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Abstract: Fungal pathogens that benefit from climate change have become more prevalent as a
consequence of extended drought periods and higher temperatures. Since the dry and hot years of
2018/2019, the causative agent of sooty bark disease Cryptostroma corticale led to an increasing die
back in sycamore forest stands in Germany. Thus, in 2019, spore traps were set up in one forest stand
to investigate the dispersal of the pathogen under temporal and spatial aspects. The mortality rate in
the study site due to sooty bark disease was quite high: 31% in spring, increasing to 49% in autumn
2019. Quantifying the airborne spores of C. corticale in consecutive periods of the year, a correlation
with seasonal aspects was detected. In winter and spring, spore release was relatively low compared
with summer months. In summer, high abundances of conidia of C. corticale were released. In July,
399 spores were detected per cm? per day. From June to August, spore release was 12.6 times higher
than in springtime. In autumn 2019, a decrease was visible, although the number of conidia was
still higher than in spring. The vertical gradient of spore abundances changed over time: the lowest
spore release was found along a gradient at 14 m of height in spring, which shifted down to 2 m in
autumn. According to our results of spore release, sooty bark disease is strongly driven by the impact
of seasonal factors.
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1. Introduction

The fungal pathogen Cryptostroma corticale (Ellis & Everh.) PH. Greg. & S. Waller [1]
has been introduced to Europe from North America, where it is known as a saprobe on
sugar maples (Acer saccharum Marshall) [2]. The first European detection occurred in
England in 1945 [3,4], where in the 1970s as a consequence of hot and dry summers, high
mortality rates due to sooty bark disease (SBD) caused by C. corticale in sycamore maples
(Acer pseudoplatanus L.) were reported [5-7]. Next in Europe, the disease was detected in
parks in Paris in 1951 [8]. In Germany, the pathogen was identified in 1964 in Berlin on
stored firewood [9]. However, the ascomycete C. corticale became more abundant after
2005 [10-12]. In other Mid-European countries, the disease was detected after 2003 [13-19].
In addition to the primary infected sycamore maple in Europe, C. corticale has been found
in Norway maple (A. platanoides L.), field maple (A. campestre L.), box elder (A. negundo L.)
and silver maple (A. saccharinum L.) [5,16]. The fungus seems to be mainly restricted to
the genus of Acer spp. but SBD has actually also been reported in Seattle, USA, on horse
chestnut (Aesculus hippocastanum L.) [20], which is closely related to the genus of maple
trees. The pathogen C. corticale is probably widespread as a latent endophyte in sycamore
maple [21]. The actual outbreaks of SBD are likely to be triggered by disposing climatical
factors. The formation of the extensive spore layers of C. corticale has been observed in
Bavaria [22] in areas with an average of 9.4 °C annual temperature in the long-term mean
between 1991 and 2020, but not in regions with a mean annual temperature below 8.1 °C
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(Figure 1a). Regarding the annual precipitation in the long-term mean, SBD has been
detected in areas with 686 mm in average, but not in regions above 1240 mm rain per year
(Figure 1b). In the south-east of Germany, spores of the causative pathogen of SBD were
observed in areas between 175 and 650 m above sea level.
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Figure 1. Distribution of sooty bark disease caused by Cryptostroma corticale in the south-east of
Germany (Bavaria) from the first detection in summer 2018 to summer 2022, with a hotspot in Lower
Franconia around Wuerzburg; grey dots symbolize the points of detection of C. corticale, and the grey
star south-east of Wuerzburg symbolizes the study site: (a) average annual temperature 1991-2020 °C;
(b) average annual precipitation 1991-2020 mm.

Infection with C. corticale comes from airborne conidia, which colonize the plant
via dead branches or wounds [1]. If the infection is successful, the pathogen spreads
horizontally in the heartwood. The first external symptoms of SBD in maple trees are
wilting and chlorosis of leaves. Further on, crown deadwood and a formation of water
sprouts on the trunk can be observed. Under favorable climatic conditions, the fungus
colonizes the heartwood and grows outwards radially, which becomes visible by a greenish
brown discoloration of the wood [1,11,21]. As soon as the hyphae invade the cambial area,
the stroma of C. corticale with the dark brown conidia is formed under the bark (Figure 2a).
This leads to a breaking of bark in pieces or stripes in the whole stem area up to thicker
branches. According to the observation of 250 sycamore trees in four study sites in Bavaria,
diseased trees died back without exception [23]. In some incidents, the formation of spore
layers of C. corticale was also observed on stored firewood, subsequent to the felling of
trees [23]. This has been described by Gregory and Waller [1], and was observed at the first
detection of the pathogen in Germany [9].
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Figure 2. (a) Sycamore maple with sooty bark disease: extensive spore layers of Cryptostroma corticale;
(b) conidia of C. corticale viewed under a light microscope; (c) spore trap with an applied microscope
slide in vertical orientation behind the blue stripe.

The stroma of the fungus is formed with 30 to 170 million asexually conidia per square
centimeter [1]. It develops a powder-like layer several millimeters thick under the surface
periderm of the bark tissue. When felling and removing trees with SBD, the spores can
pose a health risk if inhaled intensively [24,25].

Knowledge about the temporal and spatial variation in the abundance of conidia is
essential for understanding the epidemiology of C. corticale. Spore dispersal of the causative
agent of SBD in sycamore has not been investigated to date. This is highly relevant for the
execution of management strategies in infected forest stands, due to containment aspects
and employment protection. Therefore, spore abundance according to seasonal and vertical
aspects was focused within the following research.

2. Materials and Methods
2.1. Study Site

The study of the pathogen’s spread of conidia was conducted in a heavily damaged
forest stand close to Wuerzburg in Germany (49°46'24.4" N, 10°05'23.7" E). In the year
of investigation in 2019, the mean annual temperature in Wuerzburg was 11.7 °C and
total annual precipitation amounted to 469 mm. In this year, the weather station of the
German Meteorological Service close to the study site recorded mean monthly temperatures
between 20.4 and 20.9 °C in June, July and August [26]. In the previous year, with the
first detected outbreaks of SBD in the area, mean temperatures in summer months ranged
between 19.6 and 22.2 °C.

The square study site with a size of 0.25 ha was dominated by sycamore maple. Those
represented 95% of the overstory with a mean diameter at breast height of 17.8 cm. In
spring 2019, spore layers of C. corticale were observed at 40% of the 67 sycamore trees within
the study site [23]. In October 2019, spores were visible at 54% of the trees. The mortality
rate of sycamores due to SBD was very high with 31% in spring 2019, increasing to 49% in
autumn of the same year. In summer 2020 and 2021, a decrease in the infection rates was
observed, with a relatively stable share of 61% and 62% of sycamores showing spore layers
of the pathogen, respectively.

2.2. Detection of C. corticale

The species determination of the fungus has been performed morphologically by
microscopy of the species-specific spores (Figure 2b) according to Ellis and Ellis [27]. To
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confirm the morphological determination, a molecular approach was followed. Samples
of spores for DNA extraction were taken from five diseased trees. To detect the causative
pathogen of SBD in the wood of symptomatic trees, six sycamore maple trees close to
the study site were felled. Wood disks were carried into the laboratory and broken up
in tangential direction with a log splitter to guarantee a clean surface to take the wood
samples for DNA extraction. Shaving samples were taken from the discolored wood with a
sterilized drill (Makita DDF451, Makita, Aichi, Japan), lyophilized, and finely ground with
a vibratory bead mill (Retsch MM 400, Retsch GmbH, Haan, Germany). The extraction of
DNA was conducted with a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturers’ protocol. The PCR with species-specific primers was carried out
according to Kelnarové et al. [21].

2.3. Spore Release According to Season

Since commercial spore traps are sparsely available, self-constructed traps consisting
of plastic pipes with fixed microscope slides were used (Figure 2c). The pipes with a length
of 19.5 cm were open on both sides. The microscope slides were vertically installed, right
in the center. The spore traps were moved by wind by a fixed sail at the top of the pipe to
face the wind steadily and filter spores out of a high volume of air. Rain protection was
carried out through the pipes themselves. The microscope object slides with a surface of
19.76 cm? were coated with a thin layer of Vaseline on the exposed side, to which fungal
spores to which fungal spores stuck. The spore traps were fixed on poles at a height of
2 m. The sampling period was about three weeks on average, ranging between 7 and
34 days. Two to three traps were used simultaneously, which were allocated randomly
with a minimum distance of 10 m among them and with a minimum distance of 2 m to the
next sycamore stem.

2.4. Spore Release along Vertical Gradient

In spring and autumn 2019, a vertical gradient with seven spore traps at a fixed rope
from 2 to 14 m was examined. Two ropes were used simultaneously in three consecutive
time series in spring (7 March—18 March, 18 March-8 April, 8 April-2 May 2019), and also in
three consecutive time series in autumn (17 October—7 November, 7 November—26 November,
26 November-17 December 2019). The ropes have been shot on higher side branches of
maple trees in the study site. The vertical traps were also flexible in orientation by small
flags on the top of the pipe. Altogether, 84 microscope slides were counted. In October
2019, two additional spore traps were exposed on the top of a wind turbine at the height of
120 m in distance of 1.2 km to the sycamore maple forest stand for one month.

The statistical analysis for the variable season of spore abundances in the vertical
gradient was conducted in R 4.0.5 (R Core Team, Vienna, Austria) using a generalized
additive mixed model with the package ‘gamm4’ version 0.2-6.

2.5. Counting Spores by Microscopy

After replacement in the forest, the microscope slides were stored at 5 °C until ex-
amination of microcopy in the laboratory. The conidia on the object slides were visually
counted by brightfield light microscopy (Leica DM 1000, Leica Camera AG, Wetzlar, Ger-
many) according to the description of the oval, melanized spores of C. corticale [1,27]. When
the hydrophobic spores appeared in aggregated clusters, their number was estimated
by microscopy across the spore layers. From June to October, when spore abundances
increased, the object slides were divided into four parallel sections and the second from the
left was counted. The abundance of spores per day per cm? was calculated by the exposure
time of each microscope slide. The area where the pipe covered the microscope slide was
subtracted out of the area of counted spores.
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3. Results
3.1. Detection of C. corticale

The identification of C. corticale by microscopy of the spores of diseased trees was
obvious according to the description of the dark brown, melanized, elliptical spores with
a size of 4-6 x 3.5-4 um described by Gregory and Waller and Ellis and Ellis [1,27].
The detection of C. corticale by extraction of DNA and PCR with species-specific primers
according to Kelnarova et al. [21] by spores of five trees and in the discolored wood of six
felled diseased maples was positive for all samples.

3.2. Spore Release According to Season

Conidia of C. corticale have been found on each object slide exposed in the damaged
sycamore forest stand. At the end of winter and in spring 2019, the abundance of spores
was relatively low (Figure 3). In the colder season from February to May 2019, on average,
19 spores were detected per day per cm?. In June, the number of spores on the object slides
increased up to 117 spores per day per cm?. In July, a further increase up to 399 spores per
day per cm? was detected. In September, a decrease in the release was determined with a

mean value of 78 spores per day per cm?.
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Figure 3. Seasonal abundance of spores of C. corticale per day per cm? (grey columns) from February
2019 to January 2020 in spore traps in the forest site close to Wuerzburg, Germany; n = 2-3; right
y-axis: mean monthly temperatures 2019 in the weather station Wuerzburg (red dots) of the German
Meteorological Service.
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The abundance of conidia in summer 2019 was higher compared with the other seasons.
In summer, in average 277 spores were caught per day per cm?. From June to August the
counts were increased up to the 12.6-fold compared with previous spring and up to 6-fold
compared with following autumn. Taking the average of the entire year, 88 spores were
caught per day.

3.3. Spore Release along Vertical Gradient

Spore dispersal of C. corticale in the vertical gradient was investigated in spring and
autumn 2019. In spring, the highest abundance of spores was found at the height of 4 m
with 30 spores per day per cm? and the lowest abundance was found at 14 m (Figure 4a).
At the height over 8 m, a slight decrease in spore numbers was detected. In autumn, more
than 115 spores per day per cm? were counted at 4, 8 and 10 m, lowest abundance was
found at 2 m above ground (Figure 4b). In autumn, the deviation of the spore abundances
at the different heights was higher than in springtime. Additionally, in autumn compared
with spring, the abundance of spores was significantly increased (p < 0.01). This result is
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consistent with the findings of the seasonal variation. Before summertime, spore release was
lowest, in summer highest and after summer, the spore abundance was higher compared
with winter and spring, where spores of the preceding time had been drifted away.
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Figure 4. Abundances of spores of C. corticale per day per cm? along the vertical gradient at the
height from 2 to 14 m in the study site close to Wuerzburg in (a) spring (7 March-2 May 2019), and
(b) autumn (17 October-17 December 2019); box plots: central line: median, boxes: second and third
quartile, whiskers: interquartile range, dots: outliers; n = 6.

In the two spore traps on a wind turbine 180 and 30 spores were counted on the object
slides with an exposure time of 30 days in total.

4. Discussion and Conclusions

Growth and formation of fruiting bodies of most fungi is usually highest under
humid conditions. Therefore, it is remarkable that the fungal pathogen C. corticale forms
its hydrophobic spores particularly under drought conditions. It is well known that the
causative pathogen of SBD profits by warm temperatures and periods without precipitation.
C. corticale is described to have an optimal growth at 25 °C [7,19,28] and seems to grow
better in its woody host under warm conditions with drought stress [7,19].

Since the second finding of C. corticale in 2005 [10], the occurrence of SBD has increased
in Germany, especially in urban areas [11,12]. In Bavaria, the pathogen was first recorded
in 2018 as a consequence of heat and drought [29], when mainly small-scaled forests and
urban areas were damaged. Since then, SBD has been increasing in many areas of Germany
as a result of the extreme heat and drought periods in 2018 and 2019 [23,30,31]. The disease
was especially observed in sycamore maple (A. pseudoplatanus) since this species is most
widespread and considered to be more sensitive towards a deficit of precipitation than the
also common but fewer affected Norway and field maple (A. platanoides, A. campestre).

In the year of the experiments, SBD was strongly driven by the impact of high temper-
atures and precipitation deficits in the generally warm and dry area close to Wuerzburg.
The finding of an increased spore dispersal of C. corticale in 2019 especially in summer
months coincides with the occurrence of SBD after heat and drought periods [7,19]. Mean
monthly temperatures were above the long-time average, but not as high as 23 °C mean
temperature, such as Young [5] describes as a favorable trigger for outbreaks of SBD in
England. Nevertheless, the weather station of the German Meteorological Service [26] in
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Whuerzburg recorded 28 heat days of more than 30 °C in the year of investigation in 2019,
and even 37 heat days in the previous year 2018. In contrast, 11 heat days per year build
the average of the period from 1951 to 2020 at the weather station close to Wuerzburg.
Thus, the number of heat days above 30 °C was 2.5 times above the long-term average.
Therefore, consecutive high temperature peaks or the increasing frequency of heat days
with temperatures above 30 °C might be more favorable for the epidemiology of C. corticale
than mean temperatures. The high abundance of heat days in the years 2018/2019 could
have been the main trigger of the massive outbreaks of SBD with high spore releases in the
relatively warm and dry region around Wuerzburg.

Investigations about the spread of spores have been carried out for some forest
pathogens. In studies about the causative agent of pine canker, Fusarium circinatum, spore
dispersal up to 13 spores per cm? was found in California using passive spore traps [32]. In
the investigation of dispersal of Lecanosticta acicola, high abundances of spores were found
in autumn, with a maximum amount of 145 spores per cm? per day [33]. Our finding of an
average of 277 spores of C. corticale per day per cm? in summertime from June to August
2019 seems to be very high and may be an indicator for the intense inoculum pressure
of this pathogen. Abundances of spores are obviously dependent on the development
of recent spore layers in the forest stand. Thus, the maximum of spore release of SBD is
unknown. Our measurements of spore release have been carried out in summer 2019 in a
period of severe outbreaks of SBD, when in spring 40% and in autumn 54% of the trees in
the study site showed spore layers of the pathogen [23]. The disease dynamic was very
high in 2018 and 2019; thus, we assume that the average number of spores in summer
represents a heavy outbreak situation of this disease.

In investigations using rotating arm spore traps on spore dispersal of the fungus
causing ash decline, Hymenoscyphus fraxineus, peaks of spore dispersal were detected
between the end of June and the beginning of September [34] and in August [35]. The
dispersal of this pathogen is dependent on the formation of rather transient fruiting bodies;
therefore, the time interval is much smaller than in SBD. C. corticale forms the large-scaled
stroma with heavy loads of spores, which seem to be released into the air for a longer time
period. In studies of spore dispersal of L. acicola, performed by Mesanza et al. [33], high
abundances of spores were found from September to November. In this study in Spain,
the daily maximum temperature and daily cumulative precipitation were associated with
higher spore numbers in Pinus radiata stands. In studies by Wyka et al. [36] in the USA,
highest abundances of spores of L. acicola were found in Pinus strobus stands from May to
August with the highest impact of relative humidity and rainfall. Therefore, the abundance
of spores of L. acicola seems to be strongly dependent on precipitation and/or humidity.
In contrast, in our study, C. corticale was released in a hot year with a lack of precipitation,
what indicates the potential of this pathogen for a further spread under changing climatic
conditions with increasing periods of heat and drought.

In the vertical dispersal, spore abundance in spring was significantly lower compared
with autumn; it was lowest at the height of 14 m. In contrast, in autumn, spores were
mainly caught in higher altitudes and lowest spore dispersal was found at the minimum
height. This might be a consequence of the height of spore layers on the stem in the time of
trapping spores. This finding could be a consequence of the building of the fungal stroma.
In contrast to previous findings, where starting of SBD waslocalized in the crown [21],
based on our observations, one could conclude that the building of fungal stroma starts
primarily at the bottom of the trunk and precedes up the stem. Future research could clarify
this inconsistency. On the other hand, a volumetric reference of filtered air of the spore
traps is missing and turbulent wind conditions in autumn could affect the spore dispersal
of C. corticale in this time of the year.

Focusing on the pattern of spore dispersal, management operations in forests with
SBD should be carried out in an early stage of the disease, before spore layers are abundant.
As C. corticale seems to be widespread, in these regions, such containment measures seem
to be obsolete. However, the variation in spore release within a year could be an important
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criterion for the timing of forest work: the load of spores is reduced between autumn and
early spring. In addition, spore abundance on a vertical gradient in autumn was lowest
at 2 m above ground, which enables management operations with a lower contamination
compared with other seasons and heights.

The detection of C. corticale at a level of 120 m above ground suggests that the pathogen
can spread in higher altitudes and hence over wide areas by thermal movements. The
conidia of C. corticale are very small and melanized, which makes them more resilient
against radiation. Therefore, a further spread of the causative pathogen of SBD resulting in
the colonization of new habitats in previously uninfected areas can be assumed.

C. corticale is locally widespread asymptomatically as an endophyte in sycamore
trees [21]. Under actual climatical changes, favorable disposing conditions for a further
spread of the pathogen will progress in future. If a high inoculum pressure increases
the success of infection with SBD, the massive aerial dispersal of conidia could increase
infections of maple trees in colder forests that are not yet colonized. Therefore, maple trees
in previously colder areas with increasing temperatures or in higher altitudes in mountain
areas could be threatened in future.
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