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Abstract: The sweet chestnut (Castanea sativa Mill.) is the only native species of this genus in Europe,
where it faces various threats that are causing a severe decrease in populations, with the resulting
loss of genetic diversity. In the Iberian Peninsula, it is of high economic and ecological importance,
being well represented, especially in northern areas, whilst it is limited to isolated populations in
medium-range mountains in southern Spain (Andalusia region). Taking advantage of this
fragmented distribution, this study analyzes the dynamics of atmospheric transport of Castanea
pollen through Andalusia region in order to obtain a better understanding of the pollination
pathways as a key aspect of the floral biology of this partially anemophilous species. The
aerobiological characteristics of this species are also of special interest since its pollen has been
recognized as allergenic. Pollen transport pathways were studied by applying back-trajectories
analysis together with aerobiological, phenological, land cover, and meteorological data. The results
reveal that airborne Castanea pollen concentrations recorded in the city of Cordoba, in the center of
Andalusia region, reach medium- and even long-range distances. The backward-trajectory analysis
indicates that most of the pollen data detected outside the Castanea flowering season were related
to westerly slow and easterly airflows. Furthermore, some of the case studies analyzed indicate the
presence of southerly airflow patterns, which could influence medium- and long-range transport
events from chestnut populations further south, even from those located in north African
mountains. The integrated analysis of the results offers us better knowledge of the cross-pollination
pathways of this endangered species, which help us to understand its genetic flows, as a basis for
designing conservation strategies for this highly fragmented species in southern Spain.
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1. Introduction

The sweet chestnut (Castanea sativa Mill.) is an arboreal species native to southern Europe and
Asia Minor, where it usually grows in humid forests located in mid-altitude mountains. This tree has
a remarkable multipurpose character and has traditionally been managed for timber production as
well as fruit production, including a broad range of secondary products and ecosystem services [1].
Its cultivation in Europe began 3000 years ago and its original natural distribution extended resulting
in the establishment of the species at the limits of its potential ecological range, which makes it
difficult to trace its original natural area [2]. The present distribution ranges from northwest Africa
to northwest Europe and from southwest Asia to eastern Europe [3]. In Europe, chestnut forest areas
occupy large expanses, overall, in countries such as Italy, France, Portugal, the United Kingdom, and
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Spain. In Spain, the sweet chestnut is present in an area of 1,100,000 ha and is the main species in
227,000 ha [4].

Our study was performed in Andalusia in southern Spain. In this region, the species occupies
more than 12,000 ha; it is the second leading chestnut-producing region in Spain, with 22% of total
production [5]. However, the presence of chestnut populations in Andalusia is characterized by high
habitat fragmentation and the reduction of the area occupied by this species due to various causes:
fires, climate change, crop changes, genetic ageing, and plant diseases such as canker, ink disease,
and the chestnut wasp [1,4,6]. All these factors are affecting Castanea sativa distribution limiting it to
climatically stable areas known as refugia [7]. In Andalusia, the distribution has been so severely
reduced and, as a result of this situation, this species in southern Europe were included in the
European Union’s Natura 2000 network for the conservation of natural habitats [8].

Despite the fragmented and scarce extension of chestnut populations in the Andalusia region,
this species has a high economic importance in Andalusian due to their fruits and timber, and also to
their secondary products, such as honey and associated mushrooms. In addition, the ecological
services associated to the presence of this species in the landscape of rural tourism areas are very
important [9].

Nowadays, the main Andalusian chestnut populations are in the Aracena Natural Park in
Huelva province, in the west of the region, and in the mountains surrounding the Genal River Valley
in Malaga province, in the south [9-11]. Nevertheless, there are minor expanses of chestnut
populations in other provinces of Andalusia as Cordoba, in northern Andalusia, where our
monitoring station was located.

One of the main consequences of the reduction of the sweet chestnut areas in the Andalusia
region is the loss of biodiversity and therefore the lack of genetic diversity for this species. Cross-
pollination is decreasing in favor of pollination within a given population or even self-pollination.
Moreover, chestnut populations have been greatly affected by clonal propagation. This loss of genetic
resources is severely affecting the species and accelerating the reduction in population size and the
fragmentation of habitats [9,12,13].

These factors make it essential to acquire a deeper knowledge of the reproductive biology and
current reproductive phenological pattern of this species in the present environmental conditions
[14]. The chestnut is a dioecious species and its reproduction is conditioned by its partially
anemophilous pollination, which releases a high percentage of its pollen grains into the atmosphere
as a mechanism to ensure fertilization and genetic transmission [15]. Castanea pollen grains can be
spread through the atmosphere, even reaching long distances, due to their small size (12 x 15 um)
and weight [16-19]. Moreover, the study of this airborne pollen is of great interest due to its
allergenicity, reported in various parts of Europe, including Spain [20-22]. In fact, Castanea pollen has
been described as a moderately allergenic pollen type, even causing allergy cross-reactivity with
Quercus pollen or with various plant foods [23,24].

Airborne pollen transport, over medium or long distances, is essential for the genetic renewal of
this endangered species. Studies on airborne pollen concentrations can offer information about the
population distribution and the source and possible transport routes of the pollen. However, when
working with small population, as in the case of the landscape of southern Spain, it is easier to
elucidate this airborne pollen behavior, and this becomes an advantage in studies on Castanea pollen
dynamics. Moreover, in these studies it is important to consider the distance between the forest
population and the pollen sampling station, and atmospheric conditions that affect the pollen
transport [25-28].

To achieve this purpose, our study focused on the following three objectives: (1) to analyze the
airborne pollen and phenological behavior of Castanea by sampling both local chestnut populations
and the city atmosphere, (2) to identify the source areas contributing to the Castanea pollen curve in
the city of Cordoba, and (3) to define the temporal influence of each source area on the Castanea pollen
curve, analyzing the possible medium- or long-distance transport pathways.
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2. Materials and Methods

2.1. Study Area and Climate

The study was conducted in the region of Andalusia, in southern Spain (Figure 1a,b), to assess
the possible sources and transport pathways of airborne Castanea pollen detected Cordoba, a city of
350,000 inhabitants placed in the central area of the region (37°53' N, 4°47' W, 111 m.a.s.l.). Another
sampling point was placed at the Valdejetas estate, where this species occupies 7.35 out of their 170
ha. Here is located the only chestnut area of the province of Cordoba (37°56' N, 4°56' W, 520 m.a.s.l.)
being situated more than 200 km away from the nearest chestnut population, placed at the Malaga
province, southern Andalusia (Figure 1b). This research was carried out during the period 2015-2019,
except in 2018, due to technical problems.
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Figure 1. Study area: (a) distribution map of Castanea sativa in Europe and north Africa based on the
distribution layers proposed by Caudullo et al. [3]. (b) Chestnut population in Spain and in the
Andalusia region (darker marked area). (c) Location of samplers in Cordoba province.

The city of Cordoba lies in the Guadalquivir River valley, where cereals and olives are the main
crops, and is surrounded to the north by the Sierra Morena mountains (200-600 m.a.s.l.), where
Mediterranean oak forests predominate, and to the south by the mountains of the Sub-Baetic system
(2000 m.a.s.l), with large expanses of cultivated olive trees.

The scattered populations of Castanea sativa Mill. in the province of Cordoba, of limited spatial
distribution, are located at the Sierra Morena mountains, mainly in and around the Valdejetas estate.
We analyzed the Castanea pollen data recorded for four chestnut flowering seasons at two sampling
sites 25 km apart (Figure 1c).

Cordoba province has a continental Mediterranean climate, with high temperatures in summer
and low temperatures in winter. The annual average temperature is 18.2 °C, mean annual rainfall is
605 mm (data from 1981 to 2010, AEMET —State weather agency). Daily meteorological data for both
sites were provided by the Andalusian Regional Government Agroclimatic Information Network’s
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automatic weather stations
(https://www juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/weby/).

Wind rose diagrams (Figure 2) were determined to represent wind speeds and directions in both
studied sites using the WRPlot™ program [29].
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Figure 2. Wind rose during the study period (2015-2019) for (a) Cordoba city and (b) the Valdejetas
estate.

2.2. Phenological Analysis

In the Valdejetas estate and the surrounding area of the Sierra Morena mountains, weekly field
phenological data were taken throughout the whole study period, based on the international BBCH
scale [30], adapted to the Castanea sativa species. For this study we considered reproductive
phenological behavior, mainly focusing on the full flowering (FF) phase (phase 55 according to the
BBCH scale) including eight phenological sampling points, where 10 individuals were observed in
each of them. The beginning of this phase occurs at each sampling point when more than 50% of the
anthers of the observed individuals have opened. The end of the phase coincides with the senescence
of more than 50% of the catkins.

2.3. Airborne Pollen Monitoring

A continuous daily sampling was performed during the study period (2015-2019) using a pollen
trap placed in the city of Cordoba and another in the Valdejetas estate, which recorded weekly
airborne pollen data. A volumetric Hirst-type sampler [31] was used for air monitoring in the city,
and a Kelly sampler [32] in the Valdejetas property, the latter because of its non-dependence on
electricity and robustness in the field.

Hirst pollen data were analyzed following the Spanish Aerobiology Network (REA) protocol
[33], meeting the minimum requirements of the European Aerobiology Society (EAS) [34], including,
for example, counting pollen covering 10% of the total slide area. Regarding the Kelly sampling
protocol [32], for counting pollen we followed the description used in Martinez-Bracero et al. [35]
also reading 10% of the slide. For pollen recorded by the Hirst-type sampler, the results were
presented as the daily average of pollen grains per m? of air. For pollen recorded by Kelly sampler,
weekly results were presented in pollen grains per cm?2. The Main Pollen Season (MPS) and the Pollen
Season Integral (PSIn) were calculated [36]. The Pollen Season Start (PSS) was defined as the first of
five consecutive days with 21 pollen grains/m? or 21 pollen grains/cm?, and the Pollen Season End
(PSE) as the last of five consecutive days with <1 pollen grains/m? or <1 pollen grains/cm?, depending
on the sampler in use.
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2.4. Back Trajectory Analysis

The set of backward trajectories for studying pollen transport was calculated using the HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory) model [37]. The trajectories were
computed using meteorological inputs from the Global Data Assimilation System (GDAS), with a
temporal resolution of 6 h and a spatial resolution of 1°. These files, by including vertical wind
component information, make it possible to calculate three-dimensional kinematic trajectories, which
are more accurate than others obtained by using other methods, such as the isobaric or isentropic
[38]. Twelve backward trajectories were calculated for each period analyzed (one every 2 h). The
calculation of these 12 trajectories for each period was aimed at reducing the effects of individual
errors in the analysis. The air mass path for the previous 96 h was specified in time steps of 1 h, and
the backward trajectory calculations ended at an altitude of 100 m above ground level. For the
purposes of this study, designed to determine potential sources and transport routes of pollen grains,
clusters of trajectories representing the airflow patterns over the city of Cordoba during the analysis
period were calculated. This technique has worked very well for discriminating distinct flow
patterns, and more information about the cluster technique can be found in Stunder 1996 [39] and in
the HYSPLIT model user guide [40].

3. Results

Average temperature and rainfall in the Cordoba city area during the study period were
analyzed, recorded an average temperature of 18.0 °C being slightly lower than reported in the
average of the last decades. Regarding annual average rainfall (430.3 mm), it is drier than the last 10
years on record. The highest rainfall value was recorded in 2016 (615.2 mm), whereas 2015 was the
driest year (336.5 mm). In the Valdejetas estate, the average temperature was 15.96 °C; the highest
annual rainfall during the study period was recorded in 2016, with a value of 430.4 mm, exceeding
the annual average for this location (308.3 mm), and 2015 was the driest year (237.6 mm).

Figure 2 shows surface wind rose diagrams that represent wind speeds and directions in both
sites. The length of each spoke around the circle indicates the amount of time within the present study
period that the wind blows from the indicated direction, while colors along the spokes indicate
categories of wind speed. Daily wind speed and wind direction values recorded during the study
period (2015-2019) were used. Figure 2a shows that the surface winds in the city of Cordoba are
determined by its location in the Guadalquivir valley (southwest—northeast), being channeled along
its axis, while in Valdejetas surface winds are mainly from the northwest and south-southwest
(Figure 2b). Large differences are also observed between the percentage of calms (<1 m/s) in both
places.

3.1. Phenological Survey

For each study year, the FF period at Valdejetas estate was taken as a reference to define a set of
episode days in the city of Cordoba when pollen records could not be explained either by the
Valdejetas pollen curve or by the field phenology of this area.

Phenological data reveal that chestnut flowering usually takes place from mid-May to early June
(Figure 3). Few differences were observed between the phenological sampling points, with largely
synchronous flowering in the area, favored by the small altitude differences between the sites, which
are located within a range of 485-530 m.a.s.1.
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Figure 3. Castanea pollen concentrations recorded in each year of the study in each location. Pollen
grains/m?® per day in the city of Cordoba (blue line); pollen grains/cm? per week in the Valdejetas
estate (yellow line); full flowering detected in the Sierra Morena mountains.

Regarding interannual differences, the earliest field flowering start date was recorded in 2019
(22 May), and the latest occurred in 2016 (6 June) being the rainiest year. The chestnut flowering stage
lasted an average of 30 days in the study area; in 2016, 2017, and 2019 it was 29 days. In contrast, 2015
had the longest flowering period (34 days), coinciding with the driest year. The earliest field
flowering end date occurred in 2019 (19 June), presenting a lower average temperature; while the
latest was in 2017 (7 July), which recorded the highest average temperature of the study period.

3.2. Aerobiological Survey

In Figure 3, pollen curves from Valdejetas and the city of Cordoba are represented together with
the FF periods. The Main Pollen Season (MPS) for Castanea usually starts in this city in early June; the
earliest Pollen Season Start (PSS) occurred in 2015, during the last week of May, and the latest in 2016,
at the beginning of June. In the Valdejetas estate, the Castanea MPS usually occurred earlier than in
the city of Cordoba, from the last fortnight of May until late June. The pollen peak value in the
Cordoba sampler ranged from seven pollen grains/m? in 2015 (21 June) to a maximum of 18 pollen
grains/m?in 2019 (23 June). The pollen peak value in Cordoba was found in the month of June, except
in 2016, when it was found later, on 13 July. In contrast, the peak value was recorded at the beginning
of June in Valdejetas, where the maximum weekly value was found in 2016, with 270,604 pollen
grains/cm? in the period from 13 to 19 June (week 24). This is nearly four times greater than the
maximum value in 2015 (69,200 pollen grains/cm?). The end of the main pollen season in Cordoba
usually occurred in the first half of July; it was earliest in 2015 (1 July) and latest in 2016 (17 July). It
was always later than in the Valdejetas area, where the latest end of MPS was on 12 July. The average
length of the MPS in the city of Cordoba was 34 days, although it decreased over the course of the
study period (from 37 in 2015 to 30 in 2019). In the Valdejetas estate, the MPS was longer than in
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Cordoba: an average of 43 days. The Pollen Season Integral (PSIn), calculated as the annual total of
pollen grains, was 95 pollen grains on average for the years of study, the highest figure being
recorded in 2019 (116) and the lowest in 2015 (65) in Cordoba. For Valdejetas, the minimum was
found in the same year as in Cordoba, with 136,833 pollen grains; in 2016, however, 467,959 pollen
grains were found. As airborne pollen values recorded in the Valdejetas area were much higher than
those found in the city of Cordoba, the Valdejetas pollen figures shown in Figure 3 were divided by
1000 to enable the curves to be compared.

It can be seen in this figure that the MPS in Valdejetas coincides with the chestnut’s flowering
phenology stage, and the pollen curve peak date always falls within the FF period. However, it can
also be observed that unusual Castanea pollen was still present in the city of Cordoba after the end of
FF. Moreover, there were even some episode days on which no pollen grains were detected at
Valdejetas, whereas unusual pollen data were recorded in Cordoba. These data are not explained
either by flowering phenology (Table 1). In connection with this, it is remarkable that there are some
dates far removed from the FF period, and even from both MPSs, on which Castanea pollen was
recorded in the city of Cordoba. They include dates at the end of September 2015, during August and
November 2016, and during August and September in 2017 and 2019, respectively. Table 1 presents
the selected episode days in order to perform a more thorough integrated study, including back-
trajectory analysis, for a better understanding of Castanea airborne pollen dynamics in this area.

Table 1. Selected episode days during the study period that reported unusual pollen data in

Cordoba.
2015 2016 2017 2019
21 June 13 July * 21 June 23 June *
23 June 5 August * 5 July * 29 June *
29 June * 8 August * 14 July * 2 July *
8 August * 15 August * 28 July * 12 July *

27 September * 19 August* 22 August* 23 August*
29 September * 8 November * 6 September * 17 September *

* Dates after the full flowering (FF) period.

The episode days can be divided into two groups: (1) those occurring within the FF period, with
higher Castanea pollen concentrations recorded in the city of Cordoba than in Valdejetas; (2) those
occurring after FF, with unusual pollen concentrations in Cordoba but not in Valdejetas.

3.3. Air Mass Backward Trajectories and Castanea Pollen Concentrations

In this section we present the set of airflow patterns associated with Castanea pollen
concentrations in Cordoba by clustering the backward trajectories calculated for the episode days
during and after the FF period (Table 1). The objective is to describe the potential atmospheric
pathways of Castanea pollen and to investigate whether the potential differences between main
airflow patterns in the two FF periods can account for the records of these unexplained episode days
in the city of Cordoba.

Figure 4 shows the average horizontal displacement of the airflow patterns observed during the
analysis of episode days, distinguishing between those that occurred during (Figure 4a) and after
(Figure 4b) the FF period. Considering both figures, five main airflow patterns were identified, as
follows: (1) westerly fast (WF) and (2) westerly slow (WS), which assemble maritime air masses over
the Atlantic Ocean before reaching the sampling point; (3) northerly fast (NF), travelling over land
and sea from high latitudes; (4) slow continental southerly (S) flows originating over north Africa; (5)
easterly (E) patterns representing air masses generated to the northeast/east and travelling over the
Mediterranean Sea. Cluster names were chosen based on the combination of the average pathway
followed by each airflow pattern (westerly, northerly, easterly, or southerly) and the length of the 96-
h in each pathway, i.e., displacement speed (fast or slow).
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Figure 4. Average cluster results (centroids) in Cordoba at 100 m (a) on dates during full flowering
(FF) and (b) after FF of Castanea pollen (Table 1). In both, the numbers on the right in the centroids are
the percentage of complete trajectories occurring in that cluster, and the numbers on the left are an
identification number of the centroid. (¢) Castanea pollen concentrations statistics by persistent cases
within and after FF.

The comparison of the two figures highlights similarities in airflow patterns between the two
groups of FF periods. The only two patterns identified during FF (E and WS) are the most frequent
in the cases after FF. During FF, WS flows were recorded in 34% of cases, while E pattern were
detected in 66%, and during episode days recorded after FF, the percentages were 33% (WS) and 34%
(E) respectively. These results reveal a certain coincidence between the most frequent airflow patterns
associated with Castanea pollen concentrations in Cordoba in the two groups of episode days. The
comparison also shows a high incidence of S airflows (23%) (Figure 4b), clearly indicating that this is
an airflow pattern strongly associated with Castanea pollen concentrations in Cordoba after FF.

To establish the relationships between airflow patterns and Castanea pollen concentrations in
Cordoba, we identified persistent cases in Table 1. These persistent cases are those in which the pollen
concentrations can be attributed to a specific airflow pattern (Figure 4), meaning that at least 80% of
the trajectories reaching Cordoba during those episode days show the same airflow pattern. The
analysis revealed 19 persistent cases (75% of those analyzed) (Table 1), of which three occurred during
FF and 16 after it. Considering only the days recorded after FF, the highest numbers of persistent
cases are those with WS and E airflow patterns (seven and five cases, respectively) (Figure 4b), while
three persistent cases show the S pattern, one has WF, and there are no cases with NF. Figure 4c
summarizes the Castanea concentrations associated with persistent cases. The maximum Castanea
concentrations were reached under the WS pattern (Figure 4). These results indicate that the level of
Castanea pollen in Cordoba is mainly driven by the arrival of westerly slow and easterly patterns after
the FF period.

3.4. Case Studies

We analyzed case studies to provide a real basis for evaluating the potential influence of each
airflow pattern on Castanea pollen concentrations in Cordoba. The selection criterion was persistent
cases with the highest Castanea pollen concentrations. From the selected set of cases, we identified
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those registering Castanea concentrations above the 90th percentile (P90) over the whole period
considered in this study (P90 > 6 pollen grains/m?). Relationships between persistent cases and the
highest pollen concentrations reveal that these four concentration periods were measured under two
airflow patterns: two under the WS pattern (18 pollen grains/m? on 23 June 2019 and 13 pollen
grains/m?® on 13 July 2016) and two under the E pattern (seven pollen grains/m? on 21 June 2015 and
seven pollen grains/m? on 29 June 2019). According to the information in Table 1, only one of these
days (21 June 2015) was during the FF period; the others were after FF. In addition to these four
sampling periods, we also analyzed the persistent case related to the arrival of air masses from north
Africa (S pattern, 5 pollen grains/m? on 14 July 2017) because it is representative of potential long-
range transport of Castanea pollen.

For each case analyzed, the corresponding air mass variability during the measuring day is
shown in Figure 5, and surface winds for the measuring day and the previous day are displayed in
Figure 6. Regarding air mass movement under E patterns, and regardless of the speed at which they
traveled before reaching the Iberian Peninsula, Figure 6 shows a constant influx of air masses from
the south, associated with displacement inland from the Mediterranean along the natural wind
channels connecting the Mediterranean coast with the Guadalquivir valley. In the case of the WS
pattern, back-trajectory computation revealed a constant influx of W flows on 13 July 2016, while the
second date (23 June 2019) is characterized by an air mass displacement from the north along the
Atlantic coast during the first hours of the day, changing to the arrival of Mediterranean air masses
at the end of the sampling period. In both scenarios, air masses are being channeled from the Atlantic
coastal area to inland areas by the Guadalquivir valley, which causes a prevalence of WS surface
winds over Cordoba. The arrival of S airflows (Figure 5e) shows a movement of air masses over north
Africa, reaching the study area along the Guadalquivir valley, as in the WS pattern.

a)21 June 2015 (During FF- E pattern)  b) 29 June 2019 (After FF- E pattern)
rrs \, , ('v'

v =3 = _{XLLN

-
b
i

Source * al 3TS0N 470W
Source + &l 3THON 470W

Meters AGL
Meters AGL

Shurce # at ATHON 4T0W

Source *x at 37.90 N 4.70 W
Source * at 37.90 N 4.70'W
Meters AGL

Meters AGL
Meters AGL

Figure 5. Daily 96-h backward trajectories in Cordoba at 100 m during (a) 21 June 2015 and after (b)
29 June 2019, (c) 13 July 2016, (d) 23 June2019 the Castanea pollen periods above the 90th percentile,
and (e) under the arrival of air masses from north Africa (14 July 2017).
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Figure 6. Variation of wind direction in the city of Cordoba during the selected episode days. Graphs
show wind direction data every 90 min during 48 h, corresponding to the day before and the episode
day, under different patterns: (a) E pattern (21 June 2015 and 29 June 2019); (b) WS pattern (13 July
2016 and 23 June 2019); S pattern (14 July 2017). The grey box indicates the episode day.

4. Discussion

Studies of Castanea pollen transport have highlighted the occurrence of medium- and long-
distance transport events in Europe [16,41,42]. Most of these studies were conducted in central and
northern Europe, where this species occupies large forest areas e.g., [42,43]. Nevertheless, the
characteristics of Castanea distribution in south Europe are different, especially in southern Spain
with no large chestnut forests areas but extended fragmented populations.

To obtain precise knowledge of the airborne flow of Castanea pollen in southern Spain, this study
analyzes the results of an integrated investigation of distribution information, aerobiological, field
phenological, meteorological, and backward-trajectory data for this species. In fact, the focus was on
the “unexplained” Castanea pollen concentrations detected outside the phenological flowering season
in the city of Cordoba, even long after the closest chestnut populations in the area had finished
flowering in the field. In addition, because of the allergenic nature of this pollen type, studies of this
kind are of special interest to the sensitized allergic population and to medical specialists
[20,21,44,45]. The integration and analysis of our results indicate the existence of medium- and long-
distance transport of Castanea pollen even from North African populations, as has previously been
reported for other pollen types in Europe [41,46].

Taking advantage of well identified location of chestnut populations that characterize the
Cordoba area and southern Spain in general, we identified the atmospheric pathways leading to the
city and established their relationship with pollen concentrations. Our results indicate that in the
Cordoba area, chestnuts flower from the last week of May until the first half of July, depending on
the year. These dates are similar than those reported by other studies carried out in northern Spain
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and other areas of Europe [19,47,48]. However, our aerobiological data show a lower pollen curve
compared with those detected in other European areas with larger chestnut populations [48,49]. The
pollen season in our case was shorter than in those locations, probably due to the small number of
individuals in the Mediterranean area [19,48].

A comparison between our pollen curves recorded in the city of Cordoba and in the Valdejetas
estate, the nearest chestnut population area, indicates that although they mostly coincide in time and
pattern, Castanea pollen was usually detected earlier in Valdejetas than in the Cordoba samplings. In
the city, both the start and end dates of the Main Pollen Season (MPS) occurred later, probably
because the Castanea pollen detected in the city of Cordoba comes from elsewhere. Therefore, the
number of days of the pollen season was frequently less in the city than that observed in the
Valdejetas samplings. Regarding airborne pollen concentrations, the pollen curve detected in
Cordoba, where no chestnut trees appear, can be entirely attributed to medium- or long-range
transport. Lower Castanea pollen concentrations are found in the city of Cordoba compared to those
observed in Valdejetas. Peak values were also lower in the city and were detected at later dates, due
to the required transport time.

Phenological observations of anemophilous species are considered a key factor in understanding
aerobiological pollen patterns, including sources, transport, and deposition [50,51]. Field data
confirmed that the main source of the Castanea pollen detected in the city was the Valdejetas area.
The longer MPS duration in Valdejetas could be attributed to remaining resuspended pollen load,
favored by the small size and weight of this pollen type even after the main FF period was over [19].

Regarding the wind and back-trajectory analyses, it is important to point out the dominant
natural channeling of winds detected in Cordoba along the Guadalquivir River valley, where the city
is located, as it was observed by authors in previous studies [52,53]. Surface winds, hence, coming
from the Atlantic and Mediterranean coastal areas are channeled by the valley causing the dominance
of south—southwest winds over Cordoba. This location, with its complex orography, could make it
difficult in some situations for Castanea pollen to reach the city from the Sierra Morena, including the
Valdejetas estate, affecting the low concentrations detected in Cordoba and favoring the influence of
other more distant pollen sources, as has previously been observed for other pollen types [54,55].

In our study, to identify possible episodes medium- or long-distance range of Castanea pollen
transport, back-trajectories were analyzed based on the HYSPLIT trajectory model. The HYSPLIT
model has been successfully applied in some previous aerobiological studies to determine potential
pollen transport pathways in various anemophilous species e.g., [56,57]. However, few studies
compared airborne pollen with field phenological observations [52,58]. Having a pool of field
phenological data offers the possibility of better determining the pollen pathways, and even
supporting the hypotheses of medium- or long-distance transport [52]. In this sense, other possible
factors such as pollen resuspension or consecutive phenological flowering of trees of different
varieties or located at different altitudes, can be ruled out on the basis of real data [59,60]. Our results
indicated that most of the episode days we detected were related to westerly slow and easterly
airflow patterns. These patterns have been previously identified in research studies carried out in the
area as those responsible for Quercus and olive pollen transport [59,61].

The four persistent periods selected occurred after the FF period and, associated with westerly
slow and easterly airflow patterns, indicating that these patterns are largely responsible for the
detection of Castanea pollen in the city of Cordoba: (a) westerly airflows could be associated with the
large mass of chestnut populations in the Extremadura region, or even from those growing in the
upper northern part of the Iberian Peninsula. (b) Easterly airflows cross the Mediterranean and reach
Cordoba via Malaga, to the south, probably favoring the dispersion of Castanea pollen from the Genal
river valley, located in this province, which contains one of the largest populations in Andalusia.

In regard to the persistent case related to southerly airflows, it could be associated to the
presence of Castanea sativa in high mountain locations of north Africa, where flowering phenology is
significantly later than in Cordoba and even in Malaga province [62,63]. Frequent occurrence of
African intrusion events in southern Spain [52] could indicate that some concentrations of Castanea
pollen recorded in Cordoba after FF coincide with the arrival of southerly sub-Saharan airflows. In
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fact, a similar phenomenon has been observed for other pollen types, such as Cannabis or Olea pollen
[46,52].

Medium- or long-distance transport of Castanea pollen grains has been demonstrated in this
study. Pollen transport in anemophilous species favors cross-pollination and genetic diversity. These
phenomena are of great importance in the case of fragmented populations and declining species, such
as Castanea sativa in southern Spain with the ecological and economic consequences that this entails
in the region. Previous studies on the genetic composition of Andalusian chestnut forests have
indicated that most of them are composed of old populations, and that replacement by new
individuals is scarce [13]. Cross-pollination is therefore crucial for these populations to improve the
genetic diversity of the species, and consequently its conservation. Moreover, in view of the allergenic
potential of this pollen type, the results are important for the allergic population and for medical
specialists.

The analysis of airborne pollen sources and transport helps us to understand the genetic flows
between individuals and populations. It may provide an interesting insight into the geographical
origins, current distribution, and future of plant species [64]. Our integrated study will help to clarify
the potential pollen sources and transport pathways that make these gene flows possible. These sort
of studies, together with those on chestnut genetics, including molecular markers, will improve our
knowledge of the genetic flows of Castanea, which is vital for the inventorying, conservation, and
management of the genetic resources of forest populations.

5. Conclusions

The results obtained from this integrated study of land-cover, meteorological, phenological, and
aerobiological data from different sites in southern Spain, together with an atmospheric back-
trajectory analysis, help to clarify the potential Castanea pollination pathways in this area.

The comparative analysis of the pollen curve, together with phenological analysis of the nearest
chestnut populations, confirmed that some unusual pollen concentrations detected in the city of
Cordoba after the chestnut flowering period in those populations could be due to episodes of
medium- and long-distance transport from other more remote chestnut areas.

The backward trajectory analysis indicated that most of these unusual Castanea pollen peaks
were related to westerly slow and easterly atmospheric flows. Nevertheless, some of the case studies
suggested a transport of pollen grains associated with southerly airflows. In these cases, pollen
sources would be chestnut populations situated further south, even those located in north African
mountains.

These results offer valuable information about the transport of Castanea pollen grains through
southern Spain. Any knowledge related to the dynamics of this pollen type, and therefore about the
reproductive biology of chestnut tree, is of major significance due to the importance of this species
overall, from an economic and ecological point of view. The small pollen size favors medium- and
long-distance transport events, which would increase cross-pollination and therefore genetic
diversity and viability of the highly fragmented chestnut populations of southern Spain.
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