
From Leaf Traits to Canopy Signatures: A Multiscale and 

Multisensory Assessment of Ash Dieback in 

Fraxinus excelsior L.

A dissertation presented in partial fulfilment

 of the requirements of the degree 

Dr. rer. nat.

Faculty of Mathematics and Geography 

Catholic University of Eichstätt-Ingolstadt

Lisa Buchner

Eichstätt, 2025





Submission date: 06.08.2025

Date of the oral exam: 17.10.2025

1st examiner: Prof. Dr. Susanne Jochner-Oette 

2nd examiner: Prof. Dr. Tobias Heckmann



 



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 III

Zusammenfassung

Das Eschentriebsterben, hervorgerufen durch den invasiven Pilz Hymenoscyphus fraxineus, be-

droht derzeit die Existenz der Gemeinen Europäischen Esche (Fraxinus excelsior L.). Der 

Krankheitserreger führt zu fortschreitenden Symptomen wie Blattverlust, dem Absterben von 

Trieben und Ästen sowie Stammfußnekrosen, die häufig zu einer hohen Mortalität in betroffe-

nen Populationen führen. Während diese visuell sichtbaren Symptome gut dokumentiert sind, 

bleiben feinmaßstäbliche physiologische und morphologische Reaktionen der Blätter weitge-

hend unerforscht. Die Schwere der Krankheitssymptome wird üblicherweise durch zeitauf-

wendige Feldbeobachtungen eingestuft; Fernerkundungstechnologien wie Drohnen (UAVs) 

bieten jedoch neue Möglichkeiten für eine flächendeckende, fernerkundliche Erfassung des 

Krankheitsausmaßes. 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 feinmaßstäbliche morphologische und physiologische Veränderungen in 

den Blättern infizierter Eschen?

(2) Können multisensorische UAV-Daten und daraus berechnete Vegetationsindizes unter-

schiedliche Schweregrade der Schädigung durch das Eschentriebsterben detektieren?

(3) Welche Segmentierungsgenauigkeit ist erforderlich, um eine verlässliche Einschätzung 

mittlerer Vegetationsindexwerte einzelner Eschenkronen zu gewährleisten?

Felduntersuchungen wurden im Jahr 2022 und 2023 an vier Untersuchungsstandorten durchge-

führt und kombinierten visuelle Vitalitätsbewertungen mit detaillierten Analysen der Blattphy-

siologie und -morphologie bei von Eschentriebsterben betroffenen Bäumen. Die untersuchten 

Blattmerkmale umfassten Chlorophyllfluoreszenz, Chlorophyllgehalt, spezifische Blattfläche 

(SLA), Blattdicke und Fluktuierende Asymmetrie (FA), welche in Bezug zur visuell erfassten 

Bonitur gesetzt wurden. Zusätzlich wurden an zwei Untersuchungsgebieten im Zeitraum von 

Mai bis Oktober über zwei Vegetationsperioden hinweg wiederholte UAV-basierte Befliegun-

gen mit RGB-, multispektralen und thermalen Sensoren durchgeführt. Ergänzend dazu wurden 

im Jahr 2023 Nahaufnahmen einzelner Eschenkronen mit dem multispektralen UAV-Sensor er-

stellt, um hochaufgelöste 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 Krankheitsintensität. Unter den gemessenen Merkmalen 

zeigte die spezifische Blattfläche die deutlichste und konsistenteste Korrelation mit zunehmen-

der Schwere der Krankheitssymptome, was auf einen möglichen 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 geschädigten Bäumen unterscheiden können. 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 

Kronenlücken ausschließen 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-Heterogenität 

mit zunehmender Schädigung durch das Eschentriebserben zu, ein Hinweis auf den Mehrwert 

detaillierter Kronenabgrenzung zur Erkennung subtiler Stressmuster.

Insgesamt liefern diese Studien ein skalierbares und interdisziplinäres Framework, das physio-

logische Messungen auf Blattebene mit spektralen Daten auf Kronenebene sowie maschinellem 

Lernen zur Kronensegmentierung verknüpft. Die Studien zeigen zudem, wie UAV-gestützte 

Fernerkundung effektiv in langfristige Erhaltungsstrategien für Fraxinus excelsior L. integriert 

werden kann. Diese Arbeit unterstreicht die Relevanz der Kombination von Pflanzenphysiolo-

gie und Fernerkundung für die Überwachung der Waldgesundheit und liefert praxisnahe Er-

kenntnisse für 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, Adamčíková 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 % (Kjær 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 Kamińska 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 (Barón 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, McIntire 2023), although FA has shown mixed results depending on species, 

leaf type, and stressor (Hochwender and Fritz 1999, Klisarić 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, Kamińska 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 Grabenstätt 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).

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-

benstätt (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-

Wuerttemberg and covers approximately 2.3 ha (Table 1). Established in 1992 with a 7 × 7 m 

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. 

Grabenstätt
The clone area Grabenstätt 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 

(AWG) 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 Mean tem-
perature 

Mean preci-
pation Soil type Number of 

trees in 2023

Emmendingen 48°6′38.50″N, 
7°52′20.49″E 2.7 ha 10.6 °C 951 mm Sandy silt 86

Schorndorf 48°46′35.59″ N, 
9°25′31.00″E 2.3 ha 9.7 °C 837 mm Moderately 

silty sand 119

Grabenstätt 47°50′28.62″N, 
12°30′41.87″E 0.1 ha 8.6 °C 1374 mm Silty sand 212

Kaisheim 48°48′20.83″N, 
10°47′33.34″E 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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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-

benstätt 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 

Grabenstätt 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 (Fv/Fm) was measured using the Fv/Fm 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 Fv/Fm 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) Fv/Fm 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.

  𝑆𝐿𝐴 = ௅௘௔௙ ௔௥௘௔ (௖௠2)௅௘௔௙ ௗ௥௬ ௪௘௜௚ℎ௧ (௚)
Leaf thickness was measured on the same set of leaves using a digital thickness gauge (Käfer 

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 (|lnR − lnL|) 

(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 (Fv/Fm), 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 Fv/Fm 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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4 Publications

4.1 Effects of ash dieback on leaf physiology and leaf morphology of Fraxinus excelsior 
L.
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4.2 Identification of damage severity in Fraxinus excelsior L. trees caused by ash die-
back using multisensory and multitemporal UAV imagery
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4.3 How precise is precise enough? Tree crown segmentation using high resolution 
close-up multispectral UAV images and its effect on NDVI accuracy in Fraxinus 

excelsior L. trees 
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5 Discussion

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 McIntire (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, Martínez-Ferri et al. 2016), its interpretation in the context of ash dieback 

proved challenging. While some sites and years showed lower Fv/Fm values in severely affected 

trees, this pattern was not consistent. Environmental stressors, particularly drought during sam-

pling at the site Grabenstätt, likely confounded results. While low Fv/Fm 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 

Grabenstätt 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 (España-Guechá et al. 2020, McIntire 

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. (Petriţan 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, García-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 
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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 ≥90% 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.

Gašparović 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 Adamčíková 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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