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Abstract We explored the temporal and spatial
variations in airborne Alternaria spore quantitative
and phenological features in Europe using 23 sites
with annual time series between 3 and 15 years. The
study covers seven countries and four of the main
biogeographical regions in Europe. The observations
were obtained with Hirst-type spore traps providing
time series with daily records. Site locations extend
from Spain in the south to Denmark in the north and
from England in the West to Poland in the East. The
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study is therefore the largest assessment ever carried
out for Europe concerning Alternaria. Aerobiological
data were investigated for temporal and spatial
patterns in their start and peak season dates and their
spore indices. Moreover, the effects of climate were
checked using meteorological data for the same
period, using a crop growth model. We found that
local climate, vegetation patterns and management of
landscape are governing parameters for the overall
spore concentration, while the annual variations
caused by weather are of secondary importance but
should not be neglected. The start of the Alternaria
spore season varies by several months in Europe, but
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the peak of the season is more synchronised in central-
northern Europe in the middle of the summer, while
many southern sites have peak dates either earlier or
later than northern Europe. The use of a crop growth
model to explain the start and peak of season suggests
that such methods could be useful to describe
Alternaria seasonality in areas with no available
observations.

Keywords Alternaria fungal spores - Pathogens -
Aeroallergens - Climate change - Exposure

1 Introduction

Alternaria is associated with more than 1100 common
names (Toth et al. 2011) and consists of more than 300
species (Seifert et al. 2011). Spores from Alternaria
are known to cause allergic problems worldwide
(Burbach et al. 2009; Gioulekas et al. 2004; Mari et al.
2003). Fungal spores in general, and particularly those
of Alternaria, induce respiratory allergies, most com-
monly among children and other sensitive individuals
(Behbod et al. 2015; Knutsen et al. 2012). Fungal
spores also cause acute respiratory failure, thus being
frequently responsible for hospital admissions (Bush
and Prochnau 2004; Dales et al. 2000). Nonetheless,
fungi are reported as a neglected and underestimated
source of respiratory allergy (Crameri et al. 2014).
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A number of Alternaria species are also important
plant pathogens (Gravesen et al. 1994; Oerke and
Dehne 2004; Simmons 2007). Some species fre-
quently infect important crops such as potatoes
(Escuredo et al. 2011; Iglesias et al. 2007) and cereals
(Skjoth et al. 2012). Alternaria mainly grows on
vegetation and is considered to be related to agricul-
tural landscapes (Sadys et al. 2015; Skjgth et al. 2012).
Many species of Alternaria are known to be host
specific, such as Alternaria brassicae that affects
specific Brassica species (Su’udi et al. 2013). The
abundance of Alternaria in crops is related to the
development and decomposition of biomass of their
hosts (Escuredo et al. 2011; Iglesias et al. 2007). It has
been calculated that Alternaria alternata can produce
up to 3.2 x 10° spores per cm® of nutrient medium,
tested in two different media, rich one (PDA: potato-
dextrose agar) and a poor one (PCA: potato-carrot
agar) and at a variety of air temperatures (Damialis
et al. 2015a). As nutrient availability significantly
varies among different crop systems and vegetation
types across different areas of Europe, it is expected
that the total amount of Alternaria spores detected in
the air in any given season (seasonal fungal spore
index, SFI) will vary as well.

Spatial and temporal studies on Alternaria in
Europe are rare. Most of the temporal studies focus
on just one or two sites (Corden et al. 2003;
Damialis et al. 2015b; Kasprzyk and Worek 2006).
Continental-scale studies are non-existent to date. A
recent study that focused on the spatial aspect in
central and eastern Europe only covered one season
and four countries (Kasprzyk et al. 2015). This
scarcity of information on both temporal and spatial
patterns on fungal spores has caused expression of
concerns from both the biodiversity perspective and
the health perspective (Berman 2011). There is
therefore a general need for a Europe-wide assess-
ment of fungal spore concentrations and how they
vary in time and space.

The SFI has been shown to vary with more than a
factor of four during a 10-year period (Corden et al.
2003; Damialis et al. 2015b; Skjgth et al. 2012). In
Europe, local climate and vegetation are relatively
stable over a 10-year period. Major land cover classes
hardly change, and these classes include olive and
grapes or areas with crops under rotation (European
Commission 2005). The annual changes must there-
fore be attributed to changes in weather and
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management of the landscape. On the contrary, the
amount of hosts varies spatially to a large degree. The
abundance of crops, agricultural land and other
vegetation patterns that are hosts of Alternaria can
vary by a factor of 10 or more on botha 5 km x 5 km
scale (Sadys et al. 2014, 2015) or a 50 km x 50 km
scale (Skjgth et al. 2010). Local management (e.g.
harvesting and use of pesticides) of agricultural areas
and vegetation pattern is therefore likely to have a
larger impact on the SFI than the annual variations in
weather.

The start of the Alternaria season in each area of
Europe is likely related to the development of biomass
of early crops. The development of biomass in crops
can be simulated with simple crop growth models using
accumulation of heat units (e.g. Deen et al. 2001;
McMaster and Wilhelm 1997). The development of
pathogens is also mainly determined by temperature
(e.g. Agrios 1997). These two aspects—development of
biomass and the effect of temperature on pathogens—
make it likely that the start of the Alternaria season can
be simulated with a simple crop growth model that
responds to temperature, e.g. by accumulating the heat
units above a specific threshold, the so-called growing
degree days (GDD). Each area of Europe has its own
specific crops (e.g. Balkovic et al. 2013). As a
consequence, the simulation of crop growth will require
different parameters between the areas. Generally, it is
expected that temperature will comprise a crucial factor
in the start of the Alternaria spore season. Nonetheless,
temperature can be non-significant dependent on the
species under study, on biological requirements and
nutrient availability, among areas and sampling years
etc. (e.g. Damialis et al. 2015a).

Peak concentrations of Alternaria are important as
the exceedance of thresholds usually governs when
sensitive patients react to spore exposure. The thresh-
old for Alternaria, as reviewed by Gravesen (1979),
has been estimated to be 100 spores per cubic metre of
air (s m—>). This suggests that knowledge of local
peak concentrations is important information and
relevant to forecast. The annual peak concentrations
of Alternaria have been shown to be related to specific
agricultural operations like harvesting of mature crops
(Friesen et al. 2001; Skjgth et al. 2012). The devel-
opment of crop growth and maturation can also be
simulated with simple crop growth models (McMaster
and Wilhelm 1997). However, Alternaria peak con-
centrations can also be related to long-distance

transport episodes (Burshtein et al. 2011; Sadys et al.
2015). A consequence is that peak concentrations of
Alternaria are not necessarily related to local crop
development, but can also depend on atmospheric
transport from areas with mature crops and harvesting
(Fernandez-Rodriguez et al. 2015; Skjgth et al. 2012).
Alternaria concentrations can also decrease in the
middle of the crop growth season as observed in the
Mediterranean region (Escuredo et al. 2011; Maya-
Manzano et al. 2012). Most likely the drop is caused
by high temperatures which are known to cause a
decrease in spore production in many species (e.g.
Hauptman et al. 2013). This is particularly true in the
case of Alternaria alternata, which decreased its spore
production under experimentally elevated air temper-
ature (Damialis et al. 2015a). Overall, since the peak
concentration of any air particle is in fact a daily value
and as such it is subject to high randomness (because
of meteorological factors, anthropogenic influence
and unpredictable parameters), Alternaria peak spore
season and relationships with accumulated tempera-
tures above a threshold (GDD) are considered only of
secondary importance.

The aim of this study was to investigate potential
relationships of the characteristics of the overall spore
season of the genus Alternaria (start, end, duration,
peak and SFI) with local climate throughout Europe. To
achieve this, we tested whether the start of the
Alternaria season in Europe was statistically related
to GDD by applying a crop growth model. At the same
time, we checked whether peak concentrations had
weaker statistical relationship with GDD than the start
of the season. As agricultural areas are considered to be
the main source of Alfernaria spores, we assessed the
spatial abundance of Alternaria spores in four of the
main agricultural areas in Europe by exploring the SFI
in the following four biogeographical regions, the
Atlantic, the Continental, the Mediterranean and the
Pannonian, in a similar way to Grewling et al. (2012).
Finally, we investigated whether the variation in SFI in
all biogeographical regions was higher spatially rather
than temporally. Our assumption was that variability in
spatial and temporal scales is of similar magnitude and
that any differences observed in airborne spore abun-
dances and spore seasons would be mainly due to
parallel weather and land use variations over large
geographical areas. We hypothesised that both spatial
variation (due to larger-scale phenomena, like crop and
land use changes and climatic indices) and temporal
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variation (like short-scale incidents of local meteorol-
ogy and yearly extreme weather events) would be of
similar significance.

2 Materials and methods
2.1 Aerobiological data

Daily concentrations of Alternaria spores were used.
The data were obtained using 7-day volumetric
samplers (Hirst 1952). This sampler manages to
monitor different air particles in the atmosphere and
can therefore be used for the analysis of both pollen
and spore airborne concentrations (instead of using
two separate air samplers for each particle type). The
aerobiological data were obtained from 23 sites in
Europe (Fig. 1; Table 1). Coordinates and citations to
a full description of the sites and their surroundings are
given in Table 1. Observations are obtained according
to aerobiological recommendations, typically on the
top of a tall building so that the site represents the
regional concentration, 30 km from the sampler. The
counting method used during spore identification was
either transverse traverses (§ikoparija et al. 2011) or
longitudinal transects (Képyla and Penttinen 1981).
Aerobiological sampling standards, like the sample
size per year and study area, were according to the
minimum requirements for aerobiological sampling,
as specified by Galan et al. (2014). All counts have
been converted to daily mean concentrations of fungal
spores per m° of air (s m ). Available data during the
period 2000-2014 have been used to provide descrip-
tive statistical evaluation in tabular form in a similar
way to Kasprzyk and Worek (2006) including SFI,
start and end of season, and peak concentrations. Days
are here expressed as calendar days. Season start and
season end are based on the 90 % method (Nilsson and
Persson 1981) which is the most common method in
aerobiological studies, including fungal spores (e.g.
Gioulekas et al. 2004). Years with data gaps of 7 or
more days during the Alternaria season were not
included in the analysis.

2.2 Land cover and biogeographical data
The sites were grouped into the main biogeographical

regions of Europe. We used the official biogeograph-
ical boundaries that are defined by European
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Environmental Agency and freely available as a shape
file for use in GIS systems. The biogeographical
regions are used in international regulations such as
the Habitat Directive. Biogeographical regions can be
transboundary and define areas where animal and
plant distributions are having similar or shared char-
acteristics, which means that these regions are well
suited for broad continental-wide studies.

Each site was analysed with respect to nearby land
cover from the Corine Land Cover data set
(CLC2000). CLC2000 is the most detailed uniform
international land cover data set currently available
(e.g. Thibaudon et al. 2014) for this type of studies.
Here, we analyse the vegetation cover within a 30-km
radius from each site in a similar way to previous
studies covering a large number of monitoring sites
(Skjgth et al. 2010; Thibaudon et al. 2014; Karrer et al.
2015). This distance is found using the assumption that
the overall pollen or spore index reflects the amount of
plants within a distance of 30 km from a monitoring
site (see Skjgth et al. 2010). Then, long-distance
transport episodes are episodic (e.g. Sadys et al. 2014;
Smith et al. 2008) and therefore have the potential to
contribute to the overall index (e.g. Fernandez-
Rodrigues et al. 2015), but expectedly to a lower
extent. The total area of each land cover type is
calculated within the 30-km radius for each station
using ArcGIS version 10 and is available as supple-
mentary information, and together with the percentage
of agricultural areas (CLC2000 codes 211-244, see
supplementary material) is listed in Table 1.

2.3 Air temperature data

Meteorological parameters were obtained from nearby
stations by analysing the Global Summary of the Day
(GSOD) meteorological data set that is exchanged as
part of the World Weather Watch Programme within
the World Meteorological Organization (WMO). Each
aerobiological site was then matched with the nearest
meteorological site (Table 1) in order to calculate
local GDD. Here we use the WMO definition of GDD,
which is the daily mean temperature above a critical
threshold. We use a critical threshold value of 0 °C as
given in the agricultural model MV-Tool (Olesen and
Plauborg 1995) and a starting date of 01 March as this
combination is based on empirical calibration for
common crops like spring barley and winter wheat
throughout the majority of the study area
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(Gyldenkarne et al. 2005). We therefore use GDD as a
proxy for overall crop development within a particular
area. It has previously been shown that the annual
peaks of Alternaria concentrations are at least partly
related to harvesting of mature crops and
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Location of sites

*  Meteorological stations

for Vielha that is placed to the left. Names of the biogeograph-
ical regions refer to the official nomenclature given by the
European Environmental Agency

augmentation of the spore concentration from remote
sources (Skjgth et al. 2012). The long-term mean of
both seasonal characteristics and GDD are then used
for climatological assessments on a spatial scale
throughout Europe. Data gaps in the meteorological

@ Springer



Aerobiologia (2016) 32:3-22

Table 1 Study sites, their longitude and latitude and main
references describing them, adjacent meteorological stations
including Identification for fixed weather stations (USAF-ID),

number of years with Alternaria data that were used in the
study and amount of agricultural (%) land within 30 km

Spore site Years Lat Lon Counting Spore site description Met-station name and  Agricultural land
name of data method USAF-ID near station
Aix-en- 11 43.5352 5.4416 1 x longitudinal Dupuy (2007) Provence (076500) 32.6
Provence
Badajoz 3 38.8667 —7.0028 2 x longitudinal Maya-Manzano et al. Talavera La Real 63.2
(2012) (083300)
Barcelona 15 41.3937 2.1649 1 x longitudinal De Linares et al. Barcelona Airport 13.8
(2010) (081810)
Bordeaux 15 44.8333 —0.5666 1 x longitudinal Dupuy (2007) Merignac (075100) 41.5
Budapest 14 47.5000 19.0667 12 x vertical Paldy et al. (2014) Budapest/ 46.8
Pestszentlorinc
(128430)
Copenhagen 14 55.7156  12.5620 12 x vertical Skjgth et al. (2012)  Kastrup (061800) 22.6
Derby 7 529386 —1.4964 1 x longitudinal Pashley et al. (2009) Nottingham Watnall =~ 76.1
(033540)
Girona 15 41.9842 2.8233 1 x longitudinal De Linares et al. Girona (081840) 37.4
(2010)
Krakow 15 50.0636 19.9558 1 x longitudinal Stepalska and Wolek Balice (125660) 76.9
(2009)
Krasne® 5 50.0493 22.0901 1 x longitudinal Kasprzyk and Worek Jasionka (125800) 73.2
(2006)
Leicester 9 52.6231 —1.1227 1 x longitudinal Pashley et al. (2009) Nottingham East 85.1
Midlands (034185)
Lleida 14 41.6283 0.5956 1 x longitudinal De Linares et al. Lerida (081710) 89.5
(2010)
Lyon 7 45.7274  4.8249 1 x longitudinal Dupuy (2007) Bron (074800) 61.6
Nantes 10 47.2167 —1.5500 1 x longitudinal Dupuy (2007) Nantes Atlantique 82.3
(072220)
Paris 13 48.8500 2.3500 1 x longitudinal Dupuy (2007) Le Bourget (071500) 25.8
Roquetes- 9 40.8203 0.4932 1 x longitudinal De Linares et al. Tortosa (082380) 50.6
Tortosa (2010)
Rzeszow 7 50.0145 22.0057 1 x longitudinal Kasprzyk and Worek Jasionka (125800) 74.0
(2006)
Szczecin 10 53.2622 14.3252 1 x longitudinal Grinn-Gofron and Goloniow (122050) 72.5
Strzelczak (2008)
Tarragona 15 41.1200 1.2439 1 x longitudinal De Linares et al. Reus (081750) 29.4
(2010)
Thessaloniki 3 40.6335 229576 2 x longitudinal Damialis et al. Makedonia (166220) 56.2
(2015b)
Toulouse 14 43.6000 1.4333 1 x longitudinal Dupuy (2007) Blagnac (076300) 78.3
Vielha 11 42.7023  0.7974 1 x longitudinal De Linares et al. - 5.7
(2010)
Worcester 5 52.1969 —2.2419 1 x longitudinal Sadys et al. (2014) Pershore (035290) 87.0

time series shorter than a week were filled by
interpolation or by using data from a nearby station

2.4 Seasonal fungal index

if there were a very high autocorrelation and no
significant bias between sites.

The SFI was calculated for each year and for each site
during the period 2000-2014 (Table 2), and the mean

@ Springer
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of the SFI is displayed on a map (Fig. 2). Sites with
five or more years of Alternaria data were then
analysed for the maximum temporal variation in the
data from that particular site. This was achieved by
calculating the maximum and minimum daily con-
centrations per year and per site and expressing them
as percentages in relation to the annual mean for the
respective year and site. For each site, the temporal
variation is the difference between these maximum
and minimum values. The total temporal variation for
all relevant sites is given in Table 2 as an estimate of
local changes due to weather and management using
following formula: 100 x (max/average — min/aver-
age). As such, the calculation of the temporal variation
is almost identical to the calculation of the coefficient
of variation (given as percentage in relation to the
mean value), where the focus is on the standard
deviation instead of maximum and minimum values.
Spatial variation has also been grouped by the main
biogeographical regions in Europe as defined by the
European Environment Agency (EEA 2012). The total
spatial variation for all relevant years is given in
Table 2. This is assumed to be an estimate of
variations in SFI due to vegetation type and vegetation
pattern (thus the spatial distribution), its management
and large-scale climatic conditions within the area.
The extent of the total temporal variation was then
compared with the extent of the total spatial variation
in order to test whether vegetation (and its long-term
management such as choice of land cover), vegetation
pattern and overall climate have a larger impact on the
SFI than annual changes in weather and short-term
management of the landscape (e.g. harvesting, choice
of annual crops and use of pesticides). Finally, the total
spatial variation in SFI was linearly correlated with
respect to the fraction of agricultural land, for the
entire study area and each biogeographical region with
more than 5 sites.

2.5 Start and peak dates of fungal season

The relationships between cumulative temperature
above the threshold (GDD) and starting days as well as
GDD and peak days were first analysed for each site
with hierarchical clustering on data sets with five or
more years available (Table 3). The calculations were
done with the pvclust, which is an add-on package for
R statistical software to assess the uncertainty in
hierarchical cluster analysis (Suzuki and Shimodaira

2006; Suzuki 2014). Pvclust calculates probability
values (p values) for each cluster using bootstrap
resampling techniques. Two types of p values are
calculated: approximately unbiased (AU) p value and
bootstrap probability (BP) value. Clusters that are
highly supported by the data will have large p values.
Average clustering agglomerative method and the
default number of bootstrap replications that were
equal to 1000 were used in this study to obtain clusters.
For each site, maximally two clusters were further
considered for the analysis. If the clustering revealed
outliers, they were not taken into account for the
creation of mean values (centres of the clusters) of
starting day and peak day (Fig. 3). Centres of the
clusters were calculated with the k-means function
available in the R package stats library (R Core Team
2015). The method to get cluster centres aims to the
minimization of sum of squares from points to the
assigned cluster centres. The k-means function has an
nstart option that attempts multiple initial configura-
tions and reports on the best one. The recommended
number for nstart of 25 was used here.

3 Results

Spore data sets were available from 23 sites providing
annual summaries from daily data that passed the
quality criterion (no gaps of considerable size). These
data varied in length from 3 years (Badajoz and
Thessaloniki) to 15 years (Barcelona, Bordeaux,
Girona, Krakéw and Tarragona). Corresponding
meteorological data were available for each year for
22 out of the 23 sites (Table 1). The spatial pattern in
the start of the Alternaria season shows a gradient
from the south to the north of about 3 months (Fig. 3)
with the earliest start in Spain and Greece in April-
May and the latest in Denmark in mid-June to mid-
July. Similarly, the length of the season is up to
4 months longer in the south than in the north
generally ranging from 2-3 months in Denmark to
6—7 months in Greece and even more in Spain. The
annual peak dates of Alfernaria concentrations show
hardly any gradient from south to north (Fig. 3;
Table 2) with respect to the mean value. However,
Fig. 5 shows that in the continental and Atlantic
regions, the peak dates are usually between calendar
days 180 and 240, with mean values as in Fig. 3. In
contrast, the Pannonian and the Mediterranean regions

@ Springer
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Fig. 2 Location of spore sites, their mean seasonal fungal spore index and the mean length of the spore season. Numbers are placed to
the rop right, the top or the right according to location of the monitoring site

have hardly any peak values in the middle or late
summer with very few values between 220 and 250.
The peak values are instead clustered before day 220
(early summer) and after day 250 (autumn), thus
suggesting a bimodal pattern. In the Continental and
Atlantic regions, the peak dates are found in July—

August (Fig. 2; Table 3), while there is much larger
variation between years in the Mediterranean region
and few peak values in August.

The highest SFIs were exhibited scattered across
Europe, like in Hungary and the UK and a single site in
NE Spain; little direct connection between SFI and
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Fig. 3 Fungal spore sites and the associated start of season and peak day. Numbers are placed to the top right, the top or the right

according to location of the monitoring site

season length was observed (Fig. 2). Therefore, in
England the longest season is in Worcester, but the
highest SFIs are in Leicester and Derby. Likewise, in
France one of the largest SFIs occurred in Paris,
where, nonetheless, the spore season had a marked
short duration. Within the four main biogeographical
regions, the highest SFIs (Fig. 2; Table 2) are found in

the Pannonian region (up to 59,587 conidia), Spain (up
t0 59,875 conidia) and England (up to 30,281 conidia),
while the lowest SFIs are found in Mediterranean
region (6005 conidia in Greece) and the northern part
of the Continental region (2282 conidia in Denmark).
It should be noted that the remote site Vielha in the
alpine region of the Pyrenees is even lower with an SFI
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as low as 815 conidia. Overall, the spatial variation in
SFI per year (calculated as the mean of yearly SFIs per
site) is more than 1-2 factors larger than the temporal
variation in SFIs (calculated as the mean SFI of all
sites per year) (p < 0.05). In fact 14 out of 15 years
have a larger spatial variation than any recorded
temporal variation (Table 2). The fraction of agricul-
tural land varied from 5.7 % at Vielha to 89.5 % at
Lleida, and 12 out of 23 stations have this fraction
above 70 % (Table 1). The majority originates from
non-irrigated arable land, with various contributions
from other categories such as olive groves, fruit trees
and berry plantations and vine yards (supplementary
information). The R? values with the overall seasonal
fungal spore index are 0.10, 0.68, 0.00 and 0.53 for the
entire area, the Mediterranean region, the Atlantic
Region and the Continental region, respectively.

A statistically significant relationship was observed
between both the start and the peak of the spore season
and GDD. This was true for all sites, except for Krasne
in Poland (Table 3). In the Atlantic and Continental
regions, the GDD for peak dates have a tendency to
more clustering than the start of the season (Figs. 4, 5).
The Atlantic and the Continental regions also have a
higher tendency to clustering than the Pannonian and
Mediterranean regions (Figs. 4, 5). Most sites have the
GDD values in two main clusters (Table 3). For the
start of the season, the clusters correspond to calendar
dates in April-June and May—July. The GDD values
range from 968 to 1274 °C for 11 out of 20 GDD
values. The remaining values range from 9.2 to
1489 °C. The annual season peaks have clusters that
are mainly in July—August. For the peak, 11 out of 20
cluster values lie in the range 1880 to 2102 °C, while
the rest of the GDD values are scattered from 1393 to
5277 °C.

4 Discussion

Our results support the hypothesis that the SFI of
Alternaria is more affected by local land use manage-
ment, vegetation structure and overall climate than
year-to-year variations in weather. If this hypothesis is
correct, then it would mean that airborne concentra-
tions of Alternaria spores exhibit higher variation
spatially rather than temporally. The results also
support the close relationship of Alternaria season
with climate expressed as GDD, given that the results

@ Springer

show large variations in GDD values between the
biogeographical regions. However, the annual peak
concentration of Alternaria was found to have a
weaker statistical relationship with GDD than the start
of the spore season when treating Europe as a whole.
Contrary to this, the peak dates had a stronger
relationship with GDD than the starting dates in both
central and northern Europe and weaker relationship
in southern Europe. Different climatic conditions
seem to play an important role in this phenomenon.
The Mediterranean, with mild winters and hot sum-
mers and with a more prolonged spore season in all
cases (Mediterranean sites vs. all other sites), exhibits
an unpredictable occurrence of the daily peak con-
centration of Alternaria conidia compared to the short
respective period of north and central Europe. If one
also takes into account the increased biodiversity of
the associated crops, grasslands and other sources of
Alternaria conidia to the south, this phenomenon is
even more probable. We found no linear correlation
between agricultural land cover over the entire study
area and SFI. However, the strong correlations
between agricultural land and SFI in both the
Mediterranean and Continental region suggest that in
large parts of Europe, the land cover is a very
important parameter for the prediction of the overall
SFI. It should here be mentioned that the observed
high R* values are based on a small data set. In any
case, this suggest that spatially robust predictions of
SFI should take into account both climate and
vegetation cover.

For all sites, we found a statistical clustering of
GDD values in relation to both the start and the peak of
the season. In the northern part of the area studied, this
clustering was stronger than the southern part for the
peak of the season. This may be related to several
things. Firstly, the GDD is directly related to temper-
atures. The higher the temperatures, the higher the
GDD, with inevitably growing values by definition. As
Alternaria spore season presents a more or less
seasonal pattern, spore abundances will start decreas-
ing after a specific time point. After this point (up to
which parallel increases in GDD and spore concen-
trations take place), GDD inevitably continues to rise,
whereas spore abundances start decreasing. This may
be due to the threshold values required for each
Alternaria species to sporulate, in each area, habitat,
site, year and day. Overall, higher temperatures of
south Europe lead to faster achievement of Alternaria
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Fig. 4 Annual start of season versus annual growing degree
days (GDD) at individual sites and grouped into the four major
biogeographical regions: a Atlantic, b Continental, ¢ Pannonian

sporulation thresholds, for the same species, which
potentially leads to weaker clustering in south Europe.
This matches well with the findings that June is the
month with the highest number of peak concentrations
(Fig. 5). This is particularly true in the southern parts of
the study area, while in colder north areas, the
relatively short season and low maximum temperatures
do not exceed the required abovementioned threshold
value. Secondly, it could be related to the harvesting of
cereals, as two major crops in northern Europe are
wheat and barley. According to our hypothesis,
harvesting was expected to affect spore concentrations
through long-distance transport (LDT). However,
harvesting of cereals generally happens after several
days of good sunny and dry weather (Skjgth et al.
2012), which is a synoptic scale meteorological
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and d Mediterranean. Data for each site are clustered in either
one or two groups. Clustering values and the corresponding
p value are found in Table 2

phenomenon that simultaneously can cover large areas
in central-northern Europe. When this happens, then
LDT from one geographical area will have a smaller
tendency to affect another area and increasing the
otherwise low concentration through LDT. Instead, the
LDT episodes will augment the already high concen-
trations within central-northern Europe. It is therefore
unclear whether the measured Alfernaria spores on
high days are mainly due to either local sources or more
remote sources and how atmospheric transport can
affect the annual spore index in each area. This
hypothesis is supported by Fig. 3 and Table 3 showing
that the peak days are generally much more synchro-
nised in central-northern Europe than the start dates,
where there is a clear south-north gradient. Despite
significant variations in actual starting dates, GDD
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Fig. 5 Annual peak of season versus annual growing degree
days (GDD) at individual sites and grouped into the four major
biogeographical regions: a Atlantic, b Continental, ¢ Pannonian

values for each site (Table 3; Figs. 4, 5) are clustered
around one or two values, in central and northern
Europe, in particular. Several GDD values at one site
can be related to the crop rotation system in Europe.
The annual changes in the crop rotation areas will
cause annual changes in the maturation of the crops.
This must be expected to cause changes in Alternaria
spore production and, as in this study, also in the values
of required GDD values. As a consequence, there will
be several GDD values for each site. These values are
then interlinked with a strong south—north gradient in
starting date with a difference of more than 2 months
(Figs. 3, 4). It should be noted that both Figs. 4 and 5
could indicate a strong correlation between GDD and
starting date of the fungal spore season (e.g. Figure 5c
will then have an R* value of 0.97). This is partly true,
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and d Mediterranean. Clustering values and the corresponding
p value are found in Table 2

because there is a very high autocorrelation between
GDD and calendar date throughout most of Europe.
Regardless of the length of time series, the SFI is
relatively stable for a large number of sites and varies
with less than 100 % from the mean values, mainly
seen in the shorter time series (Table 2). The series
with data covering 13-15 years show a temporal
variation from 100 to 150 %, which suggests that
5 years are not sufficient to cover annual variability at a
specific site. This is contrasted with the spatial
variation as this is always above 100 %, even exceed-
ing200 % in 14 out of 15 cases. All these findings show
that the seasonality of Alternaria is strongly linked
with both overall climate for the area and to a smaller
degree, but nevertheless important, with the weather of
a particular season.



Aerobiologia (2016) 32:3-22

17

This study also finds large north—south variations in
the length of the season as well as in the annual peak
concentration. In the north, the annual peak concen-
trations always appear in July—August, while they can
be either in May—June or September—October at the
Mediterranean sites (Maya-Manzano et al. 2012). The
reason for this variation is most likely related to the
sensitivity of spore production to temperature as found
for Alternaria alternata by Hatzipapas et al. (2002),
suggesting that 25 °C was the optimal range for spore
production. Certain experimental designs on Alternar-
ia alternata have shown that spore production can
decrease dramatically even within a relatively short
temperature range (temperature difference of the
magnitude of 0.9-1.6 °C) and especially under
increased nutrient availability (Damialis et al.
2015a). Such high temperatures are frequently
observed in the Mediterranean region, mainly during
July—August. Hence, peak concentrations do not
always occur in July—August (Fig. 5d). In the northern
sites, with the short and more well-defined summer
periods, peak concentrations are in the middle of the
summer (Fig. 5b). The largest mean seasonal spore
index is in Budapest, in the Pannonian region, but
large indices are also found in Lleida, Spain, in the
Mediterranean region, and in Leicester and Derby, in
the Atlantic region. In the area of Catalonia within the
Mediterranean region, the large index might be related
to the fact that Lleida is a rural site (De Linares et al.
2010) and therefore has abundant sources nearby,
while most of the other sites in this study are urban
locations. The spore index of nearby site in Worcester,
in the Atlantic region, is among the lowest recorded.
Despite this, the season in Worcester is slightly longer
or similar to Derby and Leicester. Both climatic
differences as well as annual changes in weather
between Worcester and Leicester can be considered
negligible; they are both located in the Midlands so the
main difference between them must be related to the
abundance of local sources. One explanation could be
related to the difference in crops. Worcester is known
to contain large areas of permanent crops, such as
orchards, while the area around Leicester, according to
a map by Sadys et al. (2015), contains large areas with
crops under rotation. The importance of crops and the
type of crops in each biogeographical region are
underlined by the clustering of the GDD values. Areas
with crops under rotation must by definition contain
several types of crops, such as winter wheat or spring

barley, that mature and are ready for harvesting at
different times of the year (Cooter et al. 2012;
Gyldenkare et al. 2005). Consequently, different
biogeographical regions often have specific pheno-
types of crops, such as slow- or fast-growing species
(e.g. Poorter et al. 1995), where these phenotypes are
adapted to the local environment. Fungal mycelia, and
consequent spore production, are related to harvesting
and decomposition of vegetation, growing on living or
dead tissue, and hence, the different crop types
expectedly cause different peak dates in spore pro-
duction due to maturation of the crops (and thus the
associated GDD value). Similar or even larger differ-
ences in the SFI were found in the Spanish part of the
Mediterranean region. It is also necessary to consider
the use of fungicides on crops to interpret differences
between places, as they may affect Alternaria abun-
dance in the air. Overall, these findings suggest that
despite the high randomness that one would expect
when examining such diverse data sets across Europe
and for a variety of geoclimatic and vegetation zones,
over time, there is a key factor masking out all other
factors examined, temperature, but also all others that
have not been probably incorporated in this study.
Surely the climatic element plays a role, but primarily
a locally important parameter affects spore production
within an area. This adds further support to the
hypothesis that the SFI of Alternaria is more affected
by local landscape management, vegetation structure
and overall climate than year-to-year variations in
weather. As many of the Alternaria species comprise
endophytic organisms, they acquire the necessary
nutrients by the plant hosts in which fungi grow.
Damialis et al. (2015a) have also experimentally
proved that Alternaria alternata’s spore production
and mycelium growth are strongly correlated with the
amount of available nutrients provided by their plant
hosts. In fact, they are suggesting that various fungal
species (among which Alternaria spp.) prefer, under
climate change conditions to change their life strategy
by, that is, elongating their growth phase and delaying
their sporulation stage, until they exhaust the available
nutrients. Gundel et al. (2013) have also documented
that such changes in life strategies exist and that these
influence the interactions between plants and fungi in
an extremely complex and species-specific manner.
Globally, primary biogenic aerosols (PBA), such as
pollen, bacteria and fungal spores, have a number of
very important functions. Firstly, PBA are efficient as
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ice nuclei and their emission and concentrations are
directly affected by meteorological factors (Hoose and
Mohler 2012). According to the Intergovernmental
Panel on Climate Change (IPCC), there has been
limited research on these effects, so the associated
feedback mechanism between PBA and climate is
poorly understood (Kirtman et al. 2013). Secondly, a
number of PBA, in particular fungal spores, are also
important in relation to soil and vegetation in agricul-
ture (e.g. Agrios 1997), to forestry (e.g. Sadys et al.
2014) and to human health (e.g. Denning et al. 2014),
but there are major knowledge gaps that have recently
been identified by IPCC (Kirtman et al. 2013). Thirdly,
according to an editorial in the Lancet (2008), the
impact of PBA on human health in relation to allergies
does not receive the scientific attention it needs. In
response to the need for collecting and assessing large
aerobiological data sets (Beggs 2004; Cecchi et al.
2010) to fill the identified knowledge gaps, a number
of large-scale pollen studies have been recently
published (e.g. Smith et al. 2014; Zhang et al. 2015),
but studies on fungal spores remain sparse. This large-
scale assessment is our attempt towards improving the
existing knowledge on Alternaria, a major fungal
genus that is important both as a phytopathogen and a
potential aeroallergen.

Up to now, very little research in Europe has been
conducted on fungal spore year-to-year variations,
within-year variations and the magnitude of these
changes to the SFI (e.g. Damialis et al. 2015b;
Fernandez-Rodriguez et al. 2015). Either very few
years have been examined or few fungal taxa, whereas
the spatial feature has never been addressed at the
European scale. One study in Europe (Canaries
Islands, Catalonia and Andalusia in Spain) has previ-
ously investigated Alternaria fungal spore concentra-
tions in more than three sites (De Linares et al. 2010)
and more than one season. The authors found large
variations in Alternaria dynamics in the two biogeo-
graphical regions within Spain extending a previous
regional study by Maya-Manzano (2012) in the same
country. In our study, even larger variations were
found in the main biogeographical regions of Europe.
Damialis et al. (2015b) searched for long-term trends
in a time series for a wide range of fungal taxa, 15 in
total including Alternaria, during 1987-2005 from
one site, Thessaloniki, Greece; they observed both a
later onset and peak of the main spore season of
Alternaria and a shorter overall season length. This
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corresponds well with our study, as peak concentra-
tions are frequently absent during the middle of the
summer in the Mediterranean region, where 17 out of
the 85 annual peaks in that biogeographical region are
in July/August and 54 are found in June, September
and October (Fig. 5).

Kasprzyk et al. (2015) worked on an Alternaria-
specific aerobiological data set including data from a
single year but of a wide spatial distribution, from 12
monitoring sites of four countries across central and
eastern Europe. They observed that there is a north—
south shift mainly of daily peak spore concentrations
depending on the latitude. The findings in our study
considerably extend the study by Kasprzyk et al.
(2015) by covering a larger geographical area and also
by taking the temporal aspect into account. Kasprzyk
et al. (2015) also find highest seasonal spore index in
the most intense agricultural area and more than a
factor of ten lower seasonal spore index in the Boreal
biogeographical region where large areas are domi-
nated by forests. These results, combined with the
results from both the agricultural intense areas and the
low seasonal spore index from the site at Vielha could
suggest that the concentrations of Alternaria in large
parts of Europe are due to both non-agricultural and
agricultural sources, where the agricultural sources are
dominating.

Our research exemplifies the strong effects of
environmental factors on both the temporal and spatial
characteristics of Alternaria fungal spore season. It
combines both long-term data sets (frequently of more
than a decade), for the most recent records (after
2000), for the most allergenic fungal genus, Alternaria
(e.g. Gioulekas et al. 2004), and, above all, in the
largest spatial scale to date, across Europe. The results
obtained from our study are in agreement with relevant
ones from studies of far smaller geographical or
temporal scale (Damialis et al. 2015b; De Linares et al.
2010; Kasprzyk et al. 2015). In addition, they eluci-
date on the observed patterns and on the driving
factors. Indeed, increased temperatures with decreased
latitude (i.e. Mediterranean) lead to a later onset of
spore season but also to a decreased overall abundance
of spores, in terms either of annual concentration or
daily peak concentration, at many sites. Despite this
general pattern, large variations in the overall seasonal
spore index are detected within a few hundred
kilometres and within areas with similar climate like
in north Spain (Catalonia) or the entire UK (Fig. 1). It
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seems that a high regional variation is associated with
specific micrometeorological conditions and features
of the local vegetation. Yearly variations as in
Damialis et al. (2015b) are evident at most sites in
Europe (Table 2). However, these are of secondary
importance when compared to the effects of temper-
ature, either directly, in terms of required GDDs, or
indirectly, as simulated by latitude.

Because of the lack of previous knowledge,
concerns have been expressed regarding this variabil-
ity in fungal spores with respect to allergic sensitisa-
tion and biodiversity perspectives (Berman 2011). As
sporulation of fungi is influenced by several meteo-
rological factors, such as rainfall, air temperature and
relative humidity (e.g. Cecchi et al. 2010; Sadys et al.
2014, 2015), the ongoing climate change is expected
to greatly influence the temporal and quantitative
characteristics of fungal seasons worldwide. There-
fore, specific studies are needed, as already suggested
by Helfer (2014), to further investigate the interaction
effects of fungal spore abundances with climate
change temporally and spatially. This study suggests
that the integrated effect of land management should
also be included (e.g. land cover type such as
woodland or agriculture, type of crops, use of pesti-
cides). These studies should be conducted for a wide
range of fungal taxa, chosen on the basis of their
allergenic properties (e.g. Alternaria, Cladosporium,
Aspergillus and Penicillium) or their phytopathogenic
potential (e.g. Botrytis, Fusarium and Ganoderma).
Whenever possible, these studies should include the
use of atmospheric transport models such as HY SPLIT
(Draxler et al. 2014) and actual quantification of the
foot print area (Skjgth et al. 2015; Makra et al. 2010).
Ideally, these studies should take into account existing
climate as well as the expected effects of climate
change. This will be a direct response to the sugges-
tions by the Lancet (The Lancet 2008) and Cecchi
etal. (2010) by focusing on the fungal spores as well as
Berman (2011) by focusing on biodiversity. This study
is the first step towards this objective.

5 Conclusion

We conclude that temporal and spatial variations in
SFI and spore season start and peak derive from
different sources: local climate and vegetation (in-
cluding management agricultural landscape) are the

governing parameters for the yearly spore concentra-
tion, while the annual variations are most likely caused
by weather fluctuations. We find that the start of the
spore season varies by several months across Europe,
but the peak of the season is rather synchronised in
central-northern Europe, in the middle of the summer,
while southern sites in general have peak dates either
earlier or later than northern Europe. We did not find a
direct correlation between spore index on European
scale and amount of agricultural land. However, the
data suggest that within a region with similar climate
and vegetation, as defined by a biogeographical
region, a strong correlation between abundance of
agricultural land and spore index may be present.
Understanding the temporal and spatial dynamics of
Alternaria requires knowledge of how spore produc-
tion and release are affected by weather (short-term
effects) and climate (decadal effects) and how the
main habitats and the agricultural areas are affected by
management. The results with the simple crop growth
model to explain start and peak of season were
encouraging due to the substantial clustering. This
suggests that such methods could be useful to describe
Alternaria seasonality in areas that are not covered by
observational sites.
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