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Abstract
Pollen allergies have a remarkable clinical impact all over world.Quercus pollen is the main allergen in many parts of world. Due
to the health impacts caused by exposure to oak pollen, the objectives of this study are to characterise the aerobiological
behaviour of Quercus pollen and to determine its potential sources as well as their transport through the atmosphere of
Mexico City and surrounding areas between January 2012 and June 2015. Airborne Quercus pollen monitoring was carried
out simultaneously in five zones of Mexico City. The percentage of Quercus pollen of the total pollen collected from the air
showed that the highest concentration was recorded in 2014, followed by 2012. The annual seasonal variation indicated that
flowering and pollen emission into the atmosphere began between February andMarch. The maximum concentration ofQuercus
pollen was reached at Cuajimalpa. In 2012, the amount of pollen grains was distributed in March and April uniformly, whilst in
2014, the largest amount of pollen was concentrated in March. In 2012 and 2014 (years with the highest pollen concentrations),
corresponding intraday variations were quite similar, with a low relative maximum in the morning and the highest concentrations
in the evening. The largest values were recorded in 2014, and two processes can explain these. In the afternoon, pollen from
secondary forest is carried by southwesterly converging winds, increasing the pollen concentration in Cuajimalpa. In the evening,
there is an additional pollen contribution from primary forest via transport by NW winds.
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Introduction

Quercus (oak) is the only genus in the family Fagaceae that
occurs naturally in Mexico. Of 160 Quercus species reported
in Mexico, 13 species are distributed in the Metropolitan Area
of the Valley of Mexico in forests of oak, pine and oak-pine
(Valencia 2004; Rzedowski and Rzedowski 2005; Challenger

and Soberon 2008) as well as in the urban green areas of
Mexico City (SMADF 2011).

Quercus pollen represents 4.95% of all pollen types col-
lected in the atmosphere of Mexico City (Calderón-Ezquerro
et al. 2016); therefore, it is included amongst the main types of
allergenic pollen to which the population is exposed. For this
reason, determining its spatial distribution and seasonal and
intraday variation, depending on biological and geographical
differences, together with its mobility in the atmosphere will
help to improve the prediction of the presence of this
aeroallergen in regions with tropical climate like our area of
study. The primary and secondary forests ofQuercus are com-
mon in the mountains surrounding Mexico City and the State
of Mexico (INEGI 2005).

For species of this genus, the release mechanism of the
pollen grains is typically anemophilous (Trigo et al. 2008).
Several authors have studied its aerobiological behaviour
through its seasonal and diurnal characterisation showing that
this varies by species and regions (Tormo-Molina et al. 1996;
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García-Mozo et al. 2000; Gómez-Casero et al. 2004; Jato et al.
2007; So et al. 2017). Likewise, it has been observed that the
dynamics of the pollen season, such as those of Quercus and
its relationship with meteorological factors, have been affect-
ed by the increase in temperature detected in recent years as a
possible consequence of global climate change (García-Mozo
et al. 2006a, b). Also, the impacts of oak pollen on allergic
asthma and the potential influence of future climate change on
these impacts have been determined (Lake et al. 2017;
Anenberg et al. 2017).

The flowering of tree species depends largely on the in-
crease of light and temperature to favour flowering. In
Mexico City, the temperature drop and the reduction of day-
light hours (at the end of June), combined with changes at the
end of the rainy season (October), produce changes in the
transcription of cascade repressors of floral induction genes.
The absence of such repressors, together with the increase in
daylight hours (from the beginning of the new year) and the
constant increase in temperature (beginning in February), gen-
erates the necessary environmental conditions for the expres-
sion of chemical signals that induce the specialisation and
development of the sexual reproductive structures; the
flowering of Mexican oaks begins during the warm months
of the dry season, towards the middle of February and begin-
ning of March (Yang et al. 2009; Rzedowski and Rzedowski
2005; Linkosalo et al. 2006).

In geographical regions of mainly temperate and cold
zones, such as Italy (Romano et al. 1988), Spain (Recio et
al. 1999; Moreno-Grau et al. 2000), the USA (Dvorin et al.
2001), Germany, Netherlands, Belgium, United Kingdom
(Spieksma et al. 2003) and Poland (Weryszko-Chmielewska
and Piotrowska 2004), the seasons are well defined (spring,
summer, autumn and winter). It has been determined that the
period of flowering ofQuercus pollen begins after the increase
in temperature and hours of light during the spring season
(March and June), whilst in the tropical and subtropical re-
gions, the flowering period occurs between March and April
(Rzedowski and Rzedowski 2005).

The range of movement of bioaerosols such as oak pollen
in the air is wide. To determine the trajectories of the pollen
grains in the atmosphere, models that simulate their transport
in the air have been developed (Schueler and Schlünzen 2006;
Wozniak and Steiner 2017). The different proposed models
encompass both those based in simple backward trajectory
analysis and those that include forward pollen dispersion,
pointing to the simulation of the real life cycle of pollen.
The result of the modelling is a set of maps of concentration
and deposition of each specific type of pollen (Sofiev and
Bergmann 2013). Therefore, in addition to determining the
stationary nature of pollen, it is advisable to use numerical
models that allow the tracing of its trajectory in the air from
its sources (forest) to other regions, for example both suburban
and urban. The analysis of this information allows space-time

predictions of the presence of allergenic pollen types such as
airborne oak.

Pollen allergies have a remarkable clinical impact all over
the world. Exposure to allergens is a key factor amongst en-
vironmental determinants of asthma, which include air pollu-
tion (Eder et al. 2006). Due to this, developed countries such
as USA, Canada and diverse European countries have studied
and determined the presence, diversity and seasonality of the
main types of airborne pollen. In Latin America, there are a
reduced number of aerobiological studies (e.g. Tejera and Beri
2005; Bianchi and Olabuenaga 2006; Villegas and Nolla
2001; Duso et al. 2007). In particular, a group of researchers
from the Mexican Network of Aerobiology have reported
aerobiological studies characterising airborne fungal spores
(Calderón et al. 1997) and bacteria (Frías-de León et al.
2016), as well as the first pollen calendar for Mexico City
(Calderón-Ezquerro et al. 2016), which was based on pollen
data collected from the air continuously for 5 years (2008–
2015). In that same publication, Calderón-Ezquerro et al.
(2016) refers to the history of aerobiological studies carried
out in Mexico City since 1940. Likewise, Ríos et al. (2016)
focused on the daily variation of pollen in Mexico City during
a dry period (6 months), but analysing only a few days of each
month. These studies are important, as they could make it
possible to characterise and quantify the most abundant and
frequent airborne pollen types, mainly those that cause allergic
and respiratory diseases such as asthma.

For this purpose, aerobiological studies conducted in trop-
ical and subtropical regions such as Mexico contribute to
expanding knowledge on the presence of this airborne pollen
in these regions, its relation with the meteorological condi-
tions and the adequate time for to take efficient prevention
and control measures to benefit the health of the population.
The objectives of this study were to characterise the aerobio-
logical behaviour of Quercus pollen in a tropical region and
determine its potential sources as well as their transport
through the atmosphere ofMexico City and surrounding areas
between January 2012 and June 2015.

Methods

Study area and sampling sites

Mexico City is located in the south-central region of Mexico,
and lies within the basin of the Valley of Mexico at the coor-
dinates 19° 36′–19° 02′N and 98° 56′–99° 22′Wat a height of
2240 m a.s.l. Mexico City has a tropical climate tempered by
altitude (Jáuregui 2000). The northeast of the city tends to be
dryer, with 400- to 500-mm annual precipitation (dry steppe;
BS in the Köppen classification), whilst the centre and south,
especially at the base of the mountains, receive 700- to 1200-
mm precipitation annually (Jáuregui 2000; Estrada et al.
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2009). Mountains surround the city, except to the northwest.
Forty-five percent of the city are urbanised (north and central),
whereas 55% of the city distributed to the south and east are
rural with the land used for ecological reserves, forestry and
agriculture (INEGI 2010).

Figure 1a shows the main forests and parks with broadleaf
(Quercus) vegetation in Mexico City (red points 1 to 7) and
surrounding areas (red points from 8 to 14), which are poten-
tial sources of the Quercus pollen that is transported from one
place to another in the region. Aerobiological monitoring sta-
tions (yellow points) are also evident on the map. These were
installed in five areas of Mexico City with different rates of
urbanisation; the topography and the different areas exhibit
diversity in vegetation and climate heterogeneity, and they
divide the city into two climatic regions, mainly defined by
topography and land use (Estrada et al. 2009).

The monitoring stations used for this study were selected
based on the microclimatic and vegetation differences that
occur in Mexico City (Estrada et al. 2009). These stations
were the following: Coyoacan (Atmospheric Sciences
Centre at the Universidad Nacional Autónoma de México
(UNAM), Miguel Hidalgo (Museum of Natural History, lo-
cated in Chapultepec Forest), Cuajimalpa (French English
School), Iztapalapa (residential area) and Gustavo A.
Madero (National School of Medicine and Homoeopathy,
Instituto Politécnico Nacional).

Pollen monitoring

Pollen sampling was performed using five Hirst-type volu-
metric spore traps (Burkard Manufacturing Co., Ltd., UK),
from January 01, 2012 to January 06, 2015. The samplers
were placed in open areas at an approximate height of 15 m
from the ground. Air pollen samplings were performed simul-
taneously at all five stations throughout the study period.

These stations are part of the Mexican Network of
Aerobiology (REMA; http://rema.atmosfera.unam.mx/rema/)
, in which pollen is monitored continuously 365 days a year.

The sampler operated continuously and aspirated a con-
stant flow of 10 L/min. After exposure, a Melinex tape that
was impregnated with silicone fluid was cut into 24 fragments
(48 mm) and mounted on slides using glycerine jelly stained
with fuchsine. Counts of the different pollen types were per-
formed with the aid of a light microscope, and four longitudi-
nal sweeps per slide were performed at a magnification of
×400 according to the methodology proposed by the
Spanish Aerobiology Network (REA) manual (Galán et al.
2007, 2014; Calderón-Ezquerro et al. 2016).

The pollen grains were examined under a microscope at a
magnification of ×400, and the pollen was identified with the
aid of pollen atlas (Erdtman 1952; Pla-Dalmau 1960, 1961;
Kapp 1969; Bassett et al. 1978; Moore et al. 1991; Smith
2000; Lacey and West 2006; Trigo 2007; Trigo et al. 2008).
And a pollen collection of the local floral fromMexico City is
part of the palinoteque of the Mexican Aerobiological
Network (REMA).

After the analysis of the pollen records of each monitoring
station, we obtain five time series of pollen counts, with a time
resolution of 1 h, as well as time series of daily values, which
represent daily averages of the amount of pollen grains
contained in a cubic meter of air (hereafter referred as pollen
concentrations, which are expressed as a daily average of pol-
len grains/m3 of air). With the hourly time series, we derived
daily cycles, describing the hour-to-hour variation relative to a
determined period, whereas daily values are used to analyse
pollen variability at longer time scales (monthly and annual)
(Calderón-Ezquerro et al. 2016).

The main pollen season (MPS) has been defined following
Andersen (1991), considering 95% of the annual pollen, and
the pollen season starts the first day with a cumulative daily

Fig. 1 a Broadleaf (Quercus) forests in Mexico City and surrounding
areas and sampling sites in Mexico City: Coyoacán, Miguel Hidalgo,
Iztapalapa, Cuajimalpa and Gustavo A. Madero. b Domains defined for

the numerical experiment. The first domain has dimensions of 375 × 245
points and a horizontal resolution of 9 km, and the second domain has
dimensions of 100 × 85 points and a horizontal resolution of 3 km
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pollen concentration of 2.5% of total pollen and finishes at
97.5%. The pollination period from the beginning of the MPS
to the day with the highest pollen count is referred to as the
pre-peak period, whereas the days following this period are
referred to as the post-peak period. The annual pollen integral
(APIn) was used for presenting inter-annual variations (Galán
et al. 2017).

Meteorological data

Meteorological data and wind-modelling experiments

A time series for temperature (average, maximum and mini-
mum), rainfall and relative humidity (RH) were obtained from
weather stat ions of the BUniversi ty High School
Meteorological Station Program^.

In order to estimate the wind field over central Mexico, a
set of numerical simulations were performed with theWeather
Research and Forecasting (WRF) model version 3.8
(Skamarock et al. 2008) with the Advanced Research WPS
(ARW) core to calculate atmospheric dynamics. The numeri-
cal simulation used a nesting that is covering central Mexico
with a grid of 100 points from west to east and 85 points from
south to north. The nested domain (blue in Fig. 1b) has a
horizontal resolution of 3 km and 35 vertical levels. The sim-
ulations were performed for March and April from 2012 to
2015. The interaction with the parent domain, which covers
all of the Mexican Republic (red in Fig. 1b) with a horizontal
resolution of 9 km, was two way (Kalnay 2003). Simulations
of a day and a half in length were performed in forecast mode
with outputs every 15 min. All simulations were initialized at
00:00 UTC, and the first 24 outputs of the forecast were not
considered in the analysis. The subsequent 97 outputs of the
forecast were used as they represent a simulation day in local
time (UTC-6); thus, all analysis including daily variations are
in local time. The initial and boundary conditions were taken
from the NCEP FNL (Final) Operational Global Analysis,
specifically 00:00 UTC data every 6 h with a 1° spatial reso-
lution. The data is in a Mercator projection with a time step of
30 s. The schemes used in the model physics were as follows:
the Kain-Fritsch cumulus parameterisation, the rapid radiative
transfer model (RRTM) for longwave radiation, the Dudhia
for shortwave radiation and the Yonsei University (YSU)
scheme for the boundary layer (Skamarock et al. 2008). The
Noah Land Surface Model (LSM) was used, and the land use
and land cover data used was of MODIS with 21 classes.
Hereafter, when we use the term Bsimulated wind^, we refer
to the wind field simulated by the WRF model for the speci-
fied period of time. Sometimes, when the context is very clear,
we will simply use Bwind^ omitting the adjective Bsimulated^
but meaning wind fields obtained from the numerical simula-
tion using WRF.

In order to analyse daily behaviour of pollen and its relation
to the wind, the daily cycle of wind at 10 m and its divergence
(where is the wind field at 10 m, and is the nabla operator) at
Cuajimalpa was computed for each March for the years 2012
to 2014 using hourly averages obtained from the closest
WRF-grid point to this station (Fig. 4). As stated by
Calderón-Ezquerro et al. (2016), Bwind fields produce large
areas of convergence which is an atmospheric condition that
exists when the winds cause a horizontal net inflow of air into
a specified region. On the other hand, divergence is the oppo-
site, where winds cause a horizontal net outflow of air from a
specified region. Thus, these large areas of convergence,
closely related to the mountain-valley circulation, are
favourable for the transport and accumulation of pollen^.

Statistical analysis

First, a typical meteorological year was built using all the
available data for Mexico City, and a series of statistical anal-
yses were carried out. For the correlations of pollen concen-
trations (MPS, pre-peak and post-peak, that is, from the be-
ginning of the flowering period until the end of January to
September) and climatic parameters, the Spearman r was cal-
culated for samples distributed non-Gaussian (Rodriguez-
Rajo et al. 2005; Köhler et al. 2007; Parrado et al. 2009).
For the analysis, the arithmetic mean pollen concentration
values of the monitored stations were used. The statistical
analyses were performed with IBM-SPSS version 22.0.

Results

Pollen Quercus data

Quercus airborne pollen behaviour at the different sampling
stations in Mexico City between January 2012 and June 2015
is shown in Table 1. Pollen concentrations with higher per-
centages of Quercus pollen were related to shorter periods of
flowering, as occurred in 2012 when the flowering period
duration was 3 months and the AQPIn fluctuated between
monitoring stations. In 2014, the flowering period was 4–
5 months (although the largest amounts of pollen were con-
centrated in March), with AQPIn values from 604 to 7333
pollen grains. In 2015, the flowering period of Quercus was
4–6 months. Meanwhile, in 2013, the year in which the lowest
AQPIn values were recorded, the flowering period had a du-
ration of 5–10 months (Table 1).

The percentage of pollen of Quercus with respect to the
total of airborne pollen collected at the monitored stations
generally showed that the highest concentrations were record-
ed in the years 2014 and 2012. The oak populations distribut-
ed in the study area with respect to the total collected pollen
from the air provided an average of 7.0% (2012), 2.9%
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(2013), 8.8% (2014) and 4.0% (2015) in Mexico City (see
figure on supplementary material).

Figure 2 shows the seasonal variation of Quercus pollen in
the atmosphere of each of the five sampling sites (Cuajimalpa,
Gustavo A. Madero, Chapultepec, Iztapalapa and Coyoacán)
between 2012 and 2015. The seasonal variation indicates that
the flowering and emission of pollen to the atmosphere began
between February and March in all the sampling stations,
constituting the months of March and April as the main
flowering months, with concentrations that fluctuate strongly
between the years and the sampling stations (Fig. 2). The
maximum concentration of pollen of Quercus was recorded
during March in Cuajimalpa in 2014, and in Coyoacan and
Iztapalapa in 2012, whilst the maximum concentrations of
airborne pollen obtained in the atmosphere of the delegations
Gustavo A. Madero and Chapultepec were registered during
April 2014 and 2015. The lowest concentrations of airborne
pollen of Quercus were recorded during the months of March
and April at all monitoring stations in 2013. The seasonal and
intraday analysis was concentrated in the years of 2012 and
2014 because in these years, a large amount ofQuercus pollen
was found in the atmosphere of Mexico City (Fig. 3).

In 2012, the amount of pollen grains was distributed in
March and April uniformly, whilst in 2014, it was

concentrated in March. Interestingly, the total pollen amounts
of the season (March and April) were quite similar at 15,772
pollen grains and 15,902 pollen grains in 2012 and 2014,
respectively. The intraday variation computed forMarch (sim-
ilar behaviour in both years) showed a maximum value at
20:00 h in 2012 and at 21:00 h in 2014, with the largest values
recorded in 2014. Later, in the first hours of the morning
between 5 and 6 am, there is a decreased concentration in
the air until midday when it reaches a secondary maximum
in both years.

Quercus pollen and its relation to meteorological
parameters

The analysis was performed for each of the study years. The
correlation between Quercus pollen concentration during the
MPS, pre-peak and post-peak periods and the main meteoro-
logical parameters (rainfall, relative humidity (RH), and the
mean, maximum and minimum temperatures) in the atmo-
sphere ofMexico City was significant inmany cases (see table
on supplementary material).

Generally, associations amongst airborne Quercus pollen
and meteorological parameters were observed as follows: in
2012, significant correlations with temperature, rainfall and

Table 1 Details of the following parameters: locality; year; and pollen
indexes, including annual pollen integral (APIn), seasonalQuercus pollen
integral (AQPIn), percentage (%) of pollen Quercus of the APIn, date of

the beginning of flowering, date of the end of flowering, date of
maximum concentration and maximum value (pollen grain/m3 air)

Year APIn AQPIn % of Quercus of
the APIn

Date of the beginning of
flowering

Date of the end of
flowering

Date of maximum
concentration

Maximum
value (pollen
grain/m3 air)

Coyoacan 2012 47,024 2,674 5.7 04/03/2012 24/05/2012 19/03/2012 156

2013 22,420 385 1.7 24/02/2013 22/07/2013 28/03/2013 19

2014 23,587 1,019 4.3 27/02/2014 21/05/2014 27/03/2014 72

2015 22,954 953 4.2 27/02/2015 02/05/2015 17/04/2015 77

Miguel
Hidalgo

2012 75,746 2,538 3.4 03/03/2012 25/05/2012 23/03/2012 136

2013 44,451 1,034 2.3 28/02/2013 22/06/2013 19/04/2013 36

2014 42,743 2,148 5.0 20/02/2014 26/05/2014 28/03/2014 147

2015 41,819 1,506 3.6 23/02/2015 10/05/2015 13/04/2015 166

Iztapalapa 2012 16,421 1,352 8.2 29/02/2012 29/05/2012 23/03/2012 77

2013 12,932 297 2.3 27/02/2013 20/11/2013 31/03/2013 13

2014 12,909 604 4.7 23/02/2014 04/06/2014 24/03/2014 36

2015 6,252 446 7.1 16/02/2015 05/05/2015 15/04/2015 23

Cuajimalpa 2012 58,550 7,355 12.6 02/03/2012 15/05/2012 20/03/2012 338

2013 53,929 2,238 4.1 20/02/2013 26/06/2013 31/03/2013 88

2014 54,591 7,333 13.4 27/02/2014 15/05/2014 24/03/2014 447

2015 73,576 2,609 3.5 17/02/2015 07/05/2015 13/04/2015 205

Gustavo A.
Madero

2013 19,193 445 2.3 18/02/2013 27/07/2013 18/04/2013 21

2014 18,559 1,313 7.1 25/02/2014 24/05/2014 06/04/2014 172

2015 17,767 976 5.5 09/02/2015 11/05/2015 15/04/2015 102

APIn annual pollen integral, AQPIn concentration for Quercus pollen,% percentage of concentration of Quercus pollen with respect to APIn
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humidity were negative, mainly in the MPS and post-peak
periods. In 2013, the correlations for periods evaluated were
significantly positive with temperature and negative with rain-
fall and RH for all three periods analysed. In 2014 and 2015,
significant positive correlations were recorded for the average
T during the MPS and post-peak periods, whilst the correla-
tions with rainfall and RH were significantly negative for the
same two periods.

Daily Quercus pollen cycle and simulated wind
conditions at Cuajimalpa for March 2012 and 2014

The surface circulation in Mexico City is dominated by a
mountain-valley circulation, with down-slope converging
winds that favour the transport and accumulation of pollen
during the evening and night (Fig. 4, upper-left panel), and
up-slope diverging weak winds from the morning to early

Fig. 3 Hour-to-hour Quercus pollen variation at Cuajimalpa during the
flowering months of March–April 2012 (left panel) and of March–April
2014 (central panel); each line corresponds to the pollen counts/hour/day.

Daily cycles of pollen computed for March of years 2012 to 2015 (right
panel). Note the largest pollen amounts registered in years 2012 and 2014

Fig. 2 Seasonal variation of
Quercus pollen in the atmosphere
of Cuajimalpa, Gustavo A.
Madero, Miguel Hidalg,
Iztapalapa and Coyoacan during
2012 to 2015
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afternoon that have the opposite effect on pollen trans-
port and accumulation (Fig. 4, upper-right panel). Figure
4 (lower-left panel) shows the Quercus forests located in
Mexico City and its surrounding areas (primary forest in
cyan and secondary forest in red), with the simulated
mean wind field at 19:00 h. It illustrates a possible
way in which pollen released from anthers can be
advected and dispersed by the wind and its convergence
(areas in yellow to green colours). For example, pollen
transported in the evening by down-slope converging
winds towards Cuajimalpa (magenta circle) mainly
comes from the closest forest located southwest and
west from this sampling station. For the monitoring sta-
tions located in the central part of Mexico City (south-
ernmost purple circles), pollen mainly comes from the
forests located in the southwestern region, from where it

is advected by down-slope southwesterly winds. At
noon, a reversal of the surface circulation is evident
(Fig. 4, lower-right panel), with northeasterly diverging
winds dominating the surface circulation and precluding
the pollen accumulation.

Figure 5 shows the daily cycles of pollen concentration
registered at the Cuajimalpa station and of simulated wind
vectors and their convergence for March 2012 and 2014. A
visual inspection reveals that the pollen daily cycles are
quite similar: they show two peaks of pollen concentration,
a strong peak at approximately 20:00 h (local time) and a
smaller one between 10:00 h and 11:00 h. There are, how-
ever, subtle differences that may be related to the simulated
wind and its convergence, as this figure suggest. For ex-
ample, pollen concentrations early in the morning were
higher in 2014 than in 2012 and the main peak was also

Fig. 4 Simulated mean wind field for March 2014 at 02:00 h (upper-left
panel) and 11:00 h (upper-right panel). In both panels, shading colours
indicate altitude (m a.s.l.), which is used to illustrate the dominant
mountain-valley circulation, with down-slope winds during the evening
and night, and up-slope weak winds from the morning to early afternoon.
The down-slope converging mean winds at 19:00 h (lower-left panel)
favour the transport and accumulation of oak pollen from its primary

(cyan dots) and secondary (red dots) forest towards Mexico City,
whereas at 11:00 h, up-slope diverging winds dominate the surface
circulation (lower-right panel). The Cuajimalpa monitoring station is
indicated by the magenta circle. Other sampling stations are indicated
by purple circles. The colour bar in the lower panels indicates
divergence of the mean wind field (multiplied by 104), with negative
values meaning convergence of the wind field. Units are s−1
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significantly stronger in 2014, whilst the secondary peaks
were of similar magnitude. From late night to morning,
simulated SW winds with comparable magnitudes domi-
nated Cuajimalpa in both years, but the wind convergence
was also slightly higher in 2014 than in 2012.

In 2012 and 2014, the smaller peak in pollen concen-
tration between 10:00 h and 11:00 h was associated with
the change in both wind direction and magnitude that
occurred at 09:00 h, when the weakest simulated SW
winds switched to NW winds and then to NE winds at
10:00 h, increasing their magnitude (note that these NW
and NE winds are divergent). NE wind reached a relative
maximum magnitude at 11:00 h, coinciding with the low-
er peak in pollen concentration. In 2014, a period of sim-
ulated wind convergence began at noon and ended at
20:00 h (see Fig. 5), with the maximum peak pollen con-
centration occurring 1 h later. During this simulated con-
vergence period, the wind changed in both magnitude and
direction, blowing from the northeast at noon and then
rotating clockwise from northeast to southwest in the sub-
sequent hours, reaching its minimum magnitude at
15:00 h and then reaching its maximum in both magni-
tude and convergence at 18:00 h. In 2012, the simulated
wind convergence was less prolonged, starting at 14:00 h
with northerly winds before they rotated counter-
clockwise from north to southwest in the subsequent
6 h. The wind reached its maximum magnitude at
19:00 h and its maximum convergence at 20:00 h. Note
that the simulated convergence maximum coincided with
the pollen concentration maximum. Once the maximum
was reached, the pollen concentrations started to decrease
from 20:00 h (2012) and 21:00 h (2014), with lower
values at night and early in the morning.

Discussion

The quantities of oak pollen spread over the study area
relative to the total collected pollen from the air showed
annual variations in Mexico City. The annual Quercus
pollen integral (AQPIn) showed variations in concentra-
tions between localities and years, ranging from 297 to
7355 pollen grains/m3 of air (annual). These concentra-
tions of oak pollen are similar to those reported in other
countries such as Spain between 2006 and 2008, where
concentrations of oak pollen fluctuated between 3389
and 12,484 grains (Hernández Ceballos et al. 2011), as
well as those reported by the University of Tulsa (http://
pollen.utulsa.edu/Spring/Pollen/Quercus.htm) from 1987
to 1996, which reached maximum concentrations
between 7656 (1994), 8862 (1991) and 10,271 (1996)
annual pollen.

These variations are related to annual changes in the weath-
er, to the phenology of such trees and also to the pollen of
biennial species. Year 2011 was a very rainy year (1235 mm)
with a low average minimum temperature (10.5 °C) (data not
shown), which probably favoured the development of flower
buds; as a result, in 2012, the flowering and pollen production
in Quercus were high. In that year, the presence and dispersal
of pollen in the air during the MPS and post-peak periods
correlated with the decrease of both the prevailing temperature
and the rainfall. In 2013, both precipitation (761.7 mm) and
low temperature (12 °C) again favoured the development of
pollen, which probably influenced the pollen production dur-
ing flowering in 2014. In general, the presence of Quercus
pollen in the atmosphere during that year was mainly associ-
ated with a decrease or absence of precipitation during the
evaluated periods (pre-peak, MPS and post-peak). In brief,

Fig. 5 Daily cycle of pollen grain concentration (black line), surface
winds (at 10 m, black arrows) and wind divergence (grey bars) at
Cuajimalpa station for March 2012 (left panel) and for March 2014

(right panel). The x axis represents the hour of the day. The y axis
represents both pollen grain concentration divided by 10 and wind
divergence multiplied by 104
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the main variables that had a positive effect on the emis-
sion and dispersion of pollen were the temperature and the
hours of daylight, whilst the RH and rainfall had the
highest negative effect. Likewise, in the present study,
the association between the amount of airborne pollen of
Quercus and the length of the flowering period (3–
10 months) reflects the impact of the prevailing weather
conditions before flowering. All this agrees with the find-
ings reported by several authors (Recio et al. 1999; Rizzi-
Longo et al. 2005; Rodriguez-Rajo et al. 2005; García-
Mozo et al. 2006a, b; Calderón-Ezquerro et al. 2016).

Although the four well-defined seasons (spring, summer,
autumn and winter) are not present in Mexico City and its
conurbated areas, the conditions that favour the period of
flowering of the oaks are reached during the hot dry season,
and there is a similarity with the previously noted aerobiolog-
ical reports for Quercus pollen. In this study, their MPS was
recorded when there was a constant rise in temperature and
extension of the photoperiod. Such conditions are analogous
to the variation of light and temperature experienced by the
populations of Quercus sp., prior to their flowering season, in
other regions of the world.

These results are also consistent with those reported by
several authors in studies that show that pollen release and
dispersion depend on the microclimate, which explains the
differences observed with respect to the beginning of
flowering within the same species through the years
(maximum concentration in 2014 and minimum in 2013; see
Table 1) (Fernández-González et al. 1999; Galán et al. 2001;
García-Mozo et al. 2007). In addition, there is the possibility
of the influence of intrinsic physiological factors, and the ob-
served accumulated annual differences observed maybe cli-
mate variability, which make it difficult to predict the level
of pollen production (Galán et al. 1991). Also, the reproduc-
tive biology inQuercus species includes two different types of
seed cycles, the Bannual biotype^, which requires only one
season to complete its reproductive cycle, and the biennial
biotype, which requires two full years (Varela and
Valdiviesso 1996). Likewise, the findings found in this study
coincide with what was reported for the floral phenology of
manyQuercus species, which is mainly influenced by temper-
ature changes caused by the climate (Schwartz 2003).

The airborne oak pollen in Mexico City indicated that
flowering and pollen emission into the air fluctuated between
February and March until May and June, which is consistent
with the findings reported in some aerobiological studies in
Mexico City (Bronillet-Tarragó 1992; Salazar-Coria 1995;
Torres-Valdos 2006) and in Monterrey (Rocha-Estrada et al.
2008), where the flowering period of oaks occurs from late
February to late May.

In plants, dehiscence of the anthers is a mechanism regu-
lated by the increase of temperature and by the decrease of the
atmospheric humidity during the day. Together with this

dehiscence, the exposure of pollen grains to air currents allows
their release from the anthers and their dispersion into the
atmosphere (Pacini 2008; Yang et al. 2009), conditions that
determine the variation in the concentration of pollen in the air
throughout the day. This phenomenon was also reported by
other authors (Frenguelli et al. 1992; Bricchi et al. 1995;
Rodriguez-Rajo et al. 2005), who determined that during the
flowering period, meteorological conditions determine the
opening of anthers and release of pollen, which is then dis-
persed in the air by the wind. Nevertheless, Rodriguez-Rajo et
al. (2005), in their study on the BFactors affecting pollination
ecology of Quercus anemophilous species^, indicate that me-
teorological variables alone do not explain the aerobiological
behaviour of pollen. Therefore, it is necessary to consider
other variables that reflect factors that affect the plants and
on which the production and release of pollen depend.

For Mexico City, the clear sky that predominates
from February to May, the increase in temperature and
the low humidity of the air make a difference in the
amount of water present in the air during the morning
and afternoon (Jáuregui 1963; Rzedowski and
Rzedowski 2005). During the flowering season of the
oaks, these conditions produced for Quercus are an in-
traday variation curve for Mexico City. In 2012 and
2014, when there were high concentrations of pollen
in the air, it was possible to determine intraday variation
observing variations throughout the day. This phenome-
non seems to be due not only to the physiology of the
plant and environmental parameters but also to the
transport of airborne Quercus pollen from its primary
and secondary sources (Quercus forest) (Fig. 1a).

Our results indicate that the subtle differences in the daily
pollen cycles can be explained to a greater extent by the sim-
ulated wind fields and their convergence. In 2014, the simu-
lated wind convergence was more intense and lasted longer
than in 2012. From 16:00 h to 17:00 h, the wind convergence
was dominated by simulated SW winds that favoured pollen
transport from its closest secondary forest regions towards
Cuajimalpa. At 20:00 h, the SW winds switched to NW
winds, which were able to transport pollen from the primary
forest (located in the north and northwest) towards
Cuajimalpa. Thus, two processes can explain the pollen con-
centration maximum registered in 2014. First, pollen is carried
by southwesterly converging winds from its nearby secondary
forest towards Cuajimalpa. Afterwards, NW winds transport
pollen from the more distant primary forest towards
Cuajimalpa. Note that the simulated NW winds involved in
the latter process converge only during the first hour (20:00 h)
and then weakly diverge. Despite the favourable wind condi-
tions late at night to further accumulate and transport pollen,
the pollen amount decreases once the maximum is reached
due to physiological and reproductive factors controlled by
physical variables such as temperature and humidity (Galán
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et al. 1991; Rodriguez-Rajo et al. 2005). Clearly, this subject
deserves a thorough study and this topic will be covered
elsewhere.

In contrast, in 2012, transport of pollen by simulated SW
winds from the closest secondary forest regions towards
Cuajimalpa was possible only after 18:00 h. Two hours later,
the maximum pollen concentration was reached without any
apparent contribution from the primary forest located to the
north and northwest of Cuajimalpa, despite the favourable
wind conditions that could further increase the pollen amount.
Thus, the timing of maximum pollen concentration seems to
be strongly controlled by the pollen expulsion period.
Regarding the maximum pollen concentration values, SW
winds carrying pollen from secondary forest are crucial for
the maximum values recorded in 2012 and 2014, also playing
a key role in the advection of pollen from primary forest by
NW winds in 2014, leading to the absolute maximum regis-
tered in that year.

Summary

In this paper, we determine the aerobiological behaviour of
Quercus pollen, and its transport by the simulated wind from
the primary and secondary Quercus forests towards Mexico
City and the surrounding areas between January 2012 and
June 2015.

Airborne Quercus pollen monitoring was carried out simul-
taneously in five zones of the city: Coyoacan, Miguel
Hidalgo, Iztapalapa, Cuajimalpa and Gustavo A. Madero.
The percentage of Quercus pollen of the total pollen collected
from the air showed that the highest concentration was record-
ed in Mexico City in 2014, followed by 2012. Oak popula-
tions distributed in the study area with respect to the total
pollen collected from the air provided an average of 7.0%
(2012), 2.9% (2013), 8.8% (2014) and 4.0% (2015) in
Mexico City. The annual seasonal variation in airborne
Quercus pollen indicated that flowering and pollen emission
into the atmosphere began between February and March at all
sampling stations, with the concentration strongly fluctuating
amongst years and sampling stations. The maximum concen-
tration ofQuercus pollenwas reached at Cuajimalpa, followed
by Gustavo A. Madero, Miguel Hidalgo (Chapultepec),
Coyoacán and Iztapalapa. In 2012, the amount of pollen
grains was distributed in March and April uniformly, whilst
in 2014, the largest amount of pollen was concentrated in
March. The total pollen amounts of the season were quite
similar, at 15,772 pollen grains and 15,902 pollen grains in
2012 and 2014, respectively. In general, the presence of
Quercus pollen in the atmosphere during that year was mainly
associated with meteorological parameters. In brief, the main
variables with a positive effect on the emission and dispersion

of pollen were the temperature and the hours of daylight,
whilst the RH and rainfall had the highest negative effects.

In 2012 and 2014 (the years with the highest pollen con-
centrations), corresponding intraday variations were quite
similar with a low relative maximum in the morning and the
highest concentrations in the evening. The largest values were
recorded in 2014, and two processes can explain these. In the
afternoon, pollen from secondary forest is carried by the sim-
ulated southwesterly converging winds, increasing the pollen
concentration in Cuajimalpa. In the evening, there is an addi-
tional pollen contribution from primary forest via transport by
simulated NW winds.
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