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Abstract I

Abstract

Ash dieback, a disease caused by the fungal pathogen Hymenoscyphus fraxineus, is severely
threatening the existence of the European common ash (Fraxinus excelsior L.). The invasive
pathogen leads to progressive symptoms such as leaf loss, shoot dieback, and stem necrosis,
often resulting in high mortality in affected forest stands. While these visual symptoms are well
documented, finer-scale physiological and morphological leaf responses remain largely unex-
plored. Ash dieback symptom severity is typically assessed through time-intensive field-based
ratings; however, remote sensing technologies such as Unmanned Aerial Vehicles (UAVs) offer
new opportunities for large-scale, remote assessment of disease impact. Therefore, this disser-

tation applies a multiscale and multisensory approach to assess the effects of ash dieback.
The main research questions were:

(1) Does ash dieback, beyond visible symptoms such as leaf loss and shoot dieback, also induce
fine-scale morphological and physiological alterations in the leaves of infected ash trees?

(2) Can multisensory UAV data and the thereof calculated vegetation indices detect different
degrees of damage caused by ash dieback?

(3) What level of segmentation accuracy is required to ensure reliable estimation of mean veg-

etation index values for individual ash tree crowns?

Field investigations were carried out at four study sites in 2022 and 2023, combining visual
vitality assessments with detailed analyses of leaf physiology and morphology in ash trees af-
fected by ash dieback. The examined leaf traits included chlorophyll fluorescence, chlorophyll
content, Specific Leaf Area (SLA), leaf thickness, and Fluctuating Asymmetry (FA), all of
which were evaluated in relation to visually assessed damage severity. In addition, at two of the
sites, repeated UAV-based aerial surveys were conducted from May to October over two con-
secutive years to capture the whole vegetation period of the common ash, using RGB, multi-
spectral and thermal sensors. Complementing this, close-range multispectral images of individ-
ual tree crowns were acquired in 2023 to provide higher spatial resolution data for detailed

crown analysis.

In Publication 1 of this dissertation, physiological and morphological leaf traits were investi-
gated in relation to visually assessed disease severity. Among the measured traits, SLA exhib-

ited the most consistent and significant correlation with increasing damage severity,
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highlighting a potential link between leaf morphology and ash dieback. In Publication 2 a novel
UAV-based monitoring workflow that utilizes RGB and multispectral imagery is introduced to
classify ash dieback severity via vegetation index thresholds. The study demonstrated that both
RGB and multispectral indices, particularly the Green-Red Vegetation Index (GRVI) and Dif-
ference Vegetation Index (DVI), can effectively distinguish between mildly and severely dam-
aged trees. The combination of both multispectral and RGB indices achieved a combined clas-
sification accuracy of 77.2 %. Publication 3 explored the influence of ash tree crown segmen-
tation precision on vegetation index reliability. A newly developed fine segmentation method,
based on unsupervised machine learning, successfully excluded non-foliar elements such as
ground pixels and canopy gaps, improving spectral data interpretation. Although mean vegeta-
tion index values per crown did not differ significantly between coarse and fine segmentation,
vegetation index heterogeneity increased with disease severity, emphasizing the added value of

detailed crown delineation for detecting subtle stress patterns.

Collectively, these studies contribute a scalable and interdisciplinary framework that bridges
leaf-level physiological and morphological measurements with crown-level spectral data and
machine learning—based crown segmentation. They further demonstrate how UAV-based re-
mote sensing can be effectively integrated into long-term conservation strategies for Fraxinus
excelsior L. This work underscores the importance of combining plant physiology, remote sens-
ing, and machine learning to advance forest health monitoring and offers practical insights for

the conservation of Fraxinus excelsior L. under ongoing disease pressure.



Zusammenfassung I

Zusammenfassung

Das Eschentriebsterben, hervorgerufen durch den invasiven Pilz Hymenoscyphus fraxineus, be-
droht derzeit die Existenz der Gemeinen Europdischen Esche (Fraxinus excelsior L.). Der
Krankheitserreger flihrt zu fortschreitenden Symptomen wie Blattverlust, dem Absterben von
Trieben und Asten sowie StammfuBnekrosen, die hiufig zu einer hohen Mortalitit in betroffe-
nen Populationen fithren. Wahrend diese visuell sichtbaren Symptome gut dokumentiert sind,
bleiben feinmafBstibliche physiologische und morphologische Reaktionen der Blitter weitge-
hend unerforscht. Die Schwere der Krankheitssymptome wird iiblicherweise durch zeitauf-
wendige Feldbeobachtungen eingestuft; Fernerkundungstechnologien wie Drohnen (UAVs)
bieten jedoch neue Moglichkeiten fiir eine flichendeckende, fernerkundliche Erfassung des
Krankheitsausmalles. Diese Dissertation verfolgt daher einen multisensorischen und multiska-

ligen Ansatz zur Untersuchung der Auswirkungen des Eschentriebsterbens.
Die zentralen Forschungsfragen lauteten:

(1) Verursacht das Eschentriebsterben neben sichtbaren Symptomen wie Blattverlust und
Triebsterben auch feinmafstdbliche morphologische und physiologische Verdnderungen in
den Blattern infizierter Eschen?

(2) Kénnen multisensorische UAV-Daten und daraus berechnete Vegetationsindizes unter-
schiedliche Schweregrade der Schidigung durch das Eschentriebsterben detektieren?

(3) Welche Segmentierungsgenauigkeit ist erforderlich, um eine verldssliche Einschidtzung

mittlerer Vegetationsindexwerte einzelner Eschenkronen zu gewéhrleisten?

Felduntersuchungen wurden im Jahr 2022 und 2023 an vier Untersuchungsstandorten durchge-
fiihrt und kombinierten visuelle Vitalitdtsbewertungen mit detaillierten Analysen der Blattphy-
siologie und -morphologie bei von Eschentriebsterben betroffenen Bdumen. Die untersuchten
Blattmerkmale umfassten Chlorophyllfluoreszenz, Chlorophyligehalt, spezifische Blattflache
(SLA), Blattdicke und Fluktuierende Asymmetrie (FA), welche in Bezug zur visuell erfassten
Bonitur gesetzt wurden. Zusitzlich wurden an zwei Untersuchungsgebieten im Zeitraum von
Mai bis Oktober iiber zwei Vegetationsperioden hinweg wiederholte UAV-basierte Befliegun-
gen mit RGB-, multispektralen und thermalen Sensoren durchgefiihrt. Ergdnzend dazu wurden
im Jahr 2023 Nahaufnahmen einzelner Eschenkronen mit dem multispektralen UAV-Sensor er-

stellt, um hochaufgeldste Daten zur detaillierten Kronenanalyse zu erhalten.
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Publikation 1 dieser Dissertation untersucht physiologische und morphologische Blattmerk-
male in Bezug auf visuell bewertete Krankheitsintensitdt. Unter den gemessenen Merkmalen
zeigte die spezifische Blattfliche die deutlichste und konsistenteste Korrelation mit zunehmen-
der Schwere der Krankheitssymptome, was auf einen moglichen Zusammenhang zwischen
Blattmorphologie und dem Eschentriebsterben hinweist. Publikation 2 stellt ein neuartiges,
UAV-basiertes Monitoringverfahren vor, das RGB- und multispektrale Bilddaten nutzt, um den
Schweregrad des Eschentriebsterbens mittels Schwellenwerten von Vegetationsindizes zu klas-
sifizieren. Die Ergebnisse zeigen, dass sowohl RGB- als auch multispektrale Indizes, insbeson-
dere der Green-Red Vegetation Index (GRVI) und der Difference Vegetation Index (DVI), ef-
fektiv zwischen schwach und stark geschiadigten Baumen unterscheiden konnen. Die Kombi-
nation von RGB und multispektralen Indizes erzielte eine Klassifikationsgenauigkeit von
77,2 %. Publikation 3 untersucht den Einfluss der Segmentierungsgenauigkeit von Baumkronen
auf die Aussagekraft von Vegetationsindizes. Eine neu entwickelte, auf maschinellen Lernen
basierende, Feinsegmentierungsmethode konnte erfolgreich Elemente wie Bodenpixel und
Kronenliicken ausschlieen und verbesserte dadurch die Interpretation der spektralen Daten.
Obwohl sich die durchschnittlichen Vegetationsindexwerte pro Krone zwischen grober und fei-
ner Segmentierung nicht signifikant unterschieden, nahm die Vegetationsindex-Heterogenitét
mit zunehmender Schidigung durch das Eschentriebserben zu, ein Hinweis auf den Mehrwert

detaillierter Kronenabgrenzung zur Erkennung subtiler Stressmuster.

Insgesamt liefern diese Studien ein skalierbares und interdisziplindres Framework, das physio-
logische Messungen auf Blattebene mit spektralen Daten auf Kronenebene sowie maschinellem
Lernen zur Kronensegmentierung verkniipft. Die Studien zeigen zudem, wie UAV-gestiitzte
Fernerkundung effektiv in langfristige Erhaltungsstrategien fiir Fraxinus excelsior L. integriert
werden kann. Diese Arbeit unterstreicht die Relevanz der Kombination von Pflanzenphysiolo-
gie und Fernerkundung fiir die Uberwachung der Waldgesundheit und liefert praxisnahe Er-

kenntnisse fiir den Schutz von Fraxinus excelsior L. unter dem anhaltenden Infektionsdruck.
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1 Introduction

1.1 Ash dieback

The European common ash (Fraxinus excelsior L.) is under critical threat from ash dieback, a
disease caused by the invasive fungal pathogen Hymenoscyphus fraxineus (T. Kowalski) Baral,
Queloz, Hosoya (Baral et al. 2014) (synonyms: Hymenoscyphus pseudoalbidus (Gross et al.
2014) and its asexual stage Chalara fraxinea (Kowalski 2006)). Initially detected in Poland in
the 1990s and likely of East Asian origin (Kowalski 2006, Timmermann et al. 2011, Gross et
al. 2014, Enderle et al. 2019), this ascomycete fungus has infected ash populations, affecting
the European common ash as well as the narrow-leafed ash (Fraxinus angustifolia Vahl)
(Kirisits et al. 2010, Nielsen et al. 2017), throughout Europe, causing high mortality rates
among the affected trees (Coker et al. 2019).

The disease cycle begins with the production of wind-borne ascospores from fruiting fungal
bodies on infected ash leaf litter. These spores infect living ash leaves, initiating the disease
(Timmermann et al. 2011). The fungus invades through the leaf petiole, spreading into twigs
and shoots. Initial symptoms include necrotic lesions on rachises and leaflets, which progress
to wilted shoots and dieback of small branches, leading to increased leaf loss, thinning of the
crown and the formation of epicormic shoots (Gross et al. 2014, Timmermann et al. 2017, Fuchs
et al. 2024). Over time, necroses can extend into larger branches and even the stem base, com-
promising structural integrity (Langer 2017). While the development of symptoms and disease
severity is influenced by environmental conditions (Klesse et al. 2021), tree age (McKinney et
al. 2011), and genetic predisposition (Pliura et al. 2016, Wohlmuth et al. 2018), an infection
with ash dieback typically leads to a high mortality rate within a few years after visible symp-
toms appear (Pautasso et al. 2013).

Fraxinus excelsior L. is a foundational species in many forest ecosystems, especially in flood-
plain and mixed deciduous forests, where it contributes to canopy structure and habitat com-
plexity. Its loss would have significant ecological consequences, as the species supports a range
of associated organisms, including insects, fungi, and lichens that are functionally or obligately
linked to ash (Pautasso et al. 2013, Mitchell et al. 2017), potentially leading to the extinction of
dependent organisms (Hultberg et al. 2020). Economically, ash wood is valued for its durability
and versatility, used in a wide range of applications (Dobrowolska et al. 2011). Beyond ecolog-

ical and economic impacts, the decline of ash trees in urban and roadside environments also
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increases the risk of falling limbs or trees, posing danger to people and infrastructure (Metzler

and Herbstritt 2014, Enderle et al. 2017b, Skovsgaard et al. 2017).

In Germany, Fraxinus excelsior L. is the sole native ash species and plays a prominent role in
both forest and non-forest environments, including riparian forests, urban spaces, and managed
woodlands (Langer et al. 2022). According to the Fourth National Forest Inventory (2022), the
common ash now covers approximately 201,000 hectares, accounting for 1.8 % of Germany’s
forest area. Compared to 2012, this represents a loss of around 56,000 hectares, primarily at-
tributed to ash dieback (BMEL 2024). Ash dieback has been documented in all regions in Ger-
many where common ash is present, highlighting the nationwide extent of the disease (Langer
et al. 2022, Fuchs et al. 2024). Ash dieback was first identified in Germany in the early 2000s
and has since then resulted in extensive damage, including high mortality of the affected trees
(Fuchs et al. 2024). Observations from German monitoring plots have shown that mortality and
disease severity symptoms are continuously increasing, affecting forest structure and regenera-

tion capacity (Enderle et al. 2017a, Fuchs et al. 2024).

Despite widespread high mortality rates, recent studies across Europe have highlighted the pres-
ence of less susceptible individuals within natural ash populations. Although complete re-
sistance has not been observed, certain trees display reduced symptom severity after infection
(Stener 2013, Lobo et al. 2015, Adamcikova et al. 2023). These different disease responses are
strongly associated with heritable genetic traits (McKinney et al. 2011, McKinney et al. 2014,
Enderle et al. 2015). Some genotypes have been proven to present high resistance to the fungal
pathogen even under high infection pressure (Seidel et al. 2025). However, such resistant indi-
viduals constitute only a small fraction of the ash population (Wohlmuth et al. 2018), potentially
less than 1 % (Kjer et al. 2012), underscoring the urgency of active conservation strategies and

long-term genetic monitoring.

The long-term prognosis for Fraxinus excelsior L. in Europe remains uncertain. Projections
indicate that ash populations may decline by 50 — 75 % over the next few decades due to con-
tinued spread and persistence of Hymenoscyphus fraxineus (Coker et al. 2019). Climate change
may influence ash trees and the fungal pathogen in different ways, potentially causing a mis-
match in their interactions and thereby possibly reducing the overall impact of the disease (Go-
berville et al. 2016). Nevertheless, ash tree mortality is expected to remain high, particularly in
forests and plantations lacking resistant genotypes. The identification of heritable partial re-
sistance within natural populations presents a potential pathway toward future restoration.

Therefore, detailed analyses of physiological and morphological tree responses, combined with
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the development of UAV-based monitoring techniques, are essential for assessing local disease
impacts and facilitating large-scale population surveillance. Given the pervasive and ongoing
nature of ash dieback, scalable, high-resolution approaches are critical for guiding adaptive,

continent-wide conservation and forest management strategies.

1.2 Current state of research

The early detection and monitoring of tree health and disease progression are increasingly sup-
ported by advancements in remote sensing technologies. Unmanned aerial vehicles (UAVs)
equipped with various sensors have emerged as powerful tools in forestry applications, offering
non-invasive, high-resolution methods to assess tree vitality over large areas (Torresan et al.

2017, Barbedo 2019).

Vegetation indices, integrating reflectance values from distinct spectral bands, have been widely
employed to identify plant stress and early disease symptoms based on spectral reflectance pat-
terns (Huete 2012). RGB-based indices, while limited to visible wavelengths, offer affordable
and accessible insights into plant canopy structure, greenness, and stress response, often reveal-
ing early signs of disease through subtle changes in colour (Bhandari et al. 2020, Garza et al.
2020). Multispectral and hyperspectral sensors extend this capacity by capturing reflectance
data in near-infrared and red-edge bands, allowing for improved classification of disease sever-
ity and early physiological decline (Albetis et al. 2017, Dash et al. 2017). Thermal imaging
represents another relevant sensor, as it is sensitive to physiological stress responses such as
stomatal closure and reduced transpiration, which can result in elevated canopy temperatures
(Chaerle et al. 1999, Hashim et al. 2020). Thermal sensors measure surface temperatures, in-
cluding those of plant canopies, offering a non-invasive means to detect stress often before
visible symptoms appear. UAV-mounted thermal sensors have shown promise in capturing early
disease signals, prior to the onset of structural damage, by identifying subtle changes in leaf
temperature. Although thermal imaging can be more susceptible to environmental interference,
thermal sensors have shown potential, that complements spectral data and can enhance early
detection frameworks in forest health monitoring (Jafari et al. 2017, Ortiz-Bustos et al. 2017).
Combined, these technologies offer a multi-dimensional approach to monitoring plant health in

a scalable manner.

In the context of Fraxinus excelsior L., remote sensing applications targeting ash dieback re-

main relatively sparse. However, several recent studies have demonstrated the utility of diverse
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remote sensing applications for assessing ash dieback. Hyperspectral imaging has been effec-
tively used to detect crown-level damage in ash trees, as shown by Chan et al. (2021) and Polk
et al. (2022), who demonstrated that affected individuals can be distinguished based on subtle
spectral reflectance patterns. Similarly, Waser et al. (2014) employed WorldView-2 multispec-
tral data and vegetation indices to classify four distinct levels of crown damage in ash trees.
Kampen et al. (2019) used UAV-based multispectral imagery to segment individual ash tree
crowns and assess disease severity, highlighting the method's potential for forest-scale moni-
toring. Aerial laser scanning was applied by Kaminska et al. (2025) to examine ash mortality
across extensive forest landscapes, linking structural degradation to spatial tree distribution. At
finer spatial resolution, Flynn et al. (2024) also illustrated how within-crown greenness patterns
derived from RGB 3D point cloud data can reflect varying degrees of disease impact. Comple-
menting these canopy-level approaches, Bates et al. (2025) introduced a novel synthetic image
dataset to train a deep learning model for classifying ash leaf infection stages, achieving robust
results on real UAV-acquired video footage. These studies demonstrate that remote sensing-
based imaging can differentiate different degrees of crown dieback. Nonetheless, limitations
remain in integrating multiple sensor types, achieving satisfactory classification accuracy and
translating such approaches into operational workflows for forest managers due to methodo-

logical complexity.

For detailed ash tree crown analysis from remote sensing imagery, the segmentation accuracy
of the tree crowns from their surroundings is highly relevant. As ash tree crowns get increas-
ingly fragmented with increased disease severity, excluding ground pixels in crown gaps is
necessary for accurate tree crown analysis. While no studies in the context of ash dieback fo-
cused on detailed crown segmentation, various studies were able to generate fine-scale crown
segmentation utilizing a variety of data types (Dalponte et al. 2015, Argamosa et al. 2016, Mo-
han et al. 2017, Qiu et al. 2020, Lassalle et al. 2022) and delineation methods, spanning from
classical approaches like valley following and region growing to advanced machine and deep

learning techniques (Ke and Quackenbush 2011, Kestur et al. 2018, Freudenberg et al. 2022).

Complementary to spectral analysis, physiological and morphological traits of leaves offer crit-
ical insight into the expression of ash dieback at the individual tree level. Fungal pathogens,
such as Hymenoscyphus fraxineus, can alter photosynthesis, nutrient uptake, and water
transport, often resulting in reductions of photosynthetic performance and physiological and
morphological changes (Barén et al. 2012, Kumari and Kumar 2015, Lamalakshmi Devi et al.

2017, Rodrigues et al. 2018). Chlorophyll fluorescence and chlorophyll content have proven to
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be effective indicators of plant stress, reflecting photochemical efficiency and pigment content
(Murchie and Lawson 2013, Khaled et al. 2018, Arafat et al. 2021). Likewise, morphological
traits such as leaf thickness, Specific Leaf Area (SLA), and Fluctuating Asymmetry (FA) are
recognized as sensitive proxies for both abiotic and biotic stressors (Palmer and Strobeck 1986,
Ahn et al. 2020, Mclntire 2023), although FA has shown mixed results depending on species,
leaf type, and stressor (Hochwender and Fritz 1999, Klisari¢ et al. 2014, Ambo-Rappe et al.
2008).

Despite the ecological urgency posed by ash dieback, little is known about how the disease
affects leaf-level physiological and morphological responses or whether UAV-based approaches
utilizing vegetation indices can reliably scale from individual trees to population-level assess-
ments. Moreover, detailed crown segmentation, an essential step in accurate spectral analysis,
has often been addressed through general tree detection models (Ke and Quackenbush 2011),

rather than in the context of disease-induced crown structural degradation.

The growing need to monitor ash dieback across broad geographic ranges makes the integration
of UAV-derived and automated crown-level analysis increasingly important. Fine-scale physi-
ological and morphological investigations can offer deeper insights into the implication of an
infection with ash dieback. An in-depth understanding of how physiological and morphological
changes of ash leaves and spectral patterns correlate with disease severity will be crucial for

developing operational tools for forest health assessment and management.

1.3 Research gaps and research questions

As Chapter 1.1 demonstrates, ash dieback can induce a wide range of symptoms in Fraxinus
excelsior L., including crown thinning, epicormic shoot formation, and stem necrosis. While
these visible indicators are well-documented, the finer-scale, less apparent consequences of the

disease remain comparatively underexplored.

Recent studies have begun to investigate these subtler effects. For instance, Eisen et al. (2024)
examined the reproductive ecology of infected trees and found that while pollen viability and
seed quality were largely unaffected by ash dieback, flowering rates declined in trees with se-
vere symptoms. Similarly, Semizer-Cuming et al. (2019) reported significantly reduced seed
production in heavily damaged female trees. In addition, Przybylski et al. (2025) demonstrated
a correlation between earlier bud burst and lower disease severity, highlighting the role of phe-

nology in disease response. These findings suggest that ash dieback influences affected trees in
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complex ways that go well beyond externally visible symptoms. However, it remains uncertain
whether these observed patterns represent responses to infection or whether they reflect pre-

existing traits that influence susceptibility and therefore the severity of the disease.

Despite these advances, there remains a notable gap in understanding how ash dieback affects
trees at a functional, leaf-level scale. In particular, fine-scale responses in leaf physiology and
morphology, such as changes in photosynthetic efficiency and leaf structure have not been ad-
dressed so far. This lack of detailed insight limits our ability to fully understand the mechanisms
underlying disease progression and tree decline. This research gap therefore leads to Research

question 1:

Research question 1
Does ash dieback, beyond visible symptoms such as leaf loss and shoot dieback, also induce

fine-scale morphological and physiological alterations in the leaves of infected ash trees?

This research question seeks to determine whether ash dieback causes subtle yet functionally
significant changes in leaf tissue, such as alterations in leaf thickness, specific leaf area, leaf
asymmetry or photosynthetic capacity. Understanding these fine-scale changes is essential for
comprehensively assessing the relationship between physiological responses and disease pro-

gression, and may inform future assessments of tree health, resilience, and breeding priorities.

Research Question 1 focuses on uncovering physiologically and morphologically significant
changes in infected leaf tissue. These insights are crucial for understanding the disease’s func-
tional impact, but such investigations are time-intensive and resource-demanding. More gener-
ally, traditional field-based assessments of ash dieback severity are also laborious and limited
in scale, as each tree must be evaluated individually by trained experts. Recent advancements
in remote sensing technologies offer promising tools for assessing tree health through multi-
sensory imaging and the application of vegetation indices. Nevertheless, only a limited number
of studies have explored remote sensing approaches to detect and classify ash dieback symp-
toms across larger spatial scales. While some studies investigated various sensor types with
varying success in characterising ash dieback impact (Waser et al. 2014, Kampen et al. 2019,
Chan et al. 2021, Polk et al. 2022, Kaminska et al. 2025), several limitations persist. Many
studies focus on high-resolution but less frequently available hyperspectral or airborne laser
scanning data, limiting operational scalability. Additionally, usually the suitability of only one

sensor type is evaluated. To date, no study has systematically investigated the potential of
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thermal data in assessing ash dieback severity. Thermal sensors offer a unique opportunity for
disease detection by capturing physiological stress responses (Hashim et al. 2020). While RGB
and multispectral data are more commonly used in plant disease detection, no study has yet
been conducted to evaluate which sensor type is most effective for assessing ash dieback sever-
ity. Vegetation indices are frequently employed in this context; however, their effectiveness can
vary significantly depending on the plant species and the specific disease being investigated
(Cai et al. 2018, Garza et al. 2020, Ye et al. 2020). As such, identifying the most suitable sensor
and vegetation index combination for detecting varying damage severity levels of ash dieback
remains an important and unresolved research need. Therefore, this dissertation addresses the

following research question:

Research question 2
Can multisensory UAV data and the thereof calculated vegetation indices detect different de-
grees of damage caused by ash dieback?

This research question aims to identify the most suitable sensor type (RGB, multispectral, or
thermal) for detecting ash dieback damage severity across different stages of the vegetation
period in Fraxinus excelsior L. A key focus is also placed on determining the most effective
RGB and/or multispectral vegetation indices for assessing disease severity. In addition, this
research questions seeks to define vegetation index thresholds that enable the differentiation
between mildly and severely affected ash trees using UAV-derived remote sensing data. Ulti-
mately, the goal is to develop a practical and transferable workflow that can support forest

practitioners in efficiently monitoring ash dieback in the field.

Accurate disease detection using UAV-derived vegetation indices relies not only on selecting
appropriate sensors and indices but also on the precision of crown-level segmentation. Misclas-
sification or imprecise delineation of individual trees might affect the accuracy of vegetation
index values and, in turn, compromise the reliability of disease severity assessments. While a
variety of automatic tree crown delineation methods have been developed (Zheng et al. 2025),
most focus on outlining the general shape of the crown (e.g. Miraki et al. 2021, Tahar et al.
2021) and often neglect internal structural complexity such as crown gaps. This is particularly
problematic in the case of Fraxinus excelsior L., where ash dieback frequently results in irreg-
ular crown shapes, thinning, and large internal gaps that challenge conventional segmentation

approaches. As disease severity progresses, leaf loss intensifies, leading to substantial crown
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openings. Inaccurate segmentation may either introduce background elements (e.g., soil or un-
derstory) or exclude symptomatic foliage, both of which can distort vegetation index calcula-
tions. Yet, to date no study has evaluated how the inclusion of such crown gaps in tree crown
segmentation affects the accuracy of mean vegetation index values. This gap in knowledge

leads to the following research question:

Research question 3
What level of segmentation accuracy is required to ensure reliable estimation of mean vegeta-

tion index values for individual ash tree crowns?

This research question aims to evaluate the impact of crown segmentation accuracy on the cal-
culation of mean vegetation index values by comparing a detailed, newly developed automatic
tree crown segmentation method with a coarser segmentation approach. Specifically, it investi-
gates how the inclusion or exclusion of crown gaps influences vegetation index values across
varying levels of ash dieback severity. Assessing the relationship between segmentation preci-
sion and disease level is critical, particularly given the irregular crown structures. Additionally,
this research question addresses how vegetation index variability within individual crowns cor-
relates with disease severity, offering insights into the reliability of mean vegetation index val-

ues at different stages of infection.

Building on the insights gained from Research questions 2 and 3, specifically the ability to
detect varying levels of ash dieback severity and the importance of accurate crown segmenta-
tion, the question remains, how UAV-based remote sensing can be effectively integrated into
long-term conservation strategies for Fraxinus excelsior L. This involves examining how UAV-
based monitoring can be translated into practical forest management applications, including the
use of remote sensing data to monitor disease progression and support informed decision-mak-
ing in conservation planning. A particular focus lies on evaluating the potential of UAV-derived
indicators and newly developed analytical workflows for their realistic implementation in the
work of forest practitioners. By integrating high-resolution, scalable monitoring tools into long-
term strategies, UAV-based remote sensing holds promise as a critical asset in mitigating the

ecological impacts of ash dieback on Fraxinus excelsior L. populations.
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2 Data and methods

2.1 Study sites

Four study sites located in the south of Germany, in the federal states of Baden-Wuerttemberg
and Bavaria, were selected for investigation (Figure 1). Two ash seed orchards, the study sites
hereafter named Emmendingen and Schorndorf based on their location, are located in the Ger-
man federal state of Baden-Wuerttemberg, whereas the mixed forest stand Kaisheim and the
ash clone area Grabenstitt are located in the federal state of Bavaria. Both ash seed plantations
have previously been investigated in the context of ash dieback research, providing well estab-
lished site-specific knowledge (Enderle et al. 2015, Buchner et al. 2022, Eisen et al. 2022, 2023,
2024).
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Figure 1: Investigated study sites in Germany (a, dark green): Emmendingen (b) and Schorn-
dorf (c) in the federal state of Baden-Wuerttemberg (a, light green) and Kaisheim (d) and Gra-
benstitt (e) in the federal state of Bavaria (a, light green). Data source: Esri Base Map, BKG
2025 dl-de/by-2-0

Emmendingen

The Emmendingen ash seed orchard is located approximately 15 kilometres north of the city
Freiburg, between the Black Forest foothills and the Kaiserstuhl region in the Upper Rhine
Valley (Table 1). Established in 1995 as an afforestation project on former agricultural grass-

land, the plantation covers an area of 2.7 hectares planted with 228 grafted ash trees
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representing 49 genotypes, arranged in a grid spacing of 10 x 10 meters. Despite the absence of
formal thinning, the orchard has been heavily impacted by ash dieback, resulting in the removal
of 142 trees by 2023. Crown pruning accompanied some of these removals. As of the most
recent assessments in July 2023, 86 ash trees remain. The genetic material originates from
Southern German hill and mountain regions. The site is surrounded by mixed land uses: a
stream forms the northern and eastern borders, agricultural fields lie to the west and east, and

residential development marks the southern edge.

Schorndorf

The Schorndorf ash seed orchard is located in the Rems valley near Stuttgart in Baden-
Wauerttemberg and covers approximately 2.3 ha (Table 1). Established in 1992 with a 7 x 7m
spacing, the orchard was originally planted in 25 rows with 416 Fraxinus excelsior L. trees
from 68 clones originating from southern Germany and the Alpine region. Ash trees predomi-
nate in the plantation itself, but there are also occasional other tree species such as cherry trees,
especially at the edge of the plantation. The site is surrounded by meadows and mixed forest.
Due to thinning measures and severe ash dieback, about 70 % of the original trees have been

lost. As of 2023, only 119 living mature trees remained, representing 30 genotypes.

Grabenstitt

The clone area Grabenstitt is located near Lake Chiemsee in Bavaria, about 2.5 km south of the
mouth of the Tiroler Achen River (Table 1). Located in the Inn-Chiemsee Hill Country of the
Alpine foothills, the site covers 0.1 ha and lies within a mixed forest but is enclosed and dis-
tinctly separated by a surrounding fence. In 2014, the Bavarian Office of Forest Genetics
(AWQ) established 319 ramets from 36 visually healthy ash trees from severely infected stands
in a randomized block design to account for small-scale site variability and local infection pres-
sure. As of summer 2023, 212 ash trees remained, ranging in height from less than 1 m up to

8 m.

Kaisheim

The Kaisheim study site is located in the Southern Franconian Alb, about 1 km northeast of
Sulzdorf (Markt Kaisheim) in the Donau-Ries district of Bavaria (Table 1). The monitoring site
covers 1 ha of state forest that has not been thinned and is not subject to public safety interven-
tions. The mixed forest site is dominated by Fraxinus excelsior L., Carpinus betulus (horn-
beam), and Quercus spp. (oak). The approximately 80-year-old and up to 30 m tall ash trees are
officially approved as seed harvest stock (“Selected Propagation Material”), and about 30 % of
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the stand consists of natural regeneration, clearly linked to older trees. In recent years, ash die-

back has caused extensive damage.

Table 1: Site specific characteristics, mean temperature and precipitation for the period 1981-

2010 (DWD Climate Data Center (CDC), multi-annual grids)

Coordinates Site size NI[:::Z t:f::- Me;:ﬁl:) I:’Ci_ Soil type tﬁ:;ni?le;oosza
Emmendingen 4720562',32%5409':}\]51’ 2.7 ha 10.6°C 951 mm Sandy silt 86
Schorndorf 42;23?3?”? . 23 ha 9.7°C 837 mm I\’S[ﬁfyerszféy 119
Grabenstiitt ﬁéoos?gigl%%g’ 0.1 ha 8.6 °C 1374 mm Silty sand 212
Kaisheim 41%00187’%%8;12’ 1.0 ha 8.2°C 838 mm Silty sand 202

2.2 Field measurements

In the summer months July and August in 2022 and 2023 field measurements were conducted
at all four study sites. For each study site 30 individual ash trees were selected, affected in

varying degrees by ash dieback, for further analysis.

2.2.1 Vitality assessment

The vitality of Fraxinus excelsior L. trees affected by ash dieback was assessed in the field
using a standardized scoring system, developed by Peters et al. (2021) for all trees present on
the study sites. This assessment was conducted during the late growing season at the end of
July/beginning of August in 2022 and 2023. Each tree was individually evaluated based on
visible symptoms, including crown condition, the extent of leaf loss, the presence of dead shoots
and branches, and additional indicators such as epicormic shoots, insect infestation and stem
necrosis. Based on these criteria, trees were assigned to one of six vitality classes (Figure 2),

ranging from healthy (class 0) to dead (class 5).
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Class 4 Class 5

Class 0 Class 1

Figure 2: Vitality assessment score (image modified after Peters et al. 2021)

Class 0 represented trees with no visible symptoms typical of ash dieback. Classes 1 and 2 were
associated with mild damage: class 1 showed moderate leaf loss (up to 25 %) and slightly re-
duced crown density, while class 2 displayed more pronounced thinning of the foliage (up to
60 %) and early signs of shoot dieback. Severely affected trees were assigned to classes 3 and
4. Class 3 included individuals with substantial crown thinning (leaf loss up to 75 %) and dead
branches visible mainly on the outer parts of the crown. Class 4 represented trees with extreme
crown deterioration, with only residual foliage remaining near the trunk and multiple dead large
branches. Class 5 was used for completely dead trees with total leaf loss and no green foliage
remaining.

Due to the widespread occurrence of ash dieback in Germany (Fuchs et al. 2024), symptom-
free trees were absent from all study areas. Consequently, the assessment focused exclusively
on trees exhibiting mild to severe damage, while dead trees were excluded from further analysis

as they were not relevant to the research objectives.

Figure 3 displays the distribution of vitality classes across all four study sites for the years 2022
and 2023. All trees present on the study sites were considered; however, trees that had already
been removed prior to this investigation were not included. While Emmendingen and Gra-
benstitt still exhibited a high proportion of only mildly damaged trees, Schorndorf and espe-
cially Kaisheim showed a markedly higher percentage of trees with severe damage caused by
ash dieback. A general decline in tree health is evident at all sites from 2022 to 2023, with

Grabenstitt experiencing the most pronounced reduction in trees classified as vitality class 1.
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Figure 3: Percentage of the five vitality classes for the existing ash trees on the four study sites

for 2022 and 2023.

2.2.2 Leaf physiology

For each of the 30 selected ash trees per study site, chlorophyll content and chlorophyll fluo-
rescence measurements were conducted. Chlorophyll content was assessed using a SPAD-
502Plus meter (Konica Minolta, Japan) (Figure 4a), which estimates chlorophyll by measuring
red and infrared light transmittance through the leaf (Uddling et al. 2007, Konica Minolta Op-
tics, Inc. 2009). For each individual tree, 30 sun leaves were measured across the crown, and

one mean SPAD value per tree was determined.

Chlorophyll fluorescence (F\/F) was measured using the F\/F,, meter of the Plant Stress Kit
(Opti-Sciences, Inc., USA) (Figure 4b). Three sun leaves per tree were selected, each partially
covered with a dark-adaptation clip (Figure 4c) for at least 40 minutes before measurement
(Mevy et al. 2020). Clips were placed consistently on the second leaflet from the top on the
right side of the rachis. The dark-adapted test measures the maximum potential quantum effi-
ciency of photosystem II, assessed under conditions where all reaction centers are fully open
(Murchie and Lawson 2013). The F\/Fy ratio indicates the maximum quantum efficiency of
PSII, with values between 0.79 and 0.85 considered typical for healthy plants, while lower val-
ues indicate stress (Maxwell and Johnson 2000, Murchie and Lawson 2013).
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Figure 4: Leaf physiology measurements, (a) SPAD-502Plus meter, (b) F\/F» meter, (c) dark
adaption of the leaf

2.2.3 Leaf morphology

Up to 20 fully expanded sun leaves were collected from each of the 30 selected ash tree in both
2022 and 2023 to assess SLA. Samples were stored in sealed plastic bags with moist tissue
paper and refrigerated until analysis, which took place shortly after sampling. Leaves were
scanned at 300 dpi, then dried for 48 hours at 70 °C and weighed. Leaf area was determined
using the R package LeafArea (Katabuchi 2015), and SLA was calculated for each leaf based
on the following equation. An average SLA value and standard deviation were calculated per

tree.

Leaf area (cm?)

SLA = Leaf dry weight (g)

Leaf thickness was measured on the same set of leaves using a digital thickness gauge (Kéfer
Messuhrenfabrik GmbH & Co. KG, Germany) (Figure 5a). Measurements were taken at a con-
sistent position on each leaf, avoiding the central midvein to ensure consistency and compara-
bility (White and Montes-R 2005). Mean thickness and standard deviation were calculated per

tree.

FA was assessed from scanned images of three randomly selected compound leaves per tree
(Figure 5b). On each leaf, four opposing leaflets were measured at standardized positions to
calculate the difference between left and right sides (Graham 2021). To account for variation in
leaf size, asymmetry was expressed as the absolute log-transformed difference (|/InR — InL|)
(Graham et al. 2003, Palmer and Strobeck 2003). A subset of measurements was repeated to

check for consistency, and a principal component analysis (PCA) was used to summarize the
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variation across all measured traits. These values were then compared between mildly and se-

verely damaged trees to explore potential differences in FA.

Figure 5: Leaf morphology analysis, (a) digital thickness gauge, (b) scanning of an ash leaf

2.3 UAV data

Due to the presence of isolated trees with minimal crown overlap, UAV surveys were carried
out exclusively at the Emmendingen and Schorndorf ash seed orchards. Over the course of the
2022 and 2023 growing seasons (May to October), multiple UAV surveys were carried out
using the DJI Mavic 2 Enterprise Advanced (Mavic 2 EA) and DJI Mavic 3 Multispectral (Ma-
vic 3 M) systems, capturing RGB, thermal, and multispectral data. The multispectral sensor
captured images in near-infrared (860nm +£26nm), red edge (730nm +16nm), red (650nm
+16nm), and green (560nm +16nm) wavelengths. All UAV surveys were taken at a flight height
of 80 m with a front and side overlap of 85 %. After post-processing and the generation of
orthophotos for each survey, a set of 20 vegetation indices was derived from the RGB and
multispectral imagery. Vegetation index thresholding analysis was conducted to determine suit-
able vegetation index thresholds to estimate the damage severity caused by ash dieback. Fur-
thermore, a mean crown temperature value per tree crown was calculated and set in relation to

the damage severity.

Additionally, in June, July, and October 2023, high-resolution close-up UAV images were cap-
tured for a selection of 30 tree crowns across both ash seed orchards using the Mavic 3 M.
These images were taken from approximately 8 meters above the crowns, allowing for detailed
analysis of individual tree crowns (Figure 6). A novel machine learning algorithm was devel-

oped to segment only the leaf mass of each crown, excluding surrounding vegetation. Mean
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NDVI accuracy was then compared between fine and coarse crown segmentations, and NDVI

heterogeneity within individual tree crowns was examined in relation to damage severity.

Figure 6: Images of a tree crown at different spatial resolutions: (a) UAV image taken from
80 m flight altitude, (b) close-up image from 8 m above the crown, (c) detailed section of the

crown from the UAV survey, (d) detailed section of the crown 8 m above the tree
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3 Summary of publications

Publicaton 1: Effects of ash dieback on leaf physiology and leaf morphology of Fraxinus

excelsior L.

Authors: Lisa Buchner, Anna-Katharina Eisen, Susanne Jochner-Oette
Year: 2024

Journal: Trees: Structure and Function

Publisher: Springer

DOI: 10.1007/s00468-024-02546-1

Status: published

Summary:

This study examined the effects of ash dieback on leaf-level physiological and morphological
traits in Fraxinus excelsior L. trees and assessed the potential of these traits to serve as indica-
tors of tree vitality. A total of 123 trees with varying levels of ash dieback-related damage were
sampled across four sites in southern Germany during the summer months of 2022 and 2023.
Five traits were investigated: chlorophyll content, chlorophyll fluorescence (£\/F), SLA, leaf
thickness, and FA. Field and laboratory measurements were used to evaluate differences be-
tween mildly and severely damaged trees. Among the traits examined, SLA exhibited the clear-
est and most consistent relationship with damage severity, showing significantly lower values
in more severely affected trees. Leaf thickness showed a non-significant trend toward higher
values with increasing damage, while chlorophyll content and F\/F,, were influenced by site-
specific and temporal variation. FA did not differ significantly between damage classes. The
findings suggest that ash dieback is related to measurable alterations in leaf morphology and
physiology, with SLA emerging as a promising trait for assessing tree vitality under disease

pressure.
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Publication 2: Identification of damage severity in Fraxinus excelsior L. trees caused by

ash dieback using multisensory and multitemporal UAV imagery

Authors: Lisa Buchner, Anna-Katharina Eisen, Susanne Jochner-Oette
Year: 2025

Journal: Forest Ecology and Management

Publisher: Elsevier

DOI: 10.1016/j.foreco.2025.122660

Status: published

Summary:

This study explored the use of multisensory and multitemporal UAV imagery to classify dam-
age severity in Fraxinus excelsior L. trees affected by ash dieback. UAV surveys were con-
ducted across two growing seasons (2022—-2023) at two ash seed orchards in southern Germany,
using RGB, multispectral, and thermal sensors. Tree vitality was assessed in the field and com-
pared to remotely sensed vegetation indices derived from UAV imagery. A total of 20 vegetation
indices were tested for their ability to differentiate between mild and severe damage, and thresh-
olds were developed for each index to classify tree health. Among the tested indices, the multi-
spectral DVI and RGB-based GRVI performed best, achieving classification accuracies of up
to 74.9 % and 73.0 %, respectively. Combining RGB and multispectral indices further improved
classification accuracy to 77.2 %. Thermal imagery, in contrast, showed limited diagnostic
value. The study demonstrates that vegetation indices obtained from UAV surveys can reliably
estimate ash dieback severity and presents a practical workflow for forest monitoring and early
detection of resilient individuals, supporting conservation and management of declining ash

populations.
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Publication 3: How precise is precise enough? Tree crown segmentation using high reso-
lution close-up multispectral UAV images and its effect on NDVI accuracy in Fraxinus

excelsior L. trees

Authors: Lisa Buchner, Anna-Katharina Eisen, Susanne Jochner-Oette
Year: 2025

Journal: Journal of Forestry Research

Publisher: Springer

DOI: 10.1007/s11676-025-01929-5

Status: published

Summary:

This study examined how the precision of tree crown segmentation affects the accuracy of veg-
etation index measurements in ash trees impacted by ash dieback. Given that advanced disease
stages often lead to substantial crown gaps, the inclusion of non-foliar elements like ground
pixels can distort vegetation indices. A newly developed unsupervised machine learning algo-
rithm, using a blended NDVI-NIR image, enabled detailed crown segmentation that effectively
excluded these gaps. This fine segmentation was compared to a coarser approach using the
Segment Anything Model (SAM). Both methods produced similar mean NDVI values per tree
crown with no significant differences. However, the fine segmentation revealed greater hetero-
geneity in NDVI values in severely damaged trees, highlighting its advantage for capturing
subtle structural variation. These findings suggest that while coarse segmentation may suffice
for general index calculation, fine segmentation offers critical benefits for detailed crown con-

dition assessments.
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Abstract

Key message Ash dieback causes alterations in leaf physiology and morphology, particularly affecting the specific
leaf area, which can be used to discriminate between different degrees of damage.

Abstract Since the introduction of the invasive fungal pathogen Hymenoscyphus fraxineus in Europe, the European com-
mon ash (Fraxinus excelsior 1..) has been threatened by ash dieback. An infection leads, for example, to typical symptoms of
dying shoots, but changes of leaf physiology and morphology are still largely unexplored. Therefore, five physiological and
morphological traits, chlorophyll content, chlorophyll fluorescence, specific leaf area, leaf thickness, and fluctuating asym-
metry, were investigated in four different study sites in southern Germany regarding possible changes due to ash dieback and
their relationship to different degrees of damage. Both higher and lower levels of chlorophyll with increasing damage due
to ash dieback were observed. Chlorophyll fluorescence and fluctuating asymmetry proved to be less suitable indicators of
damage. Leaf thickness showed the tendency (however not significant) of an increase in more severely damaged trees. The
specific leaf area was identified as a suitable indicator of the damage severity, with significant smaller values in less healthy
trees. Therefore, ash dieback can also result in notable alterations in leaf physiology and morphology.

Keywords Chlorophyll content - Chlorophyll fluorescence - Specific leaf area - Fluctuating asymmetry - Leaf thickness

Introduction

Ash dieback has become increasingly widespread in Europe
since the first documentation of symptoms caused by the
fungal pathogen Hymenoscyphus fraxineus (T. Kowalski)
Baral, Queloz, Hosoyain (Baral et al. 2014) in the 1990s in
Poland (Kowalski 2006: Timmermann et al. 2011) affecting
the European common ash (Fraxinus excelsior L.) as well as
the narrow-leafed ash (Fraxinus angustifolia Vahl) (Kirisits
etal. 2010; Nielsen et al. 2017). Wind-dispersed ascospores
of Hymenoscyphus fraxineus primarily infect leaves, further
spreading into the woody shoots through the leaf petiole
(Gross et al. 2014; Hanackova et al. 2017; Nielsen et al.
2022). The infection leads to a thinning of ash crowns and
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often ultimately to the death of the affected trees (Enderle
et al. 2019). High mortality rates of up to 70 and 85% in
woodland and ash plantations have been observed. Over the
next 30 years, ash populations in Europe are expected to
decline between 50 and 75% (Coker et al. 2019). However,
Fraxinus excelsior L. plays an important role in Europe,
from both an economic and ecological perspective (Enderle
et al. 2019). Numerous species are dependent on ash trees
and a decline in Fraxinus excelsior L. will have negative
effects on other species (Hultberg et al. 2020; Agostinelli
et al. 2021). Not all common ash trees react to an infection
with Hymenoscyphus fraxineus in the same way, and differ-
ences in susceptibility to ash dieback have been documented
in various studies across Europe (McKinney et al. 2011;
Stener 2013; Lobo et al. 2015; Havrdovi et al. 2016; Stocks
etal. 2017; Wohlmuth et al. 2018; Adaméikovi et al. 2023).

Plants often present physiological changes as a result of
disease infestation (Berger et al. 2007; Kumari and Kumar
2015; Rodrigues et al. 2018). However, it is yet unknown
how the disease progression of ash dieback is manifesting
in leaf physiology and morphology of Fraxinus excelsior
L. Plant stress arises from a deviation from an ideal and
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tolerable range of environmental conditions. This includes
both biotic (biological origin such as fungal diseases induced
by. e.g., Hymenoscyphus fraxineus or insects) and abiotic
(physical or chemical attributes such as ambient temperature
or nutrient availability) factors (Hopkins and Hiiner 2009).
When a plant experiences stress conditions exceeding its
tolerance threshold, it is prone to undergo physiological
and morphological alterations (Lamalakshmi Devi et al.
2017). Pathogens have been proven to negatively influence
water transport, carbon flow processes, nutrient uptake,
plant growth, and lead to a reduction of photosynthetic pig-
ments and a reduced photosynthetic performance within the
affected plant (Kumari and Kumar 2015). Photosynthesis,
a vital part of a plant’s physiology, can be heavily affected
after an infection with fungal pathogens, where the degen-
eration of chloroplasts is coupled with a reduction in photo-
synthetic rates (Baron et al. 2012).

The loss of photosynthetic pigments leads to a reduced
photochemical efficiency of photosystem II (PSII), which
can be interpreted as an indicator for plant stress by meas-
uring chlorophyll fluorescence. Chlorophyll fluorescence is
sensitive to both biotic and abiotic stress and measures the
reemitted light of PSII, assessing the impact of stressors
on photosynthetic processes (Murchie and Lawson 2013;
Banks 2017). Chlorophyll fluorescence has been found as a
suitable indicator among others for waterlogging and salin-
ity stress (Zeng et al. 2013), water stress, high-light stress,
and temperature stress (Ibaraki and Murakami 2007) as well
as leaf diseases (Duraes et al. 2001). As an important pho-
tosynthetic pigment, chlorophyll content can represent the
photosynthetic energy efficiency available in the measured
plant. There are various methods used to determine chloro-
phyll content; however, the utilization of SPAD values, rep-
resentative of the chlorophyll content in the leaves, enables
fast real-time measurements (Uddling et al. 2007; Li et al.
2020). SPAD values can also be influenced when a plant
experiences stress, e.g., induced by diseases (Zhao et al.
2011; Khaled et al. 2018; Arafat et al. 2021).

Besides, the analysis of leaf morphology is also a suitable
tool for identifying possible stress reactions. The specific
leaf area (SLA), the ratio of leaf area to leaf dry mass, is
commonly used to determine whether plants are experienc-
ing stress (Garnier et al. 2001). It has been reported that SLA
can change due to a number of environmental factors such
as light and temperature (Awal et al. 2004), radiation (Liu
et al. 2022), elevation (Hulshof et al. 2013), heavy metal
load (Pleijel et al. 2021), water stress (Chaimala et al. 2023)
or salt stress (Said et al. 2022). The thickness of leaves is
also reported to be sensitive to stress associated with dis-
ease infection (Ahn et al. 2020; Espafia-Guecha et al. 2020;
Mclntire 2023). Fluctuating asymmetry (FA) focusses on the
symmetry of leaves and is characterized as a non-directional
deviation from perfect symmetry in a bilateral trait, which
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is sensitive to stress, mainly from environmental and/or
genetic origin (Palmer and Strobeck 1986). Environmental
stress, in the context of FA analysis, is a broad term includ-
ing many factors such as water stress, nutrient limitation,
pollutants, extreme climatic conditions, herbivory, and infec-
tion (Graham et al. 2010). Various studies focused on the
importance of FA as an indicator for the severity of stress
such as induced by electromagnetic fields (Freeman et al.
1999), elevation stress in mountain birch (Betula pubescens)
(Hagen et al. 2008), industrial pollution effects for Berula
pendula (Turmukhametova et al. 2021), pollution stress in
Robinia pseudoacacia leaves (Klisari¢ et al. 2014), and cli-
matic factors (Shadrina et al. 2023). However, FA also often
proved to be an unsuitable indicator, e.g., for environmental
stress in fragmented habitats in the case of Quercus deser-
ticola (Garcia-Jain et al. 2022) or for investigations on the
influence of the heavy metals copper and nickel on cucumber
(Cucumis sativus), sweet pepper (Capsicum annuum), and
common bean (Phaseolus vulgaris) (Gavrikov et al. 2023).
In the case of Salix alba, neither air pollution, shading, air
temperature, humidity nor herbivory had an influence on
leaf FA (Wuytack et al. 2011). The informative value of
FA as an indicator for environmental stress is, therefore,
varying, depending on the investigated environmental factor
and the studied plants. For plant diseases, such as ash die-
back, caused by a fungal pathogen, very few studies have yet
been conducted addressing FA, none in the case of Fraxinus
excelsior L. Hochwender and Fritz (1999) studied the impact
of Melampsora epitea, a leaf rust pathogen on FA of Salix
hybrids. While variations were observed between plants
exposed to the pathogen and those protected against leaf
rust, these differences did not reach statistical significance.

The leaves of Fraxinus excelsior L. are compound
leaves and, therefore, add complexity to the analysis of
FA, due to the presence of multiple leaflets. Compound
leaves are less frequently studied with respect to FA.
Various studies focused on different species, each with
characteristic leaf shapes such as horse chestnut (Aescu-
lus hippocastanum) (Velickovic 2008), soybean (Glycine
max) (Freeman et al. 1999), Rhus copallinum (Freeman
et al. 2004), honey locust (Gleditsia triacanthos) (Murphy
and Lovett-Doust 2004) or parsley (Petroselinum crispum)
(Rakutko et al. 2017), using different methods in determin-
ing FA. No exclusive studies of FA in Fraxinus excelsior
L. compound leaves, focusing on the impact of ash die-
back, have been conducted to date.

This study, therefore, investigates the effects of ash
dieback on the physiology and morphology of Fraxinus
excelsior L. leaves and assesses the suitability of various
biomarkers and plant traits, such as chlorophyll content,
chlorophyll fluorescence. specific leaf area, leaf thickness,
and fluctuating asymmetry, as indicators for the damage
severity caused by ash dieback.
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Materials and methods
Study sites

This study was conducted at four different study sites,
located in the south of Germany in the federal states of
Bavaria and Baden-Wuerttemberg (Fig. 1).

The seed plantation, in close proximity to the city
Emmendingen (48°6'38.50"N, 7°52'20.49"E, 209 m NHN),
located in Baden-Wuerttemberg, was established in 1995 on
an area of 2.7 ha. Ash trees were planted with a spacing of
10 mx 10 m. Originally, 228 trees were planted, but due to
the extensive damage caused by ash dieback, only 86 ash
trees remained on the plantation in the summer of 2023.

Another seed plantation (48° 46' 35.59" N, 9° 25'31.00"
E, 420 m NHN) is located near the city Schorndorf in
Baden-Wuerttemberg. The plantation was established in
1992 in a 7 mx 7 m planting unit and has an area of 2 ha.
In 2023, from initially 416 individuals, only 120 living ash
trees remained on the plantation. Both ash seed plantations
have already been the subject of ash dieback research in
other studies (Enderle et al. 2015; Buchner et al. 2022; Eisen
et al. 2022, 2023, 2024).

The third study site is a younger plantation densely
stocked with ash clones (here referred as clone area) close
to Grabenstitt near the lake Chiemsee in Bavaria (47° 50"
28.62" N, 12° 30" 41.87" E). In 2014, clones of 36 visually
healthy trees from heavily infested stands with a total of 319
ramets were established in a randomized block design by the
Bavarian Office of Forest Genetics (Fussi 2020). 213 ash

trees still existed in the summer of 2023, varying in height
from less than 1 m to 8 m,

The mixed forest stand, Kaisheim (48° 48' 20.83" N, 10°
47'33.34" E), is located about 1 km northeast of Sulzdorf in
Bavaria. The approx. 80 years old and 30 m tall ash trees are
approved as seed harvest stock (“Selected Propagation Mate-
rial”). The stand is part of the intensive monitoring plots of
the project FraxForFuture (Langer et al. 2022). Especially
in the last 4 years, ash dieback has caused severe damage.

Assessment of vitality

For each study site, 30 ash trees with various degrees of
damage due to ash dieback were selected (exception: 33 in
Kaisheim 2022) resulting in 123 studied trees in total. We
assessed their vitality in the field, using the vitality scor-
ing system developed by Peters et al. (2021). Vitality was
assessed in the months July and August of 2022 and 2023 by
taking the condition of the crown and overall leaf loss into
consideration. The trees were divided into six categories,
ranging from class 0 (no damage) to class five (dead). Only
trees in class O can be classified as healthy, without typical
ash dieback symptoms. Classes | and 2 are linked to mild
damage symptoms (reduced foliage in class 1 and 2, few
young dead shouts in class 2). Classes 3 and 4, with differ-
ent degrees of advanced leaf loss, increased thinning of the
crown, and multiple dead branches, represent severe damage
due to ash dieback.
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Fig. 1 Location of the four study sites in the German federal states Baden-Wuerttemberg and Bavaria; a seed plantation Schorndorf, b seed plan-
tation Emmendingen, ¢ forest site Kaisheim, d clone area Grabenstitt (Map Source: ESRI Data and Maps)
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Chlorophyll content and chlorophyll fluorescence

Measurements of chlorophyll content and chlorophyll fluo-
rescence were conducted in the field in the period of end
of July until the beginning of August in 2022 and 2023.
The chlorophyll content was determined using the SPAD-
502Plus (Konica Minolta Optics, Inc., Japan). Recorded
SPAD values correspond to the chlorophyll present in the
leaf by measuring the transmittance of red and infrared
radiation through the leaf (Uddling et al. 2007, Konica
Minolta Optics, Inc. 2009). For each of the selected 30 trees
per study site, measurements of 30 leaves were taken from
various sun leaves throughout the tree crown. An average
value was calculated to generate one SPAD value per tree.
In addition, the standard deviation was assessed to infer on
the variability of SPAD values from one tree.

Furthermore, chlorophyll fluorescence was investigated
using the F /F_ meter, which is part of the Plant Stress Kit
(Opti-Sciences, Inc., USA). The F,/F,, meter uses dark adap-
tation clips for reliable measurements. The dark-adapted test
is a measurement ratio indicative of the maximal potential
quantum efficiency of PSII under the condition wherein all
reaction centers are simultaneously in an open state (Mur-
chie and Lawson 2013). Three clips were attached to each
tree on three different leaves (Mevy et al. 2020), each time
on the same position of the leaf, on the second leaflet from
the top on the right side of the rachis. The leaves were then
dark adapted for at least 40 min, until the chlorophyll fluo-
rescence measurements were taken. Since the F /F  ratio
can differ between sun and shade leaves (Lichtenthaler and
Babani 2004), attention was paid to exclusively select sun
leaves. Healthy plants should exhibit F./F,, values in the
range of 0.79 and 0.85 and lower values are indicative of
plant stress (Maxwell and Johnson 2000). The standard devi-
ation was calculated for each tree to infer on the variability
of F /F,,, measurements. Due to organizational and technical
reasons, SPAD measurements for Kaisheim were only avail-
able in 2023, and no chlorophyll fluorescence measurements
were possible in both years.

Specific leaf area

For SLA, up to 20 fully expanded leaves from the light
crown of the selected 123 trees were sampled and pro-
cessed to calculate an average SLA value per tree for both
2022 and 2023. The standard deviation was assessed to
infer on the variability of SLA values from the individual
trees. Leaves with obvious damage caused by insects were
avoided (Cornelissen et al. 2003). The sampled leaves were
placed on moist tissue paper within sealed plastic bags and
refrigerated. To prevent desiccation or decay of the leaves,
the SLA analysis was performed in the laboratory in the
days immediately following sampling. Since the rachis of
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compound leaves is considered part of standardized SLA
analysis (Cornelissen et al. 2003), the leaflets were not
treated separately. Each sampled leaf was scanned in color
with 300 dpi resolution using a scanner (CanoScan Lide 200,
Canon Deutschland GmbH, Germany). Due to the size of the
scanner and the sampling method in the field, the petiole of
each leaf was cut below the last set of leaflets to ensure com-
parability. Subsequently, the leaves were dried for 48 h at
70 °C in an oven and the weight of each leaf was determined.
The area of the leaves was then specified using the scanned
image and the R package LeafArea (Katabuchi 2015) in R
Studio (version 2021.09.0). This package implements the
software ImagelJ (version 1.53) and transforms the scanned
color image into a black and white image. In the next steps,
the area of the black leaf can be determined, and the SLA is
calculated using the formula:

Leaf area (cm?)

SLA = -
Leaf dry weight (g)

Leaf thickness

Leaf thickness was measured on the same leaves analyzed
for SLA, using a digital thickness gauge (Kiifer Messuhren-
fabrik GmbH & Co. KG, Germany). Every measurement
was taken on the same position on the leaf, i.e., on the sec-
ond leaflet from the top on the right side of the rachis. Close
attention was paid to avoid the dense tissue of the leaflet
midvein (White and Montes-R 2005). For each tree, we cal-
culated the standard deviation and the average leaf thickness
value out of the measurements of the 20 individual leaves.

Statistical analysis

Leaf physiological and morphological data were tested
for statistically significant differences between the vitality
classes using a t test or Mann—Whitney U test depending
on the condition of a normal distribution, which was tested
using the Shapiro-Wilk test. Homogeneous variances were
tested using the Levene’s test. For correlation analyses, we
calculated the Spearman correlation coefficient and associ-
ated p values.

All statistical analyses were carried out using the software
R Studio (version 2021.09.0).

Fluctuating asymmetry

The workflow for the determination of FA also builds on the
images of the scanned leaves. For each tree, three scanned
leaves were randomly selected (number of investigated
leaves in total: 729). Since the leaves of Fraxinus excelsior
L. are compound leaves, four leaflets per leaf were measured
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and examined. These leaflets were the two youngest mature
leaflets on both sides of the rachis. The software Imagel
(version 1.53) was used for the 12 measurements per leaf
displayed in Fig. 2.

FA in general is calculated as the difference between the
right (R) and left (L) side of the object under investigation
(Palmer and Strobeck 1986; Graham 2021). The differences
between these sides often are very small and the results of
FA can be heavily affected by measurement error (Kozlov
2015; Kozlov et al. 2017); thus, the effect of measurement
error has to be tested. A randomly chosen subset containing
5% of the 8,748 original individual lengths was measured

V

.

Fig.2 Measurements made on each leaf; for each leaflet. the right
and left side was measured from the main vein at the widest point of
the leaflet. The length of each leaflet was measured from the tip of
the leaflet to the rachis of the leaf, independent of the main vain. A-L
denote the different measured lengths

a second time by a different researcher. The two series of
measurements were then statistically compared to each other
using a f test. It is necessary to discriminate FA from other
forms of asymmetry (Palmer and Strobeck 2003). Besides
FA, there are two other forms of asymmetry whose possible
presence must be tested: antisymmetry and directional asym-
metry. FA exists when the variances between R and L adhere
to a normal distribution centered around zero. Directional
asymmetry occurs when these R — L differences exhibit a
normal distribution, yet with a mean value significantly devi-
ating from zero. Antisymmetry is identified by a platykur-
tic or bimodal distribution of R — L differences, converg-
ing around a mean value of zero, indicating that a left- or
right-biased asymmetry exists (Palmer and Strobeck 1986;
Palmer 1994; Klingenberg 2015; Maldonado-Lépez et al.
2019). To determine the possible presence of directional
asymmelry, a two-tailed ¢ test against a mean of zero was
applied (Mabrouk et al. 2020). Antisymmetry was evaluated
using the Kolmogorov—-Smirnov test, which tests for devia-
tion from normality, a requirement for FA (Ambo-Rappe
et al. 2008; Mabrouk et al. 2020).

Since larger leaves have had more time to develop more
distinct FA than smaller leaves, the effect of size depend-
ency was addressed. The traditional way of addressing size
dependency is dividing R—L by (R+L)/2 orR+L. Even if
R and L are lognormally distributed, a log-transformation
is a more elegant approach, since log R —log L is normally
distributed. This method is especially suitable if the meas-
urement error is small (Graham et al. 2003; Graham 2021).
The transformation can be performed either using natural
or base 10 logarithms (Palmer and Strobeck 2003). In this
study, the absolute values of the right and left side were used
for [InR — InLI, according to the trait calculations in Table 1.

While it is possible to simply averaging the deviations
of multiple traits from symmetry after a log-transformation
(Palmer and Strobeck 2003) or using a median leaflet as
a representation of the entire leaf (Boeger et al. 2018),
more precise methods exist. Leung et al. (2000) developed

Table 1 Leaf traits and calculations for asymmetry and the trait level (leafl or leallet level) based on IR—LI, measured parameters shown in Fig, 2

Trait level

Asymmetry of the individual leaflets, ratio between the right and left side of the main vein for four

individual leaflets

Asymmetry of the leaf, ratio between the right and left top side of the leaf of two pairs of leaflets

Asymmetry of the leaf, ratio between the right and left bottom side of the leat of two pairs of

leaflets

Asymmetry of the leaf, ratio between the right and left length of the leaflet of two pairs of leaflets

Trait Asymmetry
Lateral leallet width (LLW) B-C
H-1
E-F
K-L
Lateral leaflet top (LLT) E-K
B-H
Lateral leaflet bottom (LLB) F-L
C-1
Lateral leaflet length (LLL)  A-G
F-J
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multiple Composite Fluctuating Asymmetry Indices, each
taking into account multiple measured traits. In this study,
however, individual traits might be dependent on each other
and, thus, contain the same informative value. Therefore,
a principal component analysis (PCA) was conducted to
reduce the number of individual dependent values, resulting
in a more compact dataset with fewer independent variables,
while retaining the most significant variance present in the
data. This approach highlights similarities and differences
between leaf trait measurements by transforming the original
variables into a new set of uncorrelated variables, known
as principal components (PC) (Greenacre et al. 2022). The
reduced dataset was then set in relation to the vitality assess-
ment (mild or severe damage) of the individual ash trees.
Two-factor ANOVA and MANOVA analyses were used to
test whether trees with more severe damage due to ash die-
back exhibit a significantly different FA compared to the
trees with only mild damage. The application of the PCA
and the further statistical analyses were carried out using
the software R Studio (version 2021.09.0).

Results

Vitality assessment of ash trees

The vitality assessment showed a differentiated picture
with regard to the distribution of the damage classes
(Fig. 3), as the severity of the damage due to ash die-

back varied for the four study sites. Especially the site
Kaisheim was generally heavily affected with a large

100%
‘I
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25%
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Study sites
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Fig.3 Vitality scores of the selected ashes in the four study sites
Emmendingen (E), Grabenstitt (G), Kaisheim (K), and Schorndorf
(S) in 2022 and 2023. A vitality score of 1 and 2 accounts for mild
damage due to ash dieback and vitality scores of 3 and 4 for severe
damage. Note that the trees in Kaisheim were not all identical in 2022
and 2023 and 33 trees were selected in 2022
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number of severely damaged trees. While for Emmend-
ingen, Schorndorf, and Grabenstiitt, the same trees were
selected in both years, in Kaisheim, several trees had
to be removed in 2023 due to the extensive damage of
ash dieback and alternative trees were selected. A direct
comparison of both years is, therefore, not possible for
Kaisheim. Schorndorf and Grabenstiitt showed a decline
of trees sorted into class 1 from 2022 to 2023, indicating
a decrease in only mildly affected trees in accordance
with an increase of more severely affected trees. How-
ever, trees can also partially recover from one year to the
next. In Emmendingen in 2023, less trees were grouped
to class 3 than in the previous year. For all four study
sites, no healthy trees (class 0) could be observed in both
2022 and 2023.

Chlorophyll fluorescence and chlorophyll content
of ash leaves

The results of the F/F, meter measurements displayed
in Fig. 4 present the distribution of the F /F , values for
each study site for mildly and severely damaged trees by
ash dieback. F./F , values <0.79 indicate stress; however,
trees affected more severely by ash dieback demonstrated not
always lower F /F,, values than mildly damaged trees. There
were no significant differences in F./F,, values between the
classes mild and severe damage for any of the study sites.
The standard deviation of F /F values per tree ranged from
a minimum of <0.001 to a maximum of 0.11 with a mean
standard deviation for all measured trees of 0.02.

Only for Emmendingen 2022 and Schorndorf 2023, the
percentage of stressed trees was higher for the more severely
affected than mildly damaged ashes (Table 2). However, this
was not the case for Emmendingen 2023, Schorndorf 2022,
and for both years in Grabenstiitt. For the study site Graben-
stitt, the results differed greatly from the other two study
sites with very high numbers of stressed trees, independent
of their vitality status. Especially in 2023, all trees were
linked to very low F /F_ values. and no unstressed trees
could be detected.

For the two plantation sites Emmendingen and Schorn-
dorf, SPAD values tended to be lower with severely affected
trees. This, however, did not apply to the ash trees in Gra-
benstitt. Here, SPAD values in 2023 were slightly but non-
significantly higher for severely damaged trees. Only for
Emmendingen in 2023 (7 test, p value=0.005) and Schorn-
dorf 2022 (Mann—Whitney U test, p value=0.021) (Fig. 5),
the differences for mildly and severely damaged ash trees
were statistically significant. Overall SPAD values also dif-
fered between the different study sites: higher values were
recorded for Emmendingen, Grabenstitt, and Kaisheim,
whereas the trees displayed an on average lower chlorophyll
content in Schorndorf. Note that the standard deviation of
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Fig.4 Boxplots of F./F,, values differentiated for mildly and severely
affected ash trees for three study sites in 2022 and 2023. Interquar-
tile range (IQR) represented by height of boxes, median by bold hori-
zontal lines, upper (lower) whiskers indicate minimum of maximum

(minimum) of metric and 1.5 times IQR, dots represent observations
exceeding or falling below 1.5 times IQR. A different y-axis was

applied for each plot

Table 2 Percentage of stressed
trees (low F /F values <0.79
indicate stress, high F./

Mild damage

Severe damage

Number of trees Percentage of stressed

Number of trees

Percentage of

F,, values from 0.79 to 0.85 (n) rees (n) stressed trees

indicate no stress) in mildly and

severely damaged ash trees for Emmendingen 2022 21 28.6% 9 55.6%

the three study sites in 2022 Emmendingen 2023 24 20.8% 6 16.7%

aud 2023 Schorndorf 2022 I8 66.7% 12 58.3%
Schorndorf 2023 19 10.5% 8 375%
Grabenstiitt 2022 28 85.7% 2 100.0%
Grabenstitt 2023 20 100.0% 10 100.0%

the 30 SPAD measurements per tree ranged from a minimum  Specific leaf area

of 0.90 to a maximum of 5.28, with a mean standard devia-
tion for all measured trees of 2.27 pointing to a reasonable

sample size.

The standard deviation of the SLA measurements ranged
from a minimum of 3.0 to a maximum of 81.6, with a
mean standard deviation for all measured trees of 15.5,
demonstrating an overall suitable sample size, while also
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Fig.5 Boxplots of chlorophyll content (SPAD) differentiated for
mildly and severcly affected ash trees for four study sites in 2022
and 2023. Interquartile range (IQR) represented by height of boxes,

representing the variability of the SLA of leaves within indi-
vidual trees. In general, smaller SLA for severely affected
ash trees were observed for all study sites for both inves-
tigated years. The difference in SLA was significant for
Schorndorf in 2022 and for Schorndorf and Kaisheim in
2023, though Emmendingen and Kaisheim in 2022 were
marginally significant (Fig. 6).

Leaf thickness

Leaf thickness tended to be slightly higher in more severely
damaged trees. However, the difference was only statisti-
cally significant for Schorndorf in 2022 (p value =0.043)
and Kaisheim 2023 (p value=0.022). While the mean leaf
thickness was similar across years, there were differences
between the four areas. Leaf thickness was slightly higher in
Schorndorf and Kaisheim, whereas ashes from Grabenstiitt
had overall thinner leaves (Fig. 7). The standard deviation
of the 20 leaf thickness measurements per tree ranged from
a minimum of 0.01 cm to a maximum of (.12 cm, with a
mean standard deviation for all measured trees of 0.04 ¢cm;
thus, many leaves are rather uniform in thickness, but some
also exhibit a different pattern.

@ Springer

median by bold horizontal lines, upper (lower) whiskers indicate
minimum of maximum (minimum) of metric and 1.5 times IQR, dots
represent observations exceeding or falling below 1.5 times IQR

Correlations of leaf traits

Leaf thickness correlated significantly (Table 3) with SLA,
demonstrating that leaves with a lower SLA are related to
thicker leaves than leaves with a high SLA. A significant
negative correlation between SLA and chlorophyll content is
shown in Table 3: trees with a smaller SLA were linked to a
higher chlorophyll value. High F /F,, values, indicative of a
non-stressed plant, corresponded to both thicker leaves and
leaves with a high SLA. No significant correlations between
chlorophyll content and leaf thickness or F'/F, were found.

Fluctuating asymmetry

Related to the analysis of FA, the paired ¢ test conducted
to assess measurement error yielded a statistically highly
significant result (p value <0.001), and a strong correlation
between the two sets of measurements was observed. Con-
sequently, the measurement error was determined to be neg-
ligible. Given the significance of the Kolmogorov—Smirnov
test for normal distribution (p value <0.001) and the ¢ test
results indicating no significant deviation of recorded val-
ues from zero (p value =0.745), both antisymmetry and
directional asymmetry were rejected. Consequently, the
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Fig.6 Boxplots of the impact of different degrees of damage due to
ash dieback on SLA (specific leaf area) differentiated for mildly and
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severely affected ash trees for the four study sites in 2022 and 2023.
IQR represented by height of boxes, median by bold horizontal lines,

upper (lower) whiskers indicate minimum of maximum (minimum)
of metric and 1.5 times IQR, dots represent observations exceeding or
falling below 1.5 times IQR
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Fig.7 Boxplots of leal thickness for trees differentiated for mildly
and severely affected ash trees for the four study sites in 2022 and
2023. IQR represented by height of boxes, median by bold horizon-

tal lines, upper (lower) whiskers indicale minimum of maximum
(minimum) of metric and 1.5 times IQR, dots represent observations
exceeding or falling below 1.5 times IQR
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Table 3 Spearman correlations between the investigated leaf traits
(leaf thickness and SLA n=243, SPAD n=210, F /F, n=180)

Leaf thickness SLA F/Fy
SPAD r—=0.120 r:—=0.171 r: 0.079

p value: 0.081 p value: 0.012% p value: 0.291
E/E. r:0.254 r: 0.216 -

p value: <0.001* p value: 0.003*
SLA r:—0.314 - —

p value: <0.001*

“Significant correlation with p <0.05

measurements were deemed to accurately represent FA.
The PCA identified four principal components with eigen-
values > 1, each merging two to three traits (Table 4). Higher
eigenvalues indicate a higher explanatory value of the
respective PC. The traits included in PC | and PC 2, focus-
ing on the FA of the entire leaf, therefore, exhibited a higher
informative value than PC 3 and PC 4, which measured the
FA of the individual leaflets. The higher the loading value,
the better the observation is represented by the PC, as shown
in Table 5. Our results show a clear distribution of the traits
with none of them being loaded on more than one PC. In
total, 67% of the variance of the dataset was retained by the
application of the PCA (Table 4).

Each of the four principal components was set in relation
to the four study sites and tested for significant difference
between mildly and severely damaged ash trees regarding
FA. However, only for Emmendingen and PC 4, the result

Table6 p values of two-way ANOVA analysis, testing the difference
between mild and severely damaged trees for the four principal com-
ponents (PC) and four study sites

Emmendingen  Schorndorf ~ Grabenstiitt ~ Kaisheim
PC1 0398 0.190 0.757 0.066
PC2 0338 0.737 0.975 0.485
PC3  0.098 0.509 0.440 0.191
PC4  0.023* 0.828 0.338 0.604

“Significant difference with p <0.035

was significant (Table 6), demonstrating increased FA in
more severely damaged trees. All other principal compo-
nents showed no significant difference between disease
severity for any of the study sites. A scatterplot of PC 1
and PC 2 for all study sites (Fig. 8) shows that leaves from
both mildly and severely damaged trees are densely clus-
tered near the origin [around (0,0)]. This suggests that the
majority of leaves, regardless of damage severity, have simi-
lar PC scores. The lack of a clear separation between mild
and severe damage along the two PCs implies that dam-
age severity does not drastically alter the overall pattern of
asymmetry, although individual leaves may still show dif-
ferences. As there are some leaves demonstrating increased
FA for both mildly and severely affected trees, changes in
FA cannot be attributed to damage caused by ash dieback. A
MANOVA analysis using the combined data of all four study
sites revealed no significant difference between the four prin-
cipal components and the damage severity (p value=0.304).

Table 4 Eigenvalue, proportion

. 3 Factor Eigenvalue Proportion Included traits

variance, and the respective VEF ange

included traits for the four PCs

from the FA analysis of the PC1 203 021 First leaflet set from the bottom: LLL (D-J), LLB (F-L), LLT (E-K)

ssmipled:ash leaves PC2 205 0.20 Second leaflet set from the bottom: LLL (A-G), LLB (C-1), LLT (B-H)
PC3 1.36 0.14 First leaflet set from the bottom: LLW (K-L), LLW (E-F)
PC4 1.18 0.12 Second leaflet set from the bottom: LLW (B-C), LLW (H-I)

Table 5 Loadings of the Traits Asymmetry PC1  PC2  PC3  PC4

individual traits for the

respec.live PCs from the FA First leaflet set from the bottom: LLL D-J 0.84 - - -

;‘:j‘vl::“ 95 the gampicd ash First leaflet set from the bottom: LLB F-L 0.79 - - -
First leaflet set from the bottom: LLT E-K 0.76 - — -
Second leaflet set from the bottom: LLL A-G - 0.83 - -
Second leaflet set from the bottom: LLB C-l - 0.79 - -
Second leaflet set from the bottom: LLT B-H - 0.75 - -
First right leaflet from the bottom: LLW K-L - - 0.81 -
First left leaflet from the bottom: LLW E-F - - 0.75 -
Second left leaflet from the bottom: LLW B-C - - - 0.88
Second right leafiet from the bottom: LLW H-1 - - - 0.58

@ Springer



4. Publications

30
Trees
6 2 .
o~ b1 N Damage
Qs i LD : - Mild
T ‘o * Severe
01 ~%
0 3 6 9
PC1

Fig.8 Scatterplot displaying the values of FA of PC 1 and PC 2 of all
four study sites, colored in the two damage classes “mildly affected”
(light grey) and “severely affected” (dark grey)

Discussion

Five different leaf physiology and morphology traits were
tested within the scope of this study; however, only some
were associated with significant differences between mildly
and severely affected ash trees.

Using F/F,, values for the assessment of plant stress is
a quick way of obtaining information; however, this method
does not delineate the cause of stress. While for Emmendin-
gen 2022 and Schorndorf in 2023, more stressed trees were
observed in more severely damaged trees, this could nei-
ther be confirmed for the other year nor for the third study
site Grabenstitt. For this study site, we recorded very high
numbers of stressed trees, especially in 2023. It has to be
noted that we observed visible symptoms presumable caused
by drought stress during the measurements in early August.
This highlights the difficulty of interpreting F,/F, values in
the context of ash dieback. In general, F,/F,, has been proven
as a reliable indicator for diseases in multiple species. For
Plantago ovata, affected by downy mildew disease, maxi-
mum quantum yield of PSII differed significantly between
healthy and chlorotic leaves (Mandal et al. 2009). In the
case of wheat (Triticum aestivum) affected by spot blotch,
diseased plants presented reduced chlorophyll fluorescence
variables, negatively correlated with severity (Rosyara et al.
2010). Chlorophyll fluorescence differences of white root rot
in avocado stands, caused by the fungus Rosellinia necatrix,
might even be suitable for identifying susceptible genotypes
(Martinez-Ferri et al. 2016). For ash trees that were infested
with emerald ash borer and treated with stem injections,
chlorophyll fluorescence values improved, thus proving the
general suitability of F,/F, as a measure of the photosyn-
thetic capacity for this species (Hanavan and Heuss 2019).

Fungal pathogens can be differentiated in biotrophs (uti-
lization of living host tissue) or necrotrophs (utilization of
nutrients obtained from dead host tissue), or classified as

hemibiotrophic if they are able to switch from a biotrophic
to a necrotrophic phase (Perfect and Green 2001). Hyme-
noscyphus fraxineus has been characterized as hemibio-
troph, with an extended biotrophic phase in the stem tissue
(Mansfield et al. 2019). Ajigboye et al. (2016) suggest that
fungal pathogens, once switched to necrotrophic phase, are
damaging the chloroplasts inside the leaves, thus changing
the efficiency of PSII photochemistry. Therefore, we sug-
gest that leaf infestation might not be detectable using F,/
F,, values as long as Hymenoscyphus fraxineus is in its bio-
troph phase. Thus, we conclude that further studies should
focus on F./F_, measurements while taking a larger number
of leaves into account and measuring other environmental
factors such as air temperature and edaphic conditions of the
soil to assess the influence of other stressors. Extended time
series are necessary to establish dependable relationships
between F /F  values and these stress factors.

The results of the analysis of chlorophyll content pre-
sent two different dynamics. While there was a noticeable
distinction between mildly and severely damaged trees at
the two seed plantation sites, characterized by lower SPAD
values for severely affected ashes, the clone area Graben-
stiitt exhibited the opposite pattern, with severely damaged
trees showing higher SPAD values. Various studies in the
context of plant diseases reported lower SPAD values for
affected plants (Rosyara et al. 2010; Zhao et al. 2011; Yahya
et al. 2020; Arafat et al. 2021). However, in the case of oil
palm, affected by basal stem rot disease caused by Gano-
derma boninense fungus, SPAD value differences were only
recorded between healthy and diseased plants, without vari-
ation based on disease severity (Khaled et al. 2018). It has
to be noted that it was not possible to include completely
unaffected ash trees in this study due to the extended spread
of ash dieback in Germany. The expected decrease of SPAD
values associated with increased damage severity was only
observed for the two ash seed plantations. Differences
between the sites imply the presence of potential additional
environmental factors influencing chlorophyll content.

A negative relationship between SPAD values and SLA
was found, indicating a higher chlorophyll content in leaves
with smaller SLA. This negative chlorophyll content-SLA
relationship was also documented in six Amazonian tree
species (Marenco et al. 2009), for groundnut (Arachis
hypogaea) (Nageswara Rao et al. 2001; Nigam and Aruna
2008) and green gram (Vigna radiata) (Basu et al. 2019).
This can be explained by the fact that elevated chlorophyll
concentrations in a reduced leaf surface area facilitate
enhanced absorption of solar radiation per unit leaf area by
the plant (Basu et al. 2019) and, thus, counteract the possible
negative effects of a reduced SLA.

In this study, SLA is significantly reduced in ash trees
severely damaged by ash dieback. Plant diseases can have
a high impact on SLA as demonstrated for American beech
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(Fagus grandifolia) associated with a decreased SLA on
leaves with severe symptoms caused by beech leaf disease. A
clear difference in SLA between healthy trees and different
degrees of damage was observed (Mclntire 2023). A very
similar result was reported for oil palms (Elaeis guineen-
sis) affected by the plumero disorder (Espaia-Guecha et al.
2020). Both studies are consistent with our findings of a
decreased SLA for plants affected by varying degrees of a
disease. However, an increased SLA was demonstrated for
willow (Salix sp.) leaves damaged by leaf rust (Melamp-
sora epitea) (Toome et al. 2010), illustrating species- and
disease-specific reactions. SLA possibly demonstrates a high
variability based on the position of the sampled leaves in
the crown (Eriksson et al. 2005). Shade can have a crucial
influence on leaves, with SLA increasing as a consequence
of shadow (Wuytack et al. 2011). This was also documented
for Fraxinus excelsior L., where SLA increased from top to
bottom leaves (Petritan et al. 2009) and shadowed leaves
had a higher SLA (Legner et al. 2014). While in our study,
close attention was paid to only collect leaves with exposure
to direct sunlight, a possible variability in SLA due to the
position of the leaf in the crown cannot be ruled out entirely.
This fact may also be related to the variability of the meas-
urements from different leaves of one tree: a relatively high
standard deviation for some trees point to a possible high
variability in SLA within individual trees. The SLA links
the carbon and water cycle of a plant as it describes the
distribution of leaf biomass in relation to leaf area, and thus
changes in SLA also indicate changes in the latter (Pierce
et al. 1994). It is yet unclear, if the reduction in SLA for
severely damaged trees is a reaction to the infection with
Hymenoscyphus fraxineus or leaves with a smaller SLA are
more easily infected. However, the answer to this question
would be highly interesting and further investigations are
necessary.

Leaf thickness tends to be higher with advanced damage
symptoms associated with a reduced SLA. The leaves of
severely damaged ash trees, therefore, have a smaller area
but exhibit an increased thickness. Changes in leaf thick-
ness following stressors have been documented for various
species. Platanus acerifolia growing under air-polluted
conditions demonstrated higher leaf thickness than a non-
polluted control group. The strengthened anatomic xeromor-
phic characteristics of the leaves were regarded as an adap-
tive strategy to air pollution (Dineva 2004). The cell wall of
plants is dynamic and can change, when a disease occurs as
a result of activated defense mechanisms (Zhao and Dixon
2014). Ahn et al. (2020) reported an increased thickness in
the midribs of the leaves of Johnson grass as a response to
the infection with Colletotrichum sublineola. Based on the
presence of a thicker spongy mesophyll observed in highly
susceptible clones, conclusions regarding the susceptibility
of Vitis vinifera to downy mildew were possible; however,
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the differences were not statistically significant (Alonso-
Villaverde et al. 2011). Increases of the thickness of the
epidermis and hypodermis cell layer of grape berries were
positively correlated with resistance to the disease Botrytis
cinerea; however, the thickness of the leaves was not inves-
tigated in this study (Gabler et al. 2003). Jarosz et al. (1982)
found no significant correlation between the thickness of
the leaf cuticle and resistance to an infection with powdery
mildew Erysiphe cichoracearum, demonstrating the species-
specific different dynamics. In the context of the evaluation
of leaf thickness, leaf hydration may play an important role.
Mclntire (2023) concluded that the increased leaf thickness
found in diseased leaves is caused by a higher water content
in the leaves which leads to more hydrated leaves. White
and Montes-R (2005) also emphasized the need to include
leaf water content to minimize the effects of varying envi-
ronmental conditions. The simple and fast measurements of
leaf thickness applied in this study yielded promising results;
however, reliable statements regarding the leaf thickness of
trees under the influence of ash dieback cannot be concluded
at this point. For future investigations on leaf thickness of
Fraxinus excelsior L., it is recommended to take multiple
measurements per leaf and additionally measure leaf water
content. This study did not differentiate between the indi-
vidual components in the leaves; however, this would be
recommended for future studies, especially with regard to
possible conclusions on susceptibility.

Fluctuating asymmetry is proved to be an unsuitable indi-
cator for stress caused by ash dieback. Only for one prin-
cipal component, one study site was linked to significant
differences between FA values and the two different damage
classes. This may indicate that stress caused by ash dieback
does not lead to increased FA in the leaves. Many studies
also reported difficulties in proving FA as a reliable indica-
tor, e.g., to detect stress due to insect herbivory (Garcia-
Jain et al. 2022), heavy metal stress (Gavrikov et al. 2023),
stress caused by air pollution (Ambo-Rappe et al. 2008).
environmental and genetic stress in fragmented populations
(Murphy and Lovett-Doust 2004) or stress caused by land-
fill leachate (Dimitriou et al. 2006). FA is a controversial
concept as it is linked to uncertainties regarding sample
size (Mogie and Cousins 2001), the lacking reproducibility
of measurements (Kozlov 2015; Dodonov et al. 2024), and
the high impact of measurement error (Kozlov et al. 2017,
Dodonov et al. 2024).

Due to the widespread impact of ash dieback, it is now
very rare to find completely healthy ash trees in Ger-
many (Fuchs et al. 2024). Therefore, it was not possible
to include healthy trees in this study and our results only
highlight the differences between mildly and severely
damaged trees. The observed tendencies of a reduction in
photosynthetic pigments and the changes in leaf morphol-
ogy in terms of SLA and leaf thickness are indicative of
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the significant changes that Hymenoscyphus fraxineus can
cause on Fraxinus excelsior L. leaves. A decline of photo-
synthetic activity suggests changes in energy conversion
with possible additional implications further affecting the
overall fitness of the infected trees (Berger et al. 2007).
The noted effects may potentially lead to additional health
disadvantages, exacerbating the overall well-being of the
ash trees.

Conclusion

The general health status of ash trees, infected by Hyme-
noscyphus fraxineus, can be easily recognized by the typi-
cally observed dieback of the shoots. In this study, we
demonstrated that ash dieback has an influence on leaf
physiology and morphology of Fraxinus excelsior L.
Especially SLA enables a clear differentiation between the
different degrees of damage by ash dieback. A reduced
SLA of the leaves, in conjunction with alterations in leaf
thickness and chlorophyll, may potentially contribute to
additional adverse consequences, further impacting the
overall health of the ash trees. Long-term data are needed
for understanding the development of the observed physi-
ological and morphological changes. Further studies
on leaf physiology and morphology of Fraxinus excel-
sior L. affected by ash dieback are, therefore, highly
recommended.
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ARTICLE INFO ABSTRACT

J e extel 5| ash dieback in E ar-reaching ¢ uences for Fraxinus excelsior ulations.
Keywords Th nded spread of ash dieback in Europe has f; hing conseq for Fraxi elsior L. populati

Common ash The progression of the disease leads to characteristic symptoms, particularly within the tree crowns. To date,
Hmm&c}p}luﬁfmﬁm& assessing the damage severity of each individual tree typically requires in-field inspections. However, UAVs
:‘;:;“mlml equipped with RGB, thermal, and multispectral sensors offer cost-effective and objective possibilities. This study
Thermal relied on such analyses and focused on two ash seed orchards in Baden-Wuerttemberg, Germany, where visual
Thresholding inspections were compared with multisensorial data obtained in spring, summer and autumn of 2022 and 2023.

The caleulated RGB and multispectral vegetation indices were able to significantly discriminate between
different degrees of damage due to ash dieback; in contrast, thermal data were less reliable and linked to different
dynamics. Novel thresholds applied to the vegetation indices enabled a classification of mild and severe damage
with an overall accuracy of 74.9 % for the multispectral index DVI (Difference Vegetation Index) and 73.0 % for

Vegetation indices

the RGB index GRVI (Green-Red Veg
the overall accuracy to 77.2 %. The presented workflow offers forest practiti

ion Index). Combining RGB and multispectral indices further improved
an accessible toolset for

evaluating the health status of ash populations affected by ash dieback.

1. Introduction

The common ash (Fraxinus excelsior L.) in Europe is seriously
threatened in its existence due to the ash dieback disease caused by the
invasive fungal pathogen Hymenoscyphus fraxineus (T. Kowalski) Baral,
Queloz, Hosoya (Baral et al., 2014). Since the first documentation of ash
dieback in Poland in the 1990s (Kowalski, 2006, Timmermann et al.,
2011), the disease has become increasingly widespread across Europe,
causing extensive damage to ash populations. Infected trees present
typical symptoms of dying shoots and increased leaf loss with thinning
of the crowns. Especially in more severely damaged trees, epicormic
shoots often constitute a large part of the remaining foliage. Ash dieback
is linked to a high mortality rate amongst the affected trees (Fnderle
et al., 2019), and the European ash populations are expected to drasti-
cally decrease over the next few decades (Coker et al., 2019). In Ger-
many, the European common ash is a common tree species both in
forests and non-forest sites, such as private gardens, along rivers or in

public spaces (Lnderle et al., 2017a). In 2022, the forth National Forest
Inventory documented that ash accounted for 1.8 % of Germany’s total
forest area (BMEL, 2024). As an ecologically vital tree species, with
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several species dependent on the existence of the common ash, its
conservation is crucial in the face of ash dieback (Mitchell et al., 2017,
Hultherg et al., 2020). Additionally to the high ecological impact, the
common ash is also an important economic tree species, as it is also
valued for its high-quality timber (Pautasso et al., 2013). However,
symptoms of ash dieback can also manifest as collar and root rot,
negatively influencing the stability of the affected trees. Those trees
present a safety risk for humans (e.g., forest workers or visitors) and
infrastructure (e.g., traffic roads) (Metzler and Herbstritt, 2014, Enderle
etal., 2017b, Skovsgaard et al., 2017). The vast majority of ash trees in
German forest stands has been affected by ash dieback, with only very
few healthy trees remaining (Fuchs er al., 2024), To assess the damage
severity and gain an estimate of the health status of ash populations,
usually each individual tree has to be assessed by a trained expert in the
field. Rating scales are commonly used to classify trees into classes based
on their health, taking into account various factors such as foliage
density or the presence of epicormic shoots (Lenz et al., 2012, Peters
et al., 2021).

Remote sensing technologies offer advantageous options for forest
monitoring. Unmanned aerial vehicles (UAVs) equipped with a variety
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of different sensor systems allow for the rapid assessment of large areas.
UAVs have been tested in a number of forest applications, e.g., for the
estimation of tree parameters, species phenotyping, phenology, drought
stress, fire hazards, nutrient status, insect pests and plant diseases
(Torresan et al., 2017, Barbedo, 2019, Abd El-Ghany et al., 2020,
Kleinsmann et al., 2023). Plant stress caused by biotic and abiotic factors
can be detected using UAV technology (Castro et al., 2021). Sensors such
as RGB, thermal, as well as multi- and hyperspectral UAV systems pro-
vide valuable insights into plant disease status (Neupane and
Baysal-Gurel, 2021). The foliage of each plant is linked to a specific
spectral reflectance, and the analysis thereof gives indications on the
plant’s biochemical components and overall health. Vegetation indices
(VIs), calculated by formulas that commonly incorporate multiple
wavelengths are often employed to analyse the spectral reflectance
(Huete, 2012).

Inexpensive RGB sensors can provide information on plant height
and crown diameter (Barbosa et al., 2021), biomass (Bendig et al.,
2015), phenology (Park et al., 2019), canopy area (Stary et al. 2020) or
forage yield (Lussem et al., 2018). Especially in the context of plant
diseases, VIs based on RGB data have been proven to be a valuable tool
for the identification and characterization of damage caused by plant
diseases. Diseases can cause subtle changes in leaf colour, texture, and
brightness, making RGB VIs effective for identifying diseases early, even
before symptoms become visually severe. For example, a significant
relationship between different RGB VIs and leaf rust severity was
documented for wheat (Triticum aestivum L.) affected by the fungus
Puccinia triticina (Bhandari et al., 2020). Similarly investigations on
diseased citrus trees also proved a connection between RGB VIs and
health status (Garza et al., 2020). Using RGB Vls, it was also possible to
detect disease severity in rice (Oryza spp.) caused by narrow leaf spot
(Cai et al., 2018).

With more specific wavelengths, also extending to the red-edge and
near-infrared range, multispectral sensors offer a wide range of addi-
tional information to the visible light sensors. Multispectral UAV data
are widely used in various applications such as precision farming
(Candiago et al., 2015) and can also effectively identify and monitor
physiological stress in trees (Dash et al., 2017). Healthy and diseased
trees often display distinct spectral signatures, influenced by differences
in pigment composition and structural properties (Mahlein et al., 2013).
Numerous multispectral VIs exist, each targeting specific wavelengths
with a focus on characteristics such as biomass, greenness, or vegetation
status (Xue and Su, 2017). In the context of plant diseases, multispectral
data have been shown to be successful in identifying diseases. UAV
multispectral data in combination with VIs were used to detect grape-
vine (Vitis vinifera L.) disease (Albetis et al., 2017), monitor sugarcane
white leaf disease symptoms (Sanseechan et al., 2019) and detect ba-
nana (Musa spp.) plant diseases (Ye et al., 2020, Choosumrong et al.,
2023).

Thermal sensors, which capture the surface temperature including
those of plants, offer unique possibilities for detecting plant diseases and
the overall health status of plants (Hashim et al., 2020). Disease induced
stress can lead to the closure of leaf stomata, reducing the transpiration
rate and resulting in higher leaf temperatures. Increased plant surface
temperatures were often observed using thermal imaging techniques
even before visible symptoms were documented (Chaerle et al., 1999,
Jafari et al., 2017, Ortiz-Bustos et al., 2017). For instance, thermal im-
aging successfully identified diseases in banana plants (Anasta et al.,
2021), and significant differences in leaf surface temperature were
observed in oilseed rape (Brassica napus) infected with fungal species of
the genus Alternaria (Baranowski et al., 2015).

In the context of plant diseases, thermal imaging has mostly been
carried out under controlled indoor conditions, since thermal systems
can be easily influenced by outdoor conditions, such as changing solar
conditions or wind (I Hashim et al., 2020). Nevertheless, UAVs equipped
with thermal cameras have also proven to be valuable tools to identify
plant disease status. Smigaj et al. (2015) investigated the use of a
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UAV-operated thermal camera to monitor the canopy temperature of
diseased trees and were able to document a significant positive corre-
lation between tree canopy temperature and disease status.

‘While the use of UAVs in forests or plantations to detect plant dis-
eases is widespread (Holzwarth et al., 2023), few studies using remote
sensing technologies have focused on ash tree health: The impact of the
emerald ash borer (Agrilus planipennis), a major insect pest additionally
threatening ash populations, on ash tree health has been assessed using
hyperspectral data (Pontius et al., 2008) and multispectral WorldView-2
satellite data (Murfitt et al., 2016). Both data enabled an estimation of
the health status of the affected ash trees. Waser et al. (2014) also used
WorldView-2 data and calculated multispectral VIs for classifying four
different levels of damage caused by ash dieback. Hyperspectral data
facilitated the identification of individual ash trees affected by ash
dieback (Chan et al., 2021, Polk et al., 2022). Further, Kampen et al.
(2019) demonstrated the potential of UAV-based multispectral data to
assess ash dieback severity.

However, none of the studies integrated thermal sensors or are partly
only based on single seasons and years. Moreover, the results of the few
studies focusing on the damage caused by ash dieback reported diffi-
culties in detecting the damage severity and complex workflows make it
difficult to implement these in practice across the board.

Therefore, this study investigates the potential of RGB, multispectral
and thermal UAV surveys to determine the extent of damage to Fraxinus
excelsior L. affected by ash dieback in two German ash seed orchards. We
hypothesize that vegetation indices values derived from UAV surveys
vary based on infection status. Additionally, the use of thresholds may
effectively differentiate between varying degrees of damage. Multiple
UAV surveys spread over the course of two years (2022-2023) provide
extensive data at different times of the vegetation period. Emphasis is
placed on the effectiveness of the three different camera systems.
Practical applications for forest practitioners are a key focus of this
study, since the fast and straightforward use of UAV systems combined
with an easy-to-follow workflow can enable a quick estimate of the
disease status of ash populations.

2. Materials and methods
2.1. Study sites

This study was conducted at two study sites (Fig. 1), located in the
south of Germany in the federal state of Baden-Wuerttemberg. Both
study sites have previously been included in research on ash dieback
(Enderle et al., 2015, Buchner et al., 2022, Buchner et al., 2024, Eisen
et al., 2024), thus detailed information on the health status of the
planted individuals already exists.

The ash seed orchard Emmendingen (48°6'38.50"N, 7°52°20.49"E,
209 m NHN) is located approx. 15 km north of the city Freiburg. The
plantation has a size of 2.7 ha and was established in 1995. Originally,
228 ash trees were planted in a grid of 10 m x 10 m. Even though there
were no thinning measures, 142 trees had to be removed due to ash
dieback, with only 86 ash trees consisting of 32 different genotypes
remaining.

The seed orchard Schorndorf (48°46'35.59°N, 9°25°31.00°'E,
420 m NHN) is located east of the state capital Stuttgart in Baden-
Wuerttemberg. The plantation was established in 1992 with a spacing
of 7m x 7 m and has an area of approx. 2.27 ha. 416 ash trees were
originally planted, but since then, due to thinning measures and the
effect of ash dieback, 296 of the ash trees were removed and only 120
living trees, consisting of 30 different genotypes remained on the

orchard.
2.2. Methods

Fig. 2 provides an overview of the applied workflow of the UAV
surveys, the respective post-processing of the data and the workflow for
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Fig. 1. Study sites Emmendingen (a) and Schorndorf (b) located in the federal state of Baden-Wuerttemberg (light green) in Germany (green), Source: Esri Base Map.
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Fig. 2. Methodological framework of the field investigations, post-processing of the data and the vegetation index thresholding.
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obtaining and analysing vegetation indices to index thresholding. In
brief, the multisensorial vegetation indices were calculated for each tree
and compared with field-based vitality assessments to evaluate the
index’s effectiveness in distinguishing different levels of damage. Dif-
ferences across vitality classes were tested for statistical significance,
using appropriate statistical methods based on data distribution and
variance, This approach was used to identify suitable indices for
assessing damage severity. A key advancement of this study is repre-
sented by the calculation of thresholds that can be universally used in
assessing the ash tree’s health based on remotely sensed data following
this workflow. The individual work steps are explained in more detail in
the following.

2.2.1. Assessment of vitality

Each of the ash trees on both ash seed orchards was assessed
regarding their vitality, by using a standardized vitality scoring systems
developed by Peters et al, (2021). The ash trees were classified into six
categories, ranging from class 0, consisting of healthy trees, to mildly
damaged trees (class 1 and 2), severely damaged trees (class 3 and 4)
and lastly to dead trees (class 5). Each class is characterised by different
degrees of thinning of the crown, leaf loss, dead shoots and branches,
and the presence of epicormic shoots. The vitality assessments were
conducted at both orchards in late July of 2022 and 2023.

2.2.2, UAV surveys

2.2.2.1. Image acquisition. Between spring and autumn in 2022 and
2023, two to four UAV aerial surveys were conducted at each study site
(Table 1). Two UAV systems were employed: the DJI Mavic 2 Enterprise
Advanced (Mavic 2 EA) and the DJI Mavic 3 Multispectral (Mavic 3 M).
The Mavic 2 EA is equipped with a 48 MP RGB camera and a thermal
sensor, capturing both RGB and thermal images simultaneously. The
Mavic 3 M, on the other hand, features a 20 MP RGB camera and four 5
MP multispectral sensors, which record multispectral and RGB images
concurrently. The multispectral sensors cover the near-infrared (860 nm
+ 26 nm), red edge (730 nm =+ 16 nm), red (650 nm £ 16 nm), and
green (560 nm =+ 16 nm) wavelengths. An integrated sun sensor mea-
sures solar radiation, enabling light compensation during image post-
processing which enhances the accuracy and consistency of data over
time (DJI, 2022).

All surveys were taken at a flight height of 80 m above the ground,
with side and front overlaps of 85 % and a flight speed of 3 m/s for the
Mavic 2 EA and 4 m/s for the Mavic 3 M. A ground sampling distance of
2.22 em/pixel was achieved for RGB and 10.48 cm/pixel for thermal
images taken by the Mavic 2 EA and 2.77 cm/pixel for the multispectral
images of the Mavic 3 M.

Pre-planned flight plans were generated using the UAVs’ software to
ensure comprehensive coverage of the entire plantation sites. Due to the
size of the plantations and the UAVs' battery limitations, each survey
was divided into two flight missions at the Schorndorf seed orchard and
three at the Emmendingen seed orchard. These consecutive missions
were conducted back-to-back to minimize any changes in environmental
conditions between flights. All surveys were carried out on sunny, cloud-
free days with minimal wind to ensure optimal image quality and
consistency.

The images were georeferenced using ground control points (GCPs)

Table 1
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that were represented by red sheets with reflecting panels. The co-
ordinates of the GCPs were recorded using the surveying system Stonex
S9III (STONEX® Srl, Paderno Dugnano, Italy). The Mavic 3 M includes
an RTK module, ensuring positioning with centimetre precision, and no
GCPs were used for those flights.

2.2.2.2. Image processing of multispectral and RGB data. RGB and mul-
tispectral images captured by the UAV systems were processed using
Agisoft Metashape Professional (version 1.8.1). After aligning the im-
ported images, a point cloud was generated, followed by the construc-
tion of an orthophoto. For the multispectral images, data from the sun
sensor were used for calibration. Georeferencing was achieved with
recorded GCPs and, in the case of the Mavic 3 M, supplemented by
recorded RTK data.

Subsequently, the orthophotos were imported into ArcGIS Pro
(version 2.8.3) and the individual tree crowns were manually delin-
eated. A polygon was created to represent the shape of each tree crown,
capturing only leaf mass. Although several methods for automatic single
tree crown segmentation exist (Dalponte et al., 2015, Panagiotidis et al.,
2017, Mohan et al., 2017, Qiu et al., 2020, Miraki et al., 2021), none
achieved the necessary accuracy for this study. Given the generous
spacing of ash trees in both orchards, manual segmentation of the
crowns was feasible. Since ash dieback causes leaf loss and crown
thinning, special care was taken to segment only those areas of the
crown that still contained leaves. This approach minimized the influence
of extraneous pixels, particularly ground pixels. Some trees were
excluded from further analyses due to crown blurring caused by
movement of the tree crowns during the UAV survey.

2.2.2.3. Vegetation indices and thresholding. RGB band values were first
normalized, as described in Eqs. 1 — 3, to reduce the effects of illumi-

nation (Torres-Sanchez et al., 2014, Zhang et al., 2019, Suh et al., 2020,
Barbosa et al., 2021) using the raster calculator in AreGIS Pro.

"TRT g+ B 2
&= ﬁ (2)
"=k +2 +B b

Ten RGB and ten multispectral VIs were selected, each in the context
of plant health. The respective VIs and their definitions are listed in
Table 2,

Using the raster calculator in ArcGIS Pro, the individual bands of the
generated orthophotos were used to calculate the Vs, The zonal statis-
tics tool was then applied to calculate the mean VI value per tree canopy
using the segmented tree crown polygons.

The mean vegetation index value for each tree was compared with
the field-based vitality assessments to evaluate each index’s capability to
distinguish between varying levels of ash dieback damage. Statistical
differences among the four vitality classes (1—4) were formally assessed
using ANOVA. In these models, vegetation index values represented the
dependent variables, while the field-assessed vitality class served as the
independent categorical factor. Assumptions underlying ANOVA,
namely the normality of residuals and homogeneity of variances, were

Months in which the aerial surveys were conducted in 2022 and 2023 for the two seed orchards Emmendingen and Schorndorf and the used UAVs: Mavic 2 EA (M2EA),

Mavic 3 M (M3M).

2022 2023
Seed orchard May June Juli Oct. May June July Oct.
Emmendingen M2EA M2EA M2EA M2EA, M3M M3M M2EA, M3M
Schorndorf M2EA M2EA M2EA M2EA, M3M M3M M2EA, M3M
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Table 2

Vegetation indices (VIs) selected for this study. For each index, the equation and
exemplary references, where the VI was applied in the context of plant health,
are displayed.

Vegetation index Equation References
RGB Green-Red ervi =81 (Albetis et al. 2017
Vegetation [ndex gt+tr Albetis et al. 2019)
Excess Green Index ExG =2%g— (Cai et al. 2018)
r—b
Excess Red Index ExR =14+r — (Cai et al. 2018)
g
Excess Green-Red ExGR = ExG — (Cai et al. 2018)
ExR
Green Leaf Index GLI = (Bhandari et al. 2020)
2xg—r—b
Red Green Blue RGBVI = (Bendig et al. 2015)
Vegetation Index g —bxr
g +bsr
Red Green Ratio RGRI = " (Albetis et al. 2017,
Index g Albetis et al. 2019,
Cai et al. 2018)
Green Blue Ratio GBRI :J_J (Vilela et al. 2024)
Index £
Triangular Greenness %Gl =g- (Garza et al. 2020)
Index 039 +r —
061 b
Greenness Index GI = £ (Sanseechan et al.
r 2019)
Multispectral ~ Normalized NDVI = (Guo et al. 2021,
Difference Vegetation NIR — R et al. 2023)
Index NIR + R
Red Edge Normalized =~ NDRE = (Chang et al. 2020,
Difference Vegetation NIR — RE Albetis et al. 2019,
Index NIR + RE Wu et al. &
Green Normalized GNDVI = (Sanseechan et al.
Difference Vegetation NIR - G 2019)
Index NIR + G
Green Chlorophyll dg = NIR 1 (Ye et al. 2020)
Index G
Red Edge Chlorophyll - NIR 1 (Albetis et al. 2019,
Index RE Ye et al. 2020)
Chlorophyll ovi :‘1@*5 (Wu et al. 2023)
Vegetation [ndex G G
Difference Vegetation — DVI = NIR — R (Steddom et al. 2005,
Index Jie et al. 2015)
Red Edge Green G RE-G {Albetis et al. 2019)
Index REGI = RE7G
Anthocyanin ART — _1_ _ i (Ashourloo et al.
Reflectance Index G RE 2014, Abdulridha
et al. 2019)
Plant Senescence PSRI = R-G [ h-__nu‘lr.v(.- et al. ,
reflectance Index NIR 2014, Guo et al. 2021,

Wu et al. 2(

verified by visually inspecting residual distribution plots and performing
Levene's test, respectively. If these assumptions were violated (non-
normal residuals or unequal variances), the non-parametric Kruskal-
Wallis test was applied instead. When significant differences were
detected, post-hoc tests were applied to determine pairwise differences
between vitality classes. For ANOVA, pairwise t-tests with Holm's
correction were conducted. For Kruskal-Wallis, pairwise Wilcoxon rank-
sum tests with Bonferroni correction were used. This approach enabled
the identification of vegetation indices suitable for assessing ash dieback
damage.

To establish a threshold separating the value range of a vegetation
index for mild and severe damage the datasets of both seed orchards
were merged to generate universal thresholds. Extreme outlier values
were adjusted by limiting all values higher than the 95th percentile to
the 95th percentile value, and all values lower than the 5th percentile to
the 5th percentile value. Vegetation indices were then normalized using
Liq. 4, scaling all indices to a range of 0-1. To simplify the vitality data,
classes 1 and 2 were combined to represent mild damage, while classes 3

W
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and 4 were combined to represent severe damage. Due to the extended
spread of ash dieback in Germany (Fuchs et al., 2024), no healthy trees
(class 0) were found on the two study sites. Since the focus of our study
lies on the analysis of leaf mass, dead trees (class 5) were excluded from
the analysis. To determine whether the index values significantly
differentiate between mild and severe damage for the three best RGB
and multispectral indices, we assessed the normality of the data distri-
bution using the Shapiro-Wilk test. As for none of the indices the
assumption of normality was met, the Mann-Whitney U test was applied.

VI — VIin

VI_normalized = Vi — Vi

“)

A density plot was generated for each vegetation index in each UAV
survey to display the index value range for the two damage classes, mild
and severe. The intersection point of these distributions was identified as
the optimal threshold for distinguishing between the two damage clas-
ses. Since each vegetation index was calculated for every UAV survey, an
average threshold value was then determined across all surveys. This
established average threshold was then re-evaluated across all surveys.
Each threshold was verified by 10-fold cross-validation, where the
original datasets were resampled into 10 sub-datasets. Overall accuracy
(OA) (Eq. 6) and F1 score (Eqs. 6-8) were calculated to assess threshold
performance. True positives (TP) and true negatives (TN) represented
correct predictions that aligned with actual observations, while false
positives (FP) and false negatives (FN) indicated incorrect predictions.
OA represents the percentage of correct predictions. Precision measures
the accuracy of positive predictions, while recall evaluates the ability to
identify all relevant positive instances. As a measure of the optimal
balance between precision and recall, the F1 score highlights the
correctly identified TP and TN (Fawcett, 2006).

TP+ TN

OA= TP P+ N T TN ©
Precision = ;IP—J’_FIS (6)
Recall = %N @
FlScore = 2 % Precision + Recall ®

Precision + Recall

Additionally, due to the imbalance between the number of cases in
the classes mild and severe, i.e., a higher prevalence of mildly damaged
trees, the Matthews Correlation Coefficient (MCC; Eq. 9), was calcu-
lated. The MCC considers the balance of TP, TN, FP, and FN, offering a
robust and unbiased evaluation metric, particularly in scenarios with
class imbalance. MCC values can range from —1-1, with higher values
indicating better model performance (Chicco and Jurman, 2020, Foody,
2023).

TP+ TN — FP + FN

MCC=—— ———————
(TP + FP) (TP + EN) * (TN + FP) + (TN + FN)

©
All analyses were performed in R (version 4.1.1) using R Studio
(version 2021.09.0).

2.2.2.4. Combination of indices. To improve damage estimation, we
tested combinations of multiple VIs using binary logistic regression with
10-fold cross-validation. This method allows us to predict whether an
outcome will be present or absent based on several predictor variables.
The dependent variable is either 0 (mild damage) or 1 (severe damage).
The model estimates the influence of each independent variable, in this
case the various Vs, on the outcome, the disease severity. The depen-
dent variable (P), the probability of the disease severity, was calculated
according to Eq. 10 (Lee and Pradhan, 2007, Ye et al., 2020).



42

4. Publications

L. Buchner et al.

1

P=izer o

The variable y is a linear combination calculated according to Eq. 11
(Lee and Pradhan, 2007, Ye et al., 2020)

Y=bo+ bix; + baxa+ baxs+ bux, (11)

Here, b, is the intercept, b; are the slope coefficients, and x; repre-
sent the independent variables. In this study, this equation was applied
to model the probability of the disease severity based on the thresholds
of multiple, combined VIs. The glm() function of the R package “car” was
utilized to fit the logistic regression models.

For both RGB and multispectral data, the three indices, which were
most successful in discriminating the damage severity with thresholding
were selected and combined in the logistic regression model to deter-
mine the efficiency of the calculated thresholds in combination with
other indices.

A correlation analysis was conducted between these six indices to
assess their relationships. To avoid multicollinearity, which can lead to
unstable regression models, only indices with a low correlation were
selected from both the RGB and multispectral data. Multicollinearity
was tested for applying variance inflation factor (VIF) analysis, using the
function vif() in the “car” package in R. The smallest VIF value is 1,
values greater than 5 indicate multicollinearity. VIF was calculated
using Eq. 12 where R? represents the coefficient of determination, which
measures how well one independent variable can be predicted by all the
other independent variables in the model. If the R? valueis close to 1, the
variable is highly related to the others (collinearity), resulting in a high
VIF. In such cases, the variable does not provide much unique infor-
mation to the model (James et al., 2023).

1
1-R?

Binary logistic regression analysis was used to determine whether
combining RGB and multispectral data improves the accuracy of damage
severity estimation.

The results of the logistic regression analysis were again assessed
with a 10-fold cross-validation, focusing on the statistical measures of
OA, F1 score and MCC.

VIF = (12)

2.2.2.5. Processing of the thermal images. Since the thermal images
captured by the Mavic 2 EA were initially saved as 8-bit JPEG-files, a
pre-processing of the images was necessary, converting them into 16-bit
TIFF-files. An adapted R script, based on the script developed by Kat-
tenborn (2023), was used for facilitating this image conversion. This
ensured a consistent scale across all images, where each specific tem-
perature value corresponded to the same digital number, enabling the
application of structure-from-motion processing. The seript is based on
the DJI Thermal SDK (version 1.4) and incorporated factors such as
emissivity, relative humidity, and camera-target-distance.

Relative humidity was measured on both study sites using a relative
humidity logger (HOBO U23-001, Onset, Bourne, MA, USA) recording
data every ten minutes. We used the mean relative humidity during the
flight time and an emissivity value of 0.96 was applied for all images,
based on the estimated average emissivity value for plants determined
by Harrap et al. (2018).

The converted thermal images were validated randomly using the
DJI Thermal Analysis Tool (version 2.1.8). Afterwards the converted
images were stitched together to an orthomosaic as described for the
RGB and multispectral images.

In the final thermal orthophoto, individual ash tree crowns were
segmented manually in ArcGIS Pro. Using the tool “zonal statistics”, the
mean temperature per segmented tree crown was calculated. To deter-
mine statistically significant differences in mean crown temperatures
across vitality classes, we followed the statistical procedure described
above (chapter 2.2.2.3).
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3. Results
3.1. Vegetation indices

3.1.1. Multispectral indices

The comparison of mean values related to the VIs and the respective
vitality classes revealed varying outcomes depending on the specific VI
and the seasonal timing of the UAV surveys. For all indices, severe
damage was associated by decreased index values. At the Emmendingen
seed orchard, all ten VIs were able to significantly discriminate between
the four vitality classes in the summer, with p values < 0.001 for both
surveys in June and July (Table 3). At the Schorndorf seed orchard, all
indices except the CVI showed significant differentiation in June, only
six out of ten indices were significant in July. The VIs generated from the
autumn surveys performed worse than those from the summer. Only
seven VIs for Emmendingen and five for Schorndorf showed statistically
significant differences between the classes. Overall, the multispectral
VIs NDVI, GNDVI, Clg, REGI and DVI were able to discriminate between
the vitality classes for all surveys in both summer and autumn. The post-
hoc tests revealed that the majority of indices presented significant
differences between class 1 and 3 and class 1 and 4, whereas typically
only a few significant differences between class 1 and 2 and class 3 and 4
could be detected. Due to the extensive size of the post-hoc results, they
are not presented here.

For each VI, mean thresholds were calculated across all surveys to
distinguish between mild damage (vitality classes 1 and 2) and severe
damage (vitality classes 3 and 4). For example, NDVI values above the
calculated summer threshold of 0.57 were classified as mildly damaged,
whereas NDVI values below this threshold represented severely
damaged ash trees. Validation of these mean thresholds applying 10-fold
cross-validation revealed varying classification success rates (Table 4).
Among the thresholds derived from both summer and autumn surveys,
the DVI and GNDVI achieved the highest accuracy and F1 scores, with
classification success rates of 71.4 % and 71.5 %, respectively. When
considering only the summer surveys, the highest classification success
was again observed for DVI and GNDVI, with an OA of 74.9 % and
74.4 %, respectively. Although the REGI ranked third for both summer
and autumn data with an accuracy of 70.8 %, the NDVI demonstrated a
higher OA of 73.9 % when evaluated solely with summer data. Espe-
cially for the summer surveys, the combination of a relatively high OA, a
high F1 score, and a moderate MCC suggests that the thresholds perform
reasonably well overall. Due to the class imbalance, the overall accuracy
(0A) is influenced by the larger class of mildly damaged trees. The high
F1 score suggests balanced classification performance across both
damage classes. Additionally, the MCC exceeds 0.4, indicating moderate
agreement beyond chance, quantifying the effectiveness of the thresh-
olds in distinguishing between mildly and severely damaged trees.

Boxplots illustrating vegetation indices (NDVI, DVI, and GNDVI)
from all four summer surveys conducted at the Emmendingen and

Table 3
P-values for the statistical difference between the four vitality classes for the ten
selected multispectral VIs at the Emmendingen (E) and Schorndorf (8) seed or-

chards in 2023; Definition of VIs see Table 2. Bold values: significant at the 5 %
level.
E June EJuly23 EOct23 SJune23 SJuly23 SOct
23 23
NDVI < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.006
NDRE < 0.001 < 0.001 0.009 < 0.001 0.057 0.068
GNDVI < 0.001 < 0.001 0.010 < 0.001 0.001 0.019
Clg < 0.001 < 0.001 0.019 < 0.001 0.001 0.019
Clre < 0.001 < 0.001 0.009 < 0.001 0.052 0.070
CvI < 0.001 < 0.001 0.092 0.181 0.968 0.915
REGI < 0.001 < 0.001 0.015 < 0.001 < 0.001 0.018
PSRI < 0.001 < 0.001 0.148 < 0.001 0.757 0.819
DVI < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001
ARI < 0.001 < 0.001 0.068 < 0.001 0.220 0.396
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Table 4
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Established thresholds, overall accuracy (OA), F1 score (F1) and Matthews correlation coefficient (MCC) for the ten selected multispectral VIs, considering combined

summer and autumn surveys as well as summer surveys only.

Summer and autumn surveys

Summer surveys

Threshold OA F1 McC Threshold 0A F1 Mcc
NDVI 0.58 70.2 0.76 0.38 0.57 73.9 0.80 0.44
DVI 0.50 71.4 0.78 0.38 0.52 74.9 0.80 0.46
NDRE 0.48 64.3 0.70 0.29 0.45 68.8 0.75 0.35
Clg 0.36 70.5 0.77 0.37 0.38 721 0.79 0.38
Clre 0.46 63.5 0.69 0.28 0.43 68.3 0.74 0.34
GNDVI 0.44 71.5 0.78 0.37 0.46 74.5 0.81 0.43
CVI 0.29 63.4 0.72 0.17 0.31 66.7 0.75 0.26
REGI 0.45 70.8 0.78 0.36 0.47 72.4 0.79 0.38
ARI 0.33 66.3 0.74 0.26 0.37 68.3 0.75 0.32
PSRI1 0.50 30.6 0.67 0.21 0.49 63.4 0.71 0.22

Schomdorf seed orchards (Fig. 3) show a clear significant difference in
median positions (solid horizontal lines within the boxes), indicating
distinct vegetation responses between mildly and severely affected
ashes. However, varying degrees of overlap in the interquartile ranges
(box height) were evident among indices. The dashed line in Fig. 3
represents the calculated threshold separating mildly and severely
damaged trees.

3.1.2. RGB indices

The ten selected RGB indices exhibited varying degrees of suitability
for differentiating among the vitality classes. For the RGRI and the ExR
indices, severe damage is indicated by higher values, while for all other
RGB indices, more severe damage is linked to decreased index values.
While some indices demonstrated statistically significant differences
among the four vitality classes, only the GLI index proved significance
across all surveys conducted from May to October at both study sites
(Table 5). The ExG and RGBVI indices also widely displayed statistically
significant differences in vitality classes for most surveys, except for the
May 2022 survey in Emmendingen. Although the GRVI and GI indices
were not significantly different during the autumn 2022 surveys, they
achieved statistical significance in October 2023. The autumn surveys
for both years indicated a reduced ability of RGB VIs to distinguish be-
tween vitality classes. However, in Schorndorf in 2023, most indices
achieved statistical significance. As for the multispectral indices, the
post-hoc tests (not shown) demonstrated mostly significant differences
between class 1 and 3 and class 1 and 4, and only in some cases sig-
nificant differences be-tween class 1 and 2 and class 3 and 4. Post-hoc
test results supported the classification of classes 1 and 2 as mild dam-
age and classes 3 and 4 as severe damage, making this grouping suitable
for further threshold analysis.

Thresholds generated for the RGB-derived VIs varied between the
combined summer and autumn surveys and the summer-only surveys.
Validation through 10-fold cross-validation indicated that the ExG, GLI,

and RGRI indices achieved the highest accuracy and F1 scores for the
combined summer/autumn surveys, with EXG attaining the highest ac-
curacy at 71.0 %. In contrast, slightly higher accuracies were recorded
for the summer-only surveys, where the GRVI, ExG, and RGRI were most
effective in distinguishing between mild and severe damage due to ash
dieback. The highest OAs were observed during the summer surveys,
with the GRVI achieving 73.0 %, followed by the RGR1 at 72.5 % and the
ExG at 72.2 %. As with the multispectral indices, a relatively high OA
was generally associated with a high F1 score and a moderate MCC for
the three most successful indices. However, for the RGB indices, the
MCC values only exceeded the threshold for moderate agreement of 0.4
for the GRVI in the summer; all other indices presented lower MCC
values (Table 6).

Although a clear statistically significant shift in the median is visible
(Fig. 4), the determined thresholds (dashed lines) cannot entirely
separate the two damage classes due to overlapping interquartile ranges.
For GRVI and ExG, more severe damage leads to decreased index values,
whereas for RGRI, higher values indicated severe damage.

3.1.3. Combination of indices

The results of the binary logistic regression analysis for three com-
binations of Vs are presented in Table 7. All three combinations, which
include the most appropriate VIs for thresholding, yielded very similar
outcomes, with accuracies ranging from 76.7 % to 77.2 %, F1 scores
between 0.83 and 0.84, and the MCC between 0.43 and 0.48. The
highest classification success was achieved using the combination of two
multispectral indices (NDVI and DVI) and one RGB index (ExG), which
also exhibited low VIF values. This combination is the only pairing of
RGB and multispectral indices with low VIF values; all other combina-
tions exhibited multicollinearity. For instance, the combination of the
three RGB indices — GRVI, ExG, and REGI - also showed high VIF values
exceeding the threshold of 10 for both GRVI and RGRI, indicating
multicollinearity. Conversely, both the multispectral index combination

p-value < 0.001 p-value < 0.001 p-value < 0.001
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Fig. 3. Boxplots of all four summer surveys for the merged dataset of the Emmendingen and Schorndorf seed orchards, displaying the normalized vegetation indices

NDVI, DVI and GNDVI for the trees.
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Table 5

Forest Ecology and Management 585 (2025) 122660

P-values for the statistical differences between the four vitality classes for the ten selected RGB VIs at the Emmendingen (E) and Schorndorf (S) seed orchards in 2022

and 2023. Bold values: significant at the 5 % level.

E May 22 E July 22 E Okt. 22 S June 22 S Okt. 22 E June 23 E July 23 E Okt 23 S June 23 S July 23 S Okt. 23
GRVI < 0.001 < 0.001 0.080 < 0.001 0.975 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005
ExG 0.099 < 0.001 0.001 < 0.001 0.006 < 0.001 < 0.001 < 0.001 < 0,001 < 0.001 < 0.001
ExR 0.052 < 0.001 0.251 0.444 < 0.001 < 0.001 < 0.001 0.016 0.009 0.053 0.088
ExGR 0.004 < 0.001 0.379 0.092 0.060 < 0.001 < 0.001 0.002 < 0.001 0.001 0.035
GLI 0.034 < 0.001 0.001 < 0.001 0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
RGBVI 0.130 0.012 < 0.001 < 0.001 0.001 0.010 0.037 0.003 < 0.001 < 0,001 < 0.001
GI < 0.001 < 0.001 0.080 < 0.001 0.978 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.003
RGRI < 0.001 < 0.001 0.073 < 0.001 0.976 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005
GBRI 0.568 0.258 0.003 < 0.001 < 0.001 0.751 0.362 0.04 < 0.001 < 0.001 < 0.001
TGI 0.199 0.026 0.002 < 0.001 < 0.001 0.034 0.017 < 0.001 < 0.001 < 0.001 < 0.001

Table 6

Established thresholds, overall accuracy (QA), F1 score (F1) and Matthews correlation coefficient (MCC) for the ten selected RGB VIs for the combined summer and
autumn surveys and the summer-only surveys.

Summer and autumn surveys

Summer surveys

Threshold OA F1 MCC Threshold OA F1 Mcc
GRVI 0.42 67.3 0.74 0.34 0.37 73.0 0.80 0.40
ExG 0.45 71.0 0.78 0.36 0.42 72.2 0.80 0.35
ExR 0.61 60.3 0.68 0.18 0.58 63.0 0.69 0.27
ExGR 0.37 63.6 0.71 0.24 0.38 67.6 0.74 0.34
GLI 0.48 70.2 0.77 0.35 0.45 71.5 0.79 0.35
RGBVI 0.48 68.0 0.76 0.29 0.47 67.5 0.75 0.27
RGRI 0.60 69.3 0.76 0.33 0.60 72.5 0.79 0.39
GBRI 0.48 63.2 0.71 0.21 0.47 60.8 0.69 0.18
TGI 0.47 66.5 0.74 0.27 0.46 65.7 0.74 0.25
Gl 0.37 65.9 0.72 0.34 0.32 70.8 0.77 0.38
p-value < 0.001 p-value < 0.001 p-value < 0.001
1.001 1.00 1.00
0.751 0.75 0.75
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Fig. 4. Boxplots of all seven summer surveys for the merged data of the Emmendingen and Schorndorf seed orchards, displaying the vegetation indices GRVI, ExG

and RGRI for the trees surveyed in the summer.

and the combined RGB and multispectral indices displayed low VIF
values, suggesting the absence of multicollinearity.

The correlations among the six selected VIs (Fig. 5) partially revealed
strong relationships not only within the RGB and multispectral datasets
but also across them. These high correlations limited the improvement
in damage severity identification, resulting in a 2% higher OA
compared to using individual indices alone.

3.2. Thermal images

The analysis of the thermal images in relation to the different vitality
classes revealed different distributions of crown temperatures for the
four vitality classes. Statistically significant differences were recorded in
only two of the ten UAV surveys (Fig. 6). Specifically, in June
(p < 0.001) and in October (p = 0.021) 2023 at the Schorndorf seed
orchard, a significant increase in crown temperature was observed in
more severely affected ash trees. The post-hoc test for the June survey

revealed significant differences between class 1 and class 4 (p = 0.006),
class 2 and class 4 (p < 0.001), and class 3 and class 4 (p = 0.025). In the
October survey, a statistically significant difference was observed only
between class 1 and class 4 (p = 0.031). Although a similar trend was
visually apparent in some other UAV surveys, it did not reach statistical
significance in those cases. An exception was the May 2022 survey in
Emmendingen, which exhibited an opposing pattern with a temperature
decrease of over 2 °C between the medians of vitality classes 1-4.

4. Discussion

In this study, three different camera systems - RGB, thermal and
multispectral - were tested for their suitability to differentiate between
varying degrees of damage caused by ash dieback.

Due to the rapid progression of ash dieback, no healthy tree could be
included in this study. Consequently, the analysis focused solely on trees
exhibiting varying degrees of damage. However, it is important to note
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Table 7

Logistic regression equations for three different combinations of indices with
their overall accuracy (OA), F1 score (F1), Matthews correlation coefficient
(MCC) and the variance inflation factor (VIF).

Data Logistic Regression Equation OA F1 MCC VIF
Ms y = 0.9294608-0.3666048 76.7% 083 046 NDVE
NDVI 24
- 1.386887 DVI - 1.005055 DVL: 1.5
GNDVI GNDVL:
1.9
RGB y = 0.5276535-0.7400043 76.9 % 0.84 0.43 GRVI:
GRVI 14.2
- 0.869358 ExG - 0.6269988 ExG: 1.3
RGRI RGRI:
13.8
MSand  y=1.024588-0.613737) 77.2% 083 048 NDVI
RGB NDVI 1.8
-1.44662 DVI - 0.8624887 ExG DVL 1.5
ExG: 1.3

that only a few severely damaged trees (class 4) existed on both study
sites. We propose that classification performance could improve at sites
with a higher prevalence of both healthy and severely damaged trees.
This is because the contrast in spectral reflectance properties between
the healthiest and most damaged trees is likely to provide clearer dis-
tinctions for analysis. Therefore, we suggest that further studies should
especially focus on trees in class 4 and, if possible, also in class 0.

4.1. RGB and multispectral UAV data

Clear results could be obtained using RGB data for differentiation
between mild and severe damage due to ash dieback. As outlined below,

1
> &
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\
2
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numerous studies have demonstrated similar results, emphasising the
usability of RGB data in the context of plant diseases especially in
agricultural crops. A significant relationship between RGB indices and
winter wheat foliage disease severity has been proven using a low-cost
UAV equipped with a digital camera (Bhandari et al., 2020). RGB im-
ages focusing on citrus trees (Citrus spp.) affected by diseases were able
to demonstrate lower triangular greenness index (TGI) values for
diseased trees (Garza et al., 2020). For the detection of narrow brown
leaf spot severity in rice (Oryza spp.), the EXGR index was the most
suitable for detecting high levels of disease (Cai et al., 2018). Various
indices were tested for each case study and the success of each VI to
differentiate between the damage severity varied greatly. In this study,
the GRVI, ExG and RGRI were found to be capable of differentiating
between mild and severe damage with the applied threshold with the
highest accuracies. RGB VIs can amplify subtle differences in vegetation
health that may not be visually discernible in raw RGB images, making
them a valuable tool for in-depth plant health analysis by providing
quantifiable and standardized metrics of vegetation condition.

The generated multispectral data in combination with various Vs
and associated thresholds were also successfully applied to differentiate
between mild and severe damage. Numerous studies utilized multi-
spectral indices to identify disease occurrence or severity in plants. For
citrus trees (Citrus spp.), infected by Citrus greening disease, four VIs
demonstrated significant higher index values in healthy than in diseased
trees (Chang et al., 2020). Multispectral indices were also suitable for
the differentiation between healthy banana plants (Musa spp.) and
plants affected by banana Fusarium wilt disease (Ye et al., 2020). The
detection of canker infected citrus trees (Citrus spp.) was possible uti-
lizing multispectral VIs (Abdulridha et al., 2019). Although in our study
all multispectral indices were able to distinguish between mild and

N N A
%03\ 62:\ @OQ
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toa
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Fig. 5. Correlations between the three selected RGB and multispectral indices: ExG, DVI, GNDVI, NDVI, GRVI and RGRL
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Fig. 6. Boxplots of the crown temperature of the ash trees for the different vitality classes for 2022 and 2023 for both study sites.

severe damage, the highest accuracies were achieved for the GNDVI,
NDVI and DVI. While red-edge indices are often highlighted as being
effective in identifying diseased plants (Chang et al., 2020, Ye et al.,
2020), we found that they did not outperform indices without the
red-edge band. Instead, the red, green, and NIR bands were particularly
successful in determining the severity of damage caused by ash dieback.

Autumn UAV surveys for both RGB and multispectral data performed
worse compared to those conducted in the summer. Overall, the autumn
indices showed fewer significant differences between the four vitality
classes than the indices calculated from the summer surveys. When
factored into the calculated mean threshold, the accuracy of classifying
the two damage classes was lower than during the summer months only,
indicating reduced effectiveness. Since the autumn surveys were con-
ducted in October, early stages of leaf senescence had likely begun,
influencing the spectral reflectance of the leaves and reducing the
observable effects of ash dieback. Despite this, VIs from October surveys
effectively distinguished between mild and severe damage, confirming
that UAV-based assessments are possible throughout the entire vegeta-
tion period of the common ash. However, thresholds solely from summer
surveys were more reliable, making summer the recommended period
for more accurate and stable assessments.

4.2. Thermal UAV data

The use of a thermal UAV camera in our study proved less effective
than the RGB and multispectral data in distinguishing crown tempera-
tures of ash trees in relation to disease severity. While an expected in-
crease in crown temperature with more advanced symptoms of ash
dieback was observed in seven out of ten conducted surveys, the dif-
ference between the damage classes were only seldom statistically sig-
nificant. In contrast, numerous studies, focusing on agricultural crops,
have demonstrated clearer results when applying thermal cameras for
plant disease detection. For tomato (Solanum spp.) plants infected with
0. neolycopersici, thermal images provided information in regards to the
identification of diseased plants (Raza et al., 2015). Rose plants (Rosa
hybrida L.), affected by powdery mildew (Podosphaera pannosa var.
rosae) and gray mold (Botrytis cinerea) also presented clear changes in
their thermal appearance (Jafari et al., 2017). With an accuracy of over
90 %, disease-induced spots in banana (Musa spp.) leaves were able to

10

be identified using a thermal camera (Anasta et al., 2021). A significant
leaf surface temperature increase was observed for avocado (Persea
americana Mill.) plants infected with white root rot (Granum et al.,
2015) as well as sunflower (Helianthus annuus L.) plants infected with
Orobanche cumana (Ortiz-Bustos et al., 2017). However, these studies
primarily focused on ground-based thermal images of individual leaves
or smaller plants, allowing for precise identification of affected areas. In
contrast, our study employed UAV-based thermal imaging at a flight
height of 80 m above the ground, with an image resolution of
10.48 em/pixel. This approach may have limited the ability to detect
small areas of increased temperature associated with ash dieback and
might not be represented proportionately in the final orthophoto. The
mean temperature per tree crown calculated in this study could there-
fore underrepresent leaf areas with increased temperature due to an
infection with ash dieback and the associated presumed stress-induced
closure of stomata.

For detecting Xylella fastidiosa infections in olive (Olea europaea)
orchards using remote sensing techniques, the integration of thermal
imaging with multispectral data significantly enhanced identification
accuracy, highlighting the potential of thermal remote sensing data to
detect plant diseases (Poblete et al., 2020). Smigaj et al. (2015) proved
that UAV-borne thermal image data can detect temperature differences
linked to red band needle blight (Dothistroma septosporum) infection
status at the tree level for pine trees (Pinus sylvestris and Pinus contorta) in
a forest. Studies investigating leaf temperature changes in
disease-inoculated plants have documented an initial temperature
decrease before visible symptoms emerge, followed by a subsequent
increase as the disease progresses. The pre-symptomatic temperature
reduction is linked to stomatal opening, while the later rise above
healthy tissue levels is associated with chlorosis and cell death
(Lindenthal et al., 2005, 2015, Jafari et al., 2017).
Therefore, contradicting results as found in our study, might hinder a
clear interpretation of thermal images. In our approach, the mean crown
temperature includes all leaves within a tree crown, meaning that var-
iations in thermal dynamics due to differing infection statuses among
the leaves cannot be ruled out and may counterbalance each other. The
thermal sensor of the Mavic 2 EA has been proven to record tempera-
tures with a deviation of up to 2 °C compared to ground-based tem-
perature measurements (Leblanc et al., 2021). Additionally, factors such

Baranowski et al.,
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as wind direction and flight speed can influence the accuracy of thermal
imaging (Malbéteau et al., 2021). Although the captured thermal images
were calibrated in terms of emissivity, relative humidity and
camera-target-distance, inaccuracies related to the actual crown tem-
peratures cannot be entirely excluded. Further studies would benefit
from the inclusion of more severely damaged trees as these trees were
underrepresented at our study sites. We suggest that this group of trees
can be best delineated from other vitality classes, as demonstrated by
most surveys in Schorndorf. In Emmendingen, proper conclusions are
especially lacking due to the low number of ashes in class 4 with very
severe damage (n < 5). Since the pattern observed in our study suggests
that crown temperature differences exist, further investigations and a
continuing monitoring of thermal characteristics in the context of ash
dieback could be promising. UAV surveys with a lower flight height
could improve the resolution of the images and are therefore recom-
mended for further studies.

4.3. Vegetation index thresholding

The use of fixed threshold, whether to distinguish healthy from
diseased plants or to differentiate between varying degrees of damage,
provides a clear and practical method for interpreting VIs. Various
thresholding techniques in the context of VIs and remote sensing data
have already been tested in prior studies (Suh et al., 2020). Albetis et al.
(2017) identified optimal thresholds for various VIs to distinguish
grapevines (Vitis vinifera L.) affected by Flavescence dorée disease from
healthy, symptom-free individuals. However, the optimal thresholds
varied among the different studied cultivars, limiting the reproduc-
ibility. Similarly, VI thresholds calculated for Flavescence doree disease
and Grapevine Trunk Disease demonstrated the challenge of correctly
distinguishing between the two diseases and asymptomatic plants
(Albetis et al., 2019).

In our study, a perfect separation of mild and severe damage due to
ash dieback using a threshold was difficult to achieve. The highest ac-
curacy of 74.9 % was obtained calculating the DVI threshold. However,
the overlap between mild and severe damage classes likely reflects the
“fluid™ health status of the ash trees, which were categorized into fixed
classes. The vitality assessments in the field relied on the observer's
judgment, and although all evaluations were performed by the same
trained expert, minor discrepancies may have occurred. The distinction
between class 2, representing mild damage, and class 3, representing
severe damage, is often minimal, e.g., for the least healthy trees in class
2 and the healthiest trees in class 3. Since the use of a threshold is highly
praxis-oriented, this study focused on a simple, manageable workflow
for forest practitioners as an alternative to more complex classifying
methods, an approach also emphasized by Otsu et al. (2019).

The correlation analysis of the three RGB and three multispectral
indices indicated high correlations between all indices. As a result,
combining multiple indices — whether RGB, multispectral, or a mix of
both — did not substantially improve classification accuracy. The most
promising combination in determining the severity of ash dieback
damage, with an accuracy of 77.2 %, was achieved combining the two
multispectral indices NDVI and DVI and the RGB index ExG. However,
due to the limited number of datasets, the training datasets used to
calculate the mean thresholds were resampled for validation, which may
result in slightly higher accuracy scores, as noted by Yadav and Shulkla
(2016).

Few studies have aimed to classify ash dieback severity using remote
sensing data, and achieving fully accurate classifications remains a
challenge. Waser et al. (2014) used WorldView-2 satellite data with 19
VIs to classify four levels of ash health in a German forest site, achieving
an overall accuracy of 77 %, which is similar to our classification results.
An analysis using hyperspectral forest data, providing a broader range of
wavelengths, likewise reached a 77 % accuracy in classifying damage
severity within a Random Forest model (Chan et al., 2021). Polk et al,
(2022) identified ash trees infected with Hymenoscyphus fraxineus at a
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forest site without focusing on severity, achieving 71 % accuracy using
hyperspectral data. In another study, Kampen et al. (2019) used
UAV-based multispectral data and a Random Forest classifier to identify
five levels of ash dieback severity at an ash seed orchard, achieving an
accuracy of 61.7 %. The results of these studies highlight the difficulty of
correctly separating ash dieback damage classes.

The differentiation of damage severity, however, can be achieved not
only with hyper- or multispectral data. As our study revealed, a single
RGB index, such as GRVI, can also be used to determine damage severity
with an OA of 73 %. While ash seed orchards offer advantages in
detecting individual ash trees, previous studies have shown that ash
dieback severity analysis can also be achieved in forest sites (Waser
et al., 2014, Chan et al., 2021, Polk et al., 2022).

Both RGB and multispectral data effectively assess ash dieback
severity using VIs and thresholds, though thermal data was less effec-
tive. Multispectral data provided slightly higher classification accuracy,
but RGB data also performed well. While both UAV systems are similar
in cost and usability, multispectral cameras are generally more expen-
sive and complex to operate.

Ash dieback presents an important threat to common ash trees across
Europe, and largescale health assessments of affected trees have been
highly time-consuming and labor-intensive. The use of fixed thresholds
applied to orthophotos generated from UAV surveys offers new, prac-
tical opportunities for assessing the health status of Fraxinus excelsior L.
This method offers a significant time advantage, particularly for large-
scale assessments, while also enabling the monitoring of otherwise
inaccessible areas. Beyond health monitoring, this approach also holds
potential for large-scale phenotyping and other applications. For con-
servation purposes, identifying ash trees with only mild damage symp-
toms is particularly relevant, as some individuals exhibit greater
resistance to ash dieback than others (McKinney et al., 2011). Our
method allows for the detection of trees with mild damage and facili-
tates long-term monitoring of their health status, which is crucial for
further investigation and conservation efforts. Although this study fo-
cuses on ash seed orchards with relatively high tree spacing, the outlined
approach is also applicable to forest stands. However, before applying
the established VI thresholds, it is essential to identify the individual ash
trees, e.g. as demonstrated by Waser et al. (2014) and Chan et al. (2021).
Since our determined thresholds are based on the normalized range of
VIs, applying them requires following our proposed workflow.

Due to the fluid progression of the state of health, a 100 % accurate
classification of the damage in accordance with the field assessment is
likely very difficult to achieve, however an estimation of the health
status based on VIs is possible. The application of thresholds can enable
targeted forestry care efforts to conserve this endangered tree species.
Given current recommendation to preserve mildly affected ash trees
rather than remove them (FNR, 2024), identifying trees with mild
damage is highly relevant. With the ongoing progression of ash dieback,
accurately identifying mildly damaged ash trees will become increas-
ingly important for the long-term conservation of Fraxinus excelsior L.

5. Conclusion

UAV images are an important tool to investigate large areas of ash
trees affected by ash dieback in a short time. Our study determined that
UAV images captured during the summer months yield the most
consistent results, offering comparable VI thresholds. Both RGB and
multispectral data successfully enabled the generation of multiple VIs
capable of identifying damage severity due to ash dieback. The thresh-
olds derived in this study represent an important advancement for
assessing extensive areas of affected ash trees, with single indices
achieving classification accuracies of up to 74.9 % for estimating disease
severity, The straightforward workflow, along with the specified
thresholds for various indices, offers forest practitioners an important
tool for identifying and managing ash dieback damage. However, given
that our datasets were spatially, and temporally limited, further research
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focused on refining these thresholds and enhancing classification accu-
racy is recommended.
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Abstract Detailed individual tree crown segmentation is
highly relevant for the detection and monitoring of Fraxinus
excelsior L. trees affected by ash dieback, a major threat to
common ash populations across Europe. In this study, both
fine and coarse crown segmentation methods were applied
to close-range multispectral UAV imagery. The fine tree
crown segmentation method utilized a novel unsupervised
machine learning approach based on a blended NIR-NDVI
image, whereas the coarse segmentation relied on the seg-
ment anything model (SAM). Both methods successfully
delineated tree crown outlines, however, only the fine seg-
mentation accurately captured internal canopy gaps. Despite
these structural differences, mean NDVI values calculated
per tree crown revealed no significant differences between
the two approaches, indicating that coarse segmentation is
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sufficient for mean vegetation index assessments. Neverthe-
less, the fine segmentation revealed increased heterogeneity
in NDVI values in more severely damaged trees, underscor-
ing its value for detailed structural and health analyses. Fur-
thermore, the fine segmentation workflow proved transfer-
able to both individual UAV images and orthophotos from
broader UAV surveys. For applications focused on structural
integrity and spatial variation in canopy health, the fine seg-
mentation approach is recommended.

Keywords Leaf mass segmentation - Machine learning -
Segment anything model - Ash dieback

Introduction

Remote sensing technologies provide powerful tools for
surveying large-scale tree populations, enabling efficient,
long-term monitoring of tree health and disease progres-
sion across broad landscapes. Unmanned aerial vehicles
(UAVs) equipped with different sensor types have been
proven to be suitable for the identification and monitoring
of plant diseases in the context of various species (Torre-
san et al. 2017; Barbedo 2019). Disease-induced damage
symptoms can often be detected through changes in reflec-
tance within the visible and near-infrared (NIR) spectrum.
Multispectral sensors mounted on UAVs are particularly
well-suited for detecting diseased plants, offering high spa-
tial resolution and the ability to capture subtle physiologi-
cal changes across large areas (Zhang et al. 2019; Neupane
and Baysal-Gurel 2021). Vegetation indices, derived from
mathematical combinations of reflectance values across mul-
tiple wavelengths, are widely used to analyse spectral reflec-
tance patterns. These indices provide valuable insights into
plant physiological traits and are therefore important tools
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for detecting disease symptoms and monitoring vegetation
health (Huete 2012). The Normalized Difference Vegetation
Index (NDVI), which is based on the differential reflectance
of red and near-infrared wavelengths by plant canopies, is
one of the most commonly and effective vegetation indices
for detecting plant stress, as it enables early detection of
physiological responses to stressors (Neupane and Baysal-
Gurel 2021).

An increasingly important application of remote sensing
technologies is the detection and monitoring of ash dieback,
a disease that poses a major threat to European forest ecosys-
tems. Since the introduction of the invasive fungal pathogen
Hymenoscyphus fraxineus (Baral et al. 2014) in Europe and
the first disease reports in Poland in the 1990s, ash dieback
has severely affected populations of European common ash
(Fraxinus excelsior L.). The fungal pathogen produces air-
borne ascospores that primarily infect leaves (Timmermann
etal. 2011), initially causing necrotic lesions on leaflets and
rachises. From there, the infection spreads into twigs and
shoots, leading to branch dieback, wilting, and necrotic bark
lesions, especially in young tissues. Eventually, the infec-
tion progresses into larger branches and stems, resulting in
crown dieback characterised by extensive leaf loss (Gross
et al. 2014; Timmermann et al. 2017; Fuchs et al. 2024).
In advanced stages, necroses may also develop at the stem
base, further weakening the tree (Langer 2017). This disease
trajectory, from initial leaf infection to full crown dieback,
can vary in speed depending on environmental conditions,
tree age, and genetic resistance, but often results in high
mortality within a few years after the onset of visible symp-
toms (Timmermann et al. 2017; Klesse et al. 2021). The
European common ash is ecologically vital, supporting
numerous dependent species (Mitchell et al. 2017; Hultberg
et al. 2020) and is expected to experience severe population
declines across Europe in the coming decades due to ash
dieback (Coker et al. 2019). Therefore, efforts to identify,
monitor and characterise affected ash trees are crucial for
the long-term conservation of this ecologically important
species.

The application of remote sensing technologies for
assessing ash tree health remains limited. Some research has
focused on monitoring damage caused by the emerald ash
borer (Agrilus planipennis), a major insect pest threating ash
populations, analysing hyperspectral (Pontius et al. 2008)
and satellite data (Murfitt et al. 2016). Hyperspectral data
have also been successfully used to identify ash trees dam-
aged by ash dieback (Chan et al. 2021; Polk et al. 2022). The
more frequently available multispectral data and the thereof
calculated vegetation indices have been used to identify and
segment ash tree crowns in a mixed forest and subsequently
to classify the damage caused by ash dieback (Waser et al.
2014). Kampen et al. (2019) likewise analysed multispec-
tral UAV data and successfully segmented ash tree crowns
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and characterised ash dieback severity. A different approach
was taken by Flynn et al. (2024), who analysed 3D RGB
point cloud data from UAV surveys of individual ash trees
regarding the different internal crown greenness patterns of
trees with differing degrees of damage. Furthermore, Buch-
ner et al. (2025) examined vegetation index values across
different damage classes using both RGB and multispectral
data, identifying clear value ranges distinguishing mildly
from severely affected trees. However, while Buchner et al.
(2025) manually delineated ash tree crowns to only analyse
leaf mass, no study to date has focused on automatically seg-
menting ash tree crowns from their surroundings to exclu-
sively study the leaf mass in relation to ash dieback. As the
crown of severely affected ash trees decreases drastically
and typically presents multiple crown gaps, the exclusion of
ground pixels is crucial for the accuracy of further analysis.

Multiple approaches for tree crown segmentation have
been successfully developed utilising a wide range of differ-
ent data, including airborne laser scanning (Dalponte et al.
2015; Argamosa et al. 2016; Douss and Farah 2022), hyper-
spectral data (Dalponte et al. 2015), satellite data (Lassalle
et al. 2022), as well as RGB (Mohan et al. 2017; Huang
et al. 2018; Tahar et al. 2021) and multispectral data (Qiu
et al. 2020; Ulku et al. 2022). These diverse datasets sup-
port a broad spectrum of tree crown delineation techniques,
ranging from traditional methods such as valley following,
region growing or marker-controlled watershed segmenta-
tion to more recent machine and deep learning models (Ke
and Quackenbush 2011; Kestur et al. 2018; Freudenberg
etal. 2022; Zheng et al. 2025). While tree crown segmenta-
tion has been widely explored, the focus in many studies
often lies in detecting and counting individual trees rather
than on analysing the structural or physiological condition
of the crown itself (Ke and Quackenbush 2011; Zheng et al.
2025). Nevertheless, segmentation precision is essential in
downstream tasks such as disease detection, where accu-
rate delineation of crown boundaries and internal features
become critical.

This study, therefore, investigated two approaches for seg-
menting tree crowns, producing both fine and coarse tree
crown masks, to assess whether the choice of segmentation
method significantly affects the calculation of mean NDVI.
In addition, we examined how varying levels of crown
damage influence the spatial homogeneity of NDVI values
within individual tree crowns.

Materials and methods
Study sites

This study was conducted in 2023 at two ash seed orchards
in the federal state of Baden-Wuerttemberg, located in
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southern Germany (Fig. 1). Both sites have already been
included in previous studies on ash dieback (Enderle et al.
2015, Buchner et al. 2022, Eisen et al. 2022, 2023, 2024,
Buchner et al. 2024, 2025).

The first site, the Emmendingen orchard (48° 7' N, 7° 52
E, 210 m a.s.l.) is situated about 15 km north of Freiburg.
Covering 2.7 ha, this plantation was established in 1995 with
an initial layout of 228 ash trees planted ina 10 mx 10 m
grid. While no thinning operations were conducted, many
trees had to be removed due to the impact of ash dieback.
The site also contains a variety of other tree and shrub spe-
cies growing close to the ash trees.

The second site, the Schorndorf orchard (48°46" N,
9°25" E, 420 m a.s.l.), lies east of Stuttgart, the capital of
Baden-Wuerttemberg. It was established in 1992 with an
original planting density of 7 mX7 m, spanning approxi-
mately 2.27 ha. Initially, 416 ash trees were planted, but over
time, more than half of them have been removed as a result
of both thinning measures and the effects of ash dieback.
Additional tree species, such as fruit trees, are also present
on the orchard.

For the close-up UAYV images, 30 ash trees were selected
at each study site. These trees were evenly distributed
throughout the orchards, exhibiting varying degrees of ash
dieback symptoms, from mild to very severe symptoms.

Vitality assessment
Each selected tree was individually assessed for its vitality

status in the field at the end of July 2023. Using a vital-
ity scoring system (Peters et al. 2021) trees were classified

based on their visible damage symptoms. Due to the wide-
spread presence of ash dieback in Germany (Fuchs et al.
2024), no completely healthy trees were found at either of
the two ash seed orchards. Consequently, the healthy tree
category (class 0) was omitted. Trees with mild damage
symptoms were assigned to classes 1 and 2, while those
with severe damage symptoms were classified as classes 3
and 4. Dead trees (class 5) were not relevant to our study.
Each damage class was defined by multiple criteria, includ-
ing leaf loss, the percentage of dead shoots and branches,
the presence of epicormic shoots and stem rot necrosis, with
increasing symptom severity from class 1 to class 4.

Image acquisition
Close-up UAV images

For both study sites, individual close-up images of the 30
selected ash tree crowns were recorded using the UAV sys-
tem DJI Mavic 3 Multispectral (Mavic 3 M) during June,
July and October 2023. The Mavic 3 M is equipped with
a 20 MP RGB camera and four 5 MP multispectral sen-
sors, allowing for simultaneous capture of both RGB and
multispectral images. The multispectral sensors cover
four wavelength bands: NIR (860 nm + 26 nm), red edge
(730 nm £ 16 nm), red (650 nm=+ 16 nm), and green
(560 nm + 16 nm). Additionally, an integrated sun sensor
measures solar radiation to enable light compensation dur-
ing post-processing (DJI 2022).The images were captured
at an altitude of approximately 8 m above the tree crowns,
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Fig.1 Study sites Emmendingen (a) and Schorndorf (b) in the federal state of Baden-Wuerttemberg (dark green) in Germany (c, light green),

Source: Esri Base Map, BKG 2025dl-de/by-2-0
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providing an exceptionally high spatial resolution that
ensures detailed image quality.

UAV survey

Additionally, a UAV survey was conducted at the Schorndorf
orchard in July 2023 at a flight altitude of 80 m to further test
the newly developed tree crown segmentation method. The
Mavic 3 M followed a pre-planned flight plan with 85% front
and side overlap and a flight speed of 4 m/s. This ensured a
ground sampling distance of 2.77 cm/pixel for the captured
multispectral images. The survey was divided into two flight
missions, due to the size of the plantation and UAV specific
battery capacity. However, the missions were conducted
back-to-back to minimize variations in the environmental
conditions.

The images were georeferenced using the integrated
RTK data and processed into an orthophoto by aligning
the images and generating a point cloud using the software
Agisoft Metashape Professional (version 1.8.1).

Post-processing of the close-up UAV images

Due to the slight spatial offset between the four built-in mul-
tispectral sensors in the UAV system, the individual close-up
images captured by each sensor were not perfectly aligned.
resulting in minor misregistration between spectral bands.
As a result, precise image alignment was required prior to
further processing. Using a custom-built Python (version
3.13.0) script, the NIR, red edge, and red band images were
co-registered to the green sensor image for each capture,
which served as the reference. The applied homography-
based image registration algorithm implemented in OpenCV
aligned the images by calculating a 3 X3 transformation
matrix that mapped matching points from the non-reference
images to the green reference image. Throughout the co-
registration process, the original metadata of the images was
retained.

Tree crown segmentation

Two different methods of individual tree crown segmenta-
tion were applied, creating a coarse and a fine mask for each
tree crown. While the coarse mask was designed to capture
the general outline of the tree crown, the fine mask aimed to
incorporate the detailed crown structure, including internal
gaps and irregularities.

To extract the coarse tree crown masks from UAV-based
imagery, we applied the pre-trained Segment Anything
Model (SAM) (Kirillov et al. 2024), a general-purpose seg-
mentation framework developed for prompt-driven object
segmentation, using a custom-built Python (version 3.11.0)
script. SAM features a modular architecture consisting of
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an image encoder, a prompt encoder, and a mask decoder.
The image encoder converts the input image into a latent
representation capturing spatial and semantic features. User-
provided prompts are processed by the prompt encoder and
guide the segmentation process. Finally, the mask decoder
integrates both embeddings to produce one or more seg-
mentation masks (Kirillov et al. 2024; Speckenwirth et al.
2024). In this study, grayscale NIR images were converted
to 3-channel grayscale RGB images to match the input for-
mat expected by the model. A single foreground point was
manually placed near the centre of each image to indicate
the approximate location of the tree crown. Based on this
input, multiple candidate masks were generated by SAM.
Each mask was visually assessed. and the most accurate one
representing the crown shape was selected and exported as
a binary mask for further analysis.

The fine tree crown masks were generated using a cus-
tom-built R (version 4.1.1) script, executed in R Studio (ver-
sion 2021.09.0). The script integrated spectral, textural, and
edge-based features into a multistep segmentation workflow
comprising image preprocessing, feature extraction, unsu-
pervised clustering, and morphological refinement (Fig. 2).
First, the NIR and red bands were normalized to a range of
0-1, and the NDVI was computed as follows:

NIR — Red
NV = R+ Red S

To enhance vegetation signals, a hybrid image was con-
structed using a weighted combination of NDVI and NIR,
assigning a weight of 0.4 to NDVI and 0.6 to NIR:

Hybrid image = 0.4 = NDVI + 0.6 = NIR 2)

The hybrid image was subsequently normalized and
enhanced using histogram equalization based on the empir-
ical cumulative distribution function (ECDF) to improve
local contrast. To characterize spatial structure, texture
metrics (contrast, entropy, mean, and variance) were cal-
culated from the equalized hybrid image using a grey level
co-occurrence matrix (GLCM) with a 5x 5 moving window.
In addition, edge features were extracted using the Sobel
operator by computing gradient magnitudes in both hori-
zontal and vertical directions to enhance boundary detec-
tion. All derived features were compiled into a multilayer
raster stack, providing a comprehensive representation of
spectral, textural, and structural scene characteristics. Pixel-
level values were extracted into a data frame and subjected
to k-means clustering with k=2, using Euclidean distance
and random initialization. The cluster most representative of
vegetation was identified by selecting the one with the high-
est mean texture value, and a corresponding binary mask
was generated. To improve segmentation accuracy, morpho-
logical post-processing was applied. Small gaps within the



4. Publications

55

How precise is precise enough? Tree crown segmentation using high resolution close-up...

Page 50f 15 137

'd N

(" Normalized NIR image NDVI

o

s 3
\;ﬁ'ﬁam il

-

Hybrid image (" Equalized Hybrid image N

A ™

\ )\ ——) J
(" Crown selection h (" Clustering ) (" Edge detection )
4=
. 7 2 - 7

Fig. 2 Workflow for segmenting a fine tree crown mask

crown mask were filled using a 3 X3 maximum filter, and
boundaries were smoothed using a 3 X3 mean filter. Pixels
with smoothed values greater than 0.5 were retained in the
final binary mask. To select only the tree crown, a minimum
size threshold of 900 pixels was applied. The resulting mask
constitutes a spatially constrained and structurally refined
representation of the tree crown.

Each segmented fine and coarse tree crown mask was vis-
ually validated with the RGB image of the tree crown. Addi-
tionally, two sections from two different tree crowns were
chosen and manually segmented. Due to the required level of
segmentation detail, not all trees were segmented manually;
only a representative subset of twelve trees in total, three
typical trees per vitality class, was selected for validation.
In ArcGIS Pro (version 2.8.3), the manual segmentation was
executed, and a tree crown polygon was generated for all
three mask types: manual, fine and coarse. The total area was
calculated for all masks. To quantify the overlap between the
segmentations, we employed the Intersect tool to create an
intersection polygon (Area_overlap), for both the compari-
son of the manual and automated fine and coarse segments.
This allowed to compute the Intersection over Union (IoU), a
widely used metric for segmentation accuracy (Mishra et al.
2021; Sahin et al. 2023; Speckenwirth et al. 2024). The IoU
is defined as the ratio of the overlapping area between the
manual segmentation (A) and the automated segmentation
masks (B) to the total area encompassed by both, as defined
by Eq. 3.

IoU = ——— (3)

In addition to IoU, we examined false positives and false
negatives to identify over- and under-segmentation. The Erase

tool in ArcGIS Pro was used to extract false positives, repre-
senting areas detected by the automated segmentations but
absent in the manual delineation. False negatives, on the other
hand, represent regions that were included in the manual seg-
mentation but missed by the automated methods. To further
evaluate segmentation performance, Precision and Recall were
computed, as shown in Eqs. 4 and 5:

L. Ar eaoveriap
Precision = 4)
Areanven!ap +A reaf(t{sepusilive

Ar eam’crlup

Recall =

Areanvcrlup + Areqfal.\‘enfgmive (5)
Based on these, we derived the Fl-score as described by
Eq. 6, which highlights the correctly identified true positives
and true negatives:
Flscore = 2 x Prec{s:jan # Recall ©)
Precision + Recall
As an additional test, the novel fine tree crown segmenta-
tion workflow was applied to the orthophoto of the Schorndorf
orchard. Following the generation of a binary tree crown mask,
the output was spatially aligned with the georeferenced tree
positions recorded using the Stonex S9III (STONEX® Srl,
Paderno Dugnano, Italy). This alignment enabled the inte-
gration of the segmentation results with precise ground-truth
coordinates.
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Statistical analysis

For both fine and coarse segmented tree crown masks, a
mean NDVI value was calculated. To assess differences in
the mean values and standard deviation (SD) of NDVI val-
ues between the fine and coarse mask types across vitality
classes, pairwise statistical comparisons were conducted
using the Wilcoxon rank-sum test.

To assess differences between the coarse and the fine
tree crown segmentations, the proportion of crown area
differences between the two mask types was quantified.
Since tree crowns vary in size, direct comparisons of abso-
lute differences would be misleading. Therefore, the differ-
ence area was expressed as a proportion of the total coarse
mask area, ensuring an unbiased comparison across trees
of different sizes. The resulting proportionate difference
values were analysed in relation to tree health classifi-
cations to identify potential differences in segmentation
refinements across different vitality conditions.

Additionally, only the NDVI values of the fine mask
were further analysed to assess the homogeneity of index
values per tree crown in relation to vitality class. Both the
SD and coefficient of variation (CV) were calculated per
tree crown and tested for statistical differences between the
four vitality classes. A Kruskal-Wallis test was performed
to determine whether significant variation existed between
vitality classes. Post-hoc pairwise comparisons were con-
ducted using the Wilcoxon rank-sum test with Bonferroni
correction.

Results

Segmentation results and evaluation

Both methods applied for the automatic segmentation of ash
tree crowns successfully identified and delineated the crown

shape, as illustrated in Fig. 3, which shows four exemplary
ash trees representative of the four vitality classes analysed

Fig. 3 RGB image (a), NIR image (b), coarse mask (c¢) and fine mask (d) of four exemplary ash tree crowns for the four vitality classes 1 to 4
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in this study. The coarse mask worked well for trees with
only mildly damage (Fig. 3: 1-c and 2-c). However, for trees
with more severe damage, crown gaps were not sufficiently
considered (Fig. 3: 3-¢ and 4-c). Particularly for trees with
very severe damage (vitality class 4) large areas of ground
pixels were included in the coarse crown mask. In compari-
son, the fine mask was able to segment the leaf mass in
more detail, especially for the more severely damaged trees
(Fig. 3: 3-d and 4-d). While segmentation results from the
fine and coarse masks were visually similar for trees in vital-
ity classes 1 and 2, the fine mask provided a more precise
representation of the crown for trees in classes 3 and 4.

All 360 segmented tree crown masks were validated visu-
ally in comparison with the RGB images. Six individual
trees, three of the coarse and three of the fine masks did not
accurately segment the tree crown. Consequently, both mask
types for these six trees were subsequently excluded from
further analysis.

To systematically evaluate the segmentation performance
across varying crown conditions, the fine and coarse seg-
mentation masks were compared to manually delineated
reference crowns across four vitality classes (Table 1).
Both masks achieved high [oU values (mean IoU of 0.94
for the fine and 0.93 for the coarse mask). The manually
segmented mask accurately represented internal gaps, while

the coarse mask did not present any crown gaps. As a result,
even over-segmented crowns, such as those from the coarse
mask, could still achieve a high IoU due to increased overlap
with the manual reference crown. Nevertheless, differences
between the fine and coarse mask emerged in the precision
and F1-score, particularly under more structurally hetero-
geneous conditions for trees with severe damage due to ash
dieback. Both mask types were able to capture the outline
of the crown (Fig. 4c, d), however while the fine mask was
able to represent internal crown gaps in high detail, the
coarse mask only captured the outline of the crown (Fig. 4g,
h). The fine mask exhibited consistently higher accuracy
across most metrics. Notably, in vitality class 4, representing
crowns with severe damage and increased structural irregu-
larity, the fine mask substantially outperformed the coarse
mask in terms of precision (0.86 vs. 0.78) and F1-score (0.91
vs. 0.85), indicating an increased ability to avoid over-seg-
mentation in complex canopy structures. While both mask
types achieved similarly high recall values across all vitality
classes (= 0.97), reflecting a general robustness in detecting
crown presence, the fine mask demonstrated greater consist-
ency and balance across all evaluated metrics. The overall
higher precision (0.94 vs. 0.91) and Fl-score (0.96 vs. 0.94)
of the fine mask further underscore its enhanced delineation
quality. These results suggest that increased spatial detail in

Table 1 Mean investigated

X Class
metrics to evaluate the success

Ground truth—fine mask

Ground truth—coarse mask

of segmentation of the fine and ToU Precision Recall Fl1 loU Precision Recall F1
coarse mask in comparison the
manual segmentation (ground Class 1 0.97 0.98 0.99 0.98 0.96 0.99 0.98 0.98
truth) for the four vitality Class 2 0.95 0.96 0.99 0.98 0.93 0.96 0.98 0.97
Classee: cach elasereproscaid Class 3 092 097 0.95 096 089 092 0.97 0.95
by three individual trees
Class 4 0.93 0.86 0.98 091 0.94 0.78 0.97 0.85
Overall mean 0.94 0.94 0.98 0.96 0.93 0.91 0.97 0.94

Fig. 4 RGB image (a, e), detailed manual segmentation of a part of a tree crown (b, f), fine segmentation (c, g) and coarse segmentation (d, h)
of the edge area of an ash tree crown (a—d) and a crown with severe gaps (e-h)
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crown segmentation enhances accuracy, particularly under
conditions of elevated canopy heterogeneity.

Differences per mask type

Based on the 174 individual images of analysed ash trees
derived from the different flight missions in June, July and
October from both ash orchards, slightly higher NDVI val-
ues were recorded for the fine mask in comparison to the
coarse mask. However, these differences were not statisti-
cally significant in any of the four vitality classes (Fig. 5).
Independent from the mask type, a decrease in NDVI values
was observed with an increasing damage due to ash dieback.
Additionally, the mean NDVI calculated for the difference
area (the region included in the coarse mask but excluded
in the fine mask) was significantly lower than that of the
fine mask in all vitality classes (p <0.001), indicating that
the excluded areas, mainly ground pixels beneath the crown
and large exposed branches, have substantially lower NDVI
values.

In contrast to the mean NDVI results, the SD values
differed between the fine and coarse mask, with a signifi-
cant difference observed between mask types in both vital-
ity classes 2 and 3 (Fig. 5). The SD of the NDVI values
increased with vitality class, demonstrating greater variabil-
ity in NDVI values for severely damaged ash tree crowns.

The proportionate difference area between the coarse
and fine mask, demonstrated an increase with more
severely damaged ash trees (Fig. 6). The Kruskal-Wallis
test proved statistical significance (p =0.022). While the
area between the two mask types differed only slightly
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Fig. 6 Difference proportionate area between coarse and fine masks
for the four vitality classes for the analysed 174 images from ash trees
at the two seed orchards

for class 1, the difference was much more pronounced
in classes 3 and 4, indicating differing fine and coarse
segmentations. The post-hoc test revealed a statistically
significant difference only for class 1 and 3 (p=0.033).
However, these results indicate an increasing deviation of
the segmented areas of the two mask types with increas-
ing damage severity, likely attributable to the increase of
crown gaps with more severe damage.

P=0.274 P=0.008 P=0.009 P=0.3I8
0.20
L .

>
a
Z 0.15
o) Eﬂ
) .
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1 2 3 -+
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Fig. 5 Boxplots of the mean and SD NDVI values calculated from the two mask types, analysed among the 174 images for both coarse and fine

masks, for the four vitality classes at the two seed orchards
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Homogeneity of NDVI values

To assess spatial variability of NDVI in relation to canopy
condition, the SD and CV of NDVI values were calculated
for individual trees applying the fine crown segmentation
method and compared across vitality classes (Fig. 7). Box-
plot analysis revealed a significant increase in both NDVI
SD (Kruskal-Wallis, p-value=0.024) and NDVI CV
(Kruskal-Wallis, p-value =0.012) with declining tree vital-
ity. Notably, trees in class 4 exhibited significantly higher
NDVI SD than those in class 1 to 3, indicating greater het-
erogeneity in canopy reflectance.

Moreover, the CV showed a consistent upward trend
from class 1 to class 4, with a statistically significant differ-
ence between class 1 and 4. This suggests that, in addition
to the observed decrease in NDVI values with increasing
disease severity (Fig. 5), the relative variability of NDVI
within individual tree crowns becomes more pronounced.
While SD reflects the absolute spread of NDVI values, the
CV normalizes this spread by accounting for mean differ-
ences between trees, thus emphasizing the disproportionate
increase in heterogeneity among more severely damaged
individuals. Therefore, healthier trees have both higher and
more consistent NDVI values, whereas trees suffering from
advanced ash dieback show lower NDVT and increased spa-
tial irregularity across their crowns.

Tree crown segmentation in orthophoto

The application of the newly developed workflow for a
detailed tree crown segmentation was also successfully
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applied to an orthophoto generated from a UAV-survey.
Despite the lower image resolution due to the flight height
of 80 m, individual tree crowns were successfully delineated
from their surroundings (Fig. 8). Not only the shape of the
tree crowns was replicated but also gaps in the tree crowns
(Fig. 8, purple frame), both in large trees and in smaller
ash trees with severe damage (Fig. 8, orange frame). How-
ever, in cases where trees were in contact to surrounding
trees, segmentation often merged them into a single object
(Fig. 8, blue frame), highlighting a limitation of the method.
These results emphasize the importance of spatial separation
between individual trees for the segmentation technique to
function reliably.

Discussion
Fine and coarse tree crown masks

A novel workflow for the detailed segmentation of ash tree
crowns was developed in this study and successfully applied
to multispectral close-up UAV imagery and an orthophoto
of trees affected by ash dieback.

The ash trees investigated in this study were located on
two ash tree orchards, with generous spacing between indi-
vidual trees. While this setup provides clear crown outlines,
the surrounding vegetation, primarily tall grass and small
bushes, adds background complexity. Despite these condi-
tions, both tree crown segmentation methods were able to
successfully segment the crowns from their surroundings.
Accurate segmentation of green plant material is readily
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Fig.7 SD of the NDVI values of the fine mask per vitality class and CV of NDVI of the fine mask per vitality class with significant post-hoc

results displayed as bars at the top for the analysed 174 images
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Fig. 8 Segmented tree crowns from an orthophoto with highlighted examples: the crown of a single ash tree (purple frame), detailed images of
merged trees (blue frame) and a small, severely damaged ash (orange frame)

achievable when close-up images feature a uniform back-
ground. This has been demonstrated among others by Khan
et al. (2022), who applied semantic segmentation techniques,
and by Wacker et al. (2024), who employed multispectral
imaging in combination with chlorophyll fluorescence to
enable segmentation. However, as noted by Mishra et al.
(2021), segmentation becomes considerably more challeng-
ing when the background contains vegetation with similar
spectral properties. For instance, while deep-learning mod-
els were able to differentiate between crop and weed, dif-
ficulties in separating the plant material from the surround-
ing soil and similar vegetation were reported (Sahin et al.
2023). However, the results of this study demonstrate that
successful crown delineation is achievable even in semi-
structured environments with vegetation with similar spec-
tral properties.

Many studies on tree crown segmentation rely on remote
sensing data acquired from UAVs or satellites (Heenkenda
et al. 2015; Zhang et al. 2020; Lassalle et al. 2022). While
these datasets often offer relatively high spatial resolution,
they frequently lack the detail necessary to capture fine-scale
crown structures, such as small canopy gaps, resulting in
coarser crown outlines that may not accurately reflect true
crown morphology. Only a few studies reported tree crown
segmentation results with a level of detail comparable to that
achieved in the present study. For instance, LiDAR point
clouds have been used to accurately calculate crown volume
and segment citrus trees with high morphological accuracy
(Liu et al. 2021). Similarly, morphological image analysis
applied to multispectral UAV data has enabled detailed
crown segmentation in olive orchards (Sarabia et al. 2020),

@ Springer

and similar methods were also successfully tested on other
orchard species, including lemon and orange trees (Ponce
et al. 2022). Additionally, adaptive thresholding combined
with watershed segmentation enabled precise delineation of
peach tree crowns (Mu et al. 2018). Beyond morphological
techniques, deep learning models have shown considerable
potential for high-precision crown segmentation. For exam-
ple, frameworks combining object detection models such as
YOLOv4 with LiDAR-derived heightmaps have effectively
segmented tree crowns (Sun et al. 2022). UAV-borne LiDAR
datasets have been applied across diverse forest types (Chen
et al. 2021), and multiple semantic segmentation architec-
tures have been evaluated on multispectral aerial and satel-
lite imagery, further demonstrating the versatility of deep
learning approaches for crown segmentation (Ulku et al.
2022).

A key strength of the novel approach developed in our
study lies in its ability to segment tree crown areas without
the need for annotated training data, making it particularly
valuable for large study sites. The combination of spectral
and textural indicators—such as NDVI, NIR reflectance, and
GLCM-derived metrics—enhances robustness of the method
against within-crown variability and background interfer-
ence. By incorporating edge information and applying
unsupervised k-means clustering, the workflow effectively
captures the structural heterogeneity commonly observed in
high-resolution UAV imagery. The application of k-means
clustering in this context has proven to be a viable tool for
vegetation or tree crown segmentation, as supported by pre-
vious studies. For example, Moussaid et al. (2021) applied
k-means clustering to multispectral satellite images of
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orchards to segment overlapping tree crowns, successfully
distinguishing vegetation from soil and shadows. Similarly,
Cinat et al. (2019) compared k-means with other unsuper-
vised methods for segmenting vineyard canopies using UAV-
acquired RGB and NIR-Red-Green imagery, demonstrating
the applicability of the method in agricultural contexts.

Texture features have been shown to significantly enhance
the segmentation and classification of tree crowns. Both Wu
et al. (2004) and Erdem and Bayrak (2023) demonstrated
that incorporating texture information, ranging from sim-
ple image gradients to advanced radiomic descriptors, can
improve accuracy in identifying crown boundaries and dis-
tinguishing species.

In our novel tree crown segmentation approach, the NIR
image and derived NDVI serve as the basis input for all fur-
ther segmentation steps. The suitability of NDVI and NIR
imagery for tree crown segmentation has been consistently
demonstrated across multiple studies. Kang et al. (2017)
showed that UAV-acquired NIR imagery provided strong
spectral contrast between eucalyptus crowns and their sur-
roundings, enabling accurate segmentation. Furthermore,
Safonova et al. (2021) highlighted, that models trained on
NDVI and GNDVI (Green Normalized Difference Vegeta-
tion Index) outperformed those using RGB alone for seg-
menting olive tree crowns. These studies confirm that NDVI
and NIR imagery can enhance crown visibility. Despite these
advantages, using the NIR image for segmentation alone can
introduce variability due to different illumination conditions,
especially in shadowed areas within the crown diminishing
visual consistency. Conversely, NDVI by itself often lacks
sufficient contrast to clearly distinguish the tree crown from
spectrally similar surrounding vegetation. As demonstrated
in our study, generating a hybrid image by merging NIR and
NDVI data enhances crown delineation. This fusion high-
lights crown structure while simultaneously reducing the
visual impact of shadowed regions and thereby offering a
more consistent and robust basis for segmentation.

The UAV close-up images were captured at two study
sites from June to October, covering different stages of the
vegetation period of the common ash. No differences in
segmenting the images were noted for the three analysed
months, indicating that the developed segmentation algo-
rithm can be applied to images captured during the entire
vegetation period of the common ash. However, as Lu et al.
(2022) pointed out, natural illumination can cause shaded
and non-shaded areas within individual crowns. These
effects were minimized by generating the hybrid NIR-NDVI
image in our study. Additionally, a more evenly distribu-
tion of shadowed areas can be achieved by performing UAV
surveys under overcast conditions, which avoids the harsh
contrasts caused by direct sunlight.

Although the SAM model did not capture crown gaps
and lacked detail along the crown edges, it was still able

to generate tree crown masks that accurately represented
the overall crown outline. However, in our study, the SAM
model was applied exclusively to individual images of tree
crowns, with the crown consistently positioned at the centre
of each image. The SAM model was also able to detect and
segment tree crowns to analyse changes in riparian wood-
land (Dawson et al. 2025). Similarly Balasundaram et al.
(2024) reported successful background separation of plants
using SAM. However, in a comparative evaluation, SAM
underperformed relative to three other deep learning models
(Speckenwirth et al. 2024). In our study, the SAM model
was configured to generate three segmentation masks per
ash tree crown. Each mask was manually reviewed, and the
most accurate one was selected. However, relying solely on
the model’s confidence scores would have occasionally led
to the selection of an incorrect mask.

Validation of a representative subset of the data revealed
a high IoU for both the fine and coarse segmentation masks.
However, a closer examination of precision and F1-score
metrics indicated that the fine mask more accurately cap-
tured the true shape of the tree crowns. These findings sug-
gest that, although both segmentation approaches performed
reasonably well in delineating the general crown area, the
fine mask provided a more accurate representation of the
actual crown structure. This advantage was particularly evi-
dent in severely damaged trees, where accurate depiction of
remaining leaf mass is critical. Therefore, fine-scale segmen-
tation is strongly recommended in contexts where detailed
crown morphology and subtle structural variation are of
analytical importance. This distinction proves as particu-
larly important when assessing the health condition of ash
trees, where crown size and internal structure serve as key
indicators of disease severity. In severely damaged crowns,
structural complexity increases due to the emergence of epi-
cormic shoots (Enderle et al. 2015). These dense clusters can
partially close crown gaps and create a more heterogeneous
crown surface. As aresult, the coarse segmentation approach
tends to miss fine structural details and underestimates the
distribution of living biomass, especially where small, scat-
tered shoots predominate.

Both the development of the fine-scale tree crown seg-
mentation workflow and the application of the SAM model
were conducted on very high-resolution images of indi-
vidual ash trees. To assess the workflow’s transferability to
coarser spatial scales, its performance was further evalu-
ated on lower resolution orthophotos. Despite the reduced
resolution, the segmentation approach, designed to isolate
leaf mass, proved effective when applied to an entire ash
tree orchard. These results demonstrated the method’s scal-
ability and robustness, highlighting its potential for broader
application in landscape-level crown analysis. While crown
gaps were accurately identified and the reduced leaf mass in
severely damaged trees was well captured, cases where tree
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canopies overlapped often resulted in a single segmented
crown encompassing multiple adjacent trees. This challenge
was also observed by Mu et al. (2018) and Sarabia et al.
(2020). However, additional processing steps like morpho-
logical erosion (Marques et al. 2019) or seed markers from
regional maxima and a watershed algorithm (Ponce et al.
2022) can further improve the tree crown masks and separate
connecting masks.

NDVI analysis

One of the main objectives of this study was to assess
whether delineating only the coarse crown outline is suf-
ficient for calculating mean vegetation index values in
severely damaged ash tree crowns. In particular, we exam-
ined whether the increasing presence of crown gaps signifi-
cantly affects these values. While no significant differences
in mean vegetation index values were observed between the
fine and coarse crown segmentations, the analysis of the dif-
ference area, i.e., the part included in the coarse but excluded
from the fine mask. revealed substantially lower NDVI val-
ues across all vitality classes. This suggests that although
the inclusion of ground pixels does not markedly alter the
overall mean index when comparing full crown masks, it
does introduce a component with clearly lower vegetation
activity, particularly reflecting gaps and exposed background
beneath sparse crowns.

The observed decline in mean NDVI values with increas-
ing damage due to ash dieback is in accordance with the
findings of Buchner et al. (2025), who also reported lower
NDVI values in severely damaged ash trees compared to
those with only mild symptoms. This decrease in NDVI is
explained by the loss of chlorophyll-rich foliage in damaged
crowns, leading to reduced reflectance in the NIR spectrum
relative to the red spectrum.

The comparison between coarse and fine crown masks
revealed notable differences in NDVI variability across vital-
ity classes. While SD of NDVI increased with declining tree
vitality, significant differences between mask types were
observed particularly in moderately damaged trees (classes 2
and 3). In these cases, coarse masks yielded higher variabil-
ity, likely due to the inclusion of non-foliar elements such
as exposed branches and crown gaps. In contrast, the fine
masks, which focused on leaf mass, provided a more con-
sistent and presumably a more biologically relevant meas-
ure of canopy composition. The area difference between the
fine and coarse masks also increased with damage severity,
reflecting the greater inclusion of non-leaf pixels in coarse
masks as crown gaps expanded.

The analysis of NDVI variability within in detail seg-
mented ash tree crowns, revealed a consistent increase in
heterogeneity in index values with rising damage severity,
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indicating that NDVI values vary within the crown, espe-
cially in trees with severe damage. Similarly, Flynn et al.
(2024) documented a spatial pattern in greenness (green
chromatic coordinate) decline toward the crown extremi-
ties, whereas healthy ash trees, not affected by ash dieback,
showed increased greenness at the edges. These results sug-
gest that infection increases within-crown heterogeneity.
Accordingly, while mean NDVI values can reliably represent
overall crown condition in trees with mild symptoms, they
may not fully capture the internal variability of crowns in
more severely damaged individuals.

The proposed workflow, designed to account for signifi-
cant crown gaps in ash trees affected by dieback, proved
effective in evaluating the influence of external pixel inclu-
sion on mean vegetation index values and in capturing dif-
ferences in crown homogeneity across damage classes. Its
main limitation lies in the requirement for isolated ash trees
without overlapping foliage from surrounding vegetation.
However, the workflow offers considerable flexibility, such
as adjustable hybrid blending and clustering parameters,
making it readily adaptable to other vegetation types and
research objectives.

Conclusion

Detailed segmentation of the leaf mass in ash trees affected
by ash dieback is feasible and can be applied not only to
individual close-range multispectral UAV images but also
to orthophotos generated from broader UAV surveys. This
novel workflow effectively captures both fine crown edges
and internal crown gaps. However, as demonstrated by the
comparison between fine and coarse crown segmentation,
there was no significant difference in mean vegetation index
values per crown, indicating that coarse tree crown seg-
mentation is sufficient for such calculations. Nonetheless,
the fine segmentation revealed increasing heterogeneity in
NDVI values with greater symptom severity. Therefore, for
in-depth crown analysis, particularly when assessing struc-
tural integrity or spatial variation in canopy health, the fine
segmentation method is recommended. Our approach sup-
ports remote, scalable, and reproducible monitoring of forest
health, applicable beyond ash dieback and relevant to tree
species under similar stressors.
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5.1 Linking visual symptoms with leaf-level physiological and morphological traits

Ash dieback manifests as a complex interaction between pathogen infection and host response,
resulting in both visible symptoms and less apparent physiological changes (Semizer-Cuming
et al. 2019, Eisen et al. 2024, Przybylski et al. 2025). While crown dieback and leaf loss are
well-known and easily recognizable signs of infection, these visible symptoms provide only
limited insight into the underlying functional changes of affected trees.

A closer examination of leaf-level traits can reveal how ash dieback connects to key physiolog-
ical processes, such as photosynthetic performance and morphological changes, that may reflect
the tree’s ability to cope with or resist the pathogen. However, while Publication 1 found that
SLA decreases with increasing ash dieback severity, it remains unclear whether this trait is a
cause or consequence of infection. In other words, it is yet to be determined whether trees with
inherently lower SLA are more susceptible to ash dieback, or if SLA is reduced as a physiolog-
ical response to the disease. Toome et al. (2010) reported a link between low SLA and reduced
susceptibility of willows (Salix spp.) to leaf rust, while Mclntire (2023) also associated variation
in SLA with disease symptom severity. In contrast, Call and St Clair (2017) observed reduced
SLA in infected aspen (Populus tremuloides Michx.) but emphasized that it remains unclear
whether this trait is a cause or a consequence of infection. To resolve this, longitudinal studies
tracking individual trees affected by ash dieback over time, prior to and following infection,
would be essential. Such an approach could identify whether trees exhibiting lower SLA before
visible symptoms emerge are more likely to experience severe decline. Additionally, including
unaffected control populations from regions where ash dieback progression is not yet as ad-
vanced, could help distinguish baseline SLA variation from disease-induced changes. Only
through these approaches can SLA be validated as a reliable early indicator of tree resilience or
vulnerability to Hymenoscyphus fraxineus. Importantly, Publication 1 could not include com-
pletely healthy trees due to the widespread presence of ash dieback in Germany (Fuchs et al.
2024), no healthy trees were found on any of the study sites. Therefore, comparisons were lim-

ited to mildly versus severely damaged trees.

Publication 1 assessed five traits related to leaf physiology and morphology to determine the
impact of ash dieback severity on a leaf-level scale. Among them, only specific traits showed
significant differences between mildly and severely affected ash trees. Ash dieback severity was
assessed by visually rating the disease symptoms (Peters et al. 2021), and these severity levels

were then analysed in relation to the measured leaf traits.
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Chlorophyll fluorescence:

Although chlorophyll fluorescence is widely used to detect plant stress (Mandal et al. 2009,
Rosyara et al. 2010, Martinez-Ferri et al. 2016), its interpretation in the context of ash dieback
proved challenging. While some sites and years showed lower F\/F;, values in severely affected
trees, this pattern was not consistent. Environmental stressors, particularly drought during sam-
pling at the site Grabenstitt, likely confounded results. While low F\/F, can be indicators of
stress, the cause of stress cannot be determined. The fungal pathogen Hymenoscyphus fraxineus
follows a hemibiotrophic infection pattern (Mansfield et al. 2019), alternating between utilizing
living host tissue (biotrophic phase) and dead host tissue (necrotrophic phase) (Perfect and
Green 2001). Consequently, leaf-level stress responses may remain undetectable during the bi-
otrophic phase, as damage to chloroplasts within the leaves is likely to occur primarily during

the necrotrophic stage (Ajigboye et al. 2016).

Chlorophyll content:

Chlorophyll content measurements exhibited site-dependent trends. While the two seed planta-
tions presented lower SPAD values in severely affected trees, the opposite was observed at the
Grabenstitt site. Consistent with the observed decrease in chlorophyll content in severely dam-
aged ash trees at the two plantation sites, numerous studies have reported reduced chlorophyll
content levels in plants affected by various diseases (Zhao et al. 2011, Yahya et al. 2020, Arafat
et al. 2021). The inconsistency of higher and lower SPAD values with severe damage may re-

flect local additional environmental influences.

Specific Leaf Area:

SLA was consistently lower in severely damaged ash trees across all study sites and in both
study years, although the differences were not always statistically significant. This trend aligns
with findings from studies on other diseased species (Espaina-Guechd et al. 2020, Mclntire
2023). However, SLA can vary within tree crowns depending on sunlight availability, with
studies reporting higher SLA in shaded leaves and those located at the lower canopy levels in
Fraxinus excelsior L. (Petritan et al. 2009, Legner et al. 2014). Although this study controlled
for light conditions during sampling, some within-crown variability in SLA remains possible.
A negative relationship between SLA and chlorophyll content was observed, with higher chlo-
rophyll levels corresponding to lower SLA. This pattern, also reported in other diseased plant
species (Nageswara Rao et al. 2001, Nigam and Aruna 2008, Marenco et al. 2009), suggests
that increased chlorophyll concentration may serve as a compensatory mechanism to offset the

reduced surface area available for light absorption (Basu et al. 2019).
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Leaf thickness:

Severely affected trees also tended to have thicker leaves, although this difference was statisti-
cally significant in only two of the investigations and was correlated with a reduced SLA.
Thicker leaves are reported in other stressed plants as part of a defensive response (Alonso-
Villaverde et al. 2011, Ahn et al. 2020), potentially due to increased cell wall development or a
higher water content (McIntire 2023). However, for some species, no clear relationship between
leaf thickness and infection has been observed (Jarosz et al. 1982), suggesting species-specific
physiological responses. Moreover, assessing leaf hydration could provide valuable context, as

it may help account for environmental influences on leaf structure (White and Montes-R 2005).

Fluctuating Asymmetry:

FA did not show significant differences between trees with varying levels of ash dieback dam-
age. Significant differences were limited to one principal component at a single site. These
findings are consistent with previous research reporting mixed results regarding the effective-
ness of FA in detecting subtle stress symptoms (Ambo-Rappe et al. 2008, Garcia-Jain et al.
2022, Gavrikov et al. 2023). These limitations, along with concerns about high measurement
error and limited reproducibility (Kozlov 2015, Kozlov et al. 2017, Dodonov et al. 2024), re-

duce the reliability of FA as a stress indicator.

In summary, neither chlorophyll fluorescence nor FA showed significant correlations with ash
dieback severity, while chlorophyll content and leaf thickness demonstrated only weak or in-
consistent associations. Among all assessed traits, only SLA consistently and significantly re-
sponded to increasing disease severity, underscoring a strong relationship between ash dieback

pressure and morphological changes in the leaves of Fraxinus excelsior L.

5.2 Assessing ash dieback severity using multisensory remote sensing

While Publication 1 investigated how visual symptoms of ash dieback relate to physiological
and morphological changes at the leaf level, Publication 2 approaches the same visual severity
framework from a remote sensing perspective. It complements the findings of Publication 1 by
exploring whether these visually assessed severity levels can be reliably detected through UAV-
derived vegetation indices and sensor data. This shared reliance on visual field ratings as a
reference point links the two studies conceptually, while highlighting different methodological
pathways: ground-based trait measurements versus airborne spectral analysis for assessing dis-

ease impact.
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Vegetation indices derived from remote sensing imagery can highlight variations in spectral
properties, often emphasizing biochemical parameters such as chlorophyll content (Cui and
Zhou 2017). They are commonly used to distinguish between healthy and diseased plants at the
canopy level (Yu et al. 2014). Hunt et al. (2013) demonstrated a strong and consistent correla-
tion between a specific vegetation index and field-measured chlorophyll content, thereby high-

lighting the close connection between canopy physiology and remotely sensed spectral data.

Publication 2 focused on assessing the potential of UAV-based remote sensing to detect and
classify ash dieback severity in Fraxinus excelsior L. Using RGB, multispectral, and thermal
sensors across different stages of the vegetation period of the common ash, the study evaluated
how well vegetation indices and newly determined thresholds could reflect visually assessed

damage levels.

The results demonstrated that thresholds derived from multispectral vegetation indices, partic-
ularly DVI (Difference Vegetation Index), NDVI (Normalized Difference Vegetation Index),
and GNDVI (Green Normalized Difference Vegetation Index), were most effective in distin-
guishing between mildly and severely affected ash trees. RGB-based indices performed slightly
less well overall, although GRVI (Green-Red Vegetation Index), ExG (Excess Green Index),
and RGRI (Red-Green Ratio Index) achieved the highest classification accuracies within this
group. The combination of two multispectral and one RGB index led to an even higher accuracy
of 77.2 %. In the context of ash dieback, multispectral vegetation indices have been shown to
effectively detect varying degrees of disease severity (Waser et al. 2014, Kampen et al. 2019).
More broadly, multispectral remote sensing and the derived vegetation indices have been
widely recognized as valuable tools for assessing disease impact across a range of different
species (Abdulridha et al. 2019, Chang et al. 2020, Ye et al. 2020). Similarly, RGB imagery, a
more readily available data source, has also been reported as highly effective in detecting plant
disease impacts (Cai et al. 2018, Bhandari et al. 2020, Garza et al. 2020), as it has been proven

in Publication 2.

The study introduced a novel threshold-based classification approach, identifying vegetation
index value ranges capable of distinguishing between mild and severe ash dieback damage.
Classification accuracies of individual vegetation index thresholds reached up to 74.9 %, al-
lowing for a realistic estimation of disease progression at the level of individual trees. However,
achieving a perfect binary separation between damage classes remains challenging due to the
inherently continuous and dynamic nature of tree health status. In this study, both RGB and

multispectral data types successfully distinguished between varying levels of ash dieback
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severity by applying threshold-based classifications to separate vegetation index values associ-
ated with mild and severe damage. UAV surveys conducted during the summer months yielded
more stable and reliable vegetation index thresholds compared to those including autumn data.
Although the application of vegetation index thresholds is feasible throughout the entire grow-
ing season of the common ash, surveys performed in summer are recommended to ensure the

highest accuracy and consistency of results.

In contrast to multispectral and RGB data, thermal data, despite its proven utility in other plant
disease contexts (Raza et al. 2015, Smigaj et al. 2015, Jafari et al. 2017, Poblete et al. 2020) did
not significantly exhibit the anticipated pattern of increasing crown temperature with greater
ash dieback severity. While increased canopy temperatures were observed in some UAV sur-
veys, the effect was statistically significant in only two instances. One possible explanation lies
in the spatial resolution of the thermal imagery; UAV flights were conducted at an altitude of
80 meters, resulting in an image resolution of approximately 10.48 pixels/cm, which may not
be sufficient to capture subtle leaf-level temperature variations. Moreover, previous studies
have shown a biphasic thermal response to disease, with an initial decrease in temperature dur-
ing early infection stages followed by an increase as symptoms worsen (Lindenthal et al. 2005,
Baranowski et al. 2015, Jafari et al. 2017). Since this study relied on mean canopy-level tem-
peratures, the coexistence of leaves at varying infection stages may have masked finer-scale
thermal signals. Additionally, uncertainties related to thermal sensor calibration (Leblanc et al.
2021), as well as external factors such as wind speed, wind direction, and UAV flight velocity
(Malbéteau et al. 2021), may further affect the reliability and consistency of thermal measure-
ments. These findings suggest that environmental variability, coupled with disease-specific
thermal dynamics, can complicate the interpretation of thermal data for ash dieback monitoring.
As such, while thermal imaging holds promise, its utility for detecting ash dieback severity
under field conditions may be limited without higher resolution or targeted analyses at finer

spatial scales.

Together, these findings on different remote sensing sensors underscore the strong potential of
UAV-based monitoring for assessing ash dieback severity. The spectral variability captured
through multispectral and RGB remote sensing closely mirrors the progression of disease symp-
toms identified in field-based visual assessments, demonstrating a reliable correspondence be-
tween airborne data and ground observations. Publication 1 revealed that, among the examined
leaf traits investigated through field measurements, only SLA consistently showed a significant

relationship with ash dieback severity. This limited number of significant leaf-level indicators
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underscores that UAV-based remote sensing approaches should be prioritized for assessing
overall damage severity, as they provide a scalable and efficient means of monitoring larger ash
populations. However, UAV data cannot capture the fine-scale physiological and morphological
changes in the same detail as field-based measurements, which remain essential for understand-
ing specific tree responses at the leaf level. Future research should focus on directly comparing
ground-based measurements, such as SLA and chlorophyll content, with specific vegetation
indices derived from UAV data to link fine-scale leaf traits with large-scale UAV-based remote

sensing observations.

UAV-derived methods represent a promising and scalable solution for forest health monitoring,
offering practical applications for both research and conservation management, while detailed
field measurements, as demonstrated in Publication 1, complement this approach by revealing

subtle physiological and morphological alterations due to ash dieback.

5.3 The role of tree crown segmentation precision

While spectral indicators provide valuable insights into ash dieback severity, their accuracy
depends heavily on the quality of individual tree crown segmentation. The precision with which
individual crowns are delineated directly influences the reliability of vegetation index values,
particularly in trees affected by advanced dieback, which often exhibit irregular canopy struc-
tures and extensive crown gaps. This leads to Publication 3, which focuses on the critical role
of crown segmentation precision in ensuring robust disease assessment using UAV-based re-

mote sensing in the context of ash dieback.

While both segmentation approaches, fine and coarse segmentation, evaluated in publication 3,
achieved similarly high Intersection-over-Union (IoU) values, trees classified in vitality classes
3 and 4, characterized by extensive crown gaps, exhibited higher precision scores under the fine
segmentation method. This suggests that finer delineation provides a more accurate representa-
tion of highly damaged crowns. However, when comparing mean vegetation index values cal-
culated per tree crown across both segmentation methods, no significant differences were ob-
served. This indicates that, for the purpose of calculating mean index values, a coarser segmen-

tation approach remains adequate despite variations in crown structure.

Various methods for automated tree crown segmentation exist, but very few reach the segmen-
tation detail necessary to capture crown gaps and irregular crown edges (Sarabia et al. 2020,

Ponce et al. 2022). Many segmentation approaches often prioritize detecting the general outline
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of tree crowns rather than capturing their detailed internal structure (Ke and Quackenbush 2011,
Zheng et al. 2025). However, the findings from Publication 3 highlight the limitations of such
coarse delineation, as NDVI homogeneity decreased noticeably with increasing ash dieback
severity, indicating greater within-crown spectral variability in more severely affected trees.
This aligns with findings by Flynn et al. (2024) who observed a decline in crown greenness
towards the edges in trees exhibiting advanced ash dieback symptoms. These patterns empha-
size the importance of refined crown segmentation that accounts for internal canopy structure

when assessing disease severity through UAV-derived vegetation indices.

Therefore, although Publication 3 indicates that coarse segmentation is generally sufficient for
calculating mean vegetation index values, the observed variability in NDVI homogeneity across
vitality classes suggests that the inclusion of non-foliage elements, such as ground pixels and
exposed branches, can still compromise accuracy. Epicormic shoots, which are often more prev-
alent in severely damaged trees, tend to be sparse and are more likely to be overlooked in coarse
segmentation approaches. Since these shoots may carry possibly more vital leaves, it is crucial
to ensure that all leaf areas, including those of epicormic origin, are accurately captured. For
the threshold-based classification workflow introduced in Publication 2 to be truly robust, seg-
mentation must delineate the actual leaf mass with precision, as background artifacts may ob-

scure subtle but critical changes in spectral reflectance.

The NDVI analysis of excluded ground pixels in Publication 3 further confirmed that NDVI
values from non-foliage areas were significantly lower than those derived from leaf mass. The
impact of such background inclusion is context-dependent, influenced by ground cover type,
such as exposed soil, understory vegetation, gras, or leaf litter, which introduces spectral noise
that can vary seasonally. These confounding elements can distort mean NDVI values and
weaken the correspondence with true canopy health. This underscores the importance of accu-
rate crown delineation that excludes non-leaf components. Ultimately, UAV-based ash dieback
severity classification methods, such as vegetation index thresholding, are only meaningful

when they accurately reflect underlying physiological stress at the leaf level.

5.4 Challenges and limitations

While the methods applied in this dissertation offer valuable insights into ash dieback monitor-

ing, several methodological and practical challenges must be acknowledged.
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Visual assessment methods, such as the vitality assessment score, developed by Peters et al.
(2021) based on Lenz et al. (2012), are widely used in forest health monitoring due to their low
cost and operational simplicity. However, some limitations remain. Observer bias and incon-
sistency are recurring challenges, with assessments often depending heavily on expert interpre-
tation. Lausch et al. (2017) noted that subjective field observations may vary across observers,
making standardization difficult and limiting comparability. To ensure consistency across the
three studies, all vitality assessments were conducted by a single trained observer. This ap-
proach minimizes inter-observer variability, which is a common limitation in visual assess-
ments. However, it is important to recognize that the health status of ash trees is not static but
rather dynamic and subject to gradual change. As such, the classification of trees into one of
the six vitality classes inherently involves subjective judgement, particularly for individuals
that exhibit characteristics near the threshold between two classes. This highlights the challenge
of assigning discrete categories to a continuous spectrum of decline, even under standardized

observation protocols.

Additionally, all ash trees across the four study sites exhibited visible symptoms of ash dieback,
and no entirely healthy individuals were identified. Consequently, all three publications are
limited to analyzing differences among damage classes 1 to 4, representing a gradient from mild
to very severe disease symptoms. None of the studies include a true baseline comparison with
unaffected trees. This limitation reflects the broader reality of ash populations in Germany,
where the disease is now so widespread that finding healthy individuals has become increas-
ingly rare. In a comprehensive nationwide study comprising over 1,300 ash trees distributed
across Germany, only four were recorded as healthy (Fuchs et al. 2024), underscoring the scar-

city of unaffected ash trees in current field conditions.

This widespread disease presence not only limits the availability of unaffected trees for com-
parative analyses but also requires careful selection of leaf samples to minimize confounding
effects from visible damage or secondary stressors. Therefore, for all investigations on leaf
physiology and morphology, only leaves without obvious damage were selected. Leaves show-
ing signs of insect damage, pronounced rippling, or other unclear causes of damage were ex-
cluded during sampling. Although all sampled trees exhibited symptoms of ash dieback, only
visually intact leaves were used for trait measurements. This selection approach therefore leads
to a potential underestimation of disease-related stress responses at the leaf level. By focusing
exclusively on visually undamaged leaf tissue, visibly affected or necrotic leaves were omitted,

even if these symptoms were possibly related to ash dieback. While this was necessary to
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maintain consistency in trait measurement and avoid confounding variables, it also limits the

ability to capture the full spectrum of leaf-level responses to ash dieback.

This constraint on sampling scope is echoed at the canopy level, where the effectiveness of
remote sensing-based classification similarly depends on capturing the full gradient of disease
severity within the study population. The novel vegetation index thresholds developed in Pub-
lication 2 are based on the premise that the full spectrum of ash dieback severity, from mild
(class 1) to very severe (class 4), is represented within the investigated site. For this threshold-
based classification workflow to be reliably applied to other locations, those sites must similarly
include trees spanning the complete range of vitality classes. If the site lacks individuals at
either end of the damage spectrum, particularly those in class 1 or class 4, the validity and
accuracy of the derived thresholds may be compromised. Consequently, the transferability of
this approach hinges on the local presence of a comparable distribution of disease severity.
Additionally, given the limited dataset size, the same data had to be reused for both training and

validation purposes. This overlap can lead to optimistic accuracy estimation, as noted by Yadav

and Shukla (2016).

One of the primary objectives of Publication 2 was to design a user-friendly workflow that
could be implemented by forest practitioners working with real-world ash populations, without
requiring extensive analytical expertise. The derived vegetation index thresholds, applied after
only a few processing steps, offer a practical basis for estimating ash dieback severity. However,
questions remain regarding the actual practicality of the workflow. While the use of pre-defined
thresholds is straightforward, the preceding steps, including UAV surveying, orthomosaic gen-
eration, crown segmentation, vegetation index calculation, and subsequent post-processing
steps, demand a certain level of technical proficiency. In practice, a foundational understanding
of the required software tools is likely essential, even if the workflow can be followed after a
brief introduction and explanation. To achieve a more comprehensive and robust threshold-
based damage estimation, the segmentation workflow presented in Publication 3 should ideally
be integrated into the approach outlined in Publication 2. However, the unsupervised machine
learning algorithm employed for detailed crown delineation is considerably more complex than
the straightforward application of thresholds. As such, it would likely demand a higher level of
technical expertise and may not be as easily accessible to practitioners without more extensive

training.

The two plantation sites, investigated with UAVs, offered several advantages, notably a spa-

cious planting grid that mostly prevented crown overlap between ash trees. However, the novel



5. Discussion 75

tree crown segmentation method developed in Publication 3 is currently not capable of individ-
ually segmenting overlapping tree crowns. Additionally, while ash tree identification on the
seed plantations was straightforward due to the spacious planting grid, this task becomes con-
siderably more complex in mixed forest stands. In such environments, an initial step would be
required to accurately identify and differentiate ash trees from co-occurring species before ap-
plying segmentation or damage assessment workflows. Multiple studies have successfully de-
veloped methods to detect ash trees within mixed forest stands, highlighting the feasibility of
species-specific identification in complex canopy environments. For instance, Waser et al.
(2014) reported an overall accuracy of 83 % in identifying ash trees using WorldView-2 data,
while Sapkota and Liang (2020) achieved a comparable accuracy of 82 %. Notably, Chan et al.

(2021) demonstrated even higher classification performance, with accuracies 290% using UAV-

based hyperspectral imagery. In complex urban environments, ash trees were identified with an
accuracy of 81 % (Pontius et al. 2017). These results underscore the potential for reliably iden-

tifying ash trees in diverse forest contexts.

However, overlapping tree crowns remain a challenge in dense or unmanaged stands. To ad-
dress this, additional analytical steps are required to segment individual crowns. Studies by
Marques et al. (2019) and Ponce et al. (2022) have demonstrated that various advanced seg-
mentation techniques can effectively separate overlapping crowns, thereby enhancing the accu-

racy of crown-level analyses in mixed-species settings.

5.5 Implications for the conservation of the common ash

Monitoring ash dieback effectively requires a multiscale approach that captures both subtle leaf-
level responses and broader canopy-level symptoms. Publication 1 explored physiological and
morphological changes at the leaf scale, while Publications 2 and 3 expanded this focus to the
crown level, using UAV-derived spectral and structural data to assess disease severity. Together,
these studies illustrate how early indicators of infection may appear at the leaf level, whereas
advanced decline becomes detectable through canopy structure and reflectance patterns, under-
scoring the importance of integrating biological and spatial scales in disease monitoring. This
work exemplifies the value of an interdisciplinary lens. By combining ground truth data (e.g.
vitality assessments, SLA, chlorophyll measurements), advanced UAV-based remote sensing,
and data-driven classification techniques (e.g. vegetation index thresholding, crown segmenta-
tion algorithms), it bridges the fields of plant physiology, remote sensing, and machine learning.

This interdisciplinary toolkit is essential for addressing complex forest disease dynamics, where
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early detection, scalability, and precision are critical for effective monitoring and conservation

efforts.

Gasparovi¢ et al. (2023) emphasize the transformative role of UAVs in forest health monitoring,
highlighting their capacity to extend assessments beyond traditional plot-based observations,
particularly in the context of ash dieback. Similarly, Ecke et al. (2022) underscore the need for
integrating UAV-based forest health monitoring into scalable, multi-temporal frameworks,
highlighting the importance of early stress detection and multi-sensor strategies, to enhance

long-term surveillance and adaptive management.

One of the most significant advantages of UAVs lies in their non-invasive capability to effi-
ciently survey large, often inaccessible areas, making them particularly valuable for monitoring
forest diseases such as ash dieback. Given the widespread presence of Fraxinus excelsior L.
across both forested and urban landscapes in Europe, scalable tools for assessing disease pro-
gression across large populations are critically needed. Accurate assessments of disease severity
provide vital insights into both the current health status of individual trees and the broader epi-
demiological progression of the disease, information that is essential for informed forest man-

agement and conservation planning.

Current recommendations, such as those by the FNR (2024) advise against the immediate re-
moval of infected ash trees, particularly those that only show mild to moderate symptoms. In-
stead, they advocate for a cautious, adaptive approach focused on preserving less-affected in-
dividuals, thereby maintaining ecosystem stability and potentially supporting natural regenera-
tion. Similarly, Skovsgaard et al. (2017) emphasize the importance of selective intervention,
recommending the removal of high-risk trees, such as those near roads or infrastructure, while
Enderle et al. (2019) also advise to conserve individuals that display signs of tolerance or resil-
ience. This approach not only reduces safety risks but also facilitates natural selection by al-

lowing potentially resistant genotypes to persist.

UAV-based remote sensing offers a promising pathway to support these management strategies.
By enabling repeated, high-resolution observations over time, UAVs can aid in the long-term
identification of disease-tolerant individuals. These ash trees could then serve as candidates for
conservation or breeding programs aimed at enhancing resistance within ash populations, as
highlighted by Adamcikova et al. (2023) and Seidel et al. (2025). Thus, integrating UAV mon-
itoring into disease management frameworks provides both practical and strategic benefits for

the conservation of Fraxinus excelsior L.
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To further enhance monitoring and response capabilities, future research should explore longi-
tudinal studies that track individual trees over multiple years to better understand disease pro-
gression and trait variability. Expanding the application of threshold-based workflows to new
regions with differing ash population structures will be critical to evaluate their robustness and
transferability. Additionally, improving crown-level detection in mixed forest stands, especially
those with overlapping canopies, remains a key technical challenge. Finally, developing user-
friendly analytical tools is essential to lower the entry barrier for forest practitioners and facili-

tate broader adoption of UAV-based monitoring strategies.

The results presented here serve as a blueprint for robust, multiscale monitoring of ash dieback
and can be adapted for broader forest health applications, including different species and vari-
ous plant diseases. As UAV and sensor technologies evolve, their convergence with plant pa-
thology and data science will be central to conserving Fraxinus excelsior L. and managing

emergent forest threats.

6 Conclusion

Ash dieback remains one of the most severe biotic threats to Fraxinus excelsior L. across Eu-
rope, with a progressive disease trajectory and widespread ecological implications. Monitoring
the extent and severity of this disease is crucial for developing informed conservation strategies
aimed at preserving this ecologically important native species. While the visible symptoms of
ash dieback, such as crown thinning, shoot dieback, and premature leaf loss, are well recog-
nized, the findings from this dissertation reveal that the physiological and morphological im-

pacts extend beyond what can be assessed visually.

Publication 1 demonstrated that ash dieback correlates with changes in leaf-level traits. Notably,
chlorophyll content showed a trend of decline in severely damaged trees at plantation sites, and
leaf thickness increased in parallel with disease severity. Among all examined traits, SLA was
the only one to consistently and significantly decrease with higher damage severity. This un-
derscores the potential of SLA as a sensitive morphological indicator of disease impact, though
it remains unclear whether this change is a response to the infection or a predisposing factor for

susceptibility.

At the crown scale, Publications 2 and 3 established that remote sensing data, specifically RGB

and multispectral UAV imagery, can detect and classify ash dieback severity. Vegetation indices
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such as the GRVI for RGB imagery and the DVI for multispectral data proved especially effec-
tive. When used in combination, RGB and multispectral indices achieved classification accu-
racies of up to 77 %, validating UAV-based monitoring as a practical tool for surveying large

ash populations.

Tree crown segmentation precision, explored in Publication 3, revealed that coarse segmenta-
tion was sufficient for calculating mean vegetation index values. However, as NDVI homoge-
neity declined with increased crown damage, detailed segmentation, specifically excluding

crown gaps and non-foliage elements, is of high relevance.

This dissertation contributes a multiscale, interdisciplinary framework for ash dieback moni-
toring that integrates plant physiology, remote sensing, and machine learning. It offers a frame-
work for practical implementation, particularly for forest managers and conservation practition-
ers. By translating UAV-derived data into actionable thresholds and classification routines, it

bridges the gap between academic insight and operational forest health monitoring.

Furthermore, the methodologies and findings presented here can contribute to adaptive conser-
vation strategies, especially by identifying trees with potential tolerance to the disease and en-
abling targeted preservation efforts with long-term monitoring. In the context of increasing for-
est disease pressures, such scalable approaches are essential for timely interventions and long-

term ecological resilience.
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