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H I G H L I G H T S

� 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
cities according to their own charac-
teristics.

� Healthy itineraries for allergic patients
are proposed by using risk mapping.

� AIROT is an efficient tool in urban
planning and a way to assess plane
tree's risk.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Article history:
Received 8 February 2019
Received in revised form 19 July 2019
Accepted 22 July 2019
Available online 25 July 2019

Editor: Elena Paoletti

A B S T R A C T

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 allergic 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 ena-
bles one to consider these variables with high accuracy. This work proposes an Aerobiological Index to
create Risk maps for Ornamental Trees (AIROT) and the establishment 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 specifi-
cations, by using remote sensing and geostatistics techniques, the establishment of risk maps and
healthy itineraries is valuable for allergic patients, allergists, architects and urban planners. This new
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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 (Fern�andez-Rodríguez et al., 2018). Thus, the evalu-
ation of local factors and mapping the sources (Rohde andMuller, 2015)
can be used to enhance air quality. Urban maps are increasingly being
producedwithmultiple applications, including land-cover features, resi-
dential 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 inmitigating
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 landscape but
also to benefit the evaluation of suitable trees in view of their potential
for allergenicity (Cari~nanos et al., 2017).

Platanus sp. is included amongst the most allergenic ornamental
trees used in urban planning (Fern�andez-Gonz�alez et al., 2013a) but is
widely used in Mediterranean urban environments (Maya-Manzano et
al., 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-Man-
zano et al., 2017b; Rojo et al., 2015; Smith et al., 2008) and conse-
quently for human health. Lately, the knowledge gaps about the
influence of ornamental plants in the pollen spectrum inside cities
are being filled (Cari~nanos et al., 2014; Maya-Manzano et al., 2017a;
Maya-Manzano et al., 2017c; Staffolani et al., 2011; Velasco-Jim�enez
et al., 2014). However, it is not as common that those that have stud-
ied this topic have added maps to determine the influence of source
locations within a city and in urban green infrastructures (Fern�an-
dez-Rodríguez et al., 2014a; Maya-Manzano et al., 2017a). In fact, the
use of these maps in practical decision tools has been often over-
looked. Therefore, their influence on the population, especially aller-
gic 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), predic-
tion of tree species richness (Gillespie et al., 2016), studies in conifer
phenology (Lin and West, 2016), quantification of the 3D structure of
vegetation (including height) (Caynes et al., 2016; Imai et al., 2004), and
urban tree canopy cover (Lovasi et al., 2013; Parmehr et al., 2016).
Furthermore, 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 down-
wash effect (Thompson, 1993). The width of the streets and heights of
the buildings can potentially lead to high concentrations of particles in
some places (Cari~nanos et al., 2002), and they can be considered an
effective barrier in other cases. Some authors have included topogra-
phy and geography in the mapping of pollen sources and pollen dis-
persion (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 envi-
ronmental sciences. Amongst them, we can cite its inclusion in phe-
nological studies (Le�on-Ruiz et al., 2011; Le�on Ruiz et al., 2012) or, in
a way similar to our proposed work, as a function composed of some
independent environmental variables such as altitude, slope, urbani-
sation, 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 bio-
mass calculations (Tsui et al., 2013). It is especially important in coun-
tries with vast surfaces occupied by tropical rainforests (Fayad et al.,
2015). In regards to air pollution, Kriging was used to create urban
risk maps of environmental pollution (Berens et al., 2017; Mat�ejí�cek
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 between the flowering of plants and air-
borne pollen concentrations (Rojo and P�erez-Badia, 2015).

Recent publications describe the creation and use of indexes in aero-
biology, such as the work of Fern�andez-Gonz�alez et al. (2013b), Mrđan
et al. (2017) and Ríos et al. (2016). In urban planning, aerobiological
indexes have been created based on the allergenicity in urban parks
(Cari~nanos and Casares-Porcel, 2011; Cari~nanos et al., 2017). For this, the
composition of the flora and some biological and developmental charac-
teristics of trees present in several Spanish parks were studied. Using
some parameters (some of them not usually seen in the aerobiological
literature) for creating a new aerobiological index for all urban scenarios,
together with a combination of LiDAR and Kriging, would enable the cre-
ation of risk maps for dispersion. We assume that some of these geo-
graphical 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), because the
heat requirement for pollen release would be achieved earlier. These fac-
tors could lead to a higher exposure in populations within these areas. In
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the same way, if pollen has difficulty dispersing to some places because
of obstacles, there would be the same difficulty in dispersion 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 sev-
eral urban elements that have ornamental plane trees planted in an inte-
gral way to establish different zones of urban risk to said pollen type.
Ornamental tree species have been used to assess 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 (Fern�andez-Gonz�alez et al., 2013a), with high
potential for allergenicity (Cari~nanos et al., 2017).

This work aims to establish one additional step to the method
described 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), com-
bined with available and free-to-use LiDAR data (IGN, 2019) to
accomplish the primary goals.

1) To propose an Aerobiological Index to create Risk maps for Orna-
mental Trees (hereafter, AIROT), that takes into account different
parameters 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
features, slopes, height above the sea level and intrinsic differen-
ces in the urban characteristics for each city, including the pres-
ence 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 km2) located in the
SW Iberian Peninsula (Europe) that is sparsely populated (1,072,863
inhabitants according to NSI, 2017, a density of 26 inhabitants/km2). Its
surface is mostly dedicated to agriculture and extensive farming, with
natural landscapes dominated by holm and cork oaks (Quercus rotundi-
folia and Q. suber) and pastures in the south, and Pyrenean oaks (Q. pyr-
enaica) and chestnuts (Castanea sativa) in the north. Other species, such
as pines (Pinus pinea and P. pinaster) and eucalyptus (Eucalyptus camal-
dulensis, E. globulus) were widely planted for silviculture and have natu-
ralized. Regarding its orography, this region is crossed by two main
rivers (Guadiana and Tajo) separated by a central medium-high moun-
tain range that runs along the two provinces, Badajoz and C�aceres,
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 499mm (AEMET, 2018).

The cities in Badajoz province in this study were Badajoz (BA) (38°530

N, 6°580 W, 184m.a.s.l.), Don Benito (DB) (38° 580 N, 5° 500 W, 253m.a.s.
l.), both with flat orography in their surroundings, and Zafra (ZA) (38° 250

N, 6° 250 W, 508m.a.s.l.), with the mountain range of La Alconera in the
west of the city. In the C�aceres province, we studied C�aceres (CC) (39°480

N, 6°200 W, 459m.a.s.l.) and Plasencia (PL) (43° 100 N, 2° 250 W, 253m.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 individual plane trees in these five

Fig. 1. Map of Extremadura in the Iberian Peninsula and the location of the studied cities.
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cities were previously studied (Maya-Manzano et al., 2017a), with the
annual average concentrations for three of these cities of 15.1 (DB), 1.7
(PL) and 1.2 (ZA) pollen grains m�3 and being the second (after Olea euro-
paea), 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 km2 for BA and CC to 4.8, 4.3 and
3.5 km2 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 boulevards or avenues and some large parks and squares, together
with narrow streets for the historical streets in the city centre. In the rest
of the cities, which are smaller than these two, the most abundant urban-
isation 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 supplementary
material section (Table S1).

2.2. LiDAR data

Groups of 2£ 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 andwere obtained from thewebsite of the Instituto Geo-
gr�afico Nacional � (IGN, 2019) in LAS files. These files present some
anomalous points (misclassifications, incoherent points according their
heights, etc.) that need to be removed from all locations to avoidmistakes
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 obstacles or barriers in the creation
of DSM with high accuracy and excellent 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 (Fern�andez-Rodríguez 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 specimens) fea-
tures 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 ¼ Xn

i¼1

PDi¢Ni¢Mi¢SHi¢Hi

ST
ð1Þ

where

PDi = Potential Dispersability (0, 10);
Ni = Number of specimens by distance (trees/ha) (from 0 to 10);
Mi =Maturity degree for each specimen (1, 5, 10);
SHi = Incidence and presence of high buildings, narrow streets and
squares (1, 2, 4, 6, 8, 10);
Hi = Height above sea level (1, 5);
ST = total surface of the city in km2;
i = streets.

The calculated index was normalized, taking values between
0 (minimum 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 sur-
rounding the selected points (the plane trees). By using a LiDAR point
cloud to create DSM to perform this analysis, high accuracy can be
achieved in this digital 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 5m height, we

Fig. 2. a. LiDAR point cloud for the city of Badajoz. b. LiDAR point cloud for the city of
C�aceres. c. LiDAR point cloud for the city of Don Benito.
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Fig. 3. AIROT work scheme.
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considered the trees with a minimum of this size as risky for human
health and capable of releasing pollen, increasing their capability of
dispersion according to their maturity. According to Skjøth et al.,
(2013), in the case of birch, pollen will be significantly released in
specimens with a height ranging from 5 to 20m above the ground.
This value has been used to establish control visibility values (Mur-
goitio 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 minimum
maturity degree. The receiver elevation would be any point with
1.5m height because it would be an ordinary height for human expo-
sure. This score was given in absolute values, dividing the areas as
exposed (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

influences the pollen load in one area (Maya-Manzano, 2017b; Rojo and
P�erez-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 0 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 develop-

ment) was given for each street. This parameter has been studied and
considered 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 conser-
vative score could mask the real risk in the near future. For this rea-
son, 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 flow-
ers, 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 (Cari~nanos 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), parkway (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 disper-
sion because they have large areas of open space and fewer obstacles,
allowing a better air flux renewal. This kind of urban microenvironment
also allows the correct development of the tree crown, as was reported
for Robinia pseudoacacia L. and Tilia cordataMill. (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
unobstructed 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 dispersion 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 1000m of elevation). It is provoked by disturbances in the
North Atlantic 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> 1500m or height< 1500m 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£ 103 at lower altitudes and 28.1§ 0.89£ 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 >1500m.a.s.l) and 5 for
lower altitudes (places within the city <1500m.a.s.l). This parameter
can be useful to distinguish the behaviour 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 sec-
ond category (all the places in these cities were below 1500m.a.s.l),
this parameter was not relevant in our calculations.

2.4. Kriging and risk maps

The Kriging technique is performed by means of complex mathemat-
ics, 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, according to the values
for Root Mean Square Error (RMSE) and the Spearman's rank correlation.
The Kriging was carried out using commercial GIS software and the two
mentioned parameters by using R statistical 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 uncertainty maps (Fig. S3), can be found in Supplemen-
tary materials. After that, the different points and the coordinate z (AIROT
index) were studied 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 cre-
ated for each city. To study the cities, a balance between representative-
ness for all places and computational resources was taken into account,
and samples were taken from 162 (PL) to 680 points (CC) to be as repre-
sentative of all changes produced in the parameters as possible.

2.5. Healthy itineraries

Healthy itineraries for the city of Badajoz, as an example, were created
using GIS, taking into account the official transport network for this city;
in other words, the network of roads for vehicles and pedestrian areas,
downloaded from the website of the Instituto Geogr�afico 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 trans-
port 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
directly 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 C�aceres had the high-
est values (0.34 and 0.25), while Plasencia was estimated as the low-
est (0.16). We can see how the highest number of individuals is
located in Badajoz and C�aceres; those are also the biggest cities
amongst those studied. We can also say that C�aceres and Badajoz
generally contained the most mature 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 speci-
mens (3.23), while C�aceres was remarkable for the maturity of the
plane trees (9.96) and the shape of the streets (8.69). The cities of
Badajoz and C�aceres 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 val-
ues, but all of them can be considered as medium-high, maturity
(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
Exponential and the Stable functions were the optimal models in all
the cities. Stable models frequently produce suitable results because
this kind of function takes an additional shape parameter that allows
changing 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 C�aceres 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 (Supplementary 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 Badajoz and C�aceres (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. C�aceres seems to be divided 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 centre and the south of the city,
the exposure risk seems to be lower, corresponding with areas with

fewer individuals, with most of them being immature and located in
narrow streets due to the age of the neighbourhoods.

Having a large number of plane trees is another factor for increas-
ing 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 isolated main spots in the NW and in the city centre, we have
a homogeneous 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 Bada-
joz. Despite being crossed by plane trees in the south of the city, the
safer itinerary includes crossing some main avenues at certain points
according 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 themeteorologi-
cal conditions with innovative engineering techniques such as BIM
(Building Information Modelling) (Fern�andez-Rodríguez 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 (approxi-
mately 150m), and close enough to one meteorological station and the
sampling point. However, to consider the meteorology for different
points in cities is a complex task, taking into account current limitations,
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 representative-
ness 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 studies of the
same five cities (Maya-Manzano et al., 2017a) and their surroundings
(Fern�andez-Rodríguez et al., 2014b; Maya-Manzano et al., 2017c). Those
studies reported the implications of the predominant wind direction pat-
terns if those were aligned with the main sources of pollen, and how
sources located in different directions and their aerobiological contents
can be underestimated. The influence of the wind direction considering
the location of the sources has also been discussed by Silva-Palacios et al.
(2000). Due to the previously described factors, the meteorological influ-
ence is beyond the scope of this study. When we introduced the total
surface for each city into the equation, we considered the limited disper-
sion 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 mature individuals, in a park or
large avenue with a large area, and is directly 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 example, in a study of Robinia pseudoacacia L. and Tilia cor-
data 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 fur-
ther study to compare the trunk and branch development and

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

City Number of
specimens (N)

Maturity of
specimens (M)

Shape of streets
(SH)

AIROT

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 2.17 6.61 5.83 0.19
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consequently pollen production 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 ornamental trees
or from other places and which areas would not (isolated points would
not be as risky as open spaces for allergic patients as described 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 pro-
voked by refloating or from other streets near to those studied. The values
given in the current work are a first approach. All the parameters must
continue to be under study, and the values should be continuously read-
justed 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 content 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 dispersing 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 frommonitoring 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
emission sources, 5m was considered as a minimum, because this
size was proposed for other trees in the literature (for Betula, Skjøth
et al., 2013), and the receptor at 1.5m height. Regarding the Kriging
analysis, some authors reported optimal results with the same mod-
els as the current study (Dindaro�glu, 2014), although other authors
found the Gaussian to be more suitable (Oteros et al., 2019).

AIROT is proposed to complement the Index of Urban Green Areas
(IUGZA) (Cari~nanos et al., 2014), which does not consider meteorological
parameters. The index presented here focuses on the geography and the
shape of the streets. In addition, unlike IUGZA, 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 havemore risk, considering the particularities and character-
istics 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 normal-
ized value (0�1). Therefore, it is proposed that AIROT is a scalable index
(Cari~nanos et al., 2014) that could be implemented in more cities (Cari-
~nanos et al., 2017). Mueller et al. (2018) normalized five scales of values
of urban parameters for a city, including road network, PM2.5, noise levels
and green space, in order to create a health impact assessment to estab-
lish 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
approach, 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. More-
over, there are authors that have found a positive relationship between
pollen production 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 repre-
sentative score for each species regarding the maturity of the individu-
als can be important to properly apply the index. Due to the
difficulties in determining the exact age of each tree, we took into
account the age according to observations at different periods by using
tools such as Street View in Google Maps, following the same method-
ology as in previous studies (Maya-Manzano et al., 2017a). Regarding
the number of specimens, 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 cit-
ies, 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 preven-
tion 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 (CO2, 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 organic 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 particulate matter
distribution of herbaceous and tree leaves (Barima et al., 2014). We
consider this idea appropriate to implement with ornamental 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 enhance air
quality (Rohde and Muller, 2015) and to express the phenological
response from the impervious surface gradient and seasonal thermal
variations (Massetti et al., 2015). Furthermore, dispersion and

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
r = 0.852

RMSE = 0.136
r = 0.842

RMSE = 0.134
r = 0.845

RMSE = 0.126
r = 0.851

RMSE = 0.148
r = 0.826

C�aceres RMSE = 0.087
r = 0.850

RMSE = 0.091
r = 0.828

RMSE = 0.091
r = 0.828

RMSE = 0.087
r = 0.847

RMSE = 0.091
r = 0.826

Don Benito RMSE = 0.176
r = 0.765

RMSE = 0.167
r = 0.775

RMSE = 0.164
r = 0.779

RMSE = 0.151
r = 0.794

RMSE = 0.209
r = 0.693

Plasencia RMSE = 0.108
r = 0.697

RMSE = 0.118
r = 0.662

RMSE = 0.117
r = 0.668

RMSE = 0.121
r = 0.662

RMSE = 0.108
r = 0.697

Zafra RMSE = 0.097
r = 0.782

RMSE = 0.099
r = 0.778

RMSE = 0.097
r = 0782

RMSE = 0.103
r = 0.786

RMSE = 0.097
r = 0.782
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Fig. 4. Risk maps for each city according to the AIROT index (4A Badajoz and Health itinerary example, 4B C�aceres, 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
pollution impacts (Tong et al., 2016) and aerodynamic effects of trees
on pollutant 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 riskmaps due to the possible replacement
of some trees by others and due to the changes provoked by themortality
of some individuals. On the other hand, note that the immature speci-
mens 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 planningmanagers were
more engaged in all of the procedures. Urban construction guides (Alvar-
ado et al., 2014;MOPT, 1992) could be improved if ornamental tree prun-
ing was considered to manage the air quality. In our case, unsuccessful
attempts have beenmade to work on pruning plane trees, but sometimes
the lack of information about local pruning management 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
element 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
provide in landscape planning in order to achieve one of the Sustain-
able Development Goals (11-sustainable cities and communities)
(UNDP, 2019). Furthermore, this methodology could be developed in
other cities to promote new results that allow for more comparisons.
It will enable us to gain knowledge to establish actual healthy itiner-
aries 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 directly increase the exposure of the population
to urban green infrastructures. Thus, it is necessary to know the
urban natural risk zones, in line with the corrective measures to
reduce the impact of urban pollen emissions, including the imple-
mentation of nature-based solutions at various levels such as plan-
ning and design, handling and management, and strengthening
urban green-infrastructure elements (Cari~nanos et al., 2017).

5. Conclusions

In this work, a new aerobiological index is proposed, the Aerobio-
logical 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 environment. The AIROT index was shown to be a useful
tool to map possible biological risks in cities, considering some varia-
bles whose role in aerobiological analysis is unclear, such as the effect
of slopes and other geographical features, and the barriers consisting
of buildings, in the pollen dispersion process. The proposal of a new
aerobiological index considering geographical specifications by engi-
neering techniques of remote sensing (LiDAR) and geostatistics (Krig-
ing) 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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