points (CC) to be as represen-
tative of all changes produced in the parameters as possible.

2.5. Healthy itineraries

Healthy itineraries for the city of Badajoz, as an example, were cre-
ated using GIS, taking into account the official transport network for
this city; in other words, the network of roads for vehicles and pedes-
trian areas, downloaded from the website of the Instituto Geografico
Nacional ® (IGN, 2019). Two different routes were advised (one from
south to north and another from east to west). To plan the best path
to be taken by pedestrians, we considered the following points:

- The pedestrians should take a path included in the existing transport
network.

- The suggested path should be in areas with the minimum AIROT
risks for as long a distance as possible.

- The itinerary should avoid, if possible, the points with high PD or di-
rectly exposed points (according to the visibility analysis).

- At moments when it was not possible to accomplish the two pre-
vious parameters, the itinerary should minimize the risks, includ-
ing crossing where the AIROT values are as low as possible or
using the most direct route in order to make the path as safe as
possible.
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3. Results
3.1. Values for AIROT

Table 1 shows the average for each parameter considered in AIROT
according to the number of sampling points (not the absolute number
of trees, but the density). Badajoz and Caceres had the highest values
(0.34 and 0.25), while Plasencia was estimated as the lowest (0.16).
We can see how the highest number of individuals is located in Badajoz
and Cdceres; those are also the biggest cities amongst those studied. We
can also say that Caceres and Badajoz generally contained the most ma-
ture specimens, present mostly on wide avenues or in parks, where they
had grown for several years. Thus, Badajoz recorded the maximum
value of the number of specimens (3.23), while Caceres was remarkable
for the maturity of the plane trees (9.96) and the shape of the streets
(8.69). The cities of Badajoz and Caceres are the most exposed because
they contain many wide avenues, mostly landscaped areas. All of these
things combined gave Badajoz higher values for AIROT. Don Benito
showed a maturity of 6.40 and street shape of 5.51, obtaining an
AIROT of 0.24. Zafra did not show any parameters in particular with
higher values, but all of them can be considered as medium-high, matu-
rity (6.61) and streets (5.81), which brought the AIROT index higher
than Plasencia. Finally, Plasencia had its sampling points in areas with
many trees, but they were still immature (3.40). This outcome, added
to its lower exposure (narrow streets, residential areas without or
with few plane trees, etc.), was reflected in a lower AIROT.

3.2. Risk maps using LIDAR and Kriging analysis

The results for the Kriging analysis are shown in Table 2. The Expo-
nential and the Stable functions were the optimal models in all the cit-
ies. Stable models frequently produce suitable results because this
kind of function takes an additional shape parameter that allows chang-
ing curvature in the models while they maintain the nugget, the range
and the sill. In Don Benito and Zafra, the Exponential model was the
most robust according to Spearman's correlation test and the RMSE.
For Caceres and Badajoz, the Stable model was the winner, and finally,
for Plasencia, the Stable and the Gaussian models were similar, although
being slightly better the Stable. The highest values for the index (Sup-
plementary material) came from large avenues, squares and parks,
where the absence of solid obstacles facilitates dispersion; these areas
also generally have a certain number of mature individuals, as in Bada-
joz and Caceres (Fig. 4A and B). Badajoz contained three different
hotspots, located in the NW, SW and SE. Curiously, according to the
followed methodology, the points with more risk to facilitate exposition
through the city were large avenues, and some parks (e.g., San
Francisco) did not reach the maximum AIROT. Caceres seems to be di-
vided into two main areas, one in the SW and the other in the SE, with
lower values in the middle, which can be explained by the presence of
a mountainous geography that crosses the city. The same happened in
Don Benito (Fig. 4C). Here, the maximum values were obtained in the
north of the city, in areas with more open spaces. In contrast, in the cen-
tre and the south of the city, the exposure risk seems to be lower, corre-
sponding with areas with fewer individuals, with most of them being

Table 1
Average values for the main parameters used in AIROT (please note that it is not the abso-
lute number of specimens, but the density of individuals normalized from 0 to 10).

City Number of Maturity of Shape of streets AIROT
specimens (N) specimens (M) (SH)

Badajoz 3.23 9.87 8.45 0.34

Caceres 3.08 9.96 8.69 0.25

Don Benito 1.86 6.40 5.51 0.23

Plasencia 3.06 3.40 3.13 0.16

Zafra 217 6.61 5.83 0.19

immature and located in narrow streets due to the age of the
neighbourhoods.

Having a large number of plane trees is another factor for increasing
the value of AIROT, but not always, as seen in the Plasencia map
(Fig. 4D). In this map, despite having some areas with a great number
of specimens, most areas belong to the first category in maturity degree,
which can be translated into low scores in this parameter. Therefore,
some parts of each city have great importance. This could be due to
the presence of high density hotspots for large squares and some big
parks. This can be observed in the centre-South of Plasencia. Finally, in
Zafra (Fig. 4E), due to the concentration of almost all trees in two iso-
lated main spots in the NW and in the city centre, we have a homoge-
neous distribution of AIROT values, with a characteristic concentric
ring shape for these two points.

3.3. Healthy itinerary

Fig. 4A shows how an allergic patient can take different paths to
avoid the risk of exposure to Platanus pollen within the city of Badajoz.
Despite being crossed by plane trees in the south of the city, the safer
itinerary includes crossing some main avenues at certain points accord-
ing to the requirements explained in Section 2.5.

4. Discussion

New tools related to 3D simulations, mapping and urban planning in
cities are becoming more common, and they are helpful to integrate
aerobiology in urban studies. Previous studies of local dispersion of air-
borne particles such as Pinaceae concentration assessed the meteorolog-
ical conditions with innovative engineering techniques such as BIM
(Building Information Modelling) (Fernandez-Rodriguez et al., 2018).
The wind direction pattern was considered because the studied area
was limited to one delimited and specific area in the city of Badajoz (ap-
proximately 150 m), and close enough to one meteorological station
and the sampling point. However, to consider the meteorology for dif-
ferent points in cities is a complex task, taking into account current lim-
itations, such as the locations of the weather stations, which are usually
located outside the cities, as in our case. This leads to a lack in the repre-
sentativeness of the weather parameters when we want to extrapolate
values within the entire city. Thus, the influence of the wind direction
patterns has been studied based on the pollen content provided for
each wind direction, as it has already been considered in previous stud-
ies of the same five cities (Maya-Manzano et al.,, 2017a) and their sur-
roundings (Fernandez-Rodriguez et al., 2014b; Maya-Manzano et al.,
2017c). Those studies reported the implications of the predominant
wind direction patterns if those were aligned with the main sources of
pollen, and how sources located in different directions and their aerobi-
ological contents can be underestimated. The influence of the wind di-
rection considering the location of the sources has also been discussed
by Silva-Palacios et al. (2000). Due to the previously described factors,
the meteorological influence is beyond the scope of this study. When
we introduced the total surface for each city into the equation, we con-
sidered the limited dispersion of plane tree pollen (Bricchi et al., 2000),
taking into account that the differences in risks and pollen dispersion
should be more notable in big cities. The maximum values are achieved
when one sample point is composed mostly of a great number of ma-
ture individuals, in a park or large avenue with a large area, and is di-
rectly exposed to plane trees.

Parks or public squares could show more suitable conditions for the
potential dispersion of airborne particles because they allow for a better
air flux renewal and the correct development of the tree crown; for ex-
ample, in a study of Robinia pseudoacacia L. and Tilia cordata Mill. (Bayer
et al.,, 2018). If it is true that they are not the same species, in Maya-
Manzano et al. (2017c), the importance of trunk maturity and branch
development for Platanus is highlighted. A further study to compare
the trunk and branch development and consequently pollen production
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Table 2
Results for the different functions that were tested in the Kriging analysis according to the RMSE and the Spearman'’s rank correlation. Better results coloured in bold.
City/function Stable Circular Spherical Exponential Gaussian
Badajoz RMSE = 0.127 RMSE = 0.136 RMSE = 0.134 RMSE = 0.126 RMSE = 0.148
r = 0.852 r=0.842 r=0.845 r=0.851 r=0.826
Ciceres RMSE = 0.087 RMSE = 0.091 RMSE = 0.091 RMSE = 0.087 RMSE = 0.091
r = 0.850 r = 0.828 r=0.828 r=0.847 r = 0.826
Don Benito RMSE = 0.176 RMSE = 0.167 RMSE = 0.164 RMSE = 0.151 RMSE = 0.209
r=0.765 r=0.775 r=0.779 r=0.794 r=0.693
Plasencia RMSE = 0.108 RMSE = 0.118 RMSE = 0.117 RMSE = 0.121 RMSE = 0.108
r = 0.697 r = 0.662 r = 0.668 r = 0.662 r = 0.697
Zafta RMSE = 0.097 RMSE = 0.099 RMSE = 0.097 RMSE = 0.103 RMSE = 0.097
r=0.782 r=0.778 r=0782 r=0.786 r=0.782

is needed, specifically for those plane trees located in parks and the
specimens located in narrow streets.

In this sense, we included the Potential of Dispersability (PD), which
is considered as a theoretical indicator of potential pollen dispersion
and transport from one place to another. It highlights which areas in
each city would have direct exposure to the pollen coming from orna-
mental trees or from other places and which areas would not (isolated
points would not be as risky as open spaces for allergic patients as de-
scribed in Section 2.3.4.). Minimum values will be recorded in narrow
streets, with no plane trees present and no direct exposure to any of
them. However, there is no consideration of a null category because
the authors consider that a null value can be only theoretical, and the
presence of pollen can be provoked by refloating or from other streets
near to those studied. The values given in the current work are a first ap-
proach. All the parameters must continue to be under study, and the
values should be continuously readjusted in future studies. We consider
that the source locations (as they are ornamental trees, their presence is
restricted to urban locations) and the Potential Dispersability (PD)
make it easier to estimate the possible presence of airborne pollen con-
tent at specific points for each location, according to the predominant
wind directions for each city. Therefore, in BA (Fig. 4A), when the
wind blows from the NE, the risk is lower than when blowing from
the SW or SE. For CC (Fig. 4B), winds from the SW are potentially dis-
persing more Platanus pollen than winds from the NW. Finally, in DB,
PL and ZA (Fig. 4C, D and E), winds blowing from the N could bring
higher pollen concentrations if the rest of the parameters included in
AIROT (presence of trees, maturity of specimens, wide streets allowing
good wind flow and Potential Dispersability) were appropriate. All
these considerations are very useful for cities with planted green infra-
structure or to project new green infrastructure urbanism projects.

The visibility analysis, even though it has some limitations (that are
shared with atmospheric modelling in a small space within a city), could
be a good enough approach to the problem of the concentric effect pro-
voked by turbulence in pollen dispersion, provoked by street canyons.
The pollen that will be dispersed by these turbulent movements can
be removed from monitoring due to the random effect.

At the least, we can ensure that some points can be more exposed
than others based on this tool, which can be interpreted easily. As emis-
sion sources, 5 m was considered as a minimum, because this size was
proposed for other trees in the literature (for Betula, Skjoth et al.,
2013), and the receptor at 1.5 m height. Regarding the Kriging analysis,
some authors reported optimal results with the same models as the cur-
rent study (Dindaroglu, 2014), although other authors found the Gauss-
ian to be more suitable (Oteros et al., 2019).

AIROT is proposed to complement the Index of Urban Green Areas
(IUGZA) (Carifianos et al., 2014), which does not consider meteorolog-
ical parameters. The index presented here focuses on the geography and
the shape of the streets. In addition, unlike [UGZA, it takes into account
all areas outside and inside parks. Our study proposed to indicate which
areas of each city are the safest from the aerobiological point of view,
and which areas have more risk, considering the particularities and
characteristics of each city, as was explained in Sections 3.1 and 3.2.

Consequently, it is possible to compare AIROT based on an element of
urban green infrastructure, namely plane trees, between several cities
using a normalized value (0-1). Therefore, it is proposed that AIROT is
a scalable index (Carifianos et al., 2014) that could be implemented in
more cities (Carifanos et al., 2017). Mueller et al. (2018) normalized
five scales of values of urban parameters for a city, including road net-
work, PM, s, noise levels and green space, in order to create a health im-
pact assessment to establish multiple environmental burdens.

A factor to consider is to limit the values for each ornamental tree
being studied by using this index. Thus, as an example, for this first ap-
proach, we focused on the growth rate of plane trees and their maturity
degree; these may be different for each species and even for localities
(Vaz Monteiro et al., 2017), which should be noted. Moreover, there
are authors that have found a positive relationship between pollen pro-
duction by trees and the diameter of the tree crown (Tormo-Molina
et al.,, 1996) or trunk diameter (Maya-Manzano et al., 2017c). Since
this factor is associated with each specific tree, to give a representative
score for each species regarding the maturity of the individuals can be
important to properly apply the index. Due to the difficulties in deter-
mining the exact age of each tree, we took into account the age accord-
ing to observations at different periods by using tools such as Street
View in Google Maps, following the same methodology as in previous
studies (Maya-Manzano et al., 2017a). Regarding the number of speci-
mens, since the number of specimens and the area occupied by each
street are easy to obtain, by using the density of trees (trees/ha), this
index can be easily extrapolated and used in other cities, allowing the
comparison in multi place studies. The same aim is managed by adding
the altitude, making the application of this index at places in different
regions easier (for example, in comparisons including risks in cities
worldwide).

Modelling carried out using LiDAR offers the opportunity to consider
the geographical features involved in the dispersion of the pollen grains.
On the basis of previous urban planning studies (Maya-Manzano et al.,
2017a; Maya-Manzano et al., 2017c), we feel it is necessary to improve
urban mapping in order to use it as a prevention tool in order to design
urban healthy itineraries (Fig. 4A). These healthy itineraries show the
best path to be taken by allergic patients through a city, to move
amongst these paths from distant points by minimizing risks. In this
sense, AIROT and the risk maps are proposed as a useful tool. Actually,
the capital cities are proposing to reduce contaminants (CO,, mainly)
in their development plans (Johnson et al., 2017; Tang et al., 2018).
This idea is scalable to develop urban models of exposure to urban or-
ganic pollutants such as pollen types with allergenic potential. To assess
the health impact, the risk and exposure have been analysed as a part of
urban and transport planning (Mueller et al., 2018), including the par-
ticulate matter distribution of herbaceous and tree leaves (Barima
etal., 2014). We consider this idea appropriate to implement with orna-
mental sources of pollen and the allergenic effect of pollen. These maps
are useful to identify areas at risk, as source mapping can be used to en-
hance air quality (Rohde and Muller, 2015) and to express the pheno-
logical response from the impervious surface gradient and seasonal
thermal variations (Massetti et al., 2015). Furthermore, dispersion and
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Badajoz risk map for Platanus pollen according to AIROT index
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Fig.w 4. Risk maps for each city according to the AIROT index (4A Badajoz and Health itinerary example, 4B Caceres, 4C Don Benito, 4D Plasencia, 4E Zafra).
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exposure have been considered in urban planning with other aims, such
as roadside vegetation barrier designs to mitigate near-road air pollu-
tion impacts (Tong et al., 2016) and aerodynamic effects of trees on pol-
lutant concentration in street canyons (Buccolieri et al., 2009; Gromke
et al., 2008).

In future work, to enhance the performance of the index, it would be
necessary to periodically revise risk maps due to the possible replace-
ment of some trees by others and due to the changes provoked by the
mortality of some individuals. On the other hand, note that the imma-
ture specimens of today will grow and will release more pollen in the
near future. In addition, it would be advisable to introduce pruning,
and for this, it would be necessary that city councils and urban planning
managers were more engaged in all of the procedures. Urban construc-
tion guides (Alvarado et al., 2014; MOPT, 1992) could be improved if or-
namental tree pruning was considered to manage the air quality. In our
case, unsuccessful attempts have been made to work on pruning plane
trees, but sometimes the lack of information about local pruning man-
agement companies, the different way of working of each professional
in each city and a lack of time have not made it possible (Guilherme
et al., 2018; Ponchia et al., 2010). This topic is a future challenge and
an opportunity to enhance the mapping and to increase the efficiency
as an “avoidance risks tool”.

This study considered an urban green element (plane tree) as an el-
ement to analyse urban sustainability management and improve
human health and well-being (Chou et al., 2016; Salmond et al.,
2016). It is necessary to integrate the services that the ecosystems pro-
vide in landscape planning in order to achieve one of the Sustainable
Development Goals (11-sustainable cities and communities) (UNDP,
2019). Furthermore, this methodology could be developed in other cit-
ies to promote new results that allow for more comparisons. It will en-
able us to gain knowledge to establish actual healthy itineraries with
minimum exposure to allergenic pollen grains and to design new
urban projects that incorporate topological criteria and optimization
methods into urban planning (Ekkel and de Vries, 2017; Hilal et al.,
2018). This work would be even more beneficial if the last point of the
guide focused on a new culture to develop sustainable urban mobility
on foot or by bicycle with the objective to provide long-term benefits
(Comission-Mobility, 2017) is considered. This new situation would di-
rectly increase the exposure of the population to urban green infrastruc-
tures. Thus, it is necessary to know the urban natural risk zones, in line
with the corrective measures to reduce the impact of urban pollen emis-
sions, including the implementation of nature-based solutions at vari-
ous levels such as planning and design, handling and management,
and strengthening urban green-infrastructure elements (Carifianos
etal, 2017).

5. Conclusions

In this work, a new aerobiological index is proposed, the Aerobiolog-
ical Index of Risk for Ornamental Trees (AIROT). AIROT is a new tool to
assist in urban planning and the assessment of potential allergenicity for
urban green infrastructures. For this first study case, the risk of exposure
to plane tree pollen in cities within a region (Extremadura) in SW
Europe is evaluated as an example to be applied in any urban environ-
ment. The AIROT index was shown to be a useful tool to map possible
biological risks in cities, considering some variables whose role in aero-
biological analysis is unclear, such as the effect of slopes and other geo-
graphical features, and the barriers consisting of buildings, in the pollen
dispersion process. The proposal of a new aerobiological index consider-
ing geographical specifications by engineering techniques of remote
sensing (LiDAR) and geostatistics (Kriging) provides a new tool for
urban planning. AIROT shows the novelty of allowing the study of
each city with consideration of their own characteristics. Moreover,
the establishment of risk maps and healthy itineraries (or comfortable
areas) can be valuable for allergic patients, allergists, architects and

urban planners in order to evaluate the potential allergenicity of urban
green infrastructure and to design mitigation actions.
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Table sl: Results of the AIROT index for higher valueswithin the cities.

City Name of Street (type of urban environment) AIROT index
Badajoz  Calle Jests Delgado Valhondo (park) 1.00
Calle Retama (park) 0.86
Calle Santa Maria de la Cabeza (park) 0.86
Calle Jacobo Rodriguez Pereira (wide avenue with 0.80
landscaped garden)
Avenida Condes de Barcelona (wide avenues with 0.71
landscaped garden)
Avenida Jaime Montero de Espinosa (boulevard with 0.71
landscaped garden
Céceres Calle Islade la Gomera (boulevard with landscaped 0.89
garden)
Calle Islade la Palma (boulevard) 0.80
Calle Islas canarias (boulevard with landscaped garden) 0.78
Calle OsaMayor (park) 0.67
Calle Islas Filipinas (boulevard with landscaped garden) 0.67
Calle Islade Cdrcega (boulevard) 0.67
Don Avda. Alonso Martin (wide avenue with landscaped 1.00
Benito garden)
Plaza J. Sdnchez-Cortés (square) 1.00
Plaza de Extremadura (square) 0.80
Paseo de Feva (park) 0.75
Patio interior de Feval (park) 0.50
Plasencia Juan Loaisa (sguare) 1.00
Parque de la Coronacion (park) 0.57
Avda. de Portugal (wide avenue) 0.34
Parque La Mezuela (park) 0.29
Avenida Juan Carlos | (boulevard with landscaped
garden) 0.26
Zafra Ctra. Badajoz Granada (N-432) (wide avenue with
landscaped garden) 1.00
Plaza Carlos V (square) 0.49
C. Alhambra (square) 0.28
Avda. Antonio Chacdn (wide avenue with landscaped
garden) 0.17
Pargque Plaza de Toros (park) 0.14




Fig. S1: Semiovariograms for each studied city.
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Fig. S2: Results for the cross-validation test.
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Fig. S3: Uncertainty maps.
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Prediction Standard Error Map for Caceres
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Prediction Standard Error Map for Don Benito
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Prediction Standard Error Map for Plasencia
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Prediction Standard Error Map for Zafra
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