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Abstract The olive tree (Olea europaea) is a predominantly
Mediterranean anemophilous species. The pollen allergens
from this tree are an important cause of allergic problems.
Olea pollen may be relevant in relation to climate change,
due to the fact that its flowering phenology is related to me-
teorological parameters. This study aims to investigate air-
borne Olea pollen data from a city on the SW Iberian
Peninsula, to analyse the trends in these data and their rela-
tionships with meteorological parameters using time series
analysis. Aerobiological sampling was conducted from 1994
to 2013 in Badajoz (SW Spain) using a 7-day Hirst-type vol-
umetric sampler. The main Olea pollen season lasted an aver-
age of 34 days, from May 4th to June 7th. The model pro-
posed to forecast airborne pollen concentrations, described by
one equation. This expression is composed of two terms: the
first term represents the resilience of the pollen concentration
trend in the air according to the average concentration of the
previous 10 days; the second term was obtained from consid-
ering the actual pollen concentration value, which is calculat-
ed based on the most representative meteorological variables
multiplied by a fitting coefficient. Due to the allergenic
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characteristics of this pollen type, it should be necessary to
forecast its short-term prevalence using a long record of data
in a city with a Mediterranean climate. The model obtained
provides a suitable level of confidence to forecast Olea air-
borne pollen concentration.

Keywords Olea europaea - Time series analysis -
Forecasting - Temporal modelling

Introduction

If the occurrence of pollen in the atmosphere is related to the
phenological state of flowering in wind-pollinated species
(Tormo-Molina et al. 2011), then the variation of the vegeta-
tion to climate change can be studied from an aerobiological
perspective (Fernandez-Llamazares et al. 2014). In this re-
spect, aerobiology has been applied to various pollen types
such as Artemisia (Stach et al. 2007), Betula (Newnham
et al. 2013) and Olea (Galan et al. 2005). The phenological
response to climate change has been studied in Spain (Garcia-
Mozo et al. 2010), and microclimatic fluctuations have been
found in the flower and pollen production of olive trees
(Aguilera and Valenzuela 2012). In Badajoz, trends were found
in response to changing rainfall patterns in Mediterranean
countries (Tormo-Molina et al. 2010), which seem to be dif-
ferent from those of temperate countries.

The olive tree is a Mediterranean anemophilous (wind
pollinated) species that is both native and cultivated
(Fornaciari et al. 2005; Mazzeo et al. 2014). The temporal
distribution of airborne pollen from anemophilous species
is an important source of information for phenological and
aerobiological studies (Garcia-Mozo et al. 2014). Such
studies allow observations of the relationship between the
release of pollen and its presence in the atmosphere used
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to identify the local source of airborne pollen (Rojo et al.
2015). Pollen release and its presence in the atmosphere
occurs together in most pollen types (Torrigiani Malaspina
et al. 2007), but the match is not always perfect. For
example, airborne Olea pollen in Badajoz has been record-
ed before and after blooming (Tormo-Molina et al. 2011).
Olea pollen may be relevant to climate change due to the
intense flowering time and its relationship with the mete-
orological parameters (Aguilera et al. 2015a; Oteros et al.
2013a), and a number of studies related to the floral phenology
of Olea europaea L. have been conducted in Mediterranean
countries such as Italy (Orlandi et al. 2010) and Spain
(Aguilera and Ruiz Valenzuela 2009).

The presence of airborne Olea pollen varies throughout the
day (Galan et al. 1991), (Ribeiro et al. 2008b) and partly
depends on meteorological parameters (Garcia-Mozo et al.
2015). The bioclimatic factors (e.g., mean, maximum and
minimum air temperature; rainfall; average relative humidity;
sunlight hours; average wind speed; temperature and rainfall)
that affect the daily flowering of Olea were studied in south-
western Spain (Vazquez et al. 2003). The variations of Olea
pollen from nearby or remoter sources have been studied with
back trajectories analysis to understand the origin of airborne
biological particles registered at sampling stations in the
Iberian Peninsula (Ferndndez-Rodriguez et al. 2014a;
Hernandez-Ceballos et al. 2011, 2014).

Olive pollen allergens are considered to be one of the most
important causes of respiratory allergic disease in the
Mediterranean region producing different symptoms in pa-
tients allergic to olive pollen (Feo-Brito et al. 2011). Several
short-term effects of pollen species on hospital admissions in
Spain were considered (Diaz et al. 2007). Both the diagnosis
of the spectrum of olive allergens and its treatment have been
studied (Villalba et al. 2014). Olive trees are being in-
cluded as ornamentals in park landscaping (Staffolani
et al. 2011). Due to the health problems that produce
the allergens in urban environments, it is important to take this
matter into account in the design of the public environments
(Carinanos and Casares-Porcel 2011; Carifanos et al. 2014;
Velasco-Jiménez et al. 2014).

Predicting the onset and duration of pollen season benefits
allergy patients, providing information for forecasting pollen
models and their levels at different spatiotemporal scales
(Zhang et al. 2015). To forecast Olea pollen, it should consider
daily values of airborne Olea pollen and the seasonal pollen
index (SPI) (Fernandez-Rodriguez et al. 2014b, ¢; Moriondo
et al. 2001; Pérez-Badia et al. 2010), as well as trends in
airborne related to climate change (Bonofiglio et al. 2013;
Frenguelli et al. 2014; Garcia-Mozo et al. 2014). A model
for the time series of airborne Cupressaceae pollen produced
by (Silva-Palacios et al. 2015), included meteorological pa-
rameters and it was verified by the close agreement between
observed and predicted mean concentrations.
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The statistical tools used to analyse pollen season trends
have included time series analyses (Damialis et al. 2007),
correlation and regression analyses with autoregressive inte-
grated moving (ARIMA) for olive pollen (Oteros et al. 2013b)
and stepwise multiple regression (Ribeiro et al. 2008a). A
seasonal-trend decomposition procedure based on LOcal
regrESSion or LOESS (STL) has also been applied to airborne
pollen for modelling and forecasting (Aguilera et al. 2015b;
Garcia-Mozo et al. 2014). Other tools used include methods
based on artificial intelligence (Al), e.g. neural or neuro-fuzzy
models that have been used for olive pollen (Aznarte et al.
2007). The multi-layer perception (MLP) algorithms have
been applied to Olea pollen (Voukantsis et al. 2010). A third
tool used for forecasting olive crop yields is based on long-
term aerobiological data series and bioclimatic conditions
(Aguilera and Ruiz-Valenzuela 2014). Spatiotemporal analy-
sis of olive flowering using geostatistical techniques have
been recently developed by Rojo and Pérez-Badia (2015).

The main objective of this work is to model daily average
Olea pollen concentrations from a city in the SW of the Iberian
Peninsula, in relation with the temporal distribution of five
different meteorological variables from 20 years of continuous
recording. This was achieved using a combination with the
shuffle complex evolution metropolis algorithm (SCEM-UA)
using as an optimization function the root mean square error
(RMSE).

Materials and methods
Sampling site

Aerobiological samples were collected from 1994 to 2013 in
Badajoz (SW Spain) using a 7-day volumetric sampler of the
Hirst design (Hirst 1952) with an intake hole located 1.5 m
above ground on an open terrace situated 6 m above ground at
the Agricultural Engineering School of the University of
Extremadura (38° 53 45" N, 6° 58 07" W). Petrolatum
white (CAS number 8009-03-8) was used as an adhesive.
Standardised data management procedures were used as
described by the Spanish Aerobiology Network (REA)
(Galan et al. 2007). The main pollen season (MPS) was
determined using the 5-95 % range (Nilsson and Persson
1981) of the data. The data were used in the form of the
seasonal pollen index (SPI), calculated as the sum of the
daily average pollen counts recorded in each MPS for
Olea pollen. Figure 1 includes a 12x10 km map with
the main land uses located around the spore trap.

Climate data

Badajoz has a Mediterranean climate with the maximum rainfall
in autumn and winter (AEMET 2015). The highest temperatures
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Fig. 1 Maps of location of spore N
trap and meteorological station
and land use

are recorded during the summer dry period. Annual values of
rainfall (447 mm), mean temperature (17.1 °C) and relative
humidity (64 %) were registered in the period 1981-2010.
Wind data available (1993-2008) provides an average wind
speed of 9.5 km/h with SW (35.4 %) and NW (26.4 %) winds
being predominant. Climate data were obtained from Badajoz
Airport (38° 53 N, 6°49 W) (Fig. 1).

Statistical analysis

The normal distribution of the data was tested using the
Kolmogorov-Smirnov and Shapiro-Wilk tests. These tests
showed that the daily data did not follow a normal distri-
bution. The tests also showed that the log 10-transformed
data also did not follow a normal distribution. A Spearman
correlation test was then used to analyse associations between
selected variables. The statistical analysis included the entire
daily data set and was performed with the SPSS 15.0 statistical
package. The use of meteorological information to predict
the Olea pollen concentration was evaluated with a mathe-
matical model. The model was calibrated using the shuffled
complex evolution metropolis algorithm (SCEM-UA) with

Badajoz
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the root mean square error (RMSE) as the optimisation
function. The suitability of the SCEM-UA has been previous-
ly verified in other areas of science, such as hydrodynamics
(Efstratiadis and Koutsoyiannis 2010; Vrugt et al. 2003). This
algorithm is based on an automatic search of the feasible pa-
rameter space and starts by generating random samples of
unknown calibration parameters. From this search, the set of
solutions that optimises the goodness-of-fit criterion is found.
Meteorological parameters used were rainfall (R), relative hu-
midity (RH), maximum (7max), mean (7inean) and minimum
temperature (7min).

Results
Trends

The Olea MPS lasted, on average, 34 days, ranging from 20 to
47 days, from May 4th to June 7th (Table 1). Not statistically
significant correlation was found between the SPI and the
number of days in the MPS (r=-0.233, p=0.322) (Fig. 2).
The mean daily average pollen concentration was 145 grains/
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Table 1 Olea pollen season

characteristics (day start, day end, Day start Dayend Day maximum Number of  Daily average count  SPI (pollen grains)

day maximum, number of days, (DOY) (DOY) (DOY) days (Days) ~ (pollen grains/m’)

daily average count and SPI).

Start, end and maximum dates of 1994 29 April 6 June 3 May 38 111 4729

the Olea pollen season as day of 1995 24 April ~ 3June 3 May 40 105 4786

the year (DOY) 1996 14May  28June 23 May 45 74 3757
1997 10 April 1 May 14 May 21 578 14009
1998 2 May 14 June 6 May 43 53 2555
1999 3 May 30 May 6 May 27 160 4943
2000 13 May 15 June 15 May 33 129 4809
2001 28 April 11 June 20 May 44 104 5209
2002 9 May 12 June 19 May 34 124 4782
2003 9 May 16 June 28 May 38 133 5766
2004 10 May 17 June 11 May 38 166 7136
2005 5 May 15June 23 May 41 121 5492
2006 9 May 2 June 16 May 24 282 7679
2007 10 May 5 June 18 May 26 88 2658
2008 25 April 12 June 3 May 48 78 4092
2009 3 May 30May 6 May 27 160 4943
2010 14 May 5 June 21 May 22 172 4366
2011 26 April 21 May 2 May 25 131 3788
2012 12 May 8 June 16 May 27 90 2784
2013 9 May 22 June 13 May 44 58 2863

m?, with a range of 53—578 pollen grains/m>. Figure 2 shows a
trend towards a shorter pollination period by delaying the start
day and advancing the last day of the MPS. The day
with maximum concentration (day maximum) is pro-
gressively closer to the day end, the correlation between
the day maximum and day start (»=0.696, p=0.001) is
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Fig. 2 Trends in the pollen season for Olea pollen
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higher than between the day maximum and the day end
(r=0.491, p=0.028) (Fig. 3).

Relationship with meteorological variables

The first analysis performed was a Spearman correlation anal-
ysis of the relationship between the Olea SPI and the selected
meteorological variables. Table 2 shows the results obtained
in each year. Temperature (maximum, mean and minimum)
was the variable with the highest positive correlation coeffi-
cient with the SPI. In most cases, the significance level was
99 %. The correlation with rainfall and temperatures (maxi-
mum, mean and minimum) fluctuated between positive and
negative values and was only significant for 2 years.
Nevertheless, 6 years showed a significance level greater than
95 % for the cumulative rainfall of the 10 previous days.

Model

The model proposed to forecast the airborne Olea pollen con-
centration (CO) is described by Eq. (1). This expression is
composed of two terms: the first term represents the resilience
of the pollen concentration trend in the air according to the
average concentration of the previous 10 days; the second
term is obtained based on the actual pollen concentration val-
ue, which is composed by the most representative climatic
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Fig. 3 Olea pollen season
characteristics

Table 2 Correlation coefficient
between daily SPI and
meteorological parameters

Days of MPS [Days]

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Year  polien Concentration [pollen grain / m’]
Tmax Tmean Tmin Rain RH Rain|10 days Tmean|10 days
1994 0.410° 0.222 -0322°  -0489*  -0.643*  —0.722° 0.643%
1995 0.063 0.171 0.387° 0.168 0.005 0.413* 0.148
1996 0.219 0.188 0.129 -0.083 -0.024 -0.157 -0.178
1997 0.450° 0.429°  -0.085 -0475°  -0438°  —0344 0.355
1998 0.469* 0.268 -0.043 -0.176 —0.244 -0.279 -0.165
1999  —0.370 -0.340 -0.160 0.321 0.418°  —0.386° —0.257
2000  —0.133 -0.016 0.253 —0.132 0.542*  —0.089 -0.350"
2001 0.238 0.207 0.185 -0307°  -0.111 -0.081 -0.105
2002 0.183 0.168 0.101 0.091 -0.139 0.206 —0.461%
2003  —0.004 -0.176 -0.300 0.029 -0431*  —0.496° -0.615%
2004  —0.578*  —0.662°  —0.629° 0.326° 0.741° 0.460% —0.658"
2005  —0.128 -0.288 -0.486*  —0.077 -0.196 0.131 —0.684
2006  —0.033 -0.170 -0.283 -0.283 -0.228 -0.563" -0.208
2007 0.022 -0.016 -0.066 -0.085 0.146 -0.219 -0.174
2008 0.339° 0.383% 0.257 -0.210 0.081 -0.175 0.075
2009  —0.054 0.059 0.053 -0.268 -0.050 -0.235 0.303
2010 0.260 0.334 0.215 - -0.697° - -0.375
2011 0.080 0.026 -0.299 -0.404°  -0.231 -0.551% —0.554*
2012 0.563* 0.605" 0387°  -0.115 -0.671*  —0.235 0.305
2013 0.103 0.091 -0.143 -0.046 -0391*  —0.063 -0.571*

* Significance at level 99 %

® Significance at level 95 %
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variables multiplied by a fitting coefficient. Finally, consider-
ing the effect of previous days on the daily value of each

i=t R
C0t+At _ a'zi:t710CO + Cot b'Tt

T
10 max+c

mean

+dT:

min

variable the average temperature and the cumulative rainfall
of the previous 10 days to the equation:

i=t

10 i=t-10

Z i Tine‘an = i
+ e =0 ML f Ry g0 RU+ heRH (1)

where a, b, ¢, d, e, f, g and h are the coefficients to be cali-
brated for our time series of climatic and airborne pollen con-
centration and At is the time step considered for the forecast-
ing process, which is fixed at 1 day. It is composed by the
integration of different climatic variables for each time step
regarding the actual airborne pollen concentration value
joined to the mean concentration value of the previous 10 days
for each time step. Besides the fact that the value of each
variable is evaluated for every time step, the aggregated vari-
ables of the mean temperature for 10 previous days as well as
the cumulative rainfall of the 10 previous days have been
included to analyse the influence of the temporal variation of
these variables over the airborne pollen concentration.
Regardless of the fact the degree of influence of some meteo-
rological variables could be previously neglected by its appar-
ently low relevance, it has been therefore considered appro-
priate to maintain them due to the fact that the range of vari-
ations are different among them as well as its mean value. The
fitting parameters for this model were estimated using the
SCEM-UA algorithm. In Table 3, the values obtained for each
parameter for the 20 years analysed, and the value obtained
from the coefficient of determination (R*) are shown. The
model has been validated for the last year considering the rest

Table 3  Parameters and statistical analysis of the model proposed to
predict airborne pollen concentration (D: previous day)

Parameters Time prediction delay

1 Day 3 Days 5 Days
a 0.645 1.197 0.819
b —0.003 0.014 0.071
c 0.123 0.026 -0.072
d —0.085 0.001 0.046
e —0.044 —-0.05 —0.053
f 0.003 0.015 -0.012
g -0.012 -0.017 —0.003
h -0.176 -0.252 0.051
Comparison criteria
R 0.623 0.574 0.476
RMSE 107.96 130.59 162.49
CCobs 127.84
CCsim 131.04 128.02 112.8
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of the data for the calibration process (Fig. 4), obtaining a
correlation (R*=0.77) between the observed data (1994—
2012) and simulated data (2013).

Moreover, Table 3 also includes the results obtained with a
forecast time step of 3 and 5 days to examine the suitability of
the model to predict concentrations for longer time gaps. For
this purpose, Eq. (1) is modified with A¢ equal to 3 for a
forecast time step of 3 days and 5 for a forecast time step of
5 days. As it is shown, parameter a had a high value, indicat-
ing the influence of the previously explained trend in the pol-
len concentration. Among the parameters related to daily tem-
perature, parameter ¢, which is linked to the mean tempera-
ture, had a relatively high value. Such relationships were not
observed for rainfall, which is the variable with lower param-
eters as well as maximum daily temperature (parameter b).
The value of parameter g, linked to the average rainfall of
the 10 previous days, was higher than the f parameter for a
forecast time step of 1 and 3 days. However, it is lower in the
case of 5 days. Finally, the value of parameter %, which is
linked to daily relative humidity, was the second higher pa-
rameter for the two first time steps (1 and 3 days).

Discussion

In an area of 500 m around the volumetric sampler, only one
olive tree was found and this is behind a building. We therefore

500 ——————T——7— 7

T 4 T T

—&— Observed 1993 - 2012
—&— Simulated 2013
400 - R’:0.77 7

~ . . 3
Pollen Concentration [pollen grain-m™]

0 5 10 15 20 25 30 35 40 45
Days of SPI

Fig. 4 Validation of the model for the last year
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estimate that pollen recorded in this work comes from median
and distant sources (Fernandez-Rodriguez et al. 2014a; Rojo
and Pérez-Badia 2015). This is because there are hardly any
olive trees in the close surroundings of the sampler, but they
are equally distributed in the 3—5 km area except the NE where
trees are few. The frequency of winds from this direction is also
low. Previous papers have estimated that pollen is recorded
from an area of 100 km around the sampler (Dominguez
et al. 1993; Fornaciari et al. 2000). Analysis of the phenology
of wind-pollinated plants is a tool to study aerobiological re-
sults (Hidalgo et al. 2003; Oteros et al. 2015) and other papers
have highlighted the relation between the temporal succession
of phenological phases and the data recorded at the sampling
site (Rojo and Pérez-Badia 2015; Tormo-Molina et al. 2011).

The MPS lasted about 1 month and, although trends are not
statistically significant, it seems that there is a small delay
trend in the pollination. This may be deduced because the
number of MPS days is correlated with the end day. The delay
or advance in pollination differs from other studies and it is
quite dependent on the years analysed. Menzel et al. (2006)
calculated for trees in Europe the mean advance of spring
flowering dates at 2.5 days per decade. Advances at the be-
ginning of the pollen season were found in Betula (Zhang
et al. 2013), in Poaceae (Stach et al. 2008) and Olea
(Aguilera et al. 2015b); however, a delay was found in air-
borne Cupressaceae pollen (Silva-Palacios et al. 2015). Peak
of pollination and the onset, both correlated, tend to happen
earlier. This may be in consonance with other phenological
studies of trees that display a general advance in flowering but
mainly in high altitudes or latitudes (Parmesan and Yohe
2003). It therefore seems reasonable to think that the pheno-
logical stage of Olea pollination could be sensitised to a future
global climate change (Aguilera et al. 2015b).

‘We have not found any statistical significant trend in MPS
length. In contrast, Garcia-Mozo et al. (2014) found a length-
ening mostly due to the advance of the pollen season start. We
have noticed that the highest and lowest SPI values were
found in two consecutive years, 1997 and 1998, and this
may be related to rainfall before pollination, mainly in winter.
Nevertheless, the rainfall during the MPS may effectively
wash pollen-sized particles from the atmosphere and thereby
influence the amount of pollen recorded. It is necessary to
emphasise that the airborne pollen trend to increase in culti-
vated trees may occur due to the change in land use. In
Extremadura, there was a clear general trend towards an in-
crease in olive crops (MAFE 2013).

The positive relation between airborne olive pollen and
temperature is clear, in accordance with previous papers
(Galan et al. 2001; Oteros et al. 2013b). The increase of the
temperatures produces anticipation of olive tree flowering and
lower airborne pollen emission (Aguilera et al. 2015b). The
effect of rain is not as clear as temperature, because previous
rainfall is important for flower development in trees, mainly in

winter and early spring (Oteros et al. 2014). Rainfall during
the MPS can mask airborne pollen records and in spring, the
rainfall is frequent in Mediterranean regions. In this sense, the
number of days with rain is more critical than total amount of
rainfall, this could explain why 1997 recorded the highest SPI
after 19 days with rain in March—-May and 1998 recorded the
lowest SPI after 34 days of rain in the same period.

The importance of producing models for predicting daily
average concentrations of airborne Olea pollen has been pre-
viously addressed (Achmakh et al. 2015; Aguilera and Ruiz-
Valenzuela 2014; Garcia-Mozo et al. 2014). Temperature and
rainfall have been used in other studies (Zhang et al. 2015).
This study also takes into account pollen records from the 10
previous days, so the predictive value may be more accurate
than using meteorological parameters alone. We have consid-
ered the more adjusted results to the real pattern of pollination.
Average temperature of the previous 10 days was the main
meteorological factor considered in terms of its effect on the
daily pollen forecast, and rain was a secondary factor that
could modify this forecast. This finding could be explained
due to the fact that olive trees are resilient to increases in
accumulated temperature, unlike herbs and grasses (Recio
et al. 2010).

To test the accuracy of these results, R value (0.77) was
estimated for the multiple regression model proposed, being a
value higher than reported for the same time series for
Cupressaceae pollen in Badajoz (Silva-Palacios et al. 2015).
Furthermore, for the analysis of the entire time period, the fit
of the model was examined for a forecast horizon of 1, 3 and
5 days. The R? values obtained were 0.62, 0.57 and 0.48,
respectively, which show a trend in decreasing order. These
results also confirm the suitability of the proposed model.

Conclusions

Due to the allergenic characteristics of this pollen type, it
should be necessary to forecast its short-term prevalence using
a long record of data in a city with a Mediterranean climate.
The model obtained provides a good level of confidence to
forecast olive airborne pollen concentration with an R* of 0.62
and 0.57 for a forecast horizon of 1 and 3 days, respectively.
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