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• The behaviour of atmospheric allergen
and pollen concentrations is analysed

• ELISA method is applied to detect Pla a1,
Ole e1, Ph p1 and Ph p5 allergens

• Mismatches in allergen-pollen ratio are
affected by meteorological variables up
to 6 days prior

• Same behaviour for Poaceae is found in
the two areas studied in Spain and
Portugal

• Platanus allergen-pollen ratio shows
different patterns than Olea and Poaceae
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Over one quarter of the population in industrialised countries suffers from some type of allergy and inhaled
aeroallergens frompollen are the primary cause of allergic ailments. The networks formonitoring biological air quality
measure the airborne pollen concentrations that characterize periods of exposure to major airborne aeroallergens but
there are certain discrepancies in relation to the allergen-pollen dynamic. In this paper we analyse the airborne aller-
gens Ole e 1, Phl p 1, Phl p 5 and Pla a 1, and interpreted the adjustments and mismatches in their concentrations in
relation to airborne pollen. The influence ofmain environmental patterns was considered. The study was conducted in
two urban areas of the centre and southwest of the Iberian Peninsula (Toledo in Spain and Évora in Portugal). Moni-
toring for pollen followed the standard protocol using Hirst volumetric spore traps and allergenic particles were quan-
tified by ELISA assay. The results indicate that the discrepancies in this relationship were affected by the weather
conditions up to 6 days prior. Precipitation and humidity above normal values caused a higher concentration of the
allergen Pla a 1. This effect occurred in reverse in the case of humidity for the allergens Ole e 1 and Phl p 1. Humidity
and precipitation generated the same pattern in the allergen-pollen relationship in both Phl p 1 and Phl p 5. Our find-
ings show consistent results that allow to interpret the rate of discrepancy between allergen and pollen, and it can be
used to improve allergy risk prediction models generated from atmospheric pollen.
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1. Introduction

Inhaled aeroallergens from pollen and spores are the primary cause of al-
lergic ailments (Lake et al., 2017). According to the European Academy of
ober 2022
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Allergy and Clinical Immunology, over one quarter of the population in
industrialised countries suffers from some type of allergy (European
Academy of Allergy and Clinical& Immunology, 2015). In addition, the inci-
dence of respiratory diseases related to allergic reactions has increased in
recent decades and continues to rise (Barnes, 2018; Cecchi et al., 2010;
Reinmuth-Selzle et al., 2017), which has led to allergy being declared an im-
portant public health problem by the World Health Organization (Pawankar
et al., 2013).

The networks for monitoring biological air quality measure the airborne
pollen concentrations and characterize the periods in which the allergic popu-
lation is exposed to the main aeroallergens (De Linares et al., 2019; Pérez-
Badia et al., 2010). Allergy risk is evaluated indirectly by pollen airborne
concentrations (Pfaar et al., 2019), primary due tohistorical reasons,when im-
munological detection techniqueswere not available. Nowadays, the quantifi-
cation of airborne molecular allergens is not generally applied because of it
implies a very laborious and costly analysis, but also, because there are aller-
genic pollen taxa for which molecular allergens have not yet been identified
or fully characterised (Asam et al., 2015). In most cases, the relationships be-
tween allergic symptoms and airborne pollen concentrations have been far
more documented thanmore “direct” indicators like exposure tomolecular al-
lergens (Bastl et al., 2015; Gökkaya et al., 2020). As a result, stations for mon-
itoring pollen have becomewidespread throughout the world since the end of
the 20th century (Buters et al., 2018) and automatic pollen control networks
are beginning to be considered (Tummon et al., 2021).

In general, the presence of pollen and the allergen load in the air follow a
similar dynamic (Buters et al., 2012; Vara et al., 2016). However, depending
on the pollen type, certain discrepancies can be observed between pollen
and allergen concentrations. These discrepancies have been observed in previ-
ous studies and can be attributed to meteorological factors, transport of free
allergens after their release from the pollen grain or cross-reactivity with ho-
mologous allergens (Buters et al., 2015; Feo Brito et al., 2010; Plaza et al.,
2016b; Ščevková et al., 2021). Nevertheless, the papers published to date
show important gaps in the understanding of the factors that influence the re-
lationship between pollen and allergen concentrations (Tegart et al., 2021).

The presence of large quantities of pollen in the air considerably in-
creases the probability of finding high levels of allergenic proteins or aller-
gens; however, aeroallergens can also travel freely or associated with other
particles once they have been released from the pollen grain (Visez et al.,
2015). Free aeroallergens are present in the atmosphere with a particle
size in the fine fraction PM2.5 range and may bind to other fine particles
such as the residual particles from diesel fuel combustion, other contami-
nants and even submicronic biological particles (Sénéchal et al., 2015;
Visez et al., 2019). Pollen types with great importance as allergens come
from the ornamental flora in cities, which, due to the abundance and prox-
imity of the emission sources, are among the most common in the pollen
spectrum in urban environments (Cariñanos and Casares-Porcel, 2011;
Lara et al., 2019; Maya-Manzano et al., 2017). The plane trees (Platanus
spp.) are species whose cultivation has become widespread in cities in
Western Europe and whose pollen causes allergies in the months of
March and April (Pérez-Badia et al., 2010; Rojo et al., 2016b). Pla a 1 is a
major allergen that is recognized by up to 92 % of monosensitized Platanus
allergic patients and 83 % of polysensitized patients (Asturias et al., 2002).
The release process for the Pla a 1 allergen is associated with the hydration
conditions of the pollen grain (Suárez-Cervera et al., 2005).

Themain pollen types that cause pollinosis in theMediterranean region
are from grasses (Poaceae pollen type) and olive tree (Olea pollen type).
Grasses are the primary cause of allergy worldwide (García-Mozo, 2017),
and olive tree is very important in the whole of the Mediterranean basin
as a consequence of the extensive distribution of this agricultural crop
(D’Amato et al., 2007). In the case of the allergen groups of the grasses
(Poaceae family), there is a predominance in the sensitization prevalence
of Groups 1 and 5 (Andersson and Lidholm, 2003; Smith et al., 1994).
Both groups include major allergens, specifically, the allergens of Phleum
pratense, Phl p 1 (group 1) and Phl p 5 (group 5). The analysis of specific
IgE permits to distinguish patientswho have sensitization to these allergens
that trigger allergic reactions in over 90% (Phl p 1) and 65–85% (Phl p 5),
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respectively of people sensitive to grasses (Esch, 2004). In the case of olive,
Ole e 1 is the major allergen, with 80 % of individuals allergic to olive
sensitised to this allergen (Asam et al., 2015). Ole e 1 is involved in the hy-
dration and germination of the pollen (Alché et al., 1999).

The main aim of this work was to analyse, in the atmosphere of urban
areas in the centre and southwest of the Iberian Peninsula, (1) the relation-
ship between the concentrations of major allergens (Pla a 1, Ole e 1, Phl p 1
and Phl p 5) measured from the air solid fractions and airborne pollen of
plane tree (Platanus spp.), olive (Olea europaea), and grasses (Poaceae fam-
ily); and (2) to identify and interpret the cases of discrepancy between aller-
gen and pollenmeasurements in relation to the environmental patterns that
influence the different phases of the aerobiological process. These environ-
mental patterns are evaluated in both sampling sites of the Mediterranean
region as a robustness test of the findings in the case of grasses.

2. Materials and methods

2.1. Study area

This work was carried out in central and southwestern Iberian
Peninsula, in two cities, Toledo (Spain) and Évora (Portugal). Toledo is at
529m and Évora at 300m above sea level, with important bioclimatic differ-
ences between these two cities. In terms of climate, Toledo (Spain) has a
mean average temperature of 15.8 °C and a mean annual precipitation of
342 mm (AEMET, 2022). The bioclimate is classified as Mediterranean
pluviseasonal-oceanic, the thermotype is Mesomediterranean, and the
ombrotype is dry with a pronounced summer water deficit (Rivas-Martínez
et al., 2017). In the case of Évora (Portugal), the bioclimate is also Mediterra-
nean pluviseasonal-oceanic, although themean annual temperature is 15.9 °C
with an annual precipitation of 609 mm (IPMA, 2022). It is located between
the Meso- and Thermomediterranean belts in wetter conditions.

2.2. Aerobiological monitoring

The bioaerosol samples were obtained using different systems of cap-
ture. The aerobiological station (allergen and pollen samplers) is placed
in the University of Castilla-La Mancha in Toledo (39° 51′ N; 4° 02′ W). In
the case of Évora, the aerobiological station (allergen and pollen samplers)
is placed in the University of Évora (38° 34′N; 7° 54′W) (a locationmap can
be consulted in Supplementary Materials, Fig. S1). A Hirst-type volumetric
(10 L/min) impaction sampler (Lanzoni Manufacturing s.r.l., Bologna,
Italia) was used to capture airborne pollen samples in Toledo (Spain) and
Évora (Portugal) (Hirst, 1952). The analysis of the samples and the
identification and quantification of the pollen grains was done following
the minimum requirements proposed by the International Association for
Aerobiology (Galán et al., 2014). The pollen concentrations in the air
were quantified daily in units of pollen grains/m3.

In parallel, samples of particulate matter were obtained to analyse the
aeroallergens by means of two types of different volumetric traps. In
Toledo (Spain), the bioaerosol sampling was done with a low-volume
(16.5 L/min) multi-vial cyclone air sampler (Burkard Manufacturing Co.
Ltd. Hertfordshire, UK), while in Évora (Portugal), a ChemVol® (Butraco
Inc., Son, Netherlands) high-volume cascade impactor (800 L/min) was
used. The ChemVol® sampled two different fractions of particulate matter
(PM), one bigger than 10 μm and the other between 2.5 and 10 μm,
although both fractions were summed to obtain the total amount of PM.
The cyclone sampled particulate matter >1.06 μm.

The resolution of the airborne samples was daily, considering the “day”
as the time from and to themidnight. The sampling period ran from2009 to
2011 in Évora for grass pollen and allergens (Phl p 5), and from 2011 to
2013 in Toledo for pollen and allergens from plane tree (Pla a 1), olive
(Ole e 1) and grasses (Phl p 1). Although aeroallergens were sampled
using different sampling systems and during different sampling periods in
Toledo and Évora, direct comparisons were avoided and just the same sta-
tistical procedure was applied to both locations in an independent way.
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2.3. Extraction and quantification of aeroallergens

The aeroallergens present in the samples obtained from the cascade impac-
tor (ChemVol) were extracted in ammonium bicarbonate (0.1 mol/L, pH 8.1)
with 0.1 % BSA in rotation at 100 rpm for four hours (Buters et al., 2015).

The particulate matter samples collected in the cyclone sampler were
extracted following the method described by Takahashi et al. (2001) with
the modifications proposed by Moreno-Grau et al. (2006).

The allergens concentrations were quantified by Enzyme-Linked
InmunoSorbent Assay (ELISA) using specific antibodies (Arilla et al.,
2002, 2005; Duffort et al., 2008). Phl p 5 was quantified in Évora and Pla
a 1, Ole e 1 and Phl p 1 were quantified in Toledo. The allergen concentra-
tions in the air were quantified daily in units of pg/m3.
2.4. Meteorological data

The meteorological data for Évora were supplied by the Atmospheric Sci-
encesObservatory at theUniversity of Évora (38° 34′N; 7° 54′W) located at an
altitude of 300 m above sea level. In Évora the meteorological station is lo-
cated side-by-side with the aerobiological devices. In Toledo, the meteorolog-
ical station (39° 53′N; 040 03′W) is located at 2.24 km from the aerobiological
station, at an altitude of 515 m above sea level, belonging to the Spanish Me-
teorological Agency (www.aemet.es). The meteorological variables analysed
in daily resolution were maximum temperature (°C), minimum temperature
(°C), daily accumulated precipitation (mm) and relative humidity (%). Wind
speed (m/s) was assessed in an exploratory analysis to evaluate the distribu-
tion of winds for each category of allergen-pollen ratio as well as the other
meteorological variables (see Supplementary Materials, Fig. S2). Mean tem-
perature and relative humiditywere used together to characterize the average
pollen curves during the study period.
Fig. 1. Pollen concentration for Platanus, Olea and Poaceae pollen (pollen grains/m3), a
Toledo (A) and Évora (B). Average (line) and its amplitude (area) during the period 201
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The time series of meteorological data was decomposed (deseasonalised)
following a process based on the LOESS algorithm. This type of disaggregation
allows the seasonality and trend to be extracted in order to isolate the random
component of the data series (Cleveland et al., 1990) which provides informa-
tion on the meteorological anomaly (+/−) in the seasonal behaviour of the
variable. This procedure also makes it possible to correlate data from two
time series, ensuring the temporal independence of the daily data in the case
of stationary and strongly seasonal variables such as temperature and relative
humidity (Lara et al., 2019).

2.5. Statistical analysis

The relation between allergen and pollen concentrations were analysed
using linear regression between both measurements for each pollen type.
This relation has a significance of the general allergenic potency of pollen
for the different pollen types; that is, the allergen concentration correspond-
ing to the pollen concentration for each day (allergen-pollen ratio). More-
over, correlations between allergen and pollen concentrations were
determined year-by-year using Spearman's correlation test due to the fact
that pollen and allergen concentrations do not follow a normal distribution.
In the sameway, the residuals of the linear regression in the allergen-pollen
ratio do not follow a normal distribution and Spearman's correlation test
was used as it is less sensitive to deviant cases.

Assuming a linear relationship, the residuals of the regression analysis –
that is, the data located outside the 99 % confidence interval of the linear
regression – allow us to identify discrepant cases. These cases outside the
confidence interval can occur in two directions: days in which the allergen
concentration exceeds the corresponding pollen concentration (“High”
cases), and days when the pollen concentration exceeds the corresponding
allergen concentration according to the 99 % confidence interval (“Low”
cases). The remaining statistical analyses are based on the interpretation
nd meteorological variables of mean temperature (°C) and relative humidity (%) in
1–2013 in Toledo, Spain, and the period 2009–2011 in Évora, Portugal.

http://www.aemet.es
Image of Fig. 1


B. Lara et al. Science of the Total Environment 858 (2023) 159630
of the residuals of the linear regression (discrepancies +/− regarding
0 which correspond to the total correspondence between pollen and
allergen).

In order to analyse the influence of meteorological variables on the
allergen-pollen ratio, the residuals of the allergen-pollen in the regression
analysis and the meteorological variables were studied using Spearman's
correlation test. A 3-day moving average was previously used to smooth
the effect in the very short-term with the objective of improving the inter-
pretation. The meteorological values for the current day and 9 lags were
used in the correlation test, i.e. the meteorological variables were studied
with a delay of up to 9 previous days. All the statistical analyses were
done with R Software (R Core Team, 2019).
3. Results

The pollen season for the three pollen types studied, Platanus, Olea and
Poaceae, occurs between March and August, when practically the total
pollen emitted into the air by the species producing this pollen is recorded
(Fig. 1). However, Platanus has a much earlier pollen season than Olea and
Poaceae, occurring between late March and April. During this period there
is a gradual rise of temperatures in Toledo to around 13 °C and a mean
relative humidity of around 50–75 %. The pollen season for Olea and
Poaceae coincides closely in time, and the highest levels of these pollen
types can be observed between May and June, although the maximum
peak for Poaceae occurs before Olea. During this period in late spring and
early summer, the rate of increase of the mean temperature accelerates
and the relative mean humidity falls to approximately 25–50 % in Toledo,
although not so drastically in Évora (Fig. 1).
Fig. 2. Regression analysis for studied period comparing pollen concentration and its res
Toledo, (C) Poaceae-Phl p 1 in Toledo, and (D) Poaceae-Phl p 5 in Évora. “High” cases co
Coefficient of determination.
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The regression analysis of the pollen concentration of Platanus,Olea and
Poaceae and the concentration of their respective allergens shows that the
coefficients of determination (R2) between the Platanus pollen and the aller-
gen Pla a 1 is R2 = 0.57 (p < 0.01) (Fig. 2). The coefficients of determina-
tion of the regressions between the pollen concentrations of Olea and the
allergen Ole e 1 is R2 = 0.35 (p < 0.01), and for the Poaceae pollen and
the concentration of the allergen Phl p 1 and Phl p 5 it is R2 = 0.32 (p <
0.01) and R2 = 0.59 (p < 0.01), respectively. Although in general the de-
gree of association between pollen and allergen concentration is high,
and in all cases significant (p < 0.01) (Fig. 2), there are many daily cases
that reveal far from the total correspondence (residuals of the linear regres-
sion). The allergen-pollen ratio “(pg/m3)/(pollen grain/m3)” is very differ-
ent between sites with a value of 16.9 in Toledo and 1.3 in Évora (slopes of
the linear regression) for Poaceae. It should be noted that a few cases ex-
ceed even the value of 10,000 pg/m3 for Phl p 1 in Toledo. The allergen-
pollen ratios for Olea and Platanus are 1.8 and 0.7, respectively.

Figs. 3 and 4 show the annual correlation between Platanus pollen and
the Pla a 1 allergen (Fig. 3A), Olea pollen and the Ole e 1 allergen
(Fig. 3B), Poaceae pollen and the Phl p 1 allergen (Fig. 4A) and Poaceae pol-
len and the Phl p 5 allergen (Fig. 4B).

The annual correlation between the concentrations of Platanus pollen
and the Pla a 1 allergen is high and always significant. Although the degree
of correlation is less for the years 2011 and 2013 (r = 0.60, p < 0.01 and
r = 0.54, p < 0.05 respectively), the maximum concentration peaks in
both cases continue to coincide adequately (Fig. 3A). In the case of Olea
pollen and its correlation with the Ole e 1 allergen is high in all years (r >
0.80, p < 0.001); that is, there is a close correlation between pollen and
allergen levels, and the maximum annual peaks coincide for both measure-
ments (Fig. 3B).
pective allergen concentration for (A) Platanus-Pla a 1 in Toledo, (B) Olea-Ole e 1 in
rrespond to positive residuals and “Low” cases correspond to negative residuals. R2

Image of Fig. 2
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The correlation between the concentrations of Poaceae pollen and the
Phl p 1 allergen in Toledo and Phl p 5 in Évora is also high, although the
degree of correlation is higher in Évora (0.71, 0,88 and 0.91, p < 0.001, re-
spectively) (Fig. 4B), compared to Toledo (0.64, 0.70 and 0.77, p < 0.001,
respectively) (Fig. 4A). In the case of Poaceae, there was a higher number of
dayswith a greater concentration of Phl p 1 and Phl p 5 allergens in relation
to the concentration of Poaceae pollen (Fig. 2, “High” cases according to the
analysis of residuals in the linear regression).

Regarding the cases of pollen-allergen discrepancies in relation to the
meteorological patterns, the correlations between the residuals of the
allergen-pollen ratio and the meteorological variables show that there is a
positive correlation for relative humidity and precipitation in the case of
Platanus (Fig. 5). That is, the allergen-pollen ratio is greater when the hu-
midity or precipitation is high, which means more discrepancies between
pollen and allergen concentrations (“High” cases). In contrast, the temper-
ature behaves in the opposite way, showing a negative relation with
Platanus. It can also be seen that the intensity of the correlations gradually
decreases until the effect disappears or even changes its sign as in the case
of precipitation.

A comparison of the relation between Olea and Poaceae pollen-allergen
ratio residual data from the regression analysis and the meteorological var-
iables at different lags reveals a contrasting pattern as compared toPlatanus.
In the case of Olea, the significative correlation between relative humidity
and precipitation and the allergen-pollen ratio is 1 to 6 and 3 to 7 days be-
fore, respectively, although in this case with a negative sign, unlike in the
case of Platanus (Fig. 5).

It is also worth noting how the results of the correlations for relative hu-
midity and rainfall were equivalent for the study of both allergens in Phl p 1
and Phl p 5 in Toledo (Spain) and Évora (Portugal) respectively (Fig. 5). In
Fig. 3.Top: annual relationship between (A) Platanus pollen and Pla a 1 concentrations, a
Spearman correlation test. Bottom: special cases outside the 99% confidence interval. Va
the regression analysis from Fig. 1. “High” cases correspond to positive residuals and “L
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both cities the same correlation pattern can be observed throughout the
time delays, although this synchrony does not occur in the case of temper-
ature.

Whenwe look in detail at the effect of relative humidity on the allergen-
pollen ratio for the pollen types and allergen studied (Fig. 6), we obtain the
same results observed previously. Most of the days that show an allergen-
pollen ratio within the confidence interval are related with a low range of
anomalies in relative humidity (average 0 with regard to the humidity re-
sidual, Fig. 6). However, the days considered as “high” cases (the allergen
concentration exceeds the pollen concentration) in Olea and Poaceae
show a relation with negative anomalies for relative humidity on the previ-
ous day; that is, days with a significant decrease in humidity, unlike in
“low” cases (Fig. 6).

In the case of Platanus, the relation is the opposite once again highlight-
ing the differences between the pollen types of Olea and Poaceae with re-
gard to Platanus. The “high” cases were observed on days with positive
anomalies for relative humidity, i.e. greater relative humidity than the av-
erage seasonal value, although in no case with significant differences be-
tween groups (Fig. 6).

In the case of rainfall for olive and grasses, the days belonging to “low”
cases (the pollen concentration exceeds the allergen concentration) in Olea
and Poaceae show a relation with the number and intensity of rainfall
events for the previous day. Also, the results of rainfall for two previous
days show the same pattern for both in Toledo and Évora (Fig. 7).

4. Discussion

The concentrations of allergenic pollen recorded by the aerobiological
monitoring networks have been widely used as indicators of the levels of
nd (B)Olea pollen andOle e 1 concentrations in Toledo (Spain) during 2011–2013. r
lue of the residuals is the difference between the observed and the obtained values of
ow” cases correspond to negative residuals.

Image of Fig. 3
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allergy risk around the world (Buters et al., 2018). However, certain doubts
have been raised about the direct association between the number of pollen
grains and the concentration of allergenic proteins in the air, responsible for
the allergic reaction in people with pollinosis (Buters et al., 2012; Plaza
et al., 2016b). The results of the comparison of pollen and allergen concen-
trations in our work generally indicate an adequate relationship between
both measurements, and in any case, the health alert systems can use the
levels of pollen exposure in the area of cities as a risk index (Alcázar
et al., 2015; Pfaar et al., 2019; Porcel Carreño et al., 2020). In fact, our anal-
ysis shows that between 64 and 87 % of the cases depending on the pollen
type, are classified within the confidence interval of pollen-allergen regres-
sion line. As evidence of this, numerous previous works have related the se-
verity of symptoms in allergic patients with exposure to pollen from
allergenic species (Damialis et al., 2019; Feo Brito et al., 2010; Jones
et al., 2019).

Efforts to explain in detail the allergen load using pollen concentrations
are complicated by significant discrepancies between both variables, with
different types of particle concentrations and different units of measure-
ment (Moreno-Grau et al., 2006; Plaza et al., 2016a). In this work, we pro-
pose a new measurement of the discrepancy between pollen and allergen
concentrations – namely the value of the residuals of a linear regression –
to characterize the relationship between pollen and allergen (Plaza et al.,
2020).We propose this newmethodology to define the cases of greatest dis-
crepancy outside the confidence interval that characterises the association
between pollen and allergen throughout the whole of the study period;
that is, anomalous cases where there is a greater quantity of allergen com-
pared to pollen (‘High’ cases), or a greater quantity of pollen compared to
allergen (‘Low’ cases).
Fig. 4. Top: annual relationship between (A) Poaceae pollen and Phl p 1 concentrations
tions in Évora (Portugal) during 2009–2011. r Spearman correlation test. Bottom: specia
between the observed and the obtained values of the regression analysis from Fig. 1. “H
residuals.
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Environmental patterns have a very complex effect on the relation be-
tween pollen and allergens. Interannual variations in the allergen-pollen
ratio might be even more influenced by environmental changes than by in-
trinsic physiological mechanicswhichmakesmulti-years studies very inter-
esting. On the one hand, the biological particles recorded at a specific
moment depend on the meteorological conditions that have prevailed
throughout a series of previous days; and on the other, different meteoro-
logical variables may exert a dissimilar influence on the aerobiological pro-
cess of each particle, pollen or allergen (Cresti and Linskens, 2000; Rojo
et al., 2015).

The release of pollen grains from the anther is favoured by high temper-
ature and low relative humidity and the influence of meteorological factors
continues during the dispersal process. Although the primary carriers for
pollen allergens are intact pollen grains, the presence of free aeroallergens
could explain the discrepancies between pollen and allergen concentra-
tions. There are different reasons why allergens can be free in the atmo-
sphere, as the release of starch granules when pollen grains come in
contact with water or the rupture of pollen grains in the air after hydration
(Aloisi et al., 2018; Cresti and Linskens, 2000; Firon et al., 2012). Therefore,
pollen is exposed to the variable environmental conditions in the atmo-
sphere since it is released from the anther. Our results show a clear and
gradual response to the meteorological conditions of previous days, and
in general, a greater influence of variables such as humidity, temperature
and precipitation was observed from the current day up to 6 days prior to
the time the pollen and allergens were recorded. However, not all pollen
types react in the same way.

Platanus allergen-pollen ratio showed a greater influence of the meteo-
rological variables on the current day and the day before, whereas in the
in Toledo (Spain) during 2011–2013, and (B) Poaceae pollen and Phl p 5 concentra-
l cases outside the 99 % confidence interval. Value of the residuals is the difference
igh” cases correspond to positive residuals and “Low” cases correspond to negative

Image of Fig. 4


Fig. 5. Spearman's correlation test between all residual data from the regression analysis between pollen and allergens and the random component ofmeteorological variables
considering different time lags (a 3-day moving average was applied).
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cases of Olea and Poaceae, the greatest influence occurred with the meteo-
rological variables for 2 to 4 days prior. In this regard, the origin of the bi-
ological particles and the dispersion time until their capture by the samplers
is very important. In the case of Platanus, the biological particles come from
ornamental cultivation that is highly localisedwithin the cities, so the trans-
port time can be assumed to be very short, and the local environmental con-
ditions will have a significant effect (Adams-Groom et al., 2017; Rojo et al.,
2019). The opposite occurs withOlea. In Toledo, olive cultivation is widely
distributed far from the city, and this type of pollen has a high dispersive ca-
pacity (Moreno-Grau et al., 2016; Rojo et al., 2016b), so the airborne pollen
and aeroallergens are transported for longer in the atmosphere and the
greatest influence occurs several days prior to the emission of the pollen.

However, the differences observed between Platanus and Olea and
Poaceae not only indicate divergences in the period of greatest influence,
but also in the sign of the influence of variables such as relative humidity
and temperature, which are different for each type of pollen. In the case
of relative humidity, the greatest effect on the allergen of Platanus accord-
ing to our results may occur during the dispersion and deposition of the pol-
len grain, where an increase in environmental humidity would cause a
greater allergen load compared to pollen concentration, as it has been
shown for Platanus and other pollen types (Buters et al., 2015; Fernández-
González et al., 2019). The allergen Pla a 1 is a protein involved in the de-
velopment of the pollen tube and fecundation that is rapidly released from
7

the pollen grain under conditions of hydration (Suárez-Cervera et al.,
2005). The release effect of relative humidity on the Pla a 1 allergen has
been demonstrated through in vitro tests, where the influence of a range
of parameters can be analysed separately (Aloisi et al., 2018). However,
the complex interaction between environmental variables does not allow
this effect to be clearly discerned (Fernández-González et al., 2013).

The pollen typesOlea and Poaceae have shared characteristics that may
explainwhy they show the same relationwith relative humidity. The pollen
season of Olea and Poaceae overlaps in time and occurs during May and
June when the temperature begins to increase more rapidly, and the rela-
tive humidity drops to an average level of 25–50 %. During this period,
the influence of meteorological variables may be more closely related
with the process of pollen emission, which would be favoured by low hu-
midity and high temperatures (Cresti and Linskens, 2000; D’Amato and
Cecchi, 2008; Rojo et al., 2015). These meteorological conditions lead to
an increase in allergens, even several days later, and this delay is more ev-
ident in the case of Olea due to the medium and long distance transport
from pollen sources located several dozen kilometres away (Oteros et al.,
2015; Rojo et al., 2016a).

The same relation between allergen-pollen ratio and meteorological
variables has been found in two very different bioclimatic areas, namely To-
ledo (Spain) and Évora (Portugal). The similarity of the pattern observed
with relative humidity and precipitation is also particularly important, as

Image of Fig. 5


Fig. 6. Effect of the anomalies (residual) of the Relative Humidity variable with respect to the residual data from the regression analysis between pollen and allergens for the
current and the previous day. “High” cases represent more allergen concentrations and “Low” cases represent less allergen concentrations than the normal allergen-pollen
ratio (linear regression, Fig. 1).
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a different system was used to capture the particulate matter in both cases,
although as it has been demonstrated by Plaza et al. (2017), both capture
systems are adequate for the quantification of allergens in the air. In the
light of these results, we believe that the findings observed in relation to
Poaceae pollen and allergens present considerable robustness regardless
of location, period or sampling system. However, the different allergen of
grasses considered in both locations (Phl p 1 and Phl p 5) should be taken
in account as a limitation to carry out an intercomparison of allergenic po-
tency of pollen and allows only to compare in parallel the observed environ-
mental patterns in both cases.

5. Conclusions

Although our results support the relationship between aeroallergen load
and airborne pollen concentrations, it is important to gain a greater under-
standing of the relation between both measurements in regard to environ-
mental patterns. In this way, the results of this work allow us to interpret
the rate of discrepancy between allergens and pollen by studying the pat-
terns of meteorological variables up to several days beforehand and they
can be used in allergy risk prediction models generated from atmospheric
pollen.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.159630.
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