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Abstract The impact of climate change on fungal
growth and spore production is less well documented
than for allergenic pollen grains, although similar
implications for respiratory tract diseases in humans
occur. Fungal spores are commonly described as either
“dry” or “wet” according to the type of weather
associated with their occurrence in the air. This study
examined the distribution of selected fungal spores
(Alternaria spp., Cladosporium spp., Didymella spp.,
Epicoccum spp., Leptosphaeria spp. and rusts) occur-
ring in the West Midlands of UK during 2 years of
contrasting weather. Spore specimens were collected
using a 7-day volumetric air sampler and then
analysed with the aid of light microscopy. Distribu-
tions of spores were then studied using normality tests
and Mann—Whitney U test, while relationships with
meteorological parameters were investigated using
Spearman’s rank test and angular-linear correlation
for wind direction analysis. Our results showed that
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so-called wet spores were more sensitive to the
weather changes showing statistically significant dif-
ferences between the 2 years of study, in contrast to
“dry” spores. We predict that in following years we
will observe accelerated levels in allergenic fungal
spore production as well as changes in species
diversity. This study could be a starting point to revise
the grouping system of fungal spores as either “dry”
or “wet” types and their response to climate change.

Keywords Dry spores - Wet spores - Fungal
ecology - Aerobiology - Allergy - Climate change

1 Introduction

In recent years, the impact of the climate on the
changes in bioaerosol concentration and composition
(mainly pollen grains and fungal spores) is undergoing
an open discussion (Cecchi et al. 2010; D’ Amato and
Cecchi 2008; D’Amato et al. 2011; Damialis et al.
2014; Kennedy and Smith 2012; Reid and Gamble
2009). As indicated by Kennedy and Smith (2012),
there are several uncertainties related to the overall
prediction of climate change impact on aeroallergens,
ie. (1) ambiguity related to the climate change
scenarios, (2) its overall impact on pollen grain and
fungal spore production, and (3) methodology of
assessment of aeroallergen impact on asthma
sufferers.
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In Great Britain, Gange et al. (2007) examined the
dynamics of 315 autumnal fruiting fungal species,
recorded for over 20 years. On average, all examined
species exhibited prolongation of the fruiting seasons.
Comparing with records dated in the 1950s, now fungi
fruit twice as long (from 332 +1.6 to
74.8 £ 7.6 days). This may have been caused by
climate change observed in the UK, where mean air
temperature in August has increased, while more
precipitation falls in October (Met Office 2011; UKCP
2009). Some species were found to be affected solely
by temperature, while others by a joint impact of both
temperature and rainfall (Gange et al. 2007). Likewise,
Kauserud et al. (2008) examined changes in phenol-
ogy of 83 species in Norway. They also found a similar
trend in extension of fruiting seasons, although the
difference  was found to be greater, i.e.
13.3 4+ 1.2 days within a 60-year period. The growth
of earlier fruiting fungi was found to be more
influenced by mean air temperature compared to late
fruiting species. In addition, the most significant shift
in overall fungal phenology was observed between the
1980s and 2000s (Kauserud et al. 2008). That study
was then extended, and similar findings were reported
in Austria and Switzerland (Kauserud et al. 2012).

Climate change was also found to influence mor-
phological changes in fungal spores (Kauserud et al.
2011). Kauserud et al. (2011) determined that spores
produced at the beginning of autumn were driven
towards greater water accumulation, resulting in size
enlargement, while spores produced towards the end
of autumn were characterised by a reduction in size.
From the allergological point of view, changes in
spore size are incredibly important, as the smaller the
spore size, the easier spores can be inhaled and more
likely that they will be deposited deeper inside the
human respiratory system. Moreover, the spore
enlargement in early autumn occurred during
increased mean air temperature and lower precipita-
tion (Kauserud et al. 2011). However, Kauserud et al.
(2011) predicted that in a situation of simultaneous
increase in mean air temperature and precipitation, the
overall size of fungal spores would decrease. There-
fore, three scenarios could be possible to occur in
Europe, i.e. (1) asthma exacerbations may be shifted
from autumn towards the winter season, (2) a reduc-
tion in hospital admissions may occur in hotter
Mediterranean countries, especially in continental
areas, while (3) an increase in hospital admissions
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may take place in central and northern Europe.
However, a recent study of Damialis et al. (2014)
demonstrated that the actual scenario may not neces-
sarily be so negative, as based on a set of performed
laboratory experiments, they found that although
mycelia growth of allergenic fungal species, such as
Alternaria alternata, Cladosporium cladosporoides or
Aspergillus niger will increase, the overall spore
production may in fact decrease. On the other hand, a
study conducted by Wolf et al. (2010) showed that
sporulation at allergenic fungi was enhanced by an
increased concentration of CO, in the air. However,
the effect of increased concentrations of CO, on the
allergenic potential of fungal spores maybe more
easily differentiated at the subcellular level (Kennedy
and Wakeham 2015).

A joint collaboration of several governmental
institutions in the UK, such as Department for
Environment, Food & Rural Affairs, Met Office,
Environment Agency and Natural England, resulted in
estimation of future changes related to the climate in
the UK and production of guideline on how to adapt to
these changes (Met Office 2011; UKCP 2009). It has
been estimated that air temperature will increase in
summer (June—-August) of +1.6 °C by the 2020s,
+2.3 °C by the 2040s, and +3.9 °C by the 2080s. The
increase in temperature will be also observed during
winter months, but of a lesser difference comparing
with summer. Summer shall also experience reduction
in precipitation of —7 % by the 2020s, —13 % by the
2040s, and —27 % by the 2080s. However, an
opposite trend is going to occur between December
and February, where IPCC projections estimated an
increase in rainfall of +6 % by the 2020s, +10 % by
the 2040s, and +16 % by the 2080s.

As the discrepancy between studies and suggested
scenarios regarding fungal responses towards climate
change increases, we decided to analyse 2 years of
fungal spore distribution measured at an urban site in
England. Selected years, i.e. 2006 and 2007, were very
contrasting to each other, as summer 2006 was one of
the hottest, driest, and sunniest on record since 1910
until 2013 (Met Office 2012a, 2013), while summer
2007 was remembered as one of the wettest, taking
into account the amount of observed precipitation and
the size of flooding covering many regions of UK at
that time (Marsh and Hannaford 2007; Met Office
2012b). For this purpose, we also chose six species,
three of which representing so-called “dry” and three
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“wet” types of spores. This common classification is
based on the predominant diverse weather conditions
that are required for spore production, spore release
and dispersal processes.

2 Materials and methods

Spore sampling was taken continuously between 1
January 2006 and 31 December 2007 at an aerobiolog-
ical station in Worcester, UK (52°11'N, 2°14'W). A
7-day volumetric spore trap (Burkard Manufacturing
Co., Ltd., Rickmansworth, UK) sampled air at
10 1 min~" and was processed into separate samples
representing 24 h periods of time (Hirst 1952). Proto-
cols describing sampling in detail can be found in Lacey
and West (2006). Six taxa were selected for a detailed
analysis, i.e. Alternaria spp. (hereafter Alternaria),
Cladosporium spp. (hereafter Cladosporium), Epicoc-
cum nigrum (hereafter Epicoccum), Didymella spp.
(hereafter Didymella), Leptosphaeria spp. (Lep-
tosphaeria), and rusts (mainly urediniospores and
teliospores of Puccinia graminis, P. triticina, P.
striiformis). Alternaria, Cladosporium and Epicoccum
were considered to be “dry” spore types, while
Didymella, Leptosphaeria and rusts were “wet” spores.
The wet spores chosen were also plant pathogens where
their occurrence required completed life cycles. All
spores were enumerated along one central line of the 48
mm-long daily tape. Concentration of spores was
calculated based on the number of observed spores,
amount of air sampled within a 24 h period, and
diameter of the microscope field of view under 400x
magnification. This calculation converted spore counts
into number of spores per cubic of air (s m ™).

A weather Link (9.0) Vantage Pro2 station (Davis,
Davis Instruments, Hayward, California, USA), which
was co-located with the spore trap, recorded a number
of meteorological parameters. However, for the pur-
pose of this study, only several factors were examined,
i.e. air temperature (mean, minimum, and maximum),
dew point temperature, leaf temperature, relative
humidity, rainfall, leaf wetness, air pressure and wind
direction. The meteorological data were recorded with
5 min interval in both examined years. Subsequently,
all records were averaged to hourly data to match the
fungal spore concentrations in a similar way as
reported in previous studies (O’Connor et al. 2014;
Sadys et al. 2015).

Subsequently, seasons of fungal spore occurrence in
the air were determined using the timing of the modal
90 % of spore production of a species (Nilsson and
Persson 1981). Selected data were examined towards
normality or its lack (Kolmogorov—Smirnov test, Kol-
mogorov—Smirnov test with Lilliefors correction, and
Shapiro—Wilk test) after del Mar Trigo et al. (2000). As
data exhibited non-normal distribution and non-linear
dependence in relation to investigated weather param-
eters, therefore, non-parametric statistics were applied
(Spearman’s rank test, angular-linear correlation, and
Mann-Whitney U test). The strength of statistical
association was assessed following Mukaka (2012).
Microsoft Excel (2010) and GenStat (17) software were
used to perform indicated above analyses.

3 Results
3.1 Changes in weather

A comparison between maximum air temperature and
precipitation was prepared for the Worcester city and
the Midlands region in order to widen climatic
information (Table 1; Figs. 1, 2). Other meteorolog-
ical parameters were presented graphically for the
Worcester site only in Figs S1-S2, for the period of
April-November each studied year, as fungal spore
seasons of all six taxa were mainly found within this
range (Table 1).

Overall, the maximum temperature in Worcester
was on average 0.7-1.4 °C higher than the entire
region, while recorded precipitation was often a factor
of 1.3-2.5 lower only 17 to 40 % of that of the region
(Table 1; Fig. 1). Moreover, in 2006, the monthly
mean maximum temperature of >20 °C was recorded
between June and September both in Worcester and
Midlands. The hottest month turned out to be July with
an average maximum temperature of 26.7 °C
(Table 1). In the following year, there were only
2 months that scored >20 °C in Worcester (June,
August), while for most of the sites in the Midlands,
this was limited to August only.

During the first year of study, precipitation events
were very rare (Table 1; Fig. 2). The lowest amount of
rainfall was observed in June with 6.8 mm for
Worcester, and the highest in May with 78.9 mm.
These values were higher for the Midlands generally
by a factor of 1.3 and 2.4, respectively (Table 1). In
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Table 1 A comparison

! Site Parameter Year Apr May Jun Jul Aug Sep Oct Nov
between Worcester city and
Midlands® region for Worcester  Tgmp max (°C) 2006 137 17.7 225 267 211 217 165 120
;:i‘:g:d meteorological 2007 17.8 169 204 198 21.1 189 150 112
Midlands 2006 124 164 213 257 20.1 208 158 11.2
2007 164 159 192 190 202 179 143 104
Worcester Ry (mm) 2006 17.6 789 6.8 39.6 49.8 348 558 44.7
2 Data available from 2007 62 61.6 812 1145 254 212 226 396
www.metoffice.gov.uk/ Midlands 2006 435 1044 166 510 853 755 954 82.6
climate/uk/summaries/ 2007 87 1125 1674 1447 410 384 414 643
datasets
[CT11980-2009 =——2006 =—2007
40.00
35.00
30.00
25.00
;i 20.00
15.00
10.00
5.00 m - m
0.00
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 1 Thirty-year mean values for maximum temperature
recorded in the Midlands region (grey columns) were plotted
against values of maximum temperature observed in 2006 (red

2006, June was the driest month in Worcester. In 2007,
the driest month was April (6.2 and 8.7 mm, respec-
tively, for Worcester and the Midlands). Rainfall
increased and peaked in June-July (Table 1). In
Worcester, the total amount of rain was 114.5 mm,
while in the Midlands, on average, this was 144.7 mm
(Table 1). Therefore, precipitation recorded in July
2007 was almost 3 times higher than in July 2006.

3.2 Spore seasonality
The Mann—Whitney U test that examined patterns of

spores for similarity or its lack between 2 years of the
study showed that there was no significant difference

@ Springer

line) and 2007 (blue line) in Worcester, UK. The standard
deviation bars represent increase in maximum temperature of
+1.6 °C by the 2020s, projected by the ICPP for the UK

between 2006 and 2007 with regard to the overall
distribution of “dry” spore types Alternaria, Cla-
dosporium and Epicoccum spores (Table 2). The
group representing so-called “wet” spores showed a
statistically significant dissimilarity between years of
observation (Table 2). A summary of the spore
frequency distribution in the air of Worcester is given
in Table 3 and Fig. 3. A spore season that corresponds
to a more frequent presence of spores in the air was a
subject of change between years and between species.
Regardless of classification as either “dry” or “wet”
type, 4 out of 6 taxa showed an earlier occurrence in
2007 compared to the previous year, one the same in
both studied years and one later in 2007 (Table 3).


http://www.metoffice.gov.uk/climate/uk/summaries/datasets
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Fig. 2 Thirty-year mean values for rainfall recorded in the
Midlands region (grey columns) were plotted against values of

maximum temperature observed in 2006 (red line) and 2007

Table 2 The results of Mann—Whitney U test for a compar-
ison between 2-year fluctuation in fungal spore distribution

Taxon U )4
Alternaria 65,999.0 ns
Cladosporium 65,735.5 ns
Epicoccum 66,572.0 ns
Didymella 55,045.5 0.00%*%*
Leptosphaeria 58,266.5 0.00**
Rusts 55,804.0 0.00%**

Level of statistical significance: * p < 0.05, ** p < 0.01,
**% p < 0.001, ns statistically not significant

However, an earlier beginning of the spore seasons did
not correlate with an earlier end of the spore season,
but actually just the opposite except for rust spores in
2007 (Table 3). These fluctuations greatly influenced
the length of the spore seasons. Alternaria, Cladospo-
rium, Epicoccum, and Leptosphaeria exhibited much
shorter seasons in 2006 compared to the following
year, while the season was longer for Didymella and
rust spores in 2006. Overall difference between
“short” and “long” spore seasons varied from 15 %
(rust) to ~70 % (Leptosphaeria, Cladosporium).
Interestingly, the peak concentration of all species
was recorded during “shorter” rather than “longer”

Jun

Jul Aug Sep Oct Nov Dec

(blue line) in Worcester, UK. The standard deviation bars
represent increase in rainfall of +6 % by the 2020s, projected by
the ICPP for winter period in the UK

seasons (Table 3). Clinical threshold values that have
been established for Alternaria and Cladosporium
spores are 50 and 3000 s m™>, respectively. In both
cases, the number of days with exceeded threshold
value was much higher in 2006 (Table 4). The
difference between years varied from 26 % (Alternar-
ia) to 43 % (Cladosporium). This also had an impact
on reduced number of overlapping high spore count
days in 2007 (Table 4).

3.3 Impact of weather on spore distribution

Impact of the weather on spore distribution was
studied by an analysis of ten meteorological param-
eters and performing two tests for association analysis
(Table 5; Fig. S3).

3.3.1 “Dry” spores (Alternaria, Cladosporium,
and Epicoccum)

Presence and concentration levels of Alternaria spores
in the air were mainly dependent on temperature
parameters, and these relationships were found in both
years of study, although their strength increased from
low to moderate in 2007 (Table 5). Dew point
temperature had no statistically significant association
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Table 3 Summary of the fungal spore seasons during two contrasting years

Taxon Start date End date Number of days Peak (s m™) Date of peak  Total catch
2006 2007 2006 2007 2006 2007 2006 2007 2006 2007 2006 2007 |A]
Alternaria 27/05 19/05 20/09 06/10 117 141 607 275 25/07 05/08 9279 6966 2313
Cladosporium  14/06 27/04 02/10 29/10 111 186 36,783 19,813 25/07 16/07 863,607 489,363 374,244
Epicoccum 07/07 10/06 15/10 05/11 101 149 216 97 21/09 22/08 4982 3075 1907
Didymella 27/06 17/06 24/09 22/08 90 67 2981 9961 09/08 21/07 26,976 115817 88,841
Leptosphaeria  23/04 23/04 17/11 20/11 209 212 983 796 17/08 14/06 36,662 43,240 6578
Rusts 25/04 08/05 31/10 19/10 190 165 297 522 21/09 10/09 4934 10,144 5210
5650 Alternaria 6606 Cladosporium_
4000 300000
3500
250000
3000
& 2500 &~ 200000
£ £
2, 2000 4, 150000
1500
100000
1000
S0 50000 J
0 D—E——E—-ﬂln-ﬂl 0
vV Ve VI VI X X X XK Loonomovo Vo Ve VI VIl X X XE X
Epicoccum Leptosphaeria
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Fig. 3 Monthly sums of daily mean fungal spore concentration recorded in 2006 (grey) and 2007 (black), Worcester, UK
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Table 4 Number of days, when clinical threshold of aller-
genic fungal spores was recorded

Number of days 2006 2007
Alternaria > 50 s m™> 53 39
Cladosporium > 3000 s m™> 82 47
Overlapping days 49 12

with Alternaria. Other parameters revealed either low
or negligible relationships with the presence of
Alternaria spores in the air of Worcester, regardless
of their statistical significance (Table 5).

The distribution of Cladosporium spores exhibited a
limited analogy to the fluctuations of all examined
temperature parameters, which was more visible
during the first year of study (Table 5). The strongest
association achieved by Cladosporium was found with
leaf temperature in 2006 at r; = 0.45 (Table 5). In
2007, the influence of these and remaining weather
factors was significantly reduced (except for dew point
temperature).

Out of three “dry” spore types, Epicoccum showed
statistically significant (1) positive relationships with
maximum temperature, minimum temperature, mean
temperature, leaf temperature, and air pressure, and (2)
negative relationship with relative humidity at the
moderate level with correlation coefficient values
varying from r; = £0.51 to ry = +£0.60 (Table 5).
Impact of these factors was mainly detected in 2006,
while it disappeared completely in the following year
(Table 5).

3.3.2 “Wet” spores (Didymella, Leptosphaeria,
and rusts)

The second investigated type of spores also revealed
heterogeneity within the group (Table 5). During the
dry year, 2006, Didymella showed (1) moderate
association with rainfall only, (2) low with relative
humidity, leaf wetness, and air pressure, and (3)
negligible with other factors (Table 5). In the wetter
year, 2007, dependence on precipitation remained
unchanged, while it increased from low to moderate in
the case of leaf wetness and relative humidity
(Table 5). Regardless of the changes in the overall
weather between 2006 and 2007, the impact of most
temperature parameters on distribution of Didymella
spores was found to be negligible.

Table 5 The results of Spearman’s rank test (r;) and angular-linear correlation between spore counts and wind direction (r.)

2007

2006

Parameter

0.15% 0.33*

—0.27*
—0.26*
—0.26*

0.57%* 0.29%* ns
0.39%*

0.18%*

ns

—0.23*
—0.23*
—0.23*

0.44% 0.51°%*

0.49*

TEMP MAX

0.33*

0.16*

0.56* 0.29%* ns
0.29*

0.18*

ns

0.44* 0.51*

0.49*

TEMPAMIN

0.33*
ns

0.16*

ns

0.57*
ns

0.18*

ns

0.51*
ns

0.44%
ns

0.49*
ns

TEM P_MEAN

0.41%*

ns

0.31*
ns

0.27*
ns

0.25%

0.22%*

DEW POINT_TEMP

—0.38*
—0.45*

0.63* 0.32%
0.24%

—0.23*
—0.48*

0.57%*

—0.42%
—0.43*

ns

0.49*

0.44%*

—0.60*
—0.46*

0.25%

—0.40*

ns

—0.43*
—0.24%

ns

REL HUM

0.45%

0.55%*

ns

0.54%* ns

0.58%*
—0.33*

RAIN

—0.40*
0.38%
ns

—0.39*
0.64%*

ns

—0.22%

ns

—0.53*
0.51*

ns

AIR PRES

—0.37*
0.30*

—0.24*

ns
ns

—0.36*
0.58*

0.50*
—0.24*

—0.41%

0.53*

ns

ns

LEAF WET

0.28* —0.33*

ns

—0.16*

0.45*

0.49*
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Similarly to Didymella, Leptosphaeria was not
dependent on maximum, minimum, mean, leaf, and
dew point temperature (Table 5). Influence of rainfall,
air pressure, and leaf wetness was exhibited, however,
at the moderate level from r, = 40.51 to r, = £0.54
in the drier year, but not in wetter (Table 5). Other
investigated weather factors did not have any impact
on fluctuations in Leptosphaeria distribution.

Finally, in both studied years, none of the analysed
weather factors seemed to affect rusts, as all associ-
ations were found as negligible or low (Table 5). The
strongest (and negative) relationship was with rainfall
in 2007 (Table 5).

4 Discussion

In comparison with tree pollen production, which was
found to be produced earlier and last longer due to
climate change (Cecchi et al. 2010), our findings
showed that climate change has similar impact on
many fungi (Table 3). These results are therefore in
agreement with previous findings for Basidiomycetes
examined by Kauserud et al. (2008, 2012).

In the UK, Corden and Millington (2001) inves-
tigated the distribution of Alternaria at an urban site
in Derby from 1970 to 1998. They found a gradual
increase in spore concentration, which accelerated
since 1992 onwards. Fungi started fruiting earlier,
resulting in extension of spore seasons. In addition
to that, a number of days with high spore levels of
clinical importance, i.e. >50 s m~3 (Frankland and
Davies 1965), also exhibited an upward trend
(Corden and Millington 2001). These findings were
in line with results obtained by Damialis et al.
(2015), who also observed an ascending tendency
for Alternaria spore levels in Greece between 1987
and 2005. However, other taxa revealed a contrary
drift (Damialis et al. 2015). Reduction in spore
concentration was the highest for Botrytis
(—85.4 %), a “wet” type of spores. Other fungi
exhibited losses of 62.1 % (Cladosporium), 25.9 %
(Epicoccum) and 10.1 % (Leptosphaeria), (Damialis
et al. 2015). It must be stressed, however, that
throughout the examined period of time, the min-
imum air temperature has increased on average from
10.8 to 12.2 °C (Damialis et al. 2015).

With regard to the length of fungal spore seasons,
Damialis et al. (2015) noticed a later onset and earlier
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end. This was relevant for Alternaria, Epicoccum, and
Leptosphaeria but not entirely for Cladosporium
(Damialis et al. 2015). Results of our study based on
2 years of contrasting weather conditions showed that
seasons were shorter, when optimal conditions for
fungal growth and spore production occurred
(Table 3). As the right conditions were met, fungi
accelerated their mycelial growth and spore produc-
tion was elevated for 18-329 % compared to an
adverse year (Table 3). However, this led to exhaus-
tion of nutrients and energy over the time. This was
true for all six examined taxa, regardless of their
environmental stipulations. Spore production by Al-
ternaria, Aspergillus, Botrytis, Cladosporium, and
Epicoccum species was also examined by Damialis
et al. (2014) under laboratory conditions. They found
that although higher temperature facilitated mycelia
growth, especially those of Alternaria and Epicoccum,
the spore production was mostly inhibited except for
Cladosporium cladosporioides (Damialis et al. 2014).
Hence, they concluded that fungi extend their growth
stage until depletion of food stocks, and at the very last
minute start sporulation (Damialis et al. 2014).
Interpretation of such results cannot be unequivocal,
as others could argue that differences between years in
spore levels could derive from other factors, such as
changes in wind direction (O’Connor et al. 2014;
Sadys et al. 2014) and/or changes in land use in the
vicinity of the sampling site (Corden and Millington
2001).

This study also demonstrated that so-called “wet”
spores were more sensitive to dry weather conditions
than so-called “dry” spores to wet weather conditions
(Table 2). The latter group seemed to be less fre-
quently observed in the air due to excess of precip-
itation that resulted in lack of release or washing
spores out from the air rather than having a significant
impact on their biology (Pakpour et al. 2015). Having
said that, it is more likely that along with an increase in
mean air temperature, an increase in plant diseases
caused by fungi with biology similar to those of
Alternaria, Cladosporium, and Epicoccum shall occur.
The overall amount of Alternaria spores in the
atmosphere may, however, remain constant due to
the occurrence of similar species, which have different
optimal conditions. For example, the sporulation by
A. brassicae and A. brassicicola on naturally infected
leaf discs of oilseed rape and cabbage required
humidities equal to or higher than 91.5 % and
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87 % r.h., respectively (Humperson-Jones and Phelps
1989). The optimum temperatures for sporulation
were 18-24 °C for A. brassicae and 20-30 °C for A.
brassicicola at which temperatures both fungi pro-
duced spores within 12—-14 h (Humperson-Jones and
Phelps 1989).

Other diseases, if already at their optimum temper-
ature most of the time, for example rusts will start their
sporulation earlier in the year (West et al. 2012).
Urediniospores and aeciospores of rust fungi, such as
P. graminis, require direct contact with water sources
in order to germinate (Ziska et al. 2011). Precipitation
also plays a key role in splash dispersal of spores at
local and regional scales, while drought periods
prevent rust epidemics (Lacey 1996; West et al.
2012; Ziska et al. 2011). Furthermore, it must be also
stressed that grouping fungi based solely on the
weather conditions, when their spores are seen more
frequently in the air, can be misleading, as for example
Sadys et al. (2015) classified rust spores as so-called
“dry” spores upon their maximum contribution to the
total spore load and associated weather conditions
recorded throughout a 5-year survey. In contrast to the
previously reported findings, this study gives founda-
tion for their affiliation to the group of “wet” type
spores based on twofold increased spore count
observed in 2007 compared with 2006 (Table 3). In
addition to that, Epicoccum spores are released, thanks
to hydrostatic pressure of turgid cells (Lacey 1981).
This mechanism is often described as active, water-
demanding. In contrast, spores of Alternaria and
Cladosporium species require either light rain showers
or very high relative humidity in order to be
discharged (Meredith 1962, 1963). This type of spore
release mechanism is considered as active dry (Lacey
1981). Increased levels of Cladosporium conidia in the
air after light rain showers were often reported
worldwide (Hjelmroos 1993; Oliveira et al. 2009;
Sakiyan and Inceoglu 2003). A loss of water by
conidiophores results in fact twisting and formation of
gas bubbles that once burst enables spore discharge
(Lacey 1981; Meredith 1962, 1963).

Considering model simulations and possible sce-
narios of climate change projected by the Intergov-
ernmental Panel on Climate Change, except for a rise
in the air temperature (1.1-6.4 °C warmer by the end
of this century), more precipitation will occur in
Northern Europe, including the UK (Allali et al. 2007).
Currently, the plague of indoor mould in Europe has

been estimated for 10-50 %, and it is constantly
growing (Heseltine and Rosen 2009). Other kinds of
buildings that possibly will be invaded by mould are of
public use, i.e. schools, health care centres, and work
offices (Heseltine and Rosen 2009). In a group of the
most invasive indoor moulds, species of Alternaria,
Cladosporium, Epicoccum, and Phoma (asexual stage
of Leptosphaeria) were listed by the WHO (Heseltine
and Rosen 2009). Although these fungi may encounter
unfavourable weather conditions for their growth and
reproduction in outdoor environments, we may expect
their migration into indoors and their further adapta-
tion to new habitats. On the other hand, it could be
argued that throughout application of sustainable
architecture and air-moisture-controlling devices, this
scenario will never take place (Airaksinen et al. 2004;
Codina et al. 2008).

Factors that may contribute towards high fungal spore
levels in the air, such as (1) nutrient availability, (2)
increased concentration of air pollutants such as CO,, (3)
impact of mowing grasses and harvesting infected crops,
or (4) changes in land use in the vicinity of the spore trap,
were excluded from the overall discussion, herein,
although they should not be neglected completely
(Corden and Millington 2001; Damialis et al. 2014;
Skjgth et al. 2012; Ziska et al. 2008).

5 Conclusion

In conclusion, several observations were made, i.e.:

1. fungal spore seasons were shorter, when fungi
encountered propitious weather conditions that
facilitated their growth, spore production, release,
and dispersal;

2. spore concentration mostly rose by a minimum

factor of 2, when favourable weather conditions
occurred, although some species showed greater
increase (Didymella);

3. taking into account predicted weather conditions
for the UK by IPCC, we may expected elevated
levels of highly allergenic Alternaria and Cla-
dosporium species, as well as other fungi (e.g.
Epicoccum) within following next two decades.
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