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Abstract

Acute Oak Decline (AOD) is an emerging disease affecting oak stands across Europe, associated
with symptoms like stem lesions, slime flux, and rapid tree death. This study investigates the
occurrence and special distribution of AOD in a Sessile Oak (Quercus petraea) stand in Central
Germany, combining a full stand inventory with field assessments and laboratory analysis.

A total 0f 451 trees were surveyed, recording tree characteristics, mortality, and AOD-associated
symptoms. Bark samples out of lesions from 18 trees were analyzed using quantitative qPCR to
detect the bacteria Brenneria goodwinii, Gibbsiella quercinecans, and Rahnella victoriana. The
mortality in the stand increased to 14.4% of all trees in 2026, and lesions were widespread among
living oaks. However, no clear special pattern of symptoms was identified. All three AOD-
associated bacteria were detected, particularly in the lower slope part of the area, with B. goodwinii
occurring most frequently. The results indicate that AOD is driven by a combination of biotic and
abiotic stressors rather than a single causal factor. Drought, pest pressure, and stand conditions likely
reduce tree vitality and promote disease development. The findings support the concept of a complex
host-microbe interaction, in which B. goodwinii may persist endophytically within the host at low
levels, while other bacteria are more associated with the surrounding environment. The
pathogenicity of the bacteria seems to be triggered by the interaction of these bacteria in combination
with host stress.

Overall, the study highlights the importance of maintaining stand vitality and continued

monitoring to better understand and manage AOD in forest ecosystems.

Keywords: Acute Oak Decline, disease complex, forest health, phytopathogenic bacteria
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1. Introduction

Climate change is placing increasing pressure on our forest ecosystems. In recent
years, mean annual temperatures have risen, alongside repeated drought periods,
with increased mortality (Hartmann et al., 2022). These changing conditions stress
trees, weakening their defenses and making them more susceptible to pests and
pathogens (Gullino et al., 2022; La Porta et al., 2008). This phenomenon is observed
in wide parts of the forest ecosystem, also in broadleaved forests, especially in oak
forests (Oak et al., 2016).

Oaks (Quercus spp.) are an important tree species across Europe with ecological,
cultural, and economic importance (Altenkirch et al., 2002; Nicolescu et al., 2025;
San-Miguel-Ayanz et al., 2016). The genus has long been considered as one with
very low risk for damage, but the decline of oak trees is an increasing phenomenon
that, especially with a changing climate, has gained more attention in forest health
research (Altenkirch et al., 2002; Prien, 2016). Damaging agents of oak in Europe
have been mostly leaf-eating insects, bark-breeding beetles, fungi, or Oomycetes
like Phytophthora spp. (Hoch and Cech, 2021). Bacterial plant diseases have
predominantly been of concern to agricultural systems (Dennert et al., 2024;
Schumann, 1991) rather than forestry. Though there are notable exceptions, for
example, Xyllela fastidiosa, which has been causing tree decline (Desprez-Loustau
et al., 2021). However, in recent years, bacteria have also been identified as causal
agents of newly emerging oak decline symptoms. A polybacterial disease called
acute oak decline (AOD) is posing an emerging threat to oaks across Europe. Acute
oak decline is capable of killing affected trees within just a few years and has
already caused significant damage and mortality in oak stands in the UK (Denman
and Webber, 2009).

Even though AOD is a relatively new disease, it has been recorded in several
countries in Europe. Despite the growing impact of the disease, there is still a
significant knowledge gap regarding its origin and patterns of distribution. Because
AOD is considered a disease involving multiple interacting biotic and abiotic
factors (Bene et al., 2025), this study focuses on a set of measurable variables that

can be quantified consistently across the studied area: tree size (DBH), topographic

10



position (slope), lesion abundance, and the presence of AOD-associated bacteria.
Accordingly, the central research question is: How are topographic position (slope),
DBH, mortality, and the occurrence of AOD-associated bacteria related to the
distribution of acute oak decline symptoms within an oak stand in Central
Germany?

To address this research question, a field-based case study was conducted,
combining a full inventory of trees with detailed measurements of symptoms and
laboratory analysis of the AOD-associated bacteria. The findings are intended to

contribute to a broader understanding of this emerging disease.

1.1 Disease Complex on Oak

Although AOD has only recently been recognized as a threatened disease in forest
research, symptoms of oak decline have been noticed over Europe at least since the
past century (Altenkirch et al., 2002; Biosca et al., 2003; Butin, 2011; Hartmann et
al., 1989; Vansteenkiste et al., 2004). The phenomenon of oak decline exists over
the majority of the distribution area of Quercus spp. (Prien, 2016). Oak decline is
caused by the interaction of abiotic and biotic stressors, which can have different
impacts depending on the area itself (Altenkirch et al., 2002; Bene et al., 2025;
Prien, 2016). This interaction makes it a disease complex because multiple factors
need to be taken into account to understand its biology. Depending on the number
of stressors and interactions between the abiotic and biotic factors, symptoms can
be expressed differently (Butin, 2011; Prien, 2016). The stressors can occur
simultaneously or sequentially as a “chain disease” (Prien, 2016). A disease
complex of oak has been shown to occur especially after extreme weather changes
(Prien, 2016). Drought, in conjunction with the disruption of the water supply
(Hoch and Cech, 2021), is a crucial abiotic stressor of oaks. This is often followed
by pests like leaf-eating as well as wood-boring insects and pathogens like
Phytophthora spp. or Armillaria spp. (Hartmann and Griiner, 2025; Prien, 2016).
Acute Oak Decline is also described as a multifactorial disease, making it part of

the complex diseases of oak as well (Bene et al., 2025).
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1.2 Acute Oak Decline

1.2.1 AOD-associated Bacteria

The most associated bacteria with AOD are Brenneria goodwinii (Denman et al.,
2012), Gibbsiella quercinecans (Brady et al., 2010), and Rahnella victoriana
(Brady et al., 2014). Like the majority of bacteria, they are heterotrophic, but also
show behavior of saprophytes in infected tissue. This means they are not able to
synthesise organic carbon by themselves and need to take it up from other sources
(Schumann, 1991). As saprophytes, nutrients are also obtained from non-living
material (Schumann, 1991).

These saprophytes and bacteria have been increasing in trees, which together
display symptoms of AOD (see chapter 1.2.2). B. goodwinii and G. quercinecans
appear to play the largest roles in diseased and weakened oak trees, with both
having the ability to cause necrosis. Because of this, AOD is described as a
polymicrobial disease, with the interaction of the bacteria at the same time proposed
to have a synergic effect and, following, being pathogenic as well as being part of
active tissue degradation, and with that, also the factor of lesion formation (Broberg
et al.,, 2018; Denman et al., 2016; Denman et al., 2018). Brenneria goodwinii
appears to be more dominant in the virolance-associated activity of AOD-
symptomatic trees (Broberg et al., 2018; Tkaczyk and Sikora, 2024). Rahnella
victoriana has similarly been commonly recovered in trees but in both healthy and
infected individuals (Denman et al., 2016), but so far, its role within AOD is not

well understood (Bene et al., 2025; Denman et al., 2018).

1.2.2 External Symptoms

External symptoms of bacterial diseases can be very similar to those caused by
fungi. Therefore, it can be quite difficult to determine the causal agent just by the
visual symptoms (Schumann, 1991).

Denman et al. (2014) define these symptoms in relation to AOD. Stem bleeding
is one of the most obvious symptoms indicating AOD (Fig. 1). Lesions can occur
30-50 cm above ground up to five meters up on the trunk of the tree. Fresh lesions

can be seen early in spring, up until June, as well as in autumn (October -
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November). The fluid is dark in color, and there is no specific aspect to the location
on the stem where the bleeding occurs. Early stages of the infection can be
suspected because of cracks in the bark, which can vary in length from 3 - 22 cm

(Denman et al., 2014).

Figure 1: Formation of lesions following cracks in the bark of sessile oak (Quercus petraea) with dark colored
slime flux.

These symptoms can be mistaken for other agents causing infections in the tree,
as described in the following. Cracks can be caused by severe frost or droughts, but
are much deeper than those associated with AOD (Denman et al., 2014). The fungal
pathogens of Phytophthora spp. and Armillaria spp. expresses itself as well with
bleeding cankers on the stem of the tree. They usually only appear around the base
of the stem, compared to lesions caused by AOD, which also appear in higher parts
of the trunk (Denman et al., 2014). Stem bleeding can also be an indicator of an
attack of Agrilus spp. (Coleoptera, Buprestidae), first described by Falck (1918) in
Germany. The lesions would mark the feeding tunnels of the larvae as a defense
mechanism of the tree, following the boring of the insect larvae (Vansteenkiste et
al., 2004). This type of lesion cannot be differentiated from those caused by AOD
(Denman et al., 2014).
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1.2.3 Distribution and Spread

First detected in 2009 in England, AOD was described by Denman and Webber
(2009). Since then, it has spread over the European mainland and has been detected
in northern Spain (Gonzalez and Ciordia, 2020), Portugal (Fernandes et al., 2022),
France (Eichenlaub et al., 2024), Switzerland (Ruffner et al., 2020), Austria (Hoch
and Cech, 2021), southern Italy (Carluccio et al., 2024) as well as Slovakia
(Tkaczyk et al., 2024), Poland (Tkaczyk and Sikora, 2024), Latvia (Zalkalns and
Celma, 2021) and Sweden (Knapp et al., 2025). The disease has mainly been found
in Quercus robur and Q. petraea. However, there have been detections of the AOD-
associated bacteria also in Q. suber (Fernandes et al., 2022), Q. ilex (Carluccio et
al., 2024), Q. cerris and Q. pubescens (Ruffner et al., 2020).

In Germany, the first detection was in the southern part of the country in 2022
(Bayerische Landesanstalt fiir Landwirtschaft, 2022). In 2023, it was detected in a
pure oak stand of Q. petraea in the state of Thuringia, located in central Germany.
At this site, sampling was done at three trees, which all tested positive for one of
the bacteria individually, indicating a potentially bigger outbreak of the disease
(Wenzel et al., 2024).

Symptomatic trees are more commonly found in warmer regions with lower
rainfall, where the availability of water is limited (Brown et al., 2018). Because of
a changing climate, drought is a widely spread stress factor for the forest ecosystem,
which was proven to make the trees more susceptible to the disease and support the
spreading of the bacteria, especially Brenneria goodwinii (Zolfaghari et al., 2022).
Schumann (1991) states that, unlike fungi, pathogenic bacteria do not spread over
long distances through the air because they do not produce endospores. They
primarily rely on dispersal via water, wind-driven rain, insects, birds, and
contaminated tools or machinery (Schumann, 1991). Because of their saprophytic
behavior, some can survive in the soil, at least until the tissue is removed
(Schumann, 1991). Bacteria can also commonly persist in cankers of their host
plant, as well as in seeds or other propagative tissues (Schumann, 1991). Bacterial

diseases are a common phenomenon in warm and humid areas (Schumann, 1991).
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1.2.4 Role of Agrilus biguttatus

Insects can act as vectors for pathogens (Machacova et al., 2022) like in the Dutch
elm disease (Santini and Faccoli, 2015) and numerous other forest pathosystems.
Near the start of AOD research, it was assumed that the two-spotted oak buprestid
(Agrilus biguttatus) could act as a possible vector of AOD-associated bacteria
(Denman et al., 2014; Denman and Webber, 2009). Brown et al. (2018)
demonstrated that the galleries of the beetle are associated with the exit points of
the lesions, which are a typical symptom of AOD. Denman et al. (2014) also found
that stem bleeding is co-occurring with galleries of the beetle in >90%.

The warm loving insect prefers trees with thick bark. The characteristic D-
shaped exit holes can be found mostly on parts of the trunk facing direct sunlight.
It infests the trees, especially in the lower part of the trunk up to the first larger
branches. A. biguttatus is a secondary pest that occurs mostly after the trees have
been physiologically damaged by leaf-eating pests, experienced damage to the root
system, or abiotic stressors (aid infodienst Erndhrung, Landwirtschaft
Verbraucherschutz e.V., 2014; Ebner, 2012).

However, the hypothesis of A. biguttatus being a vector of the bacteria has not
been supported, and more recent research shows that oak trees can be infected with
AOD without displaying signs of the beetle (Zalkalns and Celma, 2021). It is worth
noting that Cambon et al. (2023) found that larval-associated chemicals elicit an
increase in the bacterial growth rate of B. goodwinii, strengthen the pathogenic
reaction of the bacterium, and, with that, initiate tissue degradation. This would also
be applicable for the larvae of other bark-boring insects, which can produce these
types of elicitors as well (Cambon et al., 2023). Denman et al. (2018) also found
that the larvae potentially spread the bacteria within the tissue, which is followed

by new breakout points of the lesions.

1.3 Aim and Hypotheses

A field-based case study was conducted in an oak stand in central Germany
previously affected by AOD-associated symptoms. A full stand inventory was
combined with spatial mapping of symptoms, measurements of tree and stand

characteristics, and laboratory detection of AOD-associated bacteria using qPCR
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analysis of bark samples. These methods were used to investigate potential
relationships between bacterial occurrence, symptom distribution, stand structure,
and topographic position within the stand.

Since previous studies at the site detected each of the AOD-associated bacterial
species in three individual trees (Wenzel et al., 2024), it is possible that the bacteria
have spread further within the stand since the initial detection. Following this, it is
hypothesized that (H1) the number of trees infected with AOD-associated bacteria
in the stand has increased since the first sampling in 2022 and shows spatial spread
along the slope.

Based on acute oak decline being associated with rapid tree decline and mortality
(Denman and Webber, 2009), tree mortality in the stand is hypothesized to be
higher than during the first inventory of the stand (H2).

The main symptoms of the disease are lesions induced by bacteria that block the
sap flow within the tissue of the tree, resulting in cracks in the bark and an exuding
sap. Since lesions occur on the bark (Denman et al., 2014) and larger trees provide
a greater bark surface area available for colonization, it is hypothesized that (H3)
tree size (DBH) influences lesion abundance, with larger trees exhibiting a higher
number and size of lesions.

Water is considered an important factor in the dispersal and survival of many
bacteria (Schumann, 1991). Since the studied area has a significant slope, water
availability and soil depth are assumed to be greater downslope than upslope
(Tromp-van Meerveld and McDonnell, 2006). Because water availability also
influences sap flow within the tree, and following the appearance of lesions, it is
hypothesised that (H4) the slope of the studied area affects the abundance of AOD
symptoms and lesions, with fewer symptoms in the higher slope compared to the

lower part.
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2. Materials and Methods

2.1 Description of the Study Area

The study area was located in the state of Thuringia in Central Germany (Fig. 2a).
It is a municipal forest of the city of Bad Collberg-Heldburg and belongs to the
forest district of Heldburg (Fig. 2b).
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Figure 2: a) Map of Germany highlighting the state of Thuringia (GermanSights.com, 2026). b) Zoomed map,
showing the forested area near the city of Bad Collberg-Heldburg, Germany (Behrens, 2018). The red dot
marks the place of the forested area with the investigated stand.

Based on the last forest inventory and management plan (see Appendix, Fig.
A1), the study area is part of a 7.77 ha strand dominated by sessile oak (Quercus
petraea, SOK) with younger small-leaved lime (7ilia cordata, SLI), wild service
tree (Sorbus torminalis, WST), hornbeam (Crataegus monogyna, HBM), and field
maple (Acer campestre, FM). According to the management plan with a qualifying
date of 01.01.2017, the oaks are 149 years old with an average height of 21 m, an
average DBH of 42 cm, and a basal area of 32 m?. The trees are standing quite dense
with a closed canopy cover (Fig. 3). The soil is nutrient-rich and characterized by
moderately dry clay subsoil. The loamy-sandy topsoil of this area typically forms a
cambisol (Thiiringer Landesanstalt fiir Wald und Fortwirtschaft, 1997).
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Figure 3: Crown density of Quercus petraea trees within the studied area near the city of Heldburg, Germany.

The stand is located on the south-facing side of a ridge, ranging from 315 — 350
meters above sea level with a slope gradient of 31% (Fig. 4). On the southern edge
of the stand, it is bordered by an agricultural field, and on the northern edge, the

stand is separated from another stand by a logging road.

Figure 4: Monocultural Sessile Oak (Quercus petraea) stand near the city of Heldburg, Germany. All trees

within the study area have been numbered individually with spray paint.
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The stand is part of the Natura2000 area 5730-303 “Wailder im Grabfeld” with a
habitat type of bedstraw-oak-hornbeam forest (Bundesamt fiir Naturschutz, 2019),
but is used as a production forest. Nevertheless, there have not been any commercial
logging operations in the stand for at least 10 years. Because of that, no strip rows
are visible in the stand.

The studied area has a size of 8,665 m? and is based on a previous study from
2018, which investigated the presence of Lymantria dispar in the stand (Behrens,
2018). The location of the studied area was chosen to represent the stand as well as
the hillslope (see Appendix, Fig. A2). In 2018, every tree in the selected area with
a DBH higher than seven centimeters was numbered in lines parallel to the slope,
starting from the lower part to the top. Digitally, the area was divided into three
main parts based on the slope: down-, mid-, and upslope (Fig. 5), with every tree

belonging to one part of the slope (Behrens, 2018).

120
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Figure 5: Tree map of the studied area with division of the slope parts (Behrens, 2018).
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2.2 Survey of the Trees within the Study Area

In order to gather data for the testing of hypotheses H2, H3, and H4, the following
measurements were done. From every tree in the studied area, the tree species was
identified and then measured for diameter at breast height (DBH) with a
circumference measuring tape. Visually, Kraft’s class was recorded to assess the
social standing of the tree within the stand, depending on the height and the
formation of the crown (Kraft, 1884). It is divided into five classes: 1) predominant,
2) dominant, 3) codominant, 4) intermediate, and 5) overtopped or dead. Up to a
height of two meters on the stem, visible egg masses of spongy moth (Lymantria
dispar) or nests of oak processionary moth (Thaumetopoea processionea), lesions,
and cracks in the bark were counted. The height of two meters was chosen in order
to reduce the error of lesions being overlooked without the support of further tools.
Because of the high number of trees that were surveyed, additional measurements,
like the usage of a ladder in order to reach higher heights, were seen as not
manageable and critical for work safety. Furthermore, notes were taken if there
were symptoms or signs of pests causing damage to the trunk, e.g., woodpecker
holes or exit holes from insects such as jewel beetles (Agrilus spp.). Other
abnormalities that could have a relation to AOD were noted as well; for example,
crown abnormalities like damage based on dead branches, secondary crown
formation, indicators of other insects, damage to the trunk, or if the lesions were
fresh. The data collection was conducted during week 11 in 2026. The full table can
be found in the Appendix (see Appendix, Table B1).

2.3 Sample Trees and Labwork

In order to test hypotheses H1 and H4, six trees on each slope section were selected
randomly for a detailed analysis of the lesions, as well as testing in the laboratory
for all three bacterial species related to AOD (B. goodwinii, G. quercinecans, R.
victoriana). The number of sample trees (N=18; 6/slope) was chosen based on the
capacity of the laboratory. To maximise the likelihood of detecting AOD-associated
bacteria within the available sample size, only living oak trees displaying at least

one visible lesion were included in the selection.
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The criteria for the selection were that a tree should be alive, and at least one

lesion had to be present on the trunk. To obtain an impression of the special
distribution of the bacteria within the stand, six trees were sampled from each slope
section. In Excel, the RANDBETWEEN - function (=INDEX(XX: XXX;
RANDBETWEEN(1; ROWS(XX: XXX)))) was used to randomly select those
trees.
For a detailed analysis of the lesions on the 18 selected trees, every lesion that was
counted before was measured crosswise in width and length with a meter stick. The
height of the lesion on the trunk was noted as well. The location for the height on
the trunk is based on the estimated exit of the slime flux out of the stem. The
orientation was noted as well. The table can be found in the Appendix (see
Appendix, Table B2). All data, which was collected in the stand, was noted by hand
and later on transferred to Excel for analysis.

A statistical analysis was done using the Kruskal-Wallis test followed by Dunn’s
post hoc in order to test for H2. A Spearman rank correlation test was done in order
to test for H3. These non-parametric methods were used because preliminary
assessments showed that the data were not normally distributed. The tests were
done in R. The script can be found in the Appendix (see Appendix, Fig. C1)

To test for AOD-associated bacteria, bark samples with slime flux on them were
taken from the trunk because the amount of bacteria was assumed to be the highest
in the lesions. If possible, the samples were collected by hand, wearing one-time
usable gloves that were changed after each tree to prevent cross-contamination. The
material was collected in separate sterilized containers (Fig. 6a), which were
marked with the individual tree number after closing the lid. If necessary, a scalpel
was used to remove pieces of the bark (Fig. 6b). The used tool was sterilized on site

after every use with Meliseptol® rapid (Fig 6c¢).
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Figure 6: Method and materials for the bark sampling. a) The bark samples were collected directly from the
lesions in a small container using one-time gloves for each tree. b) If necessary, a scalpel was used to cut out
bark pieces. c) Sterilized and individually sealed containers were used. A permanent marker was used to mark
the samples with the individual tree number. If the scalpel was used, it was disinfected after every usage with

Meliseptol® rapid.

Nine samples were taken on 16/03/2026, and the other nine on 27/03/2026 (Fig.
7). Until further analysis, the samples were stored in a fridge at 4°C for three days
and then shipped to the lab for immediate analysis. To test for AOD-associated
bacteria in the laboratory, a quantitative PCR (qQPCR) method was used (Crampton
et al., 2020). The testing was done in the Northwest German Forestry Research
Institute in Gottingen. To extract the DNA, the E.Z.N.A. SP Plant DNA Kit (by
Omega Bio-tek) was used. Deviating from the manufacturer's protocol, a retching
step with 20-30 mg of drill dust and three millimeter metal balls was applied. Every

sample was tested for all three bacteria associated with AOD.

Figure 7: Isolated bark samples of the 18 sampled trees (Quercus petraea) from the studied area (images taken
by Steffen Bien).
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3. Results

3.1 Stand Description

Within the studied area, the 451 trees of (Behrens, 2018) were identified again. The
stand is dominated by sessile oak (Quercus petraea, SOK), at 70%, followed by
16.6% small-leaved lime (7ilia cordata, SLI) and 13.2% wild service tree (Sorbus
torminalis, WST). Single trees of Scots pine (Pinus silvestris, SP), field maple
(Acer campestre, FM), and common hawthorn (Crataegus monogyna, HAW) (Fig.
8).

16.59

mSOK wSL - WST mSP mFM = HAW

Figure 8: Distribution of tree species in the studied area near the city of Heldburg, Germany. Distribution in
percentage [%] based on the total number of trees. SOK = Quercus petraea; SLI = Tilia cordata; WST =
Sorbus torminalis; SP = Pinus silvestris, FM = Acer campestre; HAW = Crataegus monogyna

The measured DBH also shows a clear dominance of Q. petraea in the stand,
with a mean DBH of 39 cm (Fig. 9). Trees of SLI and WST are building the
understory, with single trees of lime also reaching the upper canopy. The mean
DBH of lime is 16 cm, and 14 cm for WST (Fig. 9). Based on the number of trees,

the understory is not present over the whole site.
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Figure 9: Variation of the measured diameter (DBH, cm) for the most present tree species in the studied area.

SOK = Quercus petraea; SLI = Tilia cordata; WST = Sorbus torminalis

Compared to the inventory in 2018, based on Behrens (2018), the mean DHB of
oak is two centimeters higher, the same goes for lime, and the mean DBH for WST
is three centimeters higher.

The dominance of oak and the social standing of the single tree species within

the area are also shown by the distribution over Kraft’s classes (Fig. 10).
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Figure 10: Comparison of the proportion of the most abundant tree species [in %] in the studied area based
on Kraft's class [ 1) predominant, 2) dominant, 3) codominant, 4) intermediate, and 5) overtopped or dead |
between the inventory in 2026 and 2018 from all trees within the studied area. SOK = Quercus petraea,; SLI =
Tilia cordata; WST = Sorbus torminalis

24



There is a clear dominance of oak in classes 1-4, which has not changed much
since the inventory in 2018. SLI has single trees in classes one, three, and four.
Most differences based on time can be seen in the lower classes four and five. In
2026, class four had a very high proportion of SOK, while in 2018, more SLI as
well as WST were present. In class five, the proportion of SOK increased by 18.2%,
and SLI decreased.

When looking at the diameter classes of oak (Fig. 11), there is a clear dominance
of trees within the third diameter class. Most of the trees are in the third and fourth

strength classes. There are only a few trees with a DBH over 60 cm.
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Figure 11: Distribution of all standing oak trees (Quercus petraea) in the studied area over the strength classes.
Strength classes are a typical classification of trees by diameter (DBH, cm). Strength classes: 1) DBH 10-19
cm; 2) DBH 20-29 ¢cm; 3) DBH 30-39 cm; 4) DBH 40-49 cm; 5) DBH 50-59 cm; 6) DBH 60-69 cm; 7) DBH
70-79 cm.

Compared to 2018, the mortality in the stand has increased by 13.75% (Table 1).
In 2018, three oak trees were already dead, with one lying and two standing

(Behrens, 2018). In 2026, a total of 65 out of 451 trees were dead, with 39 trees still
standing and 26 lying.
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Table 1: Comparison of mortality in the studied area based on inventories done in 2018 and 2026 (Behrens,

2018).

Year Percentage of all dead trees Total dead Lying Standing
in the study area [%]

2018 0.66 3 2 1

2026 14.41 65 26 39

Besides three pine, all the dead trees are oaks. Based on the hillslope, 17 trees in

the downslope are dead, and there are 24 dead trees per mid- and upslope.

3.2 Symptom of Lesions

There were 254 living oak trees within the studied area. 222 had at least one lesion
recorded. Some living oaks lacked visible lesions but exhibited severe crown
damage, indicated by numerous dead branches in the crown. 20 oak trees in the
whole studied area do not show any symptoms of vitality loss in the crown, lesions,
or cracks on the trunk. 16 of those are standing upslope, two in the middle part, and
two downslope. Among trees with visible lesions, the number of lesions per tree
ranged from 1 to 53. Most symptomatic oak trees had between 1 and 20 lesions,

while relatively few trees had 30 or more lesions (Fig. 12).
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Figure 12: Number of oak trees (Quercus petraea) based on the number of lesions, which are grouped.
Based on the growing spot of the tree, in the lower part of the slope, five trees
did not show any lesions. Midslope, eight trees did not show any lesions, and in the

upper part, 19 trees did not show any lesions or symptoms of AOD. The average
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number of lesions on a single tree is the highest midslope, intermediate downslope,
and upslope has the lowest average lesion abundance (Fig. 13). Generally, there is

a substantial overlap between the different groups, and all show several outliers.
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Figure 13: Distribution of the number of lesions on a single oak (Quercus petraea) based on its growing spot
in the studied area.

With a p-value of 0.04527, resulting from the Kruskal-Wallis test, there is a
significant difference in the abundance of the lesions between at least one slope
group. Dunn’s post hoc test showed that midslope trees had significantly higher
lesion abundance than upslope trees (adjusted p = 0.0395), while downslope trees

did not differ significantly from either midslope or upslope trees (Table 2).

Table 2: Adjusted p-value for the comparison between the different slope parts based on Dunn's post-hoc test.

Comparison Adjusted p-value
Downslope - Midslope 0.633

Downslope - Upslope 0.762

Midslope - Upslope 0.0395

When looking at the DBH of the tree and the number of lesions, there is a
positive trend for all three slope parts (Fig. 14). The trend is the strongest midslope,
followed by downslope, and lastly upslope.
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Figure 14: Relation of the number of lesions and the DBH of a single tree based on the different slope parts
in the studied area.

The Spearman correlation analysis showed that the relationship is significant for
downslope and midslope but not upslope (Table 3). Midslope shows the strongest
correlation among the tree slope parts and provides good evidence that larger trees
tend to have more lesions. In contrast, the relationship is not significant for upslope
(p = 0.88), suggesting that tree size does not influence lesion abundance. Based on
the results of Spearman's rho, the strength of the relationship also differs between
the single slope parts. With p = 0.299, the correlation downslope is weak to
moderate and moderate in the middle part of the slope. Upslope shows a very weak

relationship, where the correlation essentially equals zero.

Table 3: Results of the Spearman rank correlation test between the number of lesions and the DBH of the tree
based on the different slope parts.

Slope part p p-value
Downslope 0.299 0.0148
Midslope 0.323 0.00199
Upslope 0.0188 0.880

Regarding the appearance of pests, within the whole study area, there are 13

trees that are still alive and showing signs of A. biguttatus (Fig. 15). All of them
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have a heavily damaged canopy. Eight of these trees have lesions, ranging from an

amount of one to 43.

Figure 15: Oak trees (Quercus petraea) displaying signs of Agrilus biguttatus based on the D-shaped exit holes
of the adult beetle. a) tree number 67 b) tree number 314 c) tree number 78.

On 27 of the living trees within the whole study area, old egg masses of L. dispar
were found. Two of those trees were without lesions. Generally, there is a positive
trend in the relation between the number of old egg masses of Lymantria dispar and
the number of lesions on a tree. Old nests of oak processionary moth were found

on eight living oak trees within the whole stand.

3.3 Detection of AOD-associated Bacteria

The DNA analysis of bark pieces taken from the lesions of some oak trees shows
that B. goodwinii, G. quercinecans, and R. victoriana are present on site (Table 4).
Those trees that tested most frequently positive for AOD-associated bacteria were
those in the lowest part of the slope. Here, five of the six trees have tested positive
for at least one of the bacteria. One tree displayed weak signals for B. goodwinii
and G. quercinecans. In the lower slope, there was also a single tree that tested

positive for all three bacteria.
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Table 4: The table shows the inventory data for all sample trees and the test results from the DNA extraction
of bark pieces, which were taken out of some parts of the visual lesions on the trunk of the trees in the studied
area. Legend: Green = trees downslope; Pink = trees midslope; Blue = trees upslope; m = positive; 0 =
negative; / = weak positive.

Sample Tree DBH Number of B. goodwinii G. quercinecans | R.victoriana
No. lesions

04 29 7 / / O
21 41 12 ] n O
32 31 34 ] n O
56 62 22 ] / O
85 59 29 [ ] n !/
109 28 10 [ ] n | |
78 36 24 O O O
121 59 16 O O
147 47 14 / / /
174 45 18 / O O
213 30 1 O O O
244 43 8 / O O
314 57 24 ] n /
342 35 10 ] O O
356 61 9 / O O
389 29 27 O O O
418 52 4 / O /
420 29 37 O O O

None of the tested trees on the middle slope has a positive result, except for three
trees, which have weak positive test results for at least one of the bacteria. On the
upper slope, two trees were positive, and two had weak positive results. The
bacterium B. goodwinii was found to be the most common, with positive and weak
positive results in 13 out of the 18 sampled trees, followed by G. quercinecans and
lastly R. victoriana. Five of the seven trees had positive results for at least two
bacteria.

For this study, the number of cracks does not seem to influence bacterial
presence. Three trees had more than ten cracks and tested negative for all three
bacteria. There is no specific pattern for a relation between the number of visible
lesions and positive test results. The tree with the highest number of counted lesions
(37 lesions) tested negative for all bacteria, and the tree with the least amount of

lesions has weak results for B. goodwinii and R. victoriana. Generally, all trees that
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have tested positive for at least one bacterium have ten or more lesions. Trees with
an amount of lesions under ten have weak positive test results for at least one
bacterium. Trees with only negative test results have eleven or more lesions.

Also, DBH does not seem to have a relation to the presence of AOD-associated
bacteria. The tree that has tested positive for all three bacteria also has the lowest
DBH of 29 cm of all the tested trees. Smaller trees within diameter classes two or
three have tested positive as well as negative. The same pattern goes for bigger trees
within diameter classes five and six.

Two of the tested trees displayed signs of jewel beetle (tree numbers 78 and
314), which were visible as D-shaped exit holes of the adult beetles from previous
years (see Appendix, Table D1). Tree 314 tested positive for B. goodwinii and G.
quercinecans, and a weak result for R. victoriana. On the other hand, tree 78 tested
negative for all three bacteria. All other tested trees did not show any signs of jewel
beetle.

None of the selected trees for sampling had noticeable drought damage in the
form of dead branches in the crown during the inventory in August 2018 (Behrens,
2018). Some trees had signs of defoliators at different intensities, since there had
been a major outbreak of L. dispar in the stand (Behrens, 2018). In 2026, none of
these trees showed symptoms of vitality loss in the crown (see Appendix, Table
D1). Other trees that had been vital in 2018 were showing major crown damage
based on dead branches in 2026. Especially tree number 109, which had been
completely vital in 2018, is now displaying a heavily damaged crown with a build-
up of secondary crown based on epicormic shoots. Other trees, like numbers 121
(see Appendix, Fig. D1) and 389, also had lesions on the trunk and a heavily
damaged crown, but have tested negative for AOD-bacteria.

Based on the detailed analysis of the lesions on the 18 sampled trees (see
Appendix, Table D2), lesions can be punctual and very small or quite long
(following a heavy slime flux), with the longest measuring 37 cm in length. The
mean height of the expected exit point of the lesions over all sampled trees is 123
cm. Trees with at least one positive test for AOD-bacteria have a mean height of
the exit point of the lesion of at least 121 cm. Trees that have been tested negative

for all bacteria also show lesions at a mean height of 144 cm. Tree No. 213 has the
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highest mean length of the lesions, indicating a heavier slime flux per lesion. Still,
it has tested negative for AOD. Regarding the aspect of the lesions, it is quite
distributed over the south, east, and west, while the least amount of lesions are

facing north.
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4. Discussion

4.1 Stand Development

The increased mortality and low diameter growth suggest a decline in stand vitality
over the past nine years. The combination of high mortality, limited growth, and
crown damage indicates that the oaks within this stand are stressed by different
factors. These findings are consistent with H2 (tree mortality in the stand is
hypothesized to be higher than during the first inventory of the stand). The death of
the trees cannot be linked directly to AOD, but since the associated bacteria were
found on site, there is a strong possibility that it is contributing to the death of some
trees, since the disease leads to the death of the trees within just a few years
(Denman and Webber, 2009).

Based on the inventory of this study, there are several stressors of the trees that
are leading to the rapid death, which can be from the following: drought, because
of heavily damaged crowns with many dead branches, combined with biotic
stressors that were found, like the presence of spongy moth [with a heavy outbreak
in the past (Behrens, 2018)], oak processionary moth, jewel beetle, and newly
detected AOD-bacteria.

By looking at the forest inventory data, another stress factor might also be due
to silvicultural delays. This stand was established for high-quality wood production.
Based on visual observation, no treatment has been done for at least 30 years. In
older oak stands, management should be conducted in the form of low-intensity
thinnings at least once a decade to reduce competition and support optimal crown
development, leading to diameter growth (Nicolescu et al., 2025). For this stand,
the trees are standing very densely, with the crowns intermixing. Nicolescu et al.
(2025) states that by increasing the spacing of the trees, individual trees will be able
to grow larger crowns, increasing their health and lowering their susceptibility to
secondary pests or pathogens. Thinning also reduces competition for water and
nutrients, which is important, especially during drought periods (Nicolescu et al.,

2025).
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4.2 AOD-associated Symptoms

The widespread occurrence of lesions throughout the stand suggests that the factors
driving symptom development are not confined to a localized infection. This
contrasts with the findings of Brown et al. (2016), who reported that symptomatic
trees tended to occur in clusters. The tendency for AOD symptoms to occur mostly
on the warmer southerly aspect is also shown by Brown et al. (2016). The present
study found lesions with no clear dominance of a single direction. However, there
is a limitation to the detection of lesions on the north side of the trunk because of
the appearance of mosses on most trunks, which led to a possible underestimation
in this direction.

Tree size (DBH) appears to influence lesion abundance only to a limited extent.
Relatively low results for Spearman's rho (p), especially in the upper part of the
slope, indicate that the size of the tree explains the number of lesions only for some
of the trees along the slope. Although some positive relationship between DBH and
lesion abundance was observed, the considerable variation among similarly sized
trees suggests that additional factors are more important drivers. Thus, support for
H3 is limited (tree size (DBH) influences lesion abundance, with larger trees
exhibiting a higher number and size of lesions).

The hypothesis (H4) that lesion abundance decreases from the lower to the upper
part of the slope was only partially supported. The observed pattern suggests that
the slope may influence symptom expression but is unlikely to determine symptom
development alone. If water availability alone controlled lesion development, a
more consistent gradient across all slope parts could be expected. Instead, the
results indicate that local stand conditions, like competition and crown
development, may also have an influence on tree vitality and symptom formation.
Midslope trees may experience greater competition due to higher stand density than

trees growing upslope, which can grow a bigger crown.

4.3 AOD-associated Bacteria

The detection of all three bacterial species confirms that the microbial community
associated with AOD is present within the stand and confirms H1, that the number

of trees infected with AQOD-associated bacteria has increased since the first
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sampling in 2022. However, the occurrence of symptomatic trees without
detectable bacteria suggests that lesion formation may result from multiple factors,
such as other bacteria, pathogens, or pests associated with the damage/lesions
observed.

In relation to the local spread of the bacteria, there may be a positive relationship
between the assumed local water availability and bacterial occurrence. Pettifor et
al. (2020) concluded that G. quercinecans can survive in rainwater for at least 84
days and 28 days in forest soil. In the present study, G. quercinecans was mostly
tested positive in the lower part of the slope, which might be due to the spread of
(rain-)water on the ground, which flows downslope, where it is available for the
trees to take up (Tromp-van Meerveld and McDonnell, 2006).

Maddock et al. (2023) identified B. goodwinii from acorns of healthy as well as
symptomatic trees and concluded an endophytic lifestyle of the bacterium within
oak trees. This goes hand in hand with results from Pettifor et al. (2020), which
have detected B. goodwinii only in low proportions in rainwater or forest soil,
indicating that it can hardly survive outside the host tree. Broberg et al. (2018) also
analysed host-microbe interactions and showed that B. goodwinii can be present in
healthy tissue without being in a pathogenic state, but to a much lower proportion
than in affected trees. The predominance of B. goodwinii in the samples analysed
in this study supports its role as the bacterial species most closely associated with
AOD and may indicate an endophytic behavior. This type of host-microbe
interaction, where organisms live inside the host and become pathogenic under
certain conditions, has been generally described already by Stengel et al. (2022).

Broberg et al. (2018) showed that the bacteria can act as pathobionts with a shift
in the activity triggered by their simultaneous presence or when the tree is stressed
by other factors. Also, Gathercole et al. (2021) reported that low-level amounts of
the bacteria can be found in leaf and leaf-bud tissues, concluding that their ubiquity
is triggered by other factors. Denman et al. (2016) suggest that AOD might have a
polymicrobial cause, because G. quercinecans and R. victoriana were detected
especially in advanced stages of the lesions, possibly aiding the virulent activities
of B. goodwinii. The findings of this study are somewhat consistent with this

concept, and the interactions among multiple bacterial species may play a role in
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disease development. However, while the co-occurrence of AOD-associated
bacteria supports the possibility of microbial interactions, no conclusions can be
drawn regarding an actual synergistic effect or increased virulence.

Broberg et al. (2018) showed that B. goodwinii is highly active when lesions
mature. Studies comparing healthy and diseased tissue of oak trees show a higher
abundance and activity of the AOD-associated bacteria on symptomatic trees
(Denman et al., 2016; Gathercole et al., 2021). This indicates that even though the
bacteria might be present already in the trees, it is only at a very low concentration,
which makes it hard to detect them. Generally, it appears to be that G. quercinecans
and R. victoriana are capable of surviving in a wide range of environmental niches
(Maddock et al., 2023). Since this study was done using bark pieces out of visible
lesions, the presence of G. quercinecans or R. victoriana was always in
combination with B. goodwinii. In order to give an answer about the local
distribution of G. quercinecans or R. victoriana, soil samples should be analysed as

well.

4.4 Relation to Pests

Studies support that trees can be infected with AOD, but not display any symptoms
of insect presence (Tkaczyk et al., 2024; Tkaczyk and Sikora, 2024; Zalkalns and
Celma, 2021). This was also shown in the present study. As a result, the bacteria
may not need an insect vector in order to be spread.

However, the presence of insect damage may facilitate bacterial colonization by
creating entry points into the tissue (Denman et al., 2018). Pests pose a stress factor
to the trees, which can make them more susceptible to secondary diseases like AOD
(Bene et al., 2025). In the present study, the presence of multiple insect species
suggests that the affected trees are exposed to additional biotic stressors, which may

increase susceptibility.

4.5 Management of AOD

As of now, no concrete recommendations for the management of AOD-infected
stands have been proposed. Since AOD is likely caused by the interaction of

multiple factors, management might be more complicated (Maddock et al., 2023).
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As shown by this study, abiotic damage plays an important role as a first initiator
of stress for the trees. Abiotic damage cannot be prevented by forestry (Altenkirch
et al., 2002), but risk management in order to create resilient stands is a method to
support healthier forests. This can be done by silvicultural measures, when
establishing new stands, choose tree species that are adapted to the site and the
creation of structural diversity, as well as species diversity based on the site
(Altenkirch et al., 2002).

Since AOD is occurring very locally at the moment, strategies of management
on the individual stand level in order to keep tree vigour play an important role
(Brown et al., 2018). Monitoring also proposes another tool to control forest health
and notice the first symptoms in early stages (Bene et al., 2025). Testing for AOD

should be expanded to more sites that might be prone to it.

4.6 Limitations

The applicability of the results in this study is limited to an area in Central Germany
with specific site characteristics. Also, the relatively small number of sampled trees,
with the limitation of only analysing symptomatic trees, poses a limitation to
statistical analysis of factors influencing the abundance of AOD-associated
bacteria. The sample collection was done only in March. Zalkalns and Celma
(2021) suggest that the presence of the bacteria changes depending on the climatic
conditions over the year, with positive tested trees becoming tested negative in
autumn. Data collection was done manually, and most of the data is based on visual
observations that depend on factors like lighting conditions. This proposes a chance
for manual errors. Most trees were covered with moss on the hill-facing side of the

trunk. Because of this coverage, lesions were not / hardly visible.
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5. Conclusion

Overall, this study contributed to increasing the knowledge about AOD and its local
spread, and it can be concluded that the occurrence of AOD is driven by the
interaction of multiple abiotic and biotic factors rather than a single causal agent.
The results show that AOD should be considered part of a complex disease system
of oak. The interaction among different stress factors seems to play a crucial role
in symptom expression, but trees that have not been previously stressed by biotic
factors can also be infected. Climate change appears to be a key driver of the
disease, as increasing temperatures and recurring drought periods weaken the
vitality of the trees (Bratu et al., 2025). Thus, making them more susceptible to
infections, since the studied area has been subject to droughts, especially over the
last few years. These extreme weather events, in combination with the local water
distribution and availability, may contribute significantly to the progression of
AOD (Dennert et al., 2024).

At the same time, the study supports the presence of AOD-associated bacteria
even in the absence of symptoms caused by other biotic stressors. This
demonstrates that the bacteria may exist at low levels within the host and the
environment (Broberg et al., 2018; Pettifor et al., 2020). The pathogenicity might
then be triggered by the interaction of them (Broberg et al., 2018) and the
influencing environmental and climatic conditions. The study also demonstrates
that AOD occurs in already weakened stands. The high mortality rate, reduced
growth, and visible crown damage suggest that the studied area is under
considerable stress. With this finding, AOD should not be interpreted as an isolated
cause of decline, but rather as part of a broader interaction of multiple factors within
complex diseases of oak (Brown et al., 2018).

From a forest management perspective, this study highlights the importance of
maintaining stand vitality. Since direct control measures are currently lacking,
preventive strategies such as reducing competition and enhancing structural and
species diversity should be implemented in order to increase the resilience of the

trees against stress factors (Nicolescu et al., 2025).
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In order to further understand the development of the disease, continued
monitoring and repeated testing following the initial detection of AOD should be
done. Especially, the investigation of healthy trees may provide insights into host-
microbe interactions and help to better understand the process of latent presence to
active pathogens. Expanding research is needed to better understand the dynamics
and importance of bacterial diseases within forestry, including AOD, as well as
developing effective long-term management strategies.

In conclusion, AOD represents a complex and emerging threat to our oak
ecosystems, shaped by the interaction of bacteria, environmental conditions, and
host stress. Addressing this challenge requires an integrated approach combining
monitoring and adaptive forest management.

Further research into the ecological and physiological mechanisms of the disease
is needed. Future studies should focus on analysing more factors that might
influence the distribution of the disease, especially in conjunction with the
availability of water in the ground and samples of the soil. Tissue sampling might
also give valuable insights into the interaction of the different bacterial species

based on the comparison of symptomatic vs. asymptomatic trees.
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Appendix A — Stand Information
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Figure Al: Inventory- and management plan of the stand, including the study area in Heldburg, Germany.
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Figure A2: Forest base map of the forested area near Heldburg (Germany), including the study area,

indicated with a red/white square (Behrens, 2018).



Appendix B — Collected Data

Table B1: Full inventory data of all trees within the study area, collected in week 11 in 2026.

Amount
egE
masses
Tree Tree DBH  Kraft's spongy |Slime | Amount Bark Pests/
Mo. species Slope |[om] class Vitality |meth | flux slime flux | oacks | pathogens Motes
1|S0K D 34 3| alive yes 1 5
2|51 D 11 5| alive no
350K D 37 2| alive yes 19 10
4 50K D 4 alive yes 7
5| 50K D 33 2| alive yes 2
6| 50K D 37 2| alive yes
woodpeacker,
7| 50K D 24 5| dead no jewel bestle standing
8 WET D 18 5 alive no
9 WET D 5l alive no
10| WsT D 15 5| alive no
11| WST D 14 5| alive no
12 50K [} 45 5 dead no jewel bestle | standing
13| 50K D 26| 4 alive yes
14| 50K D 27 3| alive yes g
15| 50K D 34 4 alive yes 21 5 frash slime flux
16 WET D 146 5 alive no
17|S0K D 57 2| alive yes 7 3
15| 50K D 26| 4 alive yes 3 |
19| 50K D 55 1| alive yes 9 4
20| 50K D 22 4 alive yes 2 4
21| 50K D 41 2 alive yes 13| 3
22| 50K D 51 3| alive yes 11 2
23| WsT D 13 5| alive no
24| 50K D &3 1| alive 11|yes 332 B OFM frash slime flux
25| 50K D 37 2| alive yes 13
26| WST D 11 5| alive no
27| 50K D 48| 1| alive yes 11
28 50K [} 26| 5 dead no jewel bestle | standing
29| 50K D 39 2| alive yes L
30| 50K D 44| 2| alive yes 10 4
31{5LI D 15 5| alive no
32 50K D 31 3 dead yes 34 old trunk damage
33|50K D 32 4 alive yes 2 i
34| WST D 11 5| alive no
35/ W5T D 18 5 alive no
36| 50K D 31 3| alive yes 22 11
37| 50K D 22 5| dead no jewel bestle | standing
3B WET D 10 5 alive no
39 50K D 51 2 alive 1yes 13 8 old trunk damage
40/ 50K D 37 3| alive yes 18
41 50K D 36| 2| alive 1yes 14 3|
42 50K D 42 3| alive yes 2
43 50K D 30, 4 alive 1yes 14
44 50K D 22 4 alive yes 2
45 50K D 37 4 alive yes 11
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93 SOK 1] 35 3 alive WS 2 glue ring, old wire
94 50K D 40| 2|alive 2yes 2 1 glu= ring
95 50K D S8 2|alive yes 1D 3
95 50K D SE| 1 alive yes 18 5
97 50K D 40, 2|alive yes 31 4
98 5L D 13 E|alive no
99 WsT D 10| E|alive no
100/ WST D 11 E|alive no
2022 postive tested
for Brenneria, heavily
101 SDOK D SE| 3|alive 8 yes 19 7 damzged
102 S0K D 45 2|alive yes 11 &
103/ W5T D E|alive no
104 50K D dead no hying
105/ WST D 12 E|alive no
106 50K D 38 3|alive yes E 5
woodpecker,
107 S0K D 46| &/ dead no jewel bestle standing
108 0K D 58| 2|alive yes 2 2
damaged, secondary
109 50K D 5 alive yes 10 1] crown
110 50K M 53 2|alive 1yes 13 ald wire
111 50K D dead no hying
112 50K D dead no hying
113 50K D 27 4 alive yes 13 5 frash slime flux
114/ 50K D 40| 1 alive yes =l 4 glusring
115 S0K D 29 4 alive 1yes 7 2 glue ring
116 50K D 30| A} alive yes 7 3
117 SDK D 30, 3|alive no 2 glue ring
118 s0K D 34 3|alive yes = 1
woodpecker,
119 S0K M &2 S| dead 11|yes = jewel bestle  standing
120 50K M EE 3|alive no 2
OPM,
121/50K M 2 alive yes 15 woodpecker  heavily damaged
122 WSsT M 14| S| alive no
woodpecker,
123 S0K M 50| S| dead yes 13 jewel bestle standing
124 50K M 28 5 dead no jewel bestle | standing
125 50K M 52 2|alive yes 1
126/ WST M 17 E|alive no
127 SDK M 32 3|alive yes 22 5
128 50K M 34 2|alive yes 3
129 S0K M 62 S| dead no jewel bestle  standing
130 50K M 23 E|alive yes 13| 11| Woodpecker | heavily damaged
ald wire, fresh slime
131|50K M 41 2|alive yes 41 21 fluoe
132 50K M 29 4 alive yes 20 7 frash slime flux
133 S0K M 23 S| alive yes 15 k|
134/ WET M 13 E|alive no
135 S0K M 32 2|alive yes 11 10 old wire
135|50K %] 21 L dead no jewel bestle | standing
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137 WsT M 10 5| alive no
138 30K M 33 2|alive 1jyes 21 10 heavily damaged
heavily damaged,
crown breakage,
133 30K M 32 5| alive yes 5 Woodpecker | secondary crown
140/ WsT M 16 5| alive no
141/ 50K M dead no fying
142 30K D 45 1 alive yes 17|
143 30K D 24 5| alive yes frash slime flux
144 50K D 35 4 alive G yes heavily damaged
145 P D 16 5| alive no
148/ WsT D 11 5| alive no
147 50K M 47 2|alive yes 14
148 W5T M 14 5| alive no
143 WsT M 11 5| alive no
150 30K M 32 3|alive yes 11 7
151/ 50K M 37 3|alive 1|yes 9
152 30K M 36 4 alive yes 13 4
153|50K M 40 3 alive yes 4 b cocoon of Braconidas
154 50K M 45 3|alive yes 17| 5
155/ 50K M 40 1} alive yes 5
156/ 30K M 36 3|alive yes [
157 50K M a7 3 alive yes 2
158 50K M 31 3|alive yes 15 10
153 30K M 50 1 alive yes 12 fresh slime flux
160 50K M 33 4 alive yes 12 3 cocoon of Braconidas
161 W5T M 12 5| alive no
damage st the trunk
woodpecker, | bass, hesvily
Armillaria damaged, secondary
162 50K M 35 3| alive yes 29 10| (rhizomorphs) |crown
neavily damaged,
crown breakage,
163 50K M 21 5| alive yes 15 5| Woodpecker |secomdary crown
164 50K M 38 3|alive yes 8
waoodpecker,
165/ 50K M 16 5|dead no jewel beetle | standing
166 50K M 35 3|alive yes L 3
167 50K M 26 4 alive yes 5
168 30K M 30 3|alive yes 3
163 WST M 15 5| alive no
wWoo r
170 50K M a7 5 dead no jewel bestle | standing
171 WsT M 11 5|alive no
172 WsT M 10 5| alive no
173 30K M 62 1 alive yes 12 2
174 30K M 45 3| alive yes = 7|
17550k |M 55 2 alive yes 18 2
176 30K M 55 2|alive 1yes 13 2 heavily damaged
177/ 30K M 62 1 alive yes 13 12 frash slime flux
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heavily damaged,
Wioo . |crown breakage,
178 50K 0] 41 5 alive YES 1 jewel bestle | s=condary crown
179 50K M 4 alive yes 5
180 5L1 M 10| 5| alive no
181 50K M 2 alive yES 7] 3
182/ 50K M 41 2|alive yes 4 1
183 5L1 M 10| 5 alive no
184 50K M 33 4 alive yEsS 4 2
185 WST M 11 5 alive no
186 50K M 53 2 alive yEsS 21 4 wery heavily damaged
187 WST M 5| alive no
188 50K M 39 2|alive yes 11 7
183 50K M 3 alive yes 9 trunk damage
190 WST M 11 5 alive no
191 WST M 10| 5| alive no
192 50K ] 29 5 dead no jewel beetle | standing
193 WST M 16| 5 alive no
194 50K M dead no lying
195/ 50K M 54 1 alive yes 50 20| fresh slime flux
196 50K M &7 1| alive yes 37 5
197 5L M 1 5 alive no
woodpecker,
195|50K M 56 L dead no jewel bestle | standing
199 50K ] 41 3 alive YES 19 & cocoon of Braconidas
200 WSET 0] 18| 5 alive no
201 50K M 41 2| alive yes 11 5
202 50K M 42 2|alive yes 20 2
203 50K M 30, 4 alive yES 2 2/0OPM
204 WST M 17 5| alive no
205 WST M 1 5 alive no
206 50K M 52 2 alive yes 39, 5
207 50K M dead no hying
208 50K M 59 2|alive yes 38 9 frash slime flux
209 WST M 12 5 alive no
210 WST M 15 5 alive no
211 50K M 47 2| alive yes 14 5
21X WST M 14| 5| alive no
fresh slime flux,
213 SDK M 30, 3 alive yes 11 13 secondary crown
214 50K M 35 3|alive yes 4 4
215 50K M 41 1 alive yES 17 5
116 50K M 34 4 alive yes 19, 1 wery heavily damaged
woodpecker,
217 50K M 39 5 dead no jewel beetle | standing
118 50K M 7 3 alive yes 7 frash slime flux
213 50K M 35 3| alive yes 5
220 50K M 34 3|alive yes 4
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heavily damaged,
woodpecker, | crown breakage,
221/ 50K M 25 5| alive no jewel beetle | secondary crown
222/ 50K M 25 5| alive yes 2 2| Woodpecker |very heavily damaged
223/ 50K M 36 2|alive yes 15 18 frash slime flux
224 50K M 36 3| alive yEes 14 5
225 50K M 38 2| alive yes 2 7
226/ 50K M 39 2|alive yes 1g
227 50K M 28 3|alive yes 12 2
228 50K [l 22 5 dead no standing
229 50K M 54 2| alive yes 3 2
230/WsT M 22 5| alive no
231/ 50K M 49 3|alive yes 16 1
232 30K M 50 2|alive yEes 4 frash slime flux
growth anomaly at
233 50K M 35 3| alive YES 4 4 40 cm
heavily damaged,
wWaoo . | Crown breakage,
234 530K M 54 5 alive V= 20 2 jewel bestle | s=condary crown
235511 M 14 5| alive no
238 511 M 18 5| alive no
237|511 M 17 5| alive no
238511 M 16 5| alive no
238 50K M dead no hying
240 50K [l 42 3 alive V= 13 10 cocoon of Braconidae
241 50K M 41 2| alive no
242\ 50K M 49 1|alive yes B 3
243/ 50K M 27 4 alive yes B 3
S0K M 43 2 alive yes 2 1 trunk base
T r ¥ e
245/ 50K M 44 5| alive yes 7 jewel beetle | crown breakage,
246 WST M 18 5| alive no
247 50K M 52 1 alive yes B 1
wWioo r
248 30K M 36 5| dead no jewel bestle
248 50K M 44 3|alive yes 23 7 frash slime flux
250/ 50K M 40 3|alive yes 18 10 frash slime flux
251 50K M 33 4 alive YES .l 1
252 50K M dead no hying
253|581 M 17 5| alive no
Tying (previously
254 50K M dead no dead, but standing)
lying {previously
255/ 50K M dead no dead, but lying)
Tying (previously
256 50K M dead no dead, but lying)
257 5L u 15 5| alive no
258 30K M 30 4 alive yes 7
258 50K M 59 1| alive yes 14 1{0PM
260|511 M 9 5| alive no
261511 M 16 5| alive no
262 511 M 18 5| alive no
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263|50K M 33 3| alive yES 3
264|50K M dead ne hying
heavily damaged,
crown breakage,
265 50K M 23 5 alive no sapondary crown
266|511 M 20 5| alive ne
267|501 M 13 5| alive no
268|511 M 12 5| alive no
269|50K M E5 1| alive yES 38
270/5L0 M 12 5| alive ne
woodpeacker,
271|50K M 30 5| dead no jewel bestle standing
272|50K M =0 1 alive yes 4 cocoon of Braconidae
woodpeacker,
273|50K M 23 5| dead no jewel bestle | standing
274|50K M 27 5| alive ne
heavily damaged,
grown over trunk
275|50K M 38 4 alive no damzge
Braconidas, very
276|50K u 52 2| alive YES E heavily damaged,
277|50K u 42 3 alive YES 4
278 50K u 4| alive yES 2 cocoon of Braconidas
279|50K u dead no hying
280|50K u 31 4 alive YES 13 fresh slime flux
woodpeacker,
281|50K u E] 5| dead no jewel bestle standing
heavily damaged,
wWoo -, |crown breakage,
282 530K u 33 5 alive YES 2 jewel bestle | secondary crown
283|501 u 27 5| alive no
woodpecker,
284 50K M 44 5 dead no jewel bestle | standing
285|50K u =21 1| alive yES 4
286|50K u dead ne hying
287|501 u 21 5| alive no
288|50K u 56 1| alive yES 20
289|511 u 15 5| alive no
Wwoo x
29050k 1] 41 5 dead no jewel bestle | standing
291{5L1 u 11 5| alive no
Woodpecker
292|511 u 14 5| alive ne {round)
293|501 u 14 5| alive no
Woodpecker
294{5L1 u 12 5 alive no {round)
295|50K u 46| 3 alive YES 9
296|50K u 45 2| alive ne
297|WsT u 15 5| alive no
298|50K u 45 2| alive YES =
299|50K u 16 5 alive no
300|50K u 39 2| alive YES 3
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heavily damged

rown

heavily damaged,
crown breakage,
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heavily damaged,
crown breakage,
woodpecker, | secondary crown,
345 S0k u 29 alive Vi 19 jewel beetle | coooon of Braconidas
346/ 50K u 34| 3 alive no
347|50K u 41 2 alive yes 31
damage at the trunk
base, cocoon of
348 50K u 28 4 alive V= = Braconidas
349 50K u 35 2 alive no
350/5L1 u 12 5 alive no
351(s5L1 u 13 5 alive no
352|530k u 33 4 alive yes 2
353|501 u 15 5 alive no
354/ 50K u 35 4 alive yes 15
woodpecker,
355 50K u 26| 5 dead no jewel bestle
S0K u &1 1 alive yes 9 frash slime flux
357 | 50K u 28 4 alive yes 3
Woodpecker
358 5L u 16| 5 alive yes 1 (round)
359 50K u dead no hying
350|501 u 10| 5 alive no
361|501 u 12 5 alive no
362|530k u dead no hying
363 50K u 39 1 alive yes frash slime flux
364/ 50K u 35| 2 alive yes 1
365 WET u 15 5 alive no
366/ 50K u dead no hying
367|501 u 10 5 alive no
368 50K u 35| 3 alive yes 13
369 50K u dead no hying
370,511 u 35 4 alive no
371|50K u 33 3 alive yes B
372|501 u k| 5 alive no
373|50K u 41 2 alive yes 3
woo x
374 50K u 22 5 dead no jewel bestle | standing
375|501 u 11 5 alive no
woo x
376|50K u 21 5 dead no jewel bestle | standing
waoodpecker,
377|50K u 21 5 dead no jewel bestle | standing
37850 u 15 & alive no
37950 u 12 5 alive no
380|511 u 27 & alive yes
381 50K u 49 2 alive no
382|350k u 23 5 alive yes 4
383 50K u 25 4 alive no coooon of Braconidas
damage at the trunk
3E4| 50K u 26| 5 alive yes 181 baze
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wery heavily damaged

damage at the trunk

bas=

standing

standing

Woodpecker
(round)

Woodpecker
(round)

Woodpacker
(round})

Woodpacker
(round})

jewel bestle

11

1yes

1 yes

1yes

& alive

5| alive
5 alive

L alive

3 zlive

2 alive

5| alive

3 alive

L alive

4 alive

L alive

5| alive

L alive

L alive

3| alive

& alive

L alive
5| alive

2 aliva

L alive

3 alive

& alive

5| alive
2 alive

1 alive

5 alive

1 alive

4 alive

1 alive

L alive

3| alive
3 alive

2 alive

1 alive

5| dead

L alive

2 alive

3| alive

& alive

2 alive

1 alive

L dead

1 alive

2 alive

11

21

31

11

11

a7

14

41

51

51

u
u
u

u

u

u
u
u

u

u

u

u

u

u
u

385|501

386/ 5L1

387|501

33551

390 20K

391|50K

39250

393 50K

394|501

395 50K
396 50K

397 WsT

398/ 'WET
399/ WsT

400| 5L

401|501

402|501

403| 5L

404/ 20K

405|511

A06| 50K
407|511

408| 5L

409 20K
410/ 20K
411/ WST
412 50K
413 50K

414/ 50K

415|501

416/ 50K
417 50K

419 50K

421 SOK
422 511

423 20K

424 50K

4325|511

426/ 20K
427 | 50K
A28 20K
429 50K
430/ 50K
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431/s0k U 13 5 alive no
432 50K u 34 3 alive yES 19
433 50K u 37 2 alive yes 8
434/ 50K u 26 4 alive yES = 4 fresh slime flux
Woodpecker
435|511 u 15 5 aliva no (round)
435|501 u 13 & alive no
waoodpecker,
437 50K u 56 5 dead yes = jewel bestle
438 50K u 32 3 alive yes 24 11
433 50K u 35 3 zlive yes 26 14
440 HAW U 11 & alive no
441 50K u 32 4 alive yes 24 4
442 50K u 34 3 alive yes 15 9
443 50K u 28 4 alive yes 7 4
444 50K u 1 zlive yes 3
445 50K ] 41! 4 alive yes 12 secundary crown
445 50K 4] S5 2 alive yes 37 7
47 50K (U dead no lying
A48 5L u 11 & alive no
Armillaria
449 5P u dead no mellea, beetle  lying
Armillaria
450 5P u 43 5 dead no mellea, beetle | standing
Armillaria
451\5P u 42 5 dead no mellea, beetle standing
Explenations:
Tree species: SOK sessile oak (Quercus petraca )
SLI small-leaved lime (Tilia cordata )
wsT  wild service tree (Sorbus tominalis |
SP Scots pine (Pinus silvestris )
FM field maple {Acer campestre )
WDO common hawthorn (Crataegus monogyna )
slope: D downslope
M midslope
u upslope
Kraft's class: 1 predominant
2 dominant
3 codominant
4 intermediate
5 overtopped or dead
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Table B2: Detailed measurements of the lesions on the sampled trees.
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crack

fresh

1
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15
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15

1.5

1
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213 El 45 E 17 1 fresh
213 El 174 SE 25 z crack
213 El 69 5 19 25

244 El 98 SW 25 05 in damage
244 El 102 SW 3 1 inda mage
244 El 38 E 2 1

244 El 36 E 4 1

244 El S0 E 1 1

244 El a0 E 3 1

244 El 108 E 3 2 crack
244 El 162 5 5 15

314 El 73 5 6.5 1

314 El B4 5 1 1

314 El 124 5 15 0.5

314 El 105 5 9 1 crack
314 El 138 5 25 05

314 El 169 5 4 1

314 El 161 5 26 05

314 El 163 5 11 0.5 crack
314 El 75 SW 9 Fa

314 El 159 SW 2 1

314 El 139 SW 0.5 05

314 El 125 W 6 1

314 El 168 M 7 15

314 El 156 M 5 1

314 El 175 ME 12 0.5

314 El 121 ME 3 1

314 El 114 ME 15 1

314 El 134 E 35 15

314 El 200 E 12 1

314 El 158 E 19 1

314 El 164 E 15 05

314 El 192 SE 23 1

314 El 155 SE 6 1

314 El 101 W & 1

342 El 69 5 5 Fa

342 El 131 5 4 Fa

342 El 146 5 2 0.5

342 El 139 5 1 05

342 El LB SW 2 1

342 El 63 SW 1 1

342 El 110 w 15 0.5

342 El 132 w 1 0.5

342 El 179 NW 5 1 crack
342 El 186 NW 3 1 crack
356 El B45 5 4 15

356 El 98 5 1 0.5

356 El 68 5 4 1

356 El g7 SW 3 1

356 El g7 L) 0.5 05
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5
05 0.
B0 W o
356 El s -
149 E =
3565 El E -
121 5 0s
356 El > -
B8 W 0
356 El ! -
El 108 5 L 1
o 73] sw 1
3g9 El :
: = = 9 1 crack
T = - 1 crack
389 El 2
99 W L
389 El 2 -
El 105 W 2 2
= = - 1 crack
3g9 El >
— - 1 crack
389 El E
El 128 W 2 1
= El 125 W 2 1
B 140 Nw 1
329 El E
167 N 1
389 El >
169 M 3
3g9 El :
150| E E
389 El 4 -
186 E L2
389 El ¢ -
165 E 2
389 El 2
152 E 2
389 El 1 -
104 E 2
e > 93 E 15
3g9 El EE :
B5 E 1
389 El s
69 E 2
389 El £
El 63 E D 1
- 37 SE :
389 El 2 y
49 5 E
3g9 El 2 .
24 5 22
389 El C -
17 5 2
389 El d
El 11 5 : 1
— 128 W L
418 El 2 -
El 127 W > 1
s = = 0.5 crack
418 El > -
116 E o5
418 El L -
121 5 =
az0] El Z -
183 5 5
4200 EI = L
157 5 05
470| El 05 -
e - 1 crack
420 EI E
| El 119] sw 1 1
i = — : 1 crack
420 EI 2
= = 0.5 crack
azo| EI : -
El 66 W . 1
420| e W 5
220 EI > _
| El 74 W L 1
i = - 1 crack
420 EI :
: = = 2 1 crack
7 101 W 1 1
420  EI 2
I oo o 15 crack
s : 121 W 14
4200 El
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4200 EI 152 w 10| 1 crack
420 El 147]  w 13 15 crack
420  EI 89 N 3 05
420 I 173 N ] 1 crack
420  EI 163 E 2 1
420 I 170 E 10] 1
420  El 181l  E 15 0.5 crack
4200 EI 163 E 3 0.5
420, EI 147 E 2 1
420  EI 141 E 8 1
420 I 158) E 1 0.5
420  El 156  SE 1 0.5
4200  El 156|  SE 5 0.5
420]  EI 66 E 4 05
420 I s0] E 1 1
4200  El 111] s 25 15
420  EI 119 5 4 1.5
4200 EI 139 s 1 1
420  EI 156 5 2 05
4200 EI 173] s 6 15
420  EI 181 5 3 1
420 I 41 s 3 1
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Appendix C — Statistical Analysis

str(data)

data$slope_position <- as.factor(data$slope_position)
data$DBH <- as.numeric(data$pBH)
data$Lesions <- as.numeric(data$Lesions)

results <- data %%
group_by (Slope_position) %>%
summarise(
n = sum(!is.na(DBH) & !is.na(Lesions)),
spearman_rho = cor.test(DBH, Lesions, method = "spearman")$estimate,
p_value = cor.test(DBH, Lesions, method = "spearman")$p.value

)

print(results)
install.packages("FSA™)
install.packages("dplyr")

Tibrary(FsA)
Tibrary(dplyr)

kruskal.test(Lesions ~ Slope_position, data = data)

dunnTest(Lesions ~ Slope_position,
data = data,
method = "bonferroni™)

Figure CI: R script for statistical analysis.
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Appendix D — Detailed Results

Table D1: Detailed results of the sampled trees based on multiple variables.
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Table D2: Detailed measurements of the lesions on the sampled trees. Bold tree No. = tree has tested positive

for at least one of the bacteria; Red tree No. = tree has been tested negative for all AOD-associated bacteria.

Sample Number of Mean Mean length | Min. Length | MaxLength | Aspect of
Tree No. lesions Height of of lesions of Lesions of Lesions most

the exit [em] [cm] [em] lesions

point of the

Lesions

[cm]
4 7 140 5 2,5 8 w
21 12 153 5 2 11 W
32 34 132 5 1 21 N
56 22 134 7 1,5 18 S
85 29 125 10 1 37 S
109 10 139 5 1 25 S
78 24 127 5) 1 18 SE
121 16 144 5 1 18 E
147 14 132 3 1 10 W
174 18 107 6 1 14 S
213 11 86 11 0,5 25 W
244 8 79 3 1 5 E
314 24 142 10 0,5 35 S
342 10 121 3 1 S
356 9 96 2 0,5 4 S
389 27 101 7 1 19 E
418 4 134 6 0,5 11 W
420 37 129 5 0,5 17 S
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Figure DI1: Tree number 121 displaying a heavily damaged crown with dead branches.
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