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Abstract 

Tree vitality is one of the most important indicators for describing forest conditions. In 

temperate forests, stress factors such as insect infestation, diseases, competition, and climate 

have strong effects on tree growth and survival. Monitoring tree vitality and developing new 

indicators is important for detecting early-stage tree stress and identifying rapid environmental 

changes. In addition, most indicators, especially those involving crown and stem form 

characteristics, have been estimated rather than measured. Consequently, there is a need for 

more empirical and accurate methods that can detect, quantify, and apply tree characteristics 

and, therefore, potential indicators of tree vitality. The main objective of this dissertation is to 

contribute to a more objective forest inventory and tree vitality monitoring, thus improving our 

understanding of the reaction pattern of tree stems, crowns and defoliation.  

Using terrestrial laser scanning (TLS), innovative methods are demonstrated for the efficient 

monitoring of tree vitality by investigating the reaction pattern of tree shape to stress for species 

like Norway spruce (Picea abies (L.) H. Karst), European beech (Fagus sylvatica L.) and oak 

trees (Quercus L.). Competition, drought, and insect-induced defoliation led to stem form 

changes, decreasing crown size and stem growth, respectively.  

Using TLS, the stem shape of 868 Picea abies trees from a long-term spacing and thinning 

experiment in Germany were measured (Jacobs et al. 2020, Appendix B.1. Article I). The plots 

cover a broad density range. The effect of competition was analysed and the TLS with 

conventionally determined stem volume estimates were compared. TLS-based volume 

estimations showed that the lower the competition, the lower the tree volume with a given 

diameter at breast height (𝑑1.3) and height (h). Commonly used functions underestimate the 

volume stock overall by 4.2 %, disregarding any levels. At plot level, underestimation varies 

from 0.7 to 7.0 %. At tree level, the volume was underestimated and overestimated by –10 to 

+10 %. The more precise the examination, the more suitable the application of TLS for 

enhancing volume estimation. 

The unique drought stress experiment, “Kranzberg Forest Roof Experiment” (KROOF), was 

used as a basis for scanning and analyzing the growth of Norway spruce (Picea abies (L.) 

H.Karst.) and European beech (Fagus sylvatica L.) under progressively limiting water reserves 

(Jacobs et al. 2021, Appendix B.2. Article II). Before the start of the experiment in the winter 

of 2012/2013, TLS was performed and repeated in the winter of 2018/2019. One group of 21 

trees was trenched and roofed (treatment), while another group of 26 trees acted as reference 

https://de.wikipedia.org/wiki/Carl_von_Linn%C3%A9
https://de.wikipedia.org/wiki/Gustav_Karl_Wilhelm_Hermann_Karsten
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(control). Using TLS point clouds from the two subsequent surveys, structural tree 

modifications within the 6-year period can be directly visualized, computed, and linked to 

drought stress. Drought stress led to significantly smaller crown size and lower height growth 

for both tree species. Under drought conditions, the crown projection area changed by –0.74 m2 

yr-1 and –0.42 m2 yr-1 for spruce and beech trees, respectively, whereas the control trees showed 

a growth of 0.17 m2 yr-1 and 0.62 m2 yr-1 respectively. This means that crowns became 

considerably smaller under dry conditions. Under drought, the paiheight was 0.09 m yr-1 less for 

spruce and 0.17 m yr-1 less for beech compared with normal growing conditions.  

Using on a large-scale field experiment in German oak and mixed oak forests affected by gypsy 

moths (Lymantria dispar), the use of TLS for detecting inter-annual foliation and growth losses 

at the individual tree level caused by the gypsy moth was tested (Jacobs et al. 2022, Appendix 

B.3. Article III). The experiment comprised two levels of gypsy moth defoliation risk – high 

(H) and low (L) – as well as two pest control treatment levels: spraying with the insecticide 

Mimic (M) or unsprayed control (C). The factorial design consisted of four treatment 

combinations (HC, HM, LC and LM), applied to 11 spatial blocks with a total of 44 plots. The 

TLS approach detected defoliation caused by the gypsy moth, which was calculated in terms of 

leaf area and crown perforation parameters. For the first time, TLS-derived tree foliation was 

evaluated based on inter-annual stem growth. Leaf area and crown perforation showed a 

correlation of +0.6 and –0.35, respectively, with basal area increments. Furthermore, this study 

revealed subsequent growth losses in the same year due to defoliation.  

The findings of this dissertation suggest that TLS can offer new opportunities for identifying 

structural features and developing new indicators that can monitor stem form, crown shape, and 

foliation at the individual tree level. It is demonstrated that iterative TLS surveys might improve 

measuring campaigns on common long-term experimental plots in order to obtain a thorough 

picture of tree vitality. Accurate measurements of crown dimensions are also essential for 

modelling tree growth. For example, crown shapes may change due to the impacts of climate 

change. Therefore, crown models contained within tree growth models must be questioned, as 

must the derived allometries. The increasing frequency of extreme and extensive drought events 

makes it even more important to consider drought stress effects or insect-induced defoliation in 

forest practice and ecological modelling.  
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Zusammenfassung 

Die Vitalität der Bäume ist einer der wichtigsten Indikatoren zur Beschreibung des 

Waldzustands. In gemäßigten Wäldern haben Stressfaktoren wie Insektenbefall, Krankheiten, 

Konkurrenz und Klima starke Auswirkungen auf das Wachstum und Überleben der Bäume. 

Die Überwachung der Baumvitalität und die Entwicklung neuer Indikatoren sind wichtig und 

sollten fortgesetzt werden, um Baumstress frühzeitig zu erkennen, auch im Hinblick auf die 

schnellen Umweltveränderungen. Darüber hinaus wurden die meisten Indikatoren, 

insbesondere diejenigen, die die Merkmale der Krone und der oberen Stammform betreffen, 

eher geschätzt als gemessen. Folglich besteht ein Bedarf an rationalen und genaueren 

Methoden, mit denen Baummerkmale und damit potenzielle Indikatoren für die Vitalität von 

Bäumen erkannt, quantifiziert und in der Praxis angewendet werden können. Das Hauptziel 

dieser Dissertation war ein Schritt in Richtung einer objektiveren Waldinventur sowie eines 

umfassenderen Monitorings der Baumvitalität und damit ein besseres Verständnis der 

Reaktionsmuster von Stamm, Krone und Entlaubung. 

Anhand terrestrischem Laserscanning (TLS) werden innovative Methoden zur effizienten 

Überwachung der Baumvitalität demonstriert und das Reaktionsmuster der Baumform auf 

Stress für Arten wie Fichte (Picea abies (L.) H. Karst), Rotbuche (Fagus sylvatica L.) und 

Eiche (Quercus L.) untersucht. Konkurrenz, Trockenheit und Insekten-induzierte Entlaubung 

führten zu Veränderungen der Stammform, zur Abnahme der Kronengröße und des 

Stammwachstums. 

Mit Hilfe von TLS wurde die Stammform von 868 Fichten gemessen, die aus einem Standraum- 

und Durchforstungsversuch in Deutschland stammen (Jacobs et al. 2020, Anhang B.1. 

Artikel I). Die Parzellen decken einen breiten Dichtebereich ab. Es wurden die TLS- mit den 

konventionell ermittelten Stammvolumenschätzungen verglichen und die Auswirkungen der 

lokalen Konkurrenz pro Baum analysiert. Die TLS-basierten Volumenschätzungen zeigten, 

dass das Baumvolumen bei gleichem Brusthöhendurchmesser (d1.3) und gleicher Höhe (h) umso 

geringer ist, je geringer die lokale Konkurrenz ist. Die traditionellen Funktionen unterschätzen 

den gesamten Volumenbestand insgesamt um 4,2 %. Auf Parzellenebene schwankt die 

Unterschätzung zwischen 0,7 und 7,0 %. Auf Baumebene wurde das Volumen um –10 bis 

+10 % unter- und überschätzt. Je genauer die Untersuchung ist, desto besser eignet sich die 

Anwendung von TLS zur Verbesserung der Volumenschätzung. 
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Das Trockenstress-Experiment "Kranzberg Forest Roof Experiment" (KROOF) diente als 

Grundlage für die Erfassung und Analyse des Wachstums von Fichte (Picea abies (L.) H.Karst.) 

und Rotbuche (Fagus sylvatica L.) unter progressiv begrenzten Wasserreserven (Jacobs et al. 

2021, Anhang B.2. Artikel II). Vor Beginn des Versuchs im Winter 2012/2013 wurden 

Messungen mittels TLS durchgeführt und im Winter 2018/2019 wiederholt. Die hier analysierte 

Stichprobe von 21 Bäumen wurde am Stamm überdacht und vom Niederschlag abgeschnitten 

(Behandlung), während weitere 26 Bäume als unbehandelte Referenz (Kontrolle) dienten. 

Anhand der TLS-Punktwolken der beiden Erhebungen können strukturelle 

Baumveränderungen innerhalb des 6-Jahres-Zeitraums direkt visualisiert, berechnet und mit 

Trockenstress in Verbindung gebracht werden. Trockenstress führte bei beiden Baumarten zu 

einer signifikant kleineren Kronengröße und einem signifikant geringeren Höhenwachstum. 

Unter Trockenheitsbedingungen veränderte sich die Kronenschirmfläche bei Fichten und 

Buchen um –0,74 m² pro Jahr bzw. –0,42 m² pro Jahr, während die Kontrollbäume einen 

Zuwachs von 0,17 m² pro Jahr bzw. 0,62 m² pro Jahr aufwiesen.  

Auf der Grundlage eines groß angelegten Feldexperiments in deutschen Eichen-Mischwäldern, 

die vom Schwammspinner (Lymantria dispar) befallen sind, wurde TLS zur Ermittlung der 

Belaubungs- und Wachstumsverluste auf Einzelbaumebene eingesetzt (Jacobs et al. 2022, 

Anhang B.3. Artikel III). Der Versuch umfasste zwei Stufen des Entlaubungsrisikos durch den 

Schwammspinner - hoch (H) und niedrig (L) - sowie zwei Behandlungsstufen der 

Schädlingsbekämpfung: Bekämpfen mit dem Insektizid Mimic (M) oder ungespritzte Kontrolle 

(C). Das faktorielle Design bestand aus vier Behandlungskombinationen (HC, HM, LC und 

LM), die auf 11 räumliche Blöcke mit insgesamt 44 Parzellen angewandt wurden. Mit dem 

TLS-Ansatz wurde die durch den Schwammspinner verursachte Entlaubung ermittelt und durch 

die Parameter Blattfläche und Kronenperforation berechnet. Zum ersten Mal wurde die von 

TLS abgeleitete Baumbelaubung auf der Grundlage des zwischenjährlichen Stammwachstums 

referenziert und validiert. Die Blattfläche und die Kronenperforation korrelierten mit +0,6 und 

–0,35 mit den Zuwächsen der Grundfläche. Außerdem zeigte diese Studie, dass es im selben 

Jahr der Entlaubung zu Wachstumseinbußen am Stamm kam. 

Die Ergebnisse dieser Arbeit deuten darauf hin, dass TLS neue Möglichkeiten zur 

Identifizierung von Strukturmerkmalen bietet und zur Entwicklung neuer Vitalitätsindikatoren 

geeignet ist. Es können Stammform, Kronenform und Belaubung auf Einzelbaumebene 

überwacht werden. Auf der Grundlage der analysierten Veränderungen der 

Baumformparameter hat TLS das Potenzial, ein rationales und geeignetes Instrument zur 
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Erfassung von Indikatoren für die Bewertung des Waldzustands zu sein. Es hat sich gezeigt, 

dass iterative TLS-Erhebungen die Messkampagnen auf langfristigen Versuchsflächen 

verbessern könnten, um ein umfassendes Bild der Baumvitalitätsüberwachung zu erhalten. 

Solch genaue Daten beispielsweise über die Kronendimension sind auch für die Modellierung 

des Baumwachstums unerlässlich. So kann sich beispielsweise die Kronenform aufgrund der 

Auswirkungen des Klimawandels verändern. Daher müssen Kronenmodelle innerhalb von 

Baumwachstumsmodellen hinterfragt werden, ebenso wie die abgeleiteten Allometrien. Die 

zunehmende Häufigkeit extremer und extensiver Dürreereignisse macht es noch wichtiger, die 

Auswirkungen von Trockenstress oder Insekten-induzierter Entlaubung in der forstlichen 

Praxis und ökologischen Modellierung zu berücksichtigen.  
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Cumulative thesis – publication overview 

This dissertation is based on three peer-reviewed publications (Article I – III). For each of these 

publications, the original abstract, journal information and author’s contribution are provided 

in the following. The full list of all publications and conference contributions prepared by the 

candidate during his doctoral studies is provided in Appendix A. Original versions of Articles 

I – III can be found in Appendix B or can be accessed via the respective DOI listed below. 

Article I 

Jacobs M, Rais A, Pretzsch H (2020) Analysis of stand density effects on the stem form 

of Norway spruce trees and volume miscalculation by traditional form factor 

equations using terrestrial laser scanning (TLS). Can. J. For. Res. 50 (1), 51–64. 

DOI: 10.1139/cjfr-2019-0121. 

Journal impact factor: 1.812 (2019) 

Abstract: Tree and stand volume estimates are relevant for forest inventories, forest sales and 

carbon stock evaluations. Forest practice commonly uses generalized, stem wood volume 

functions. However, such generalized approaches neglect the stem form in detail. Hence, trees 

of a given species with the same diameter at breast height (𝑑1.3) and height (h) are always 

assumed to have the same form factor and thus the same volume. This case study focuses on 

stem form variation of Picea abies due to competition effects. Using terrestrial laser scanning 

(TLS), the stem shape of 868 trees from a long-term spacing and thinning experiment in 

Germany was measured. The plots cover a broad density range. The effect of competition was 

analyzed and the TLS-based stem volume estimates with conventionally determined stem 

volume estimates were compared. TLS-based volume estimations showed that the lower the 

competition, the lower the tree volume with a given 𝑑1.3 and h. Commonly used functions 

underestimate the volume stock overall by 4.2 %, disregarding any levels. At plot level, 

underestimation varies from 0.7 to 7.0 %. At tree level, the volume was over- and 

underestimated by –10 to +10 %. The more precise the examination, the more suitable the 

application of TLS for enhancing volume estimation. 

Author’s contribution: Conceptualisation: M.J., H.P.; data curation: M.J.; formal analysis: 

M.J.; investigation: M.J.; methodology: M.J.; resources: H.P.; software: M.J.; supervision: 

H.P., A.R.; validation: M.J., A.R.; visualisation: M.J., A.R.; writing – original draft preparation: 

M.J., A.R.; writing – review & editing: M.J., A.R., H.P.; percentage M.J. overall: 80 % 
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Article II 

Jacobs M, Rais A, Pretzsch H (2021) How drought stress becomes visible upon detecting 

tree shape using terrestrial laser scanning (TLS). Forest Ecology and Management, 489, 

118975. 

DOI: 10.1016/j.foreco.2021.118975 

Journal impact factor: 3.126 (2018) 

Abstract: Due to climate change, the occurrence of drought events with essential effects on 

trees will arise. The impact of severe drought stress on trees’ vitality with regard to growth has 

often been analyzed using traditional, easy-to-measure variables, such as diameter at breast 

height (d1.3). The focus was on tree dimensions, as potential vitality indicators, that are difficult 

to measure. The unique drought stress experiment “Kranzberg Forest Roof Experiment” 

(KROOF) was used as a basis for scanning and analyzing the growth of Norway spruce (Picea 

abies (L.) H.Karst.) and European beech (Fagus sylvatica L.) under progressively limiting 

water reserves. Before the start of the experiment in the winter of 2012/2013, terrestrial laser 

scanning (TLS) was performed and repeated in the winter of 2018/2019. One sample of 21 trees 

was trenched and roofed (treatment), while additional 26 trees served as untreated reference 

(control). Drought stress led to significantly smaller crown size and lower height growth for 

both tree species. The crowns of Norway spruce trees increased significantly in transparency 

and roughness. In addition, high competition combined with drought stress significantly 

reduced the roughness and increased the compactness of the crown. The results show that TLS 

can offer new opportunities for identifying structural features in trees. Iterative TLS-surveys 

may extend existing measuring campaigns on common long-term experimental plots, in order 

to analyze general changes or monitor tree vitality. 

Author’s contribution: Conceptualisation: M.J., A.R., H.P.; data curation: M.J.; formal 

analysis: M.J.; investigation: M.J.; methodology: M.J.; resources: H.P.; software: M.J.; 

supervision: H.P., A.R.; validation: M.J.; visualisation: M.J., A.R.; writing – original draft 

preparation: M.J., A.R.; writing – review & editing: M.J., A.R., H.P.; percentage M.J. overall: 

90 % 
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Article III 

Jacobs M, Hilmers T, Leroy BML, Lemme H, Kienlein S, Müller J, Weisser WW, 

Pretzsch H (2022) Assessment of defoliation and subsequent growth losses caused by 

Lymantria dispar using terrestrial laser scanning (TLS). Trees. 

DOI: 10.1007/s00468-021-02255-z 

Journal impact factor: 2.529 (2020) 

Abstract: Foliation strongly determines all tree growth processes but can be reduced by various 

stress factors. Insect defoliation is time-variable and one stress factor that may affect 

photosynthetic processes and cause immediate reactions as well a possible refoliation, which 

are difficult to detect by surveys repeated at one-year-intervals. This study used a large-scale 

field experiment in German oak/mixed forests affected by gypsy moths (Lymantria dispar) to 

test the use of terrestrial laser scanning (TLS) for detecting inter-annual foliation and growth 

losses at the individual tree level caused by the gypsy moth. The experiment comprised two 

levels of gypsy moth defoliation risk – high (H) and low (L) – as well as two pest control 

treatment levels: spraying with the insecticide Mimic (M) or unsprayed control (C). The 

factorial design consisted of four treatment combinations (HC, HM, LC and LM), applied to 11 

spatial blocks with in total of 44 plots. The TLS approach detected defoliation caused by the 

gypsy moth, calculated as leaf area and crown perforation parameters. For the first time, TLS-

derived tree foliation was evaluated, based on inter-annual stem growth. Leaf area and crown 

perforation showed a correlation of +0.6 and –0.35, respectively, with basal area increments. 

Furthermore, this study revealed subsequent growth losses in the same year due to defoliation. 

The results show that TLS can offer new opportunities to develop new indicators that monitor 

foliation at the individual tree level. The crown perforation can describe defoliation or the tree 

vitality based on one scanning campaign, whereas the leaf area needed at least two. 

Author’s contribution: Conceptualisation: M.J., T.H., B.L., S.K., H.L., J.M., W.W., H.P.; data 

curation: M.J., T.H.; formal analysis: M.J.; investigation: M.J.; methodology: M.J.; resources: 

J.M., W.W., H.P.; software: M.J.; supervision: J.M., W.W., H.P.; validation: M.J.; 

visualisation: M.J., T.H.; writing – original draft preparation: M.J; writing – review & editing: 

M.J., T.H., B.L., H.L., J.M., W.W., H.P.; percentage M.J. overall: 75 %
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1. Introduction 

1.1.  Motivation 

Tree vitality is one of the most essential indicators for describing the state of a forest (Innes 

1993). In temperate forests, stress factors such as insect infestation, diseases, competition, and 

climate have strong effects on tree growth and survival (Cortini and Comeau 2020). Forest 

monitoring is used to investigate these stress factors and their effects on forest condition 

(Lorenz et al. 2004). Monitoring tree vitality and developing new indicators is important in 

order to detect tree stress at an early stage (Dobbertin et al. 2009) and identify rapid 

environmental changes (IPCC 2012). In addition, most indicators, especially those involving 

crown and upper stem characteristics, have been estimated rather than measured. Consequently, 

there is a need for more accurate empirical methods that can detect and quantify tree 

characteristics and, therefore, potential indicators of tree vitality. Terrestrial laser scanning 

(TLS) was used to fill gaps in conventional inventory data (Calders et al. 2020). In this 

dissertation, I show innovative methods for the efficient monitoring of tree vitality under stress 

for common German tree species like Norway spruce (Picea abies (L.) H. Karst), European 

beech (Fagus sylvatica L.) and oak (Quercus L.). 

Due to climate change, drought events will become more widespread, extensive, and extreme 

in the future (IPCC 2012), and thus the frequency and intensity of forest disturbances caused 

by insects will increase (Seidl et al. 2011). Furthermore, climate change is likely to accelerate 

tree mortality (Anderegg et al. 2013), where large trees are potentially at the greatest risk, 

putting crucial environmental, economic, and social benefits at risk (Stovall et al. 2019). In 

addition to mortality, tree growth has also been affected by recent droughts (Pretzsch et al. 

2020). With regard to insect-induced disturbances and defoliation, the condition of trees will 

be affected, causing significantly reduced timber production (Piper et al. 2015). Defoliation can 

result in reduced growth (Naidoo and Lechowicz 2001), reduced root biomass production 

(Thomas et al. 2002), and increased tree mortality (Elling et al. 2007). Here, tree mortality 

depends on the frequency, intensity, duration, and combination of defoliation, the vitality of the 

infested trees, and biotic or abiotic stresses (Elling et al. 2007). In summary, stress factors like 

insect infestation, diseases, competition, and climate can have strong effects on the growth and 

survival of trees, thus affecting tree vitality (Cortini and Comeau 2020).  

The terms vitality and vigor describe the condition of trees. They are close in meaning, but 

vigor refers specifically to the capacity to resist strain. It is a genetic factor linked to the capacity 
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to withstand a new source of stress (Shigo 1990). Vitality, by contrast, is often taken to refer to 

the ability to grow under present conditions (Shigo 1990) —but diverse definitions can be found 

in the literature. According to Gehrig (2004), plant vitality is in a triangle between stress 

tolerance, longevity/growth and reproduction. Brang (1998) stated, that vitality is the capacity 

of an organism to assimilate carbon, to resist stress, to adapt to changing environmental 

conditions, and to reproduce.  

Although widely used, the term "vitality" is difficult to define. Loosely, vitality is meant to 

quantify the health of an organism (Gehrig 2004) —although “health” is difficult to describe 

too, and is often defined in the negative as the absence of illness (Gehrig 2004). The World 

Health Organization (WHO), however, defines health as a state of complete physical, mental, 

and social well-being and not merely the absence of disease or infirmity (World Health 

Organization 2008). This definition presupposes an individual's awareness of his or her 

condition, and therefore, a person can also say whether they are healthy or not. If this awareness 

is not present, or if this cannot be communicated, changes in external behavior or shape must 

lead to the conclusion that there is a deviation from the normal state (Gehrig 2004). Thus, to 

assess tree vitality it is necessary to quantify external changes.  

In this dissertation, the definition and the concept of tree vitality monitoring are based on and 

tie in with the work of Dobbertin (2005). In order to assess tree vitality, it is important to 

evaluate the effect of external stress, as stress resistance is an important criterion in all vitality 

concepts. Unfortunately, the hypothetical optimal tree vitality is not known. In most cases, only 

tree mortality, the minimum tree vitality, can be clearly identified. Therefore, only changes in 

certain indicators of tree vitality can be observed. So although tree vitality is an important forest 

monitoring variable (Innes 1993), it is qualitative, which means it cannot be measured directly. 

Therefore, various tree vitality indicators should serve to describe vitality for a more 

comprehensive assessment (Gehrig 2004). There are a number of observable characteristics that 

could serve as tree vitality indicators. For example, height compared to other trees, crown 

length, crown projection area (cpa), crown density in relation to the total height of the tree and 

to its diameter, social position in the stand, branching form, shoot length and diameter, needle 

length or leaf size, and needle or leaf color (Gehrig 2004). Other characteristics may not be 

immediately visible, such as root density (ratio of fine to coarse roots), annual ring width and 

annual ring structure (ratio of early to late wood), nutrient level values of needles and leaves, 

and suction tension (water potential) (Gehrig 2004). The difficulty in field studies is first to 

identify and measure the appropriate vitality indicator, secondly to assess the strength and 
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duration of the stress, and thirdly to determine the absolute or relative level of the vitality 

indicator (Dobbertin 2005). Field-ready and cost-effective methods are needed. Biochemical 

indicators at the plant cell level, such as phytohormones or enzymes, can reflect the response 

of trees to various environmental stresses (Scherer 1995). Unfortunately, many of these 

indicators cannot be readily obtained locally or are very expensive. According to Dobbertin et 

al. (2009), practical field methods are important for long-term monitoring and include 

assessment of crown foliation or transparency (Eichhorn 1998), crown morphology (Roloff 

1987), measurement of stem growth (Waring et al. 1980) and other internal stem and leaf 

characteristics that are not externally detectable. Here, I concentrate on external indicators, 

since they can be assessed non-destructively. The two most common external indicators to 

describe tree vitality are crown transparency, defoliation, and stem growth (Dobbertin et al. 

2009). In order to assess the long-term development of tree vitality, it is often necessary to 

select easy-to-measure indicators for forest inventories. Since a tree loses its needles or leaves 

before it dies, crown transparency has been suggested as an indicator, expressed as the 

percentage of a fully foliated tree crown (Müller and Stierlin 1990). According to Dobbertin et 

al. (2009) , the traditional indicators of crown transparency and stem growth could be used as 

indicators for the vitality of a single tree, with certain limitations. Stem diameter at breast height 

(d1.3) or the width of tree rings can be useful growth indicators. Much more difficult to measure 

are stem diameters at different heights, the tree height itself, branch and leaf growth, including 

the crown size, and the total aboveground biomass. For this reason, I use stem growth as an 

indicator of stress in general (Dobbertin 2005). Crown transparency and stem growth alone do 

not paint a full picture, however. Thus, there is no universal indicator for the vitality of a single 

tree (Dobbertin et al. 2009). Therefore, research on traditional and potential tree vitality 

indicators is important to detect environmental stress. Whereas stem growth at breast height is 

easy to measure, stem form, crown size, leaf area, crown transparency, or any other crown 

morphological parameter determination is more challenging. In practice, it is rarely feasible to 

measure these parameters destructively, so they are usually visually estimated or predicted via 

parameters that are measurable from the ground. The visual assessment of tree crowns and their 

classification into transparency or defoliation classes is a standard procedure in many parts of 

the world and can be carried out cost-effectively and relatively quickly in field surveys (Müller-

Edzards et al. 1997). However, crown transparency assessments have been criticized as overly 

subjective (Dobbertin et al. 2009). Furthermore, they require intensive training courses and 

repeated control assessments (Wulff 2002). No absolute reference is known, so site-specific 

reference trees are used (Innes 1993). Consequently, there is a need for new measurement 
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methods with a fast and easily understandable procedure for determining a tree’s crown 

morphology, leaf area, and crown transparency. Because crown conditions can be highly 

dynamic over the course of a year, new methods should seek to accommodate taking objective 

measurements several times a year to record seasonal changes in crown condition. The crown 

foliation of a tree is also dynamic during the vegetation period. Besides the leaf growth at the 

beginning of the vegetation period, the temporally variable onset of insect feeding can also lead 

to leaf regrowth depending on the intensity of insect feeding. This makes an objective 

estimation of leaf area or foliage condition difficult, especially if only one measurement is made 

per year. 

Terrestrial laser scanning (TLS) has been used to address numerous information gaps in 

traditional inventory data (Calders et al. 2020) and can measure detailed stand and individual 

tree information (Liang et al. 2018). Regarding stem information, the advantages of TLS are 

that no tree has to be cut and manual surveys can be avoided. With TLS and automated methods, 

numerous measurements of diameters with different heights distributed over a large part of the 

tree stem can be made, instead of only one measurement at breast height. In addition, TLS offers 

much more than just the stem form as information, but also the three-dimensional occupation 

of the trees in space, as well as information on crown width, length, inclination, and curvature 

of the respective tree. Ground-based LiDAR (light detection and ranging) measurements can 

serve as an alternative to airborne LiDAR observations, depending on the information needed, 

especially at the single-tree level (Hilker et al. 2010). In particular, it is possible to determine 

the structural crown properties of trees independently of tree species (Bayer et al. 2013). TLS 

has the potential and ability to scan and reach the canopy area successfully (Seidel et al. 2015). 

When, for instance, TLS-derived tree heights and traditional measured heights have been cross-

checked against true tree heights obtained using destructive techniques, TLS was found to be 

more accurate (Calders et al. 2015). Furthermore, several studies have already shown how to 

detect single tree defoliation at tree and stand level via TLS (Huo et al. 2019; Kaasalainen et al. 

2010). However, determining leaf area and classification of biomass into wood and leaf material 

is challenging even with TLS. Leaf-wood separation approaches based on spectral information 

from TLS return intensity or machine learning are complex and expensive (Calders et al. 2020), 

making them difficult to reproduce. Therefore, robust and simple methods are required that are 

reproducible. 

So far, in traditional forest monitoring, an objective assessment of stem form, crown 

morphology, and crown foliation is lacking. The reason for this is that those parameters are 
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difficult to measure non-destructively and thus are mostly estimated from the ground. 

Especially for tree vitality monitoring, more indicators might enable higher precision and 

reliability. Previous research on indicators is incomplete, and TLS has the potential to deliver 

more insights into the reaction patterns of stem, crown, and defoliation. Thus, it is important to 

develop a strong empirical foundation based on long-term plots, unique experiments, and large-

scale field experiments —particularly those with practical relevance —using consistent and 

comprehensible modelling approaches. 

In this dissertation, I develop new methods and analyze TLS acquisitions to assess tree vitality. 

Measurements of crown foliation, crown size, and tree stem growth under environmental stress 

were analyzed to derive their potential as tree vitality indicators. I focused on the most common 

commercial conifer and broadleaved tree species in Germany: Norway spruce (Picea abies (L.) 

H. Karst), European beech (Fagus sylvatica L.) and oak trees (Quercus L.). (BMEL - 

Bundesministerium für Ernährung und Landwirtschaft 2014). 

 

1.2.  Objectives and outline 

The main objective of this dissertation is to contribute to the development of a more objective 

forest inventory and tree vitality monitoring techniques, thus improving our understanding of 

the reaction pattern of tree stems, crowns, and defoliation due to stress. This work aims to 

provide generalisable and easily transferrable knowledge that supports today’s forest 

professionals in their challenging endeavor of adapting forest ecosystems to climate change and 

providing sustainable forest production systems for future generations by using new techniques 

such as TLS. 

Figure 1 shows the conceptual framework of this dissertation and the relationships between the 

three articles. The TLS symbolizes the rational measurement and was the main tool used for 

tree monitoring during this doctorate. On the left side of Figure 1, the TLS encloses the tree 

monitoring architecture of this dissertation. All three research topics are embedded within the 

tree monitoring architecture. In this dissertation, the main objective of the tree monitoring 

component is to continuously measure aboveground tree shape (which encompasses both stem 

and crown attributes) in order to form a basis for assessing tree vitality. Tree vitality represents 

the core focus of this dissertation (Topic II). I examine tree vitality indicators encompassing 

stem and crown attributes. The first and third publications complement the tree vitality focus 

and concentrate on stem and crown attributes, respectively. 



6 
 

 

Figure 1 The conceptual framework of this dissertation. In the first publication, stem form variation and 

volume miscalculation of Norway spruce trees due to competition effects were analyzed (Topic I). The 

second publication evaluates the usefulness of tree variables and growth measurements as indicators of 

either vitality or stress in Norway spruce and European beech (Topic II). The third publication examines 

the relationship between growth, leaf area, and defoliation (Topic III). All work and analysis was based 

on terrestrial laser scanning (TLS) data to obtain unbiased and objective information (RIEGL 2019). 

 

The central theme was developed over the course of the dissertation. The doctorate also 

represents a development process, which is also reflected in the topic. Articles II and III, in 

particular, deal centrally with tree vitality indicators. It should be mentioned that Article I, with 

the topic of stem form and competition, fits less into the topic of vitality but was necessary as 

a developmental step regarding the holistic analysis of tree shape and the development of 

algorithms. Therefore, the order of the articles also reflects the methodological progress of the 

dissertation to extract various tree parameters from terrestrial laser scanning data. First, I 

concentrated on new methods and focused on stem form variation and volume miscalculation 

of Norway spruce trees due to competition effects. I developed algorithms enabling automated 

stem detections, isolations, and measurements (Article I). With the isolated stems as a basis, I 

then developed semi-automated algorithms to isolate the crowns and thus measure the crown 

size parameters. It was evaluated whether growth measurements or stem and crown 

characteristics under drought stress might serve as useful indicators of either vitality or 

physiological stress (Article II). Once single trees are isolated, new developed methods enable 

leaf area calculation. It was analyzed how stem growth of oak trees is related to defoliation 

immediately following insect feeding (Article III).  
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The dissertation aims for three research questions: 

QI: How does competition modify the stem form of trees with the same height and diameter at 

breast height, thereby influencing volume miscalculation by traditional form factor equations? 

QII: How does severe drought stress affect potential tree vitality indicators consisting of stem 

and crown attributes? 

QIII: How does insect defoliation caused by Lymantria dispar affect stem growth?  

Each research question (QI – QIII) led to an individual study whose results were reported 

separately in peer-reviewed research articles (Article I – Article III, Figure 1). 
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2. Material and methods 

2.1.  Material 

2.1.1.  Spacing and thinning experiment (Topic I) 

Study site and data  

For Article I, a case study was carried out on trees from pure Norway spruce treatment plots 

located in Fürstenfeldbruck (FFB612) in southern Germany. The spacing and thinning 

experiment is part of long-term trials established in 1974 on the initiative of the International 

Union of Forest Research Organizations IUFRO (Krutzsch 1974). They cover stands with a 

broad range of stand density, including initial and final densities. Table 1 summarizes the most 

relevant characteristics; for more detailed information, see Pretzsch (2006), Rötzer and Pretzsch 

(2010), and Huang and Pretzsch (2010). 

 

Table 1 Stand and site characteristics as average values. 

  Fürstenfeldbruck FFB612 

Location  

  Altitude above sea level (m) 550 

  Coordinates N 48°14'02.5"  E 11°05'01.6" 

  

Climate 1988 – 2017 (average values)*  

 Year  

  Temperature (°C) 8.8 

  Precipitation (mm yr-1) 952 

  

Soil  

  Initial substrate Loess 

  Soil type lessivé soil 

  

Stand characteristics 2017 (average values)  

  n (ℎ𝑎−1) 689 

  dq (cm) 30 

  hq (m) 27.5 

  BA (m² ℎ𝑎−1) 39.8 

  Standing volume (m³ ℎ𝑎−1) 553.3 

*from climate data center (2019) 

Note: n (ℎ𝑎−1) = trees per hectare, dq = quadratic mean diameter (cm), hq = height corresponding to dq, BA = basal area (m²). 

 

Figure 2 illustrates the layout of the experimental trial. In total, 14 out of 21 plots were scanned. 

The remaining 7 plots were removed either because they were too similar in treatment or 

because the sample size (trees) of the plots would have been extremely uneven. The RIEGL 

LMS-Z420i (RIEGL 2010) laser-scanning system was used for data acquisition in January 
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2018. Five scan positions were realized per plot. For each scan position, two scans (horizontal 

and vertical) were performed. The scan positions formed an approximate rectangle around each 

plot, with four scan positions at each corner and one central scan position in the middle of the 

plot. The vertical and horizontal angular resolutions were set to 0.05° in order to achieve a 

reasonable trade-off between scan-time and the risk of disturbances due to tree movement 

through wind. Due to the angular measurement scheme of the scanner that operates from the 

ground, the point density naturally decreases to the top of the trees. Furthermore, the laser beam 

is usually not able to penetrate tree compartments in order to perform measurements behind 

obstacles. These two effects result in rather sparse measurement densities in the upper crown 

and stem regions, especially if the crown parts near the scanner are dense, like those of conifers 

(Hilker et al. 2010). I attempted with the RIEGL distance-measurement mode called “last-

pulse” or “last-target” to counteract these effects by recording the deepest points within a 

footprint, thus gaining a higher proportion of returns from inner crown regions compared to the 

first-pulse mode. Using the software RiSCAN PRO, all scan positions per plot were co-

registered. The co-registration was based on artificial targets (reflectors). The result was a “Plot 

Point Cloud Raw” (PPC-R). 

 

 

Figure 2 Experimental design of the spacing and thinning experiment in Fürstenfeldbruck (FFB612). 

The experiment consists of two blocks. Each block comprises plots of 30 m x 30 m (900 m²) on which 

different types of silvicultural treatment were applied in terms of spacing and thinning. In total, 14 of 

the 21 plots have been selected. The red-bordered plots were scanned. The spacing experiment 

represents Treatment 1 and the thinning experiment Treatment 2. The plots where the thinning 

experiment (Treatment 2) took place were additionally black-bordered in bold. The rest of the plots were 

black-bordered in thin lines and belong to the spacing experiment Treatment 1. 
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Figure 3 Characteristics of the spacing and thinning experiment FFB612. The spacing experiment (a) 

represents Treatment 1 and the thinning experiment (b) Treatment 2. (a) There are some plots of varying 

establishment spacings (and same thinning regime) and (b) others of varying thinning regimes (and same 

establishment spacings). Thinning regime 1 was never thinned. Thinning regime 2 was late thinned. 

Thinning regime 3 was moderately thinned. Thinning regime 4 early thinned.  

 

The treatment of the plots differs either in establishment spacing (Figure 3a) or thinning regime 

(Figure 3b). Each thinning regime has been simplified by time of thinning. Thinning regime 1 

was control (null thinning). Thinning regime 2 was late thinned. Thinning regime 3 was 

moderately thinned. Thinning regime 4 early thinned. Detailed information on treatment and 

thinning interventions as well as a complete yield overview over time per plot is given in 

Appendix C Supplementary A (Table A1 – A3). All 𝑑1.3 were recorded in September 2017 – 

TLS data acquisition took place in January 2018 (Table 2) – and were measured manually for 

all trees in the plots. For each plot, total tree height was measured on a subsample of 50 % of 

the trees randomly selected, using a Haglöf Vertex. The height of all non-measured trees was 

estimated from a diameter-height function fitting for each plot (Petterson 1955). The stem-wood 

volume was estimated by common general-form factor equations (Kennel 1969).In spring 2018, 

a thinning intervention took place. From the 55 felled trees, several diameters along the stem 

axis were measured with a caliper in two perpendicular directions. A tape either on logs or on 

complete trees measured length. Tree inclination – detected by TLS – was considered when 

transforming length into total height. Finally, Smalian function was applied for volume 

calculation (Hush et al. 1982). A mensurational overview of the 55 felled trees is provided in 

Table 2. 
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Table 2 Range, mean and number of all sampled trees in 2017 and the trees that were harvested for 

destructive sampling during thinning in spring 2018.  

Sampled and scanned trees Range Mean N 

𝑑1.3 (cm) 9.0 – 59.1 28.3 868 

Height (m) 12.3 – 31.3 24.7 868 

Volume (m³) 0.05 – 2.7 0.8 868 

Harvested trees (validation)    

𝑑1.3 (cm) 10.2 – 38.7 22.7 55 

Total tree height (m) 14.6 – 27.0 22.6 28 

Volume (m³) 0.07 – 1.4 0.5 55 

Note: The diameter at breast height (𝑑1.3), the height (h) and the volume of the sampled trees were measured by traditional 

forest inventory. Diameters at breast height (𝑑1.3) were measured by caliper and the height of the felled trees was measured by 

tape. Total tree heights were calculated for trees that had not been sawn into sections by the harvester (28 trees) to avoid 

measuring mistakes. 

 

2.1.2.  Drought stress experiment (Topic II) 

Experimental design 

The experimental plot Kranzberger Forst (FRE 813/1) with a size of 0.5 ha and is located in the 

southern part of Bavaria, approximately 35 km northeast of Munich. On this site, the 

“Kranzberg Roof Project” (“KROOF”) was initiated in spring 2013 (Pretzsch et al. 2014). 

Table 3 summarizes the relevant site and plot characteristics. 

 

Table 3 Site, plot and tree characteristics of the experimental plot Kranzberger Forst FRE 813/1 are 

given for 2014, i.e. before the start of the drought stress experiment. 

Location   

Altitude above sea level m 490 

Coordinates  11°39’42”E, 48°25’12”N 

Climate1)   

Mean annual temperature °C 7.5 

Annual precipitation mm yr-1 750-800 

Soil   

Initial substrate  Loess 

Soil type  Luvisol 

Trees2) scanned / mean (± SE)    

Species  European beech Norway spruce 

Group  Control Treatment Control  Treatment 

Trees per group and species n  13 11 13 10 

Stand density index SDI  851 (44) 823 (43) 777 (73) 816 (35) 

Diameter at breast height d1.3  cm 32.5 (8.7) 30.9 (7.4) 35.9 (5.6) 37.7 (9.5) 

Height h m 29.3 (1.6) 29.2 (3.1) 31.8 (2.1) 31.6 (2.0) 

Crown radius cr m 3.1 (1.1) 3.3 (1.3) 2.3 (0.4) 2.4 (0.2) 

Crown base height cbh m 16.7 (3.6) 16.5 (2.4) 16.5 (4.8) 17.4 (4.3) 

Crown projection area cpa m2 33.4 (26.6) 39.0 (33.1) 16.6 (5.8) 18.0 (2.6) 

1) Climate reference period 1988-2017 

2) Data from the survey in 2014 
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The plot was specially selected for the KROOF experiment (Pretzsch et al. 2014). The mixed 

stand, which consists of European beech and Norway spruce, was never thinned and is fully 

stocked. Both tree species share the same soil resources and form a common closed canopy. 

Within the site, large groups of beech grow surrounded by spruce. In 2014, the tree age within 

the mixed stand was assessed to be 63 ±2 years for spruce and 83 ±4 years for beech (Pretzsch 

et al. 2016). Conditions such as growth stage, stand density, basal area, or stem volume of 

mono-specific spruce, mono-specific beech, and beech/spruce mixture are similar across the 

control and treatment plots (Pretzsch et al. 2014). 

In 2013, the experimental area was subdivided into six groups that were not roofed (“Control”) 

and six groups that were roofed (“Treatment”). Each plot had four to six beech trees on one side 

and the same number of spruce trees on the opposite side, enabling a broad contact zone in 

between the two. Plot sizes ranged between 110 m2 and 200 m2, amounting to 868 m2 and 862 

m2 in total for control and drought treatments, respectively (Pretzsch et al. 2016). On treatment 

plots, special houses were installed underneath the canopy, three meters above the ground. The 

roof of each house automatically closes during rainfall. During the construction process, the 

forest floor was covered with wooden pallets to avoid compaction of the soil from construction 

work (Grams et al. 2021). Vegetation cover at the forest floor was almost entirely absent due to 

the high density of the tree crowns. To prevent throughfall, each roof extends approximately 40 

cm beyond the borders of the treatment plots (Grams et al. 2021). The novelty of roof 

construction is the automated closure during rain by means of water-impermeable, tile-

composed roller blinds, which are electrically motorised (Pretzsch et al. 2014). The roof-

intercepted quantities of water are channeled out of the study site. This design prevents a 

greenhouse effect when there is no rain. The stationary portions of the roof are secured around 

individual trees and are permanently closed. Stem flow is negated via perforation hoses 

encircling each tree stem above the roof, and the thus-collected water is directed to the roof 

gutters (Grams et al. 2021). All the rain that is held off is transported off the experimental site 

via plastic hoses attached to gutters on each side of the roofs. Additionally, the roofed plots are 

hydraulically isolated to avoid lateral soil water access. Hence, a durable cover, preventing 

penetration by water or roots, is placed in the dug trenches around the roofed plots. In 2010, the 

12 experimental plots were trenched to a soil depth of 1 m, where the layer of sandy loam hardly 

allows deeper root growth. As such preparation causes root injury, trenching was performed 

four years before the actual beginning of the drought experiment (Pretzsch et al. 2016). Due to 

the good water and nutrient supply along with the high water storage capacity of the soil, it was 

possible to concentrate on the effects of experimentally induced drought without the 
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interference of other limiting factors. The drought phase of the KROOF experiment started in 

March 2014 and continued until November 2018. During this phase, the roofs were 

automatically closed during rainfall during the growing season and on average withheld 69 

±7 % of the annual rainfall (Grams et al. 2021). The water was kept away in summer, while in 

winter the forest ecosystem of the treated plots was allowed to recover.  

An overview of the classical growth and yield-related variables of all scanned sample trees is 

provided in Table 4. More detailed information on the experimental design can be found in 

Pretzsch et al. (2014), Goisser et al. (2016), and Grams et al. (2021). 

 

2.1.3.  Gypsy moth experiment (Topic III) 

Experimental design 

The experiment took place in mixed oak forests in different stands in Franconia-Bavaria in 

Germany (Leroy et al. 2021). The experimental design area consisted of 11 blocks (A, B, D, F, 

G, H, J, M, N, O, and S), varying spatially and dominated by oak trees. Each block was 

subdivided into four plots with similar forest structures, stand ages, and tree species 

composition within the block. Each plot had a mean size of 0.05 km2 (± SD 0.20). Within each 

block, two of the four plots had a high (H) defoliation risk, while the other two had a low (L) 

defoliation risk. For this classification, a defoliation risk index was used, which calculation was 

based primarily on gypsy moth egg mass density (Leroy et al. 2021). The survey of egg mass 

density was conducted by regional forest offices in 2018 (Leroy et al. 2021). In each block, an 

insecticide treatment (Mimic; M) was randomly assigned to one plot per defoliation risk level, 

while the second plot was left unsprayed and used as a control (C). The treatment plots were 

sprayed with the insecticide tebufenozide as Mimic® (Spiess-Urania Chemicals, Hamburg, 

Germany; 240 g L-1 active ingredient) between May 3rd and May 23rd (124 – 144 days of the 

year, DOY) 2019 at the maximal legal rate of 750 ml ha-1. The treatments were applied by 

helicopter under conditions of dry and less-than-windy weather. In total, 44 plots were sampled, 

which had been selected to represent 11 weak and strong infestations, and 11 remained with 

and without control.  

At each plot, 20 six-tree samples, including one central oak tree and the following five 

neighboring trees with a diameter at breast height (d1.3) greater than or equal to seven cm, were 

sampled, so that 880 central trees and 4400 neighboring trees were used to describe the stand 

characteristics such as basal area, standing volume, etc. for each block (Table 1). Single tree 
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volume was calculated based on basal area, total tree height, and species-specific form factors 

for all six-tree sample trees. The single tree volumes were summed up to standing volume for 

block level. For stand characteristics, the total tree heights and basal area were retrieved from 

TLS. To estimate the variables per ha, the expansion factor was calculated. For this, the distance 

between the central oak tree and the fifth neighboring tree was measured via TLS for all 80 six-

tree samples per block. After that, the circular area for each six-tree sample was calculated using 

the measured distances as the radius. All the areas of one block were summed up, and then this 

area was divided by 10,000 to get the expansion factor to calculate the variables per ha. A more 

detailed description of the stand characteristics per plot can be found in Table A1 in the 

Appendix C Supplementary A. The 20 six-tree samples were established along transects in the 

four main cardinal directions (Figure 1), starting from the center of each sampling plot. Six-tree 

samples were taken at 25, 50, 75, 100, and 125 m from the center of each plot (origin of the 

coordinate system in Figure 1). More detailed information on the experiment and its design can 

be found in (Leroy et al. 2021). 

 

 

Figure 4 An overview of a plot with 20 six-tree subplots along transects in the main cardinal directions, 

starting from the center of the infested area For the detailed analysis, each six-tree subplot yields one 

central tree and five neighboring trees with d1.3 greater than or equal to seven cm. The surveys were 

carried out along the transect using TLS in the winter. The gray arrows signify the scanning direction of 

TLS campaigns two and three in summer in relation to leaf area detection. 
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Table 4 The stand characteristics of the 11 blocks in Franconia-Bavaria, Germany. The parameters were 

calculated based on TLS point clouds using 5280 trees (six-tree subplots). 

Block n (ha-1) dq (cm) hq (m) BA (m2 ha-1) SV (m3 ha-1) 

A 493 (339-713) 23.0 (7.1-71.5) 17.6 (5.2-26.6) 26.8 (23.5-30.1) 235.3 (218.3-265.0) 

B 424 (314-622 25.5 (7.6-61.6) 19.8 (6.3-27.4) 26.0 (22.5-30.5) 256.8 (211.1-313.5) 

D 563 (357-753) 23.0 (7.0-76.0) 17.4 (6.1-29.2) 34.0 (27.7-40.1) 296.6 (258.0-364.6) 

F 260 (200-467) 33.3 (7.6-85.7) 22.9 (6.0-33.1) 28.0 (22.7-36.4) 319.2 (240.3-373.3) 

G 415 (261-632) 24.7 (7.0-69.8) 17.8 (3.1-30.6) 28.6 (27.7-30.1) 254.3 (230.5-301.0) 

H 517 (437-640) 26.3 (7.0-66.9) 20.6 (6.2-30.1) 32.1 (29.0-34.3) 329.7 (300.7-369.5) 

J 434 (294-718) 26.2 (7.3-97.6) 20.8 (4.5-34.4) 30.5 (25.8-35.2) 316.9 (281.3-356.5) 

M 411 (323-512) 28.8 (7.3-78.2) 20.9 (4.1-31.1) 35.2 (28.7-41.7) 367.9 (317.8-443.0) 

N 377 (293-474) 26.2 (7.2-78.2) 18.5 (4.4-28.1) 26.8 (24.9-30.1) 247.8 (228.1-272.5) 

O 287 (190-672) 29.4 (8.0-83.7) 20.3 (5.9-31.1) 24.8 (20.5-36.1) 252.1 (230.4-309.2) 

S 307 (305-350) 29.9 (7.1-78.8) 22.2 (5.0-33.0) 29.0 (26.3-32.6) 321.9 (305.4-349.7) 

Note: Data from TLS survey in 2019, mean (range); n, number of trees; dq, quadratic mean diameter; hq, height 

corresponding to dq; BA, basal area; SV, standing volume.  
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2.2.  Methods 

2.2.1.  Scanner types  

Scanner types 

Two different laser-scanning systems were used. The RIEGL LMS-Z420i (RIEGL 2010) for 

Article I and II. The RIEGL VZ-400i (RIEGL 2019) for Article II and III. An overview of the 

two scanners, summarizing their main characteristics, is provided in Table 5.  

 

Table 5 Overview of both scanners, RIEGL LMS-Z420i (RIEGL 2010), and RIEGL VZ-400i (RIEGL 

2019). 

Laser Measurement System (LMS) 

LMS 

 RIEGL Z420i RIEGL VZ-400i 

Range1) m 1000 800 

Effective measurement rate2) meas./s

ec 

11000 500000 

Accuracy3)4) mm 10 5 

Precision4)5) mm 4  3 

Vertical field of view ° 80  100 

Pulse mode  last-pulse multiple target capability 

Registration  artificial 

targets 

automatic 

Laser beam divergence Mrad6) 0.25 0.35 

Note: 1) Typical values for average conditions. Maximum range is specified for flat targets with a size in excess of the laser 

beam diameter, perpendicular angle of incidence, and for atmospheric visibility of 23 km. In bright sunlight, the maximum 

range is shorter than under overcast sky. 2) Rounded values. 3) Accuracy is the degree of conformity of a measured quantity 

to its actual (true) value. 4) One sigma at 100 m range under RIEGL test conditions. 5) Precision, also called reproducibility 

or repeatability, is the degree to which further measurements show. 6) Measured at the 1/e2 points. 0.25/0.35 mrad 

corresponds to an increase of 25/35 mm of beam diameter. 
 

  

2.2.2.  Analysis of stand density effects on the stem form and 

investigation of subsequent volume miscalculations (Topic I) 

QI: How does competition modify the stem form of trees with the same height and diameter 

at breast height and thus influence volume miscalculation by traditional form factor 

equations? 

TLS workflow: scan acquisition 

The following demonstrates the different steps of the TLS method applied in Article I. A 

detailed description of the workflow can be found in the Appendix C Supplementary A. 1. 

Laser-scanning system RIEGL LMS-Z420i (RIEGL 2010) scan acquisition. 2. Stem detection. 

3. The x- and y-coordinates were determined at each stem base (stem position). 4. Acquisition 
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of the cylindrical subset around the stem position (1 m radius). 5. On the cylindrical-subset data, 

stem isolation was made and the total tree heights were calculated. 6. From the isolated stem 

data, stem diameters were calculated. In order to identify the trees in both the field database and 

the TLS point cloud, I manually rotated and merged the two tree spatial maps obtained from 

the field database and the stem detection method.  

Quantification of competition 

The competition was expressed by modifying the index introduced by Hegyi (1974), using 

Function (1). The original Hegyi-index builds the ratio between the diameters of competitor 

trees and the reference tree, considering concurrently the distances of all the competitors. The 

spatial positions of all trees were available because the trial is part of a network of long-term 

growth and yield research plots.  

 

𝐻𝑔𝐶𝐼𝑖 =  ∑
𝑑1.3𝑗

𝑑1.3𝑖

𝑛
𝑗=1  

1

𝐴𝑏𝑠𝑡𝑖𝑗
                                                                                                              (1) 

 

Where 𝐻𝑔𝐶𝐼𝑖 is the competition index for reference treei, 𝑑1.3𝑗
 is the 𝑑1.3 of competitor 

treej (cm),  𝑑1.3𝑖
 the 𝑑1.3 of reference tree (cm), 𝐴𝑏𝑠𝑡𝑖𝑗 the distance between reference treei and 

competitor treej (m) and n the number of competitor trees. The competition zone radius (CZR) 

defined the radius in which competitors were searched around the reference tree (Function 2). 

It was calculated for each plot and time. The competition zone of border trees was mostly 

outside the plot in relative size. To counteract this problem, the external surface was calculated. 

With this value, it was then possible to extrapolate the calculated competition for the partial 

area to the total area.  

 

𝐶𝑍𝑅 =  𝑘 ∗  √
10000

𝑁
                                                                                                                   (2) 

 

The variable k is a constant defining the radius of the competition zone (2 < k < 4) and N the 

number of trees per hectare (Lee and Gadow 1997). The competition was calculated three times 

during the stand's history: at the beginning of planting, after 27 years, and at present (44 years 
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since establishment). For the purpose of calculation, the following Function (3) for each tree 

was used, which was weighted according to time: 

 

𝐶𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 =

𝐻𝑔𝐶𝐼𝑖𝑡0
+ 𝐻𝑔𝐶𝐼𝑖𝑡𝑚

2 ∗ 𝑡𝑚 +
𝐻𝑔𝐶𝐼𝑖𝑡𝑚

+ 𝐻𝑔𝐶𝐼𝑖𝑡1

2 ∗ (𝑡1 − 𝑡𝑚)

𝑡1
 

(3) 

 

Where  𝐻𝑔𝐶𝐼𝑖𝑡0
 is the Hegyi index at time 0 (planting time), 𝐻𝑔𝐶𝐼𝑖𝑡𝑚

 = Hegyi index at mid-

age of stand and 𝐻𝑔𝐶𝐼𝑖𝑡1
 = Hegyi index at the present age. The parameter t0 is the age at the 

beginning of stand, tm is the mid-age of the stand and t1 is the complete age of the stand. 

Individual TLS-data-fitted stem curve by Pain function  

The diameters at the higher sections of the stem that were not gathered by the laser scanner 

were determined by the two-parameter taper Function (4) of Pain and Boyer (1996). The two 

parameters α and β were calculated for each individual tree using all the diameter measurements 

of the visible stem sections. The Pain function was fitted for each individual tree with, α, β, and 

stem radius in relative stem height, obtained by TLS, and reconstructs the whole stem curve. 

 

𝑟(ℎ𝑟𝑒𝑙) =  𝛼 ∗ (1 −  ℎ𝑟𝑒𝑙
3 ) + 𝛽 ∗ (𝑙𝑛(ℎ𝑟𝑒𝑙)) (4) 

 

 Where 𝑟(ℎ𝑟𝑒𝑙) is the stem radius in relative stem height ℎ𝑟𝑒𝑙. The parameter α is the dimension-

describing parameter, while β is the form-describing parameter. 

Types of volume determination  

Three different calculations of the volume were used, which vary in both input parameters and 

methods (Table 6).  
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Table 6 Types of stem volume calculations. The types differ in source of input parameters (TLS or 

traditional forest inventory TFI) and in the method applied (stem curve Function (4) and traditional form 

factor equation (Kennel 1969). 

Type 1 2 3 

Height (h) TLS TLS TFI 

Diameter at breast height (𝑑1.3) TLS TLS TFI 

Diameters along the stem (𝑑𝑎𝑙𝑙 , ℎ) TLS - - 

Volume function (𝑓𝑖) 𝑓1(𝑑𝑎𝑙𝑙 , ℎ) 𝑓2(𝑑1.3, ℎ) 𝑓2(𝑑1.3, ℎ) 

Note: Type 1: terrestrial laser scanner (TLS) measurement of height (h) and diameters along the stem in 0.1 m height intervals 

(𝑑𝑎𝑙𝑙). The stem curve function 4 was used as volume function (𝑓1) Type 2: TLS input of height (h) and diameter at breast 

height (𝑑1.3). The traditional form factor equation (Kennel 1969) was used as volume function (𝑓2) Type 3: Traditional forest 

inventory (TFI) measurements of height (h) and diameter at breast height (𝑑1.3). The traditional form factor equation was used 

as the volume function (𝑓2). 

 

The volume computation according to type 1 is exclusively based on TLS, i.e. Function (4) was 

used (Pain and Boyer 1996) to derive total tree volume. Type 3 volume estimation used 

traditional forest inventory data and conventional form factor equations (Kennel 1969). The 

volume calculation of type 2 was a composite method of types 1 and 3. It was based on TLS 

data, but only the height and the diameter at breast height were taken and inserted into the 

conventional form factor equation (Kennel 1969). The goal of type 2 was to determine whether 

any differences between types 1 and 2 were due to the volume calculation method. The main 

focus was on type 1, which was always the reference to the other types because they were more 

realistic estimations. Type 1 was compared with type 2 (volume ratio 1) and type 3 (volume 

ratio 2) by forming ratios to determine differences per tree as a percentage. Type 1 was the 

numerator in both cases, and types 2 and 3 were the denominators.  

 

2.2.3.  Investigation of tree shape responses to drought stress (Topic II) 

QII: How does severe drought stress affect potential tree vitality indicators consisting of stem 

and crown attributes? 

TLS workflow: scan acquisition  

In winter 2012/2013, before the start of the drought stress experiment, terrestrial laser scanning 

(TLS) was carried out and repeated in the winter of 2018/2019. Using TLS-point clouds from 

the two surveys, structural tree modifications within the six-year period were directly 

visualized, computed, and linked to water limitation. Two different laser-scanning systems 

were used for the two surveys: the RIEGL LMS-Z420i (RIEGL 2010) for the winter of 
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2012/2013 and the RIEGL VZ-400i (RIEGL 2019) for the winter of 2018/2019. A detailed 

description of the scan acquisition can be found in Appendix C Supplementary B. In the winter 

of 2018/2019, the resolution was chosen so that the scans were comparable to the TLS 

recordings in the winter of 2012/2013. Due to the angular measurement scheme of the scanners, 

which operate from the ground, the point density naturally decreases towards the top of the 

canopy. Furthermore, the laser beam is usually unable to penetrate tree compartments in order 

to perform measurements behind obstacles. These two effects result in rather sparse 

measurement densities in the upper crown and stem regions, especially if the crown parts near 

the scanner are dense (Hilker et al. 2010). Regarding the RIEGL LMS-Z420i, I attempted – 

with the RIEGL distance-measurement mode called “last-pulse” or “last-target” – to counteract 

these effects and record the deepest points within a footprint, thus gaining a higher proportion 

of returns from inner-crown regions compared to the first-pulse mode. Using the pulsed time-

of-flight method for laser range measurements, the RIEGL LMS VZ-400i determines the range 

to all targets with which a single laser pulse interacts ("multi-target capability"). Depending on 

the measurement program used, the maximum number of targets that can be detected varies. In 

summary, the RIEGL LMS-Z 420i in the last-target setting generates one deep point per laser 

beam, while the RIEGL LMS-VZ-400i can generate 4 – 15 points per laser beam. Due to this 

difference between the two scanners, I did not focus on three-dimensional tree features. Instead, 

the crown target variables (cpa, transparency, and roughness) were two-dimensional to take 

into account the ability of the newer scanner to generate more points inside the crown space. 

This was done to exclude errors occurring in the three-dimensional analysis due to non-scanned 

areas of the upper crown region, respectively. In winter 2012/13, artificial reference targets 

(reflectors) distributed in the scanned forest scenes enabled the co-registration of the scans. 

Using the software RiSCAN PRO version 2.0.2 (http://www.riegl.com/products/software-

packages/riscan-pro/), all scan positions per plot were co-registered. In winter 2018/19, the new 

automatic registration of the LMS VZ-400i was used so that artificial reference targets were no 

longer needed. Automatic registration and filtering were performed using the software RiSCAN 

PRO version 2.8.2. The entire point cloud was reduced using an octree to enable fast point-

cloud processing without accuracy loss (Elseberg et al. 2013). This distributes the data evenly 

in space, whereby each cube with an edge length of 5 cm contains on average only one 

measuring point, which is set according to the center of gravity of the original points in the 

cube. Both point clouds, from winter 2012/2013 and winter 2018/2019, were post-processed 

via the software Cloudcompare, using the fine registration feature to register both clouds in the 

same project coordinate system. 
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Tree characteristics 

Several tree characteristics, describing both stem and crown properties, were extracted from the 

TLS data. Only the measurements for d1.3 were taken manually with a girth tape. The isolation 

of the single tree from the TLS point cloud was performed using a preprocessing algorithm 

within the R programming environment (R Core Team 2016). After this step, each tree was 

visually checked for completeness. If necessary, unrecognised tree parts were added manually, 

and artifacts that did not belong to the tree were removed using the software RiSCAN PRO 

version 2.0.2 (http://www.riegl.com/products/software-packages/riscan-pro/). 

Stem properties – diameter, height and taper 

The diameter at breast height (d1.3) was measured for all trees, using a girth tape, in the winter 

of 2012/2013 and winter of 2018/2019. The periodic annual diameter increment (paid1.3 in 

cm yr- 1) was calculated as the difference between the two dates divided by the time range of 

six years. Based on the TLS data, tree height was calculated as the difference between the 

highest and lowest z-axis points of the isolated tree. The periodic annual height increment 

(paiheight in m yr- 1) was computed as the difference between the heights from the two 

consecutive surveys, divided by six years. Generally, taper is the diameter change per unit of 

length. Modern log measurement systems determine the taper as the slope of a linear regression 

between different diameters and their axial positions (ÖNORM L 1021 2013). The procedure 

applied here was as follows: Firstly, the stem was isolated from the TLS-data using the method 

developed by Jacobs et al. (2020). Secondly, the stem was separated into 0.1 m intervals, from 

1.3 m to 10.0 m. Thirdly, within this stem section, the taper was calculated as the slope of the 

linear regression between diameter and axial position. Finally, the periodic annual taper change 

(pactaper in mm m-1 yr-1) was the difference between the taper in the winter of 2012/2013 and 

the winter of 2018/2019, divided by six years. 

Crown properties – projection area, transparency and roughness 

Based on point clouds from TLS scanning, crown properties were calculated using the R 

package “alphahull” (Rodriguez-Casal and Pateiro-Lopez 2019). This package enables the 

determination of the area and bordering line of a sample of points in a plane. By varying the α-

value, the tightness of the bordering line around the point cloud can be adjusted. Very low α-

values even recognize areas without any points in the middle of a two-dimensional point set. 

Choosing an α-value of 1, the TLS points were framed with a slack polygon (Figure 5a). The 

area inside this polygon was used as a proxy for the crown projection area (cpatradition), which 
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closely resembles the traditional crown projection area that is recorded in the field from the 

ground. Subtracting the two subsequent crown projection areas from each other and then 

dividing the difference by six years, the periodic annual change of the crown projection area 

(paccpa in m2 yr-1) was obtained. Without claiming to have calculated the actual cpatradition, it 

was important to choose the same alpha values for the scans of winter 2012/13 and winter 

2018/19, to ensure the comparability of the two measurements (ceteris paribus conditions). 

The crown projection area (Figure 5a) also served to assess crown transparency. For this, a 

polygon was created surrounding the two-dimensional point cloud per tree, choosing an α-value 

of 0.1. Consequently, the polygon fitted tightly to the points (Figure 5b). The resulting area of 

the tight polygon (Figure 5b) was normalised by the cpatradition first and then subtracted by 1. 

Analogous to the previous definitions, the difference in crown transparency on two different 

dates was divided by six years to obtain the periodic annual change in crown transparency 

(pactransparency in % yr-1). The calculated crown transparency is not the replication of the 

conventionally calculated parameter (Müller and Stierlin 1990). The calculation is based on the 

two-dimensional top view perspective, whereas conventional crown transparency is estimated 

based on lateral perspectives.  

The tight polygon (α = 0.1, Figure 5b) can be used not only for the derivation of an area but 

also of the polygon length to determine the crown roughness. To eliminate the size effect, the 

perimeter of a circle was calculated, which had the same area as the polygon of cpatradition (α = 1, 

Figure 5a). The perimeter of the tight polygon (α = 0.1, Figure 5b) was finally divided by the 

perimeter of the circle (Function 5). By analogy with the previous definitions, the difference in 

the crown roughness on two different dates was divided by six years, to obtain the periodic 

annual change of crown roughness (pacroughness in % yr-1). 

 

pacroughness = 

(
𝑃𝑙𝑒𝑛𝑔𝑡ℎ𝑐𝑝𝑎 ∝0.1

2∗ √𝑐𝑝𝑎𝑡𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛 ∝1 ∗𝜋
)

2018/19

− (
𝑃𝑙𝑒𝑛𝑔𝑡ℎ𝑐𝑝𝑎 ∝0.1

2∗ √𝑐𝑝𝑎𝑡𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛 ∝1 ∗𝜋
)

2012/13

6
 

(5) 

pacroughness = periodic annual change of crown roughness 

P = Polygon 

cpa = crown projection area 

 

             ∝ = alpha-values 
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Figure 5 Top view of tree number 89, by way of illustration of the different methods for calculating the 

crown projection area within the R package “alphahull”. Choosing an α-value of 1 (a), a projection area 

similar to the traditional crown projection area was derived. Choosing an α-value of 0.1 (b), the polygon 

framed the crown tightly. The crown transparency was calculated based on both crown projection areas. 

 

The cpa varies with different α-values, but at value 1, the difference in cpa between the two 

measurements was stable (Figure 6). 

 

 

Figure 6 Comparison of different α-values for α-hulls determining the cpa of tree number 89. 
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Figure 7 Two-dimensional top view of a Norway spruce tree (number 89) in winter 2012/13. The gray 

area shows what was considered to be the transparent parts of the crown projection area. The black 

points are TLS points. 

 

Finally, the focus was on the investment pattern between stem and crown. The allometry 

exponent β of the allometric Function (6) was determined. The slope β indicated the change in 

cpa at the growth rate of the d1.3 (Bertalanffy 1951). If β > 1, a positive allometry is present, 

where cpa changes more than d1.3. Vice versa, with negative allometry (β < 1), d1.3 changes 

more than cpa. Isometry prevails if the initial proportions remain constant over time (Pretzsch 

2001). 

 

ln(cpa) = t + βcpa, d1.3× ln(d1.3)  (6) 

cpa = crown projection area 

d1.3 = diameter at breast height 

t = offset 

βcpa,d1.3= allometry exponent 

 

 

Quantification of competition 

The competition was expressed by the index introduced by Hegyi (1974), using Function (1) 

that already served to calculate the local competition for research Topic I, where stem form 

variation and volume miscalculation due to competition were analyzed. The original Hegyi-
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index forms the ratio between the diameters of neighbouring trees and the reference tree, 

considering concurrently the distance from all the competitors. The spatial positions of all trees 

were taken from terrestrial laser scans.  

The competition zone radius (CZR) proposed by Lee and Gadow (1997), defined as the radius 

in which competitors were searched around the reference tree, is a function of the number of 

trees per hectare, and was determined only once, so that the radius was the same for every 

investigated tree. For this Function (2) was used that also served to calculate the competition 

zone radius and thus the local competition for research Topic I. The competition zone of border 

trees was mostly outside the plot in relative size. To counteract this problem, the calculated 

competition for the partial area inside the plot was extrapolated to the total area of the 

competition zone.  

 

2.2.4.  Assessment of defoliation and analysis of subsequent growth 

losses (Topic III) 

QIII: How does insect defoliation caused by Lymantria dispar affects stem growth?  

TLS workflow: scan acquisition 

For Article III, the RIEGL VZ-400i (RIEGL 2019) was used. An overview of the scanner, 

summarizing the main characteristics, is provided in Table 5. For all scanning campaigns, 

multiple scans were taken consecutively around the plots. The number of scan positions varied 

between the plots depending on the stand density of the plots. The higher the stand density, the 

more scan positions were needed. The number of scan positions between the scanning 

campaigns t2 and t3 was always the same to ensure the comparability of the measurements 

(ceteris paribus conditions). 

A laser pulse repetition rate of 1200 kHz was used. One horizontal 360° scan was performed 

for each scan position with a 100° vertical field of view. In my practical experience, the 

horizontal angular resolution was set to 0.04°, which in our practical experience, achieves a 

reasonable trade-off between scan-time (45 seconds per scan) and the risk of disturbances due 

to tree movement through wind. Due to the angular measurement scheme of the scanner, which 

operates from the ground, the point density naturally decreases towards the top of the canopy. 

Furthermore, the laser beam is usually unable to penetrate tree compartments in order to 

perform measurements behind obstacles. These two effects result in rather sparse measurement 
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densities in the upper crown and stem regions, especially if the crown parts near the scanner are 

dense (Hilker et al. 2010). Using the pulsed time-of-flight method for laser range measurements, 

the RIEGL LMS VZ-400i determines the range to all targets with which a single laser pulse 

interacts ("multi-target capability"). Depending on the measurement program used, the 

maximum number of targets that can be detected varies. The RIEGL LMS VZ-400i can 

generate 4 – 15 points per laser beam. I did not focus on three-dimensional tree features. Instead, 

the crown target variables (leaf area and crown perforation) were two-dimensional. This was 

done to exclude errors occurring in the three-dimensional analysis due to non-scanned areas of 

the upper crown region, respectively. Using the software RiSCAN PRO version 2.0.2 

(http://www.riegl.com/products/software-packages/riscan-pro/), all scan positions per plot 

were co-registered.The new automatic registration of the LMS VZ-400i was used so that 

artificial reference targets were no longer needed. Automatic registration and filtering were 

performed using the software RiSCAN PRO version 2.8.2. 

TLS data post-processing  

The automatic registration of the LMS VZ-400i was applied so that artificial reference targets 

were not needed in the field. The automatic registration, filtering, and multi-station adjustment 

(MSA), which were used to refine the overall registration, were performed using the RiSCAN 

PRO version 2.8.2 software (http://www.riegl.com/products/software-packages/riscan-pro/). 

By using the automatic registration feature and since I started each scan at approximately the 

same position where I finished the previous scanning campaign at the specific plot, it was 

possible to register all the point clouds of each scanning campaign (TLS1 – TLS3) into one 

project coordinate system. To include all the foliage, stems, and branches (sometimes hidden 

by foliage) on t2 and t3, each point cloud from TLS2 and TLS3 was merged with the point clouds 

from TLS1, before using an octree. This means that structural tree modifications within the 

scanning campaigns t1 to t3 can be directly visualized (Figure 2). Every point cloud was reduced 

using an octree to enable fast point-cloud processing without accuracy loss (Elseberg et al. 

2013). This way, the data is evenly distributed in space, whereby each cube with an edge length 

of 5 cm contains only one measuring point on average, set according to the center of gravity of 

the cube’s original points.  

The complete processing was carried out within the programming environment of R (R Core 

Team 2016). For this purpose, the rlas package (Roussel and Boissieu 2019) was applied. Each 

central tree was marked with a reflector in the field during scanning. This made it possible to 

detect central trees in all point clouds due to their higher reflectance values (> 1) compared to 
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the rest of the points. After tree detection, the isolation of each central tree from the TLS point 

cloud of t1, t2, and t3 was performed using a preprocessing algorithm. Following this step, each 

tree was visually checked for completeness. If necessary, unrecognised tree parts were added 

manually, and artifacts that did not belong to the tree were removed. 

Foliation-describing parameter 

Leaf area 

The difference between a tree's winter state and a tree's summer state after defoliation was used 

to calculate insect impact on foliation in insecticide-treated and control plots. Based on the TLS 

point clouds, total leaf area was calculated using the “alphahull” R package (Rodriguez-Casal 

and Pateiro-Lopez 2019). This package permitted the determination of the area and borderline 

of a sample of points in a plane, and it had also been successfully used in previous research to 

determine crown attributes (Jacobs et al. 2021). By varying the α-value, it was possible to adjust 

the tightness of the borderline around the point cloud. Very low α-values can even recognize 

areas without any points in the middle of a two-dimensional point set. When a uniform α-value 

of 0.1 was chosen, the polygon fitted tightly to the points (Figure 9). Subtracting each of the 

two subsequent areas from winter and summer, the periodic change of leaf area (pcleaf area in m2) 

was obtained. It was essential to choose the same alpha values for the scans in leaf-off and leaf-

on conditions to ensure the comparability of the measurements (ceteris paribus conditions). 

Repeated scanning campaigns of the same plots in 2019 made it possible to calculate the pcleaf 

area at the individual tree level. Via the difference between the horizontal projection area of the 

respective summer scanning campaign t2 or t3 and t1 (Figure 8), the pcleaf area of the individual 

tree could thus be calculated objectively in m2 (Function 7 and 8).  

 

pcleaf area ,t2 = horizontal projection areaα=0.1, t2 – horizontal projection area α=0.1, t1 (7) 

 

pcleaf area ,t3 = horizontal projection area α=0.1, t3 – horizontal projection area α=0.1, t1 (8) 

 

The leaf areai as the arithmetic mean of the periodic change for the individual tree is determined 

by Function (9):  

 

leaf areai = (pcleaf area ,t2 + pcleaf area ,t3)/2 (9) 
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Figure 8 A top view of two sample trees extracted from the TLS point cloud (a), (c) in winter without 

leaves; (b), (d) in summer during peak feeding. Tree no. 1 is a tree from a plot with a high defoliation 

risk and no treatment (HC, i.e., control); Tree no. 2 is a tree from an area with a high defoliation risk 

and treated with Mimic (HM). Tree no. 1 has a calculated leaf area of 5.9 m2 and tree no. 2 has a leaf 

area of 38.3 m2. 
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Figure 9 Top view of an oak tree, by way of illustration of the different methods for calculating the leaf 

area and crown perforation within the R package “alphahull”. Choosing an α-value of 1 (red polygon), 

a projection area similar to the traditional crown projection area was derived. Choosing an α-value of 

0.1 (black polygon), the polygon framed the crown tightly.  

 

Crown perforation 

In addition to total leaf area also crown perforation was calculated from the data. The polygon 

can not only be used to derive an area but also to determine its length. Firstly, the polygon 

length (α = 0.1) was divided by the crown projection area (cpa) area with α = 1 to eliminate the 

size effect. This result was finally divided by the polygon length of the cpa with α = 1 and 

multiplied by 100 (Function 10) to obtain the crown perforation as a percentage. The length of 

the polygon (α = 0.1) primarily determines the perforation of the crown. The higher the polygon 

length (always in relation to crown size), the higher the perforation because more holes within 

the crown can then be found. The crowns are less compact in the profile. 

 

Crown perforationt2 = 
(

𝑃𝑙0.1
𝑃𝑎1 

)

𝑃𝑙1
 * 100 

(10) 

 

t2 = scanning campaign at high peak gypsy moth  

Pl0.1 = Polygon length of the crown projection calculated with alpha = 0.1 

Pa1 = Polygon area of the crown projection calculated with alpha = 1 

Pl1 = Polygon length of the crown projection calculated with alpha = 0.1 
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2.2.5.  Modelling approach and evaluation 

In this dissertation, generalized additive mixed models and linear mixed-effects models were 

used to consider nesting in the data. Random effects included in the models address the inter-

correlation of samples caused by spatial and temporal clustering. All statistical testing was 

conducted by the use of the R-function gamm and lme from the package mgcv (Zuur 2009). In 

the following, models are described in accordance with the main research questions (QI – QIII) 

outlined in chapter 1.2. These models were formulated to test specific hypotheses in the 

associated publications (Article I – III). 

 

QI: How does competition modify the stem form of trees with the same height and diameter 

at breast height and thus influences volume miscalculation by traditional form factor 

equations? 

Generalised additive mixed model (GAMM) 

The data was nested on tree- and plot-level, which means that there were several observations 

per tree on different plots. Therefore, a generalized additive mixed model (GAMM) was 

required. In Table 7 three GAMM Functions (12) – (16) were formulated to answer the question 

QI. Volume ratios 1 and 2 were set as response variables. All models explain the response 

variable as a function of different linear predictors like 𝑑1.3, h, treatment (Figure 2a), thinning 

regime (Figure 2b), initial planting density (plants per hectare) and competition as a non-linear 

predictor. Detailed information on treatment and thinning regime per plot is given in Appendix 

C Supplementary A (Table A1 – A3). Function (11) shows the general structure of the model 

that was used: 

 

𝑌𝑖𝑗 =  𝑎0 +  𝑎1 ∗  𝑋1,𝑖 + 𝑎2 ∗  𝑋2,𝑗 +  … +  𝑎𝑛 ∗  𝑋𝑛,𝑖𝑗  +  𝑓(𝐶𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑖) +  𝑏𝑗+ 𝜀𝑖𝑗       (11) 

 

Throughout each model, the variable 𝑌 is the response variable, the variables 𝑋1 … 𝑋𝑛 are the 

linear predictors, the variable i indexes the tree, and the variable j the plot. The variable a 

represents the model’s intercept, the variable b represents the random effect related to the plots, 

and the symbol 𝜀 represents the remaining errors. The variable 𝑓 is a non-linear smoother, 

which covers non-linear relationships. Zuur et al. (2009) described the technical details (mgcv 
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package). Here, smoother 𝑓 is based on competition and is intended to cover the effects of 

unobservable influence variables. The parameters 𝑑1.3 and h were set as linear predictors to 

analyze the effect of competition on trees with the same 𝑑1.3 and h. The competition was tested 

on its own while other variables were set to the mean. This was also done for Function (14), 

with stem taper as the response variable. The log class (butt, middle, and top log) differentiates 

the stem into three parts and was added as a linear predictor to see which part of the stem is 

affected by changes in shape due to competition.  

 

Table 7 GAMM Functions (12) – (16) regarding QI.  

Response 

variable Linear predictors Smoother Function 

TLS volume 𝑑1.3+h+Treatment+Thinning+PD f(Competition) (12) 

Form factor Treatment+Thinning+PD f(Competition) (13) 

Stem taper 𝑑1.3+h+Treatment+Thinning+PD+Log class f(Competition) (14) 

Volume ratio 1 Treatment+Thinning+PD f(Competition) (15) 

Volume ratio 2 Treatment+Thinning+PD f(Competition) (16) 
Note: Generalized additive mixed model (GAMM); TLS volume = volume obtained by terrestrial laser scanning (TLS) method, 

diameter at breast height = 𝑑1.3, h = total tree height, PD = planting density, Log class = log classes per tree (butt, mid and top 

log), D1 = lower diameter at the beginning of the stem section, D2 = upper diameter at the end of the stem section, L = length 

of stem section, Stem taper = 
(D1−D2)

L
, Form factor = 

TLS Volume

((
pi

4
∗ d1.3)∗h)

. 

 

Evaluation of TLS method 

The automated TLS method's performance was assessed in terms of correct tree detection and 

deviation of 𝑑1.3 diameters along the stems 𝑑𝑎𝑙𝑙 and the total heights of the harvested trees due 

to the values obtained using manual measurement methods as reference (e.g., caliper, tape, and 

vertex). A key assumption in applying ordinary least squares (OLS) is that the independent 

variable is measured without error (Harper 2014) or that the magnitude of the error in the 

response variable is much larger than that in the independent (explanatory) variable (Legendre 

and Legendre 1988), which is not the case for this analysis. The measured diameters (TLS and 

manual measurement) contain some components of error. For those variables, Legendre (1998) 

recommends a major axis (MA) regression instead of an ordinary least squares regression. For 

this evaluation, the lmodel2 package (Legendre 2018) was used. The automated estimations 

were compared with the reference measurements at the tree level. The accuracy of the 

estimations was evaluated in terms of the bias and root mean squared error (RMSE) by using 
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the R package SimDesign (Chalmers 2018). To validate the tree detection, the proportion of 

detected trees in the plots to all trees in the plots (
 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑡𝑟𝑒𝑒𝑠

𝑡𝑟𝑒𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎𝑠𝑒𝑡
) was calculated. 

The processing was done within the programming environment of R (R Core Team 2016). The 

R packages used for the automated method were rlas, dbscan, TreeLS, and conicfit. The exact 

description of the R packages used for the respective tasks is given in Appendix C 

Supplementary A.  

 

QII: How does severe drought stress affect potential tree vitality indicators consisting of stem 

and crown attributes? 

T-test 

To visualize possible differences between control and treatment plots regarding drought stress, 

boxplots were created for all the analyzed parameters regarding. A t-test was used to determine 

whether there was a significant difference between the means of the two groups: the control 

group (no water limitation) and the treatment group (water limitation).  

Mixed Effect Regression Model 

The data was nested at the group level, which means that there were several trees in one group. 

Therefore, a mixed effect regression model with random effects at plot level was required. I 

started with a complex model using a generalized mixed-effects model (GAMM) with smoother 

expecting a non-linear relationship between the interaction of drought and competition. Instead, 

the relationship turned out to be linear. Thus, a linear mixed-effects model (LMM) was used. 

Seven LMM functions were formulated to answer QII regarding the stem property parameters 

(Function 18 – 20), regarding crown property parameters (Function 21 – 23) and regarding their 

allometry exponents (Function 24). All parameters were set as response variables to analyze 

the effects of species, drought, competition and the interaction effects between competition and 

drought (Table 8). All models explain the response variable as a function of different linear 

predictors like drought, species and competition. Function (17) shows the general structure of 

the model that was used for all LMM functions: 

 

𝑌𝑖𝑗 =  𝑎0 +  𝑎1 ∗  𝑋1,𝑖 + 𝑎2 ∗  𝑋2,𝑗 +   𝑎3 ∗  𝑋3,𝑗 + 𝑎4 ∗  𝑋2,𝑖𝑗  ∗  𝑋3,𝑖𝑗  + 𝑏𝑗+ 𝜀𝑖𝑗                      (17) 
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Throughout each model, the variable 𝑌 is the response variable, the variables X1…X3 (X1 = 

Species, X2 = Drought and X3 = Competition) are the linear predictors, the variable i indexes 

the tree, and the variable j the plot. The variable 𝑎𝑜 represents the model’s intercept, the 

variables 𝑎1…𝑎4 represent the slope coefficients, the variable b represents the random effect 

related to the plots, and the symbol 𝜀 represents the remaining errors.  

 

Table 8 LMM Functions regarding QII. All Functions (18) – (24) differ only in the response variable. 

The linear predictors and the interaction effects are the same for each Function.  

Response variable Linear predictors Interaction effects Function 

paid1.3 

  

(18) 

paiheight (19) 

pactaper Species Drought (20) 

paccpa Drought Competition (21) 

pactransparency Competition  (22) 

pacroughness 

  

(23) 

βcpa,d1.3 (24) 
Note: Linear mixed model (LMM); The paid1.3 (cm yr-1) is the periodic annual diameter at breast height increment, paiheight (m 

yr-1) is the periodic annual total tree height increment, pactaper (yr - 1) the periodic annual change of taper, paccpa (m2 yr-  1) the 

periodic annual change of crown projection area, pactransparency (% yr-1) the periodic annual change of crown transparency, 

pacroughness (% yr-1) the periodic annual change of crown roughness, βcpa,d1.3 the tree allometry exponent. 

 

Whether using the t-test or the mixed effect regression model, the significance level for the tests 

is considered statistically significant when the p-value is lower than 5 %. The processing was 

performed within the programming environment of R (R Core Team 2016). The R packages 

used for the evaluation were stats and graphics, which are both part of R (R Core Team 2016). 

Zuur et al. (2009) described the technical details (mgcv package (Wood 2017)).  

 

QIII: How does insect defoliation caused by Lymantria dispar affects stem growth?  

Linear mixed-effects models (LMM) 

The linear mixed-effects models were used to estimate the parameters for functions predicting 

leaf area, crown perforation, and basal area that formed the basis for subsequent tests for the 

effect of gypsy moths on defoliation and tree growth. To analyze wheter the leaf area and crown 

perforation calculated using TLS differ between trees attacked by gypsy moths and trees 

without damage, Functions (25) and (27) were created, which used the foliation values of all 

352 oak trees scanned at t2 and t3. Those 352 trees served as the basis for Functions (26) and 

(28) to predict (pred()) leaf area and crown perforation for all 880 central oak trees as linear 

predictors to analyze the relationship between leaf area/crown perforation and basal area 
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increment modified by the gypsy moth. The basal area increment was calculated via the long-

term girth tapes measured at the interval after defoliation (June 2019) until the end of the 

growing season 2019. 

 

𝑙𝑛(𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎𝑖𝑗𝑘) = 𝑎0 + 𝑎1 ∗  𝑙𝑛 (𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎) + 𝑎2 ∗ 𝐷𝑒𝑓𝑜𝑙𝑖𝑎𝑡𝑖𝑜𝑛 𝑟𝑖𝑠𝑘 + 𝑎3 ∗  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑏𝑘+ 𝜀𝑖𝑗𝑘                 (25) 

𝑙𝑛 (𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑖𝑗𝑘) = 𝑎0 + 𝑎1 ∗  𝑙𝑛 (𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎) + 𝑎2 ∗ 𝑝𝑟𝑒𝑑(𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎) + 𝑏𝑘+ 𝜀𝑖𝑗𝑘                           (26) 

𝑙𝑛(𝐶𝑟𝑜𝑤𝑛 𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑟𝑖𝑜𝑛𝑖𝑗𝑘) = 𝑎0 + 𝑎1 ∗ 𝑙𝑛 (𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎) + 𝑎2 ∗ 𝐷𝑒𝑓𝑜𝑙𝑖𝑎𝑡𝑖𝑜𝑛 𝑟𝑖𝑠𝑘 + 𝑎3 ∗ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑏𝑘+ 𝜀𝑖𝑗𝑘                 (27) 

𝑙𝑛 (𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑖𝑗𝑘) = 𝑎0 + 𝑎1 ∗ 𝑙𝑛 (𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎) + 𝑎2 ∗ 𝑝𝑟𝑒𝑑(𝐶𝑟𝑜𝑤𝑛 𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑖𝑜𝑛) + 𝑏𝑘+ 𝜀𝑖𝑗𝑘                          (28) 

 

Throughout each Function, the variable i indexes the tree, the variable j the plot, and the variable 

k the block. The variable 𝑎𝑜 represents the model’s intercept, the variables 𝑎1 and 𝑎2 represent 

the slope coefficients, while the variable 𝑏𝑘 represents the random effect related to the blocks. 

All random effects were assumed to be normally distributed, with an expected mean of zero. 

The uncorrelated remaining errors are 𝜀𝑖𝑗𝑘. 

Descriptive statistics 

Boxplots were used to illustrate the differences in the distribution of the leaf area and crown 

perforation calculated using TLS between trees attacked by gypsy moths and trees without 

damage. Then correlation analyses were performed to determine whether leaf area and crown 

perforation were related to stem increment within the same year. I decided to focus on the 

strength of the relationship between TLS foliation measurements and inter-annual stem growth 

because no accurate reference for the leaf area status was available. With Functions (29) and 

(30), linear models of tree growth were compared. The tree growth was expressed as an inter-

annual increment in the trees’ basal area, which includes the time from defoliation until the end 

of the growing season. 

 

𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑖 = 𝑎0 + 𝑎1 ∗ 𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎+ 𝜀𝑖 (29) 

𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑖 = 𝑎0 + 𝑎1 ∗ 𝐶𝑟𝑜𝑤𝑛 𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑖𝑜𝑛+ 𝜀𝑖 (30) 
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3. Results 

By the application of new techniques like TLS, this dissertation contributes to enhancing forest 

inventory and tree vitality monitoring, thus expanding our understanding of the reaction 

patterns of stems, crowns, and defoliation to environmental stress. It argues that TLS data can 

facilitate greater objectivity in vitality monitoring, which typically relies on subjective 

judgments. All three research topics are embedded within the tree monitoring architecture. Tree 

vitality is the focus of this dissertation (Topic II). Research Topics I and III complement this 

focus by exploring stem and crown attributes, respectively. Together, these attributes serve as 

key indicators of tree vitality. This work investigates the reaction patterns of the stem attributes 

due to competition (Topic I) and drought (Topic II), as well as the reaction patterns of the crown 

attributes due to drought (Topic II) and defoliation (Topic III). Each Topic (I – III) explores a 

specific research question (QI – QIII). The results are reported separately in peer-reviewed 

research Articles (I – III), and are summarized in this section. The research questions are: 

QI: How does competition modify the stem form of trees with the same height and diameter 

at breast height, thereby influencing volume miscalculation by traditional form factor 

equations? 

QII: How does severe drought stress affect potential tree vitality indicators consisting of stem 

and crown attributes? 

QIII: How does insect defoliation caused by Lymantria dispar affect stem growth?  

 

3.1.  Stem form variation and volume miscalculation due to competition 

(Topic  I)  

QI: How does competition modify the stem form of trees with the same height and diameter 

at breast height, thereby influencing volume miscalculation by traditional form factor 

equations? 

The effect of competition was significant on all three dependent variables – stem volume, form 

factor, and stem taper (Table 9 Functions 12 – 14). The lower the competition, the lower the 

volume and form factor of a single tree with the same 𝑑1.3 and h (Figure 10a and Table 9). 

Figure 10cde shows interaction (competition:log) effects.  
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Figure 10 Effects of competition on (a) TLS volume, (b) form factor per tree, (c) stem taper of butt log, 

(d) stem taper of mid log and (e) stem taper of top log. Competition was tested on its own while other 

variables were set to the mean. Each Y-axis shows the deviation from the mean for that variable. 

 

The effect of competition on the stem taper varied according to the log class but was significant 

for all log classes (Table 9). The butt logs of trees of the same size (𝑑1.3 and h) decreased in 

taper given increasing competition (Figure 10c), while the stem taper of the mid log increased 

with competition (Figure 10d). The stem taper of the top log decreased with increasing 

competition (Figure 10e). The competition, the log class itself, and the interaction of both had 

a significant influence on stem taper (Table 9). 

Traditional volume functions neglect, or at least do not respect, the dependency of volume on 

competition, as they are designed to be simple, fast, and efficient for the purpose of practical 

applications. Even though competition had a statistically significant influence on deviations 

expressed by ratio 1, the total variability explained by Functions (15) and (16) was low 

(Table 9).  
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Table 9 GAMM statistics of Functions (12) – (16) for QI. For volume ratio 1, the TLS volume 

calculation (numerator) was compared with the composite method of the volume calculation that uses 

the conventional form factor equation and TLS-determined input parameters (denominator). For volume 

ratio 2, the TLS volume calculation (numerator) was compared with the volume estimation that used 

traditional forest inventory data and conventional form factor equations (denominator). Both ratios were 

formed to determine differences per tree as a percentage.  

 (12) TLS-

volume (m³) 

(13) Form 

factor 

(14) Stem taper 

(𝒄𝒎−𝟏 𝒎) 

(15) Volume 

ratio 1 

(16) Volume 

ratio 2 

Intercept 𝑎0 -1.01 × 100*** +4.98 × 10-1*** +1.88 × 100*** +1.01 × 100*** +1.05 × 100*** 

𝑑1.3 (m) +5.84 × 100***  +3.92 × 100***   

h (m) +9.39 × 10-3***  –8.95 × 10-2***   

Treatment2 +4.92 × 10-3 –1.14 × 10-2*** –1.71 × 10-2 –2.75 × 10-2*** –2.63 × 10-2 

Thinning2 +6.18 × 10-3 –1.48 × 10-2*** –1.02 × 10-2 –6.47 × 10-3 –2.71 × 10-2 

Thinning3 +1.03 × 10-2 –1.60 × 10-2*** –5.34 × 10-3 –7.01 × 10-3 –5.09 × 10-4 

Thinning4 –6.13 × 10-3 –9.89 × 10-3*** –4.33 × 10-3 +2.87 × 10-3 –1.56 × 10-2 

PD –2.23 × 10-3*** –6.59 × 10-7 +6.72 × 10-6 +1.22 × 10-5*** +1.49 × 10-7 

Log Class2   –5.54 × 10-2***   

Log Class3   +1.04 × 100***   

f(Comp) *** *** *** *** *** 

f(Comp):Log Class1   ***   

f(Comp):Log Class2   ***   

f(Comp):Log Class3   ***   

R-sq. (adj) 0.95 0.03 0.89 0.11 0.01 

Note: General additive mixed model (GAMM); significance values: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05. PD = initial 

planting density (trees per hectare), 𝑑1.3 = diameter at breast height, h = total tree height, f = Smoother, Comp = Competition, 

Log Class = log classes per tree (butt-, mid- and top log), coefficient of determination = R-sq., Form factor =  
𝑇𝐿𝑆 𝑉𝑜𝑙𝑢𝑚𝑒

((
𝑝𝑖

4
∗ 𝑑1.3)∗ℎ)

, 𝐷1 

= lower diameter at the beginning of the stem section, 𝐷2 = upper diameter at the end of the stem section, 𝐿 = length of stem 

section (log class), Stem taper = 
(𝐷1−𝐷2)

𝐿
. 

 

This suggests that, in addition to the effects of treatment, initial planting density, and 

competition, a significant portion of the deviations caused by the use of traditional volume 

functions (Table 10) were unrelated to competition effects. 
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Table 10 Volume differences by treatment. The spacing experiment represents Treatment 1 and the 

thinning experiment Treatment 2. For thinning, regime 1 was never thinned, regime 2 was thinned late, 

regime 3 was moderately thinned, and regime 4 early thinned. Planting density (PD) varied between 400 

and 10000 trees/ha. For volume ratio 1, the TLS volume calculation (numerator) was compared with the 

composite method of the volume calculation that uses the conventional form factor equation and TLS-

determined input parameters (denominator). For volume ratio 2, the TLS volume calculation 

(numerator) was compared with the volume estimation that used traditional forest inventory data and 

conventional form factor equations (denominator). Both ratios were formed to determine differences per 

tree as a percentage. 

 

Volume ratio 

(1) (%) 

Volume ratio 

(2) (%) 

Forest inventory volume 

stock (m³) 

Corrected volume 

stock (m³) ratio (2) 

Total +4.2 +2.0 553 564 

Treatment1 +5.4 +2.7 447 459 

Treatment2 +3.8 +1.6 612 622 

Thinning1 +3.1 +3.2 808 834 

Thinning2 +4.0 +0.7 583 587 

Thinning3 +2.8 +2.5 580 595 

Thinning4 +4.6 +1.4 660 669 

PD400 +6.1 +7.0 331 354 

PD2500 +8.3 +5.0 455 478 

PD4000 +4.0 +0.7 484 487 

PD10000 +3.4 +3.5 513 531 

Note: The percent volume differences were calculated for volume ratios 1 and 2. The values of the volume stocks were 

determined by traditional forest inventory methods. Volume ratio 2 was used to correct these values, because stem volume is 

traditionally calculated using form factor equations with taper and vertex as the input parameters. The more accurate TLS 

volumes are the reference. Volume ratio 2 deals exactly with these two procedures. Volume ratio 1 uses the same TLS data 

input to compare TLS against forest inventory methods. The red numbers highlight particularly strong changes or adjustments 
between treatments. 

 

However, the investigation demonstrates how competition affects the stem form of trees of the 

same 𝑑1.3 and h. The results show that stem taper decreased with increasing competition and 

vice versa (Figure 10ab). In particular, the lowest stem section (butt log) becomes more 

cylindrical the higher the competition (Figure 10c). The ratio of volume miscalculation 

decreased with increasing competition (Figure 11).  

Since the butt log contains the most volume, it accounts for a large share of the overall volume 

difference. Competition, planting density, and treatment all influenced stem form, but these 

variables alone do not fully account for differences in stem form (Table 9 Functions 15 and 16). 

The high level of unexplained stem form variability suggests that other, unidentified plot- or 

tree-level factors are also at work.  
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Figure 11 Effect of competition on volume ratio 1. For volume ratio 1, the TLS volume calculation 

(numerator) was compared with the composite method of the volume calculation that uses the 

conventional form factor equation and TLS-determined input parameters (denominator). Competition 

was tested on its own while other variables were set to the mean. The y-axis shows the deviation from 

the mean of the respective variable. 

 

When focusing on the distribution (Figure 11), deviations that increase and decrease apart from 

the average can be observed. This may be explained by changing forest management strategies. 

The experimental area was heavily thinned and the degree of competition may have changed 

significantly over time. Stem shape may reflect the legacy of past stand structures. Hence, older 

samples may have been limited to trees coming from less structured stands, which were lightly 

thinned from below. This suggests that traditional volume functions are particularly suitable for 

homogeneous single-layer stands featuring medium competition. The more heterogeneous and 

complex the stand structure, the less suitable these functions are. 
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Accuracy of TLS method 

The 𝑑1.3 obtained from TLS is plotted against field measurements (Figure 12a).  

 

 

Figure 12 (a) Comparison of 𝑑1.3 measurements between TLS and manual measurement using diameter 

tape. (b) Diameters of the 55 logged trees were measured by a caliper. (c) Comparison of all 28 heights 

across measurement types. Type 1: automated TLS method. Type 2: traditional height measurement by 

vertex. (d) Stem volumes by measurement type. Type 1: automated TLS method. Type 2: traditional 

volume function using forest inventory parameters. The lines represent a 1:1 relationship. 

 

The automated TLS method yielded good diameter estimates with RMSE values of 1.15 cm for 

𝑑1.3 and 1.36 cm for diameters of all heights. TLS outperformed field measurements in terms 

of RMSE, bias, and linear correlation (Table 11). The heights estimated using the automated 

TLS method were plotted against heights that were calculated from field measurements (Figure 

12b). The automated TLS method delivered good estimates of total heights overall, with RMSE 

values of 0.52 m for total tree height (Table 11). The traditional height estimation error with 

manual measurement input was 0.8 m (Table 11). The estimated volumes from the automated 

TLS method were plotted against volumes that were calculated from field measurements and 
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the Smalian (Hush et al. 1982) volume function (Figure 12c). The automated TLS method had 

good estimates of volumes overall, with RMSE values of 0.018 m³ for stem-wood volume 

(Table 11). The traditional volume estimation error with TLS 𝑑1.3 and h input was 0.055 m³, 

and with manual measurement input 0.042 m³ (Table 11). 

 

Table 11 Root mean square error (RMSE), bias and coefficient of determination (R-sq.) of the diameters 

at breast height (𝑑1.3)  and diameter along the stem (𝑑𝑎𝑙𝑙)  obtained from TLS, where manual 

measurement was the reference.  

 Mean RMSE  Bias  R-sq. 

Diameter (m)     

Reference 𝑑1.3-856 trees 0.2891    

TLS 𝑑1.3-856 trees 0.2884 0.0115 –0.0007 0.9902 

Reference 𝑑𝑎𝑙𝑙-55 trees 0.1516    

TLS 𝑑𝑎𝑙𝑙-55 trees 0.1497 0.0136 0.0019 0.9807 

Total height (m) – 28 trees     

Reference 22.9872    

TLS 22.9458 0.5192 –0.0343 0.9854 

Traditional 23.1145 0.7942 –0.2031 0.9677 

Volume (m³) – 55 trees     

Reference 0.5305    

TLS 0.5311 0.0180 –0.0006 0.9975 

TLS-Traditional 0.5087 0.0547 0.0218 0.9815 

Traditional 0.5263 0.0417 0.0042 0.9870 
Note: Mean, RMSE, Bias and R-sq. of total tree heights calculated by TLS and by traditional forest inventory (Traditional), 

where manual measurement of the felled tree was the reference. Mean, RMSE, Bias and R-sq. of volumes calculated by TLS, 

traditional volume function with TLS data input (TLS - Traditional) and traditional volume function with input of traditional 

forest inventory (Traditional) where manual measurement and volume computation by Smalian (Hush et al. 1982) was the 

reference. 

 

 

3.2.  Tree vitality indicator responses to severe drought stress (Topic II) 

QII: How does severe drought stress affect potential tree vitality indicators consisting of stem 

and crown attributes? 

Drought stress led to a significantly smaller crown size as well as lower stem and height growth. 

In addition, high competition combined with drought stress resulted in crowns that were less 

rough and thus more compact. 

It can be observed that despite random effects on plot level, drought stress affected paiheight, 

paccpa and pacroughness regardless of the tree species (Table 11 Functions 19, 20, and 23), which 

is demonstrated by the estimate values of –0.14, –1.43, and +15.9 for treated trees respectively. 

Furthermore, local competition had an effect on the paid1.3 and paccpa of the control trees (Table 

12 Functions 18 and 21), which is shown by the estimate values of –0.07 and –0.27 if 
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competition increases by one unit, respectively. The lower the competition, the higher the 

growth in cpa and d1.3 for the control trees. The pacroughness is the only parameter that is affected 

by local competition under drought stress, which is demonstrated by the estimate value of –9.5 

for treated trees if competition increases by one unit. The lower the competition, the higher the 

roughness of the crowns for trees under drought stress, and vice versa. In terms of species, the 

variables paiheight, paccpa and pacroughness differ (Table 11 Functions 19, 21, and 23), which is 

demonstrated by the estimate values of +0.10, +0.52, and +7.73, respectively, for beech trees.  

The results cannot prove an effect of drought stress on stem form. Only a trend towards 

cylindrical stem forms occurred (Table 12 Function 20). This work showed that lower 

competition might have the potential to improve the growth performance of trees in response 

to drought if the whole stem is considered (Table 12 Function 20). Due to the low model 

performance (R²), drought, species and local competition may not be the only root causes of 

the observed stem-form differences (Table 12 Function 20).  

The height growth was affected by drought stress for each individual tree species and was lower 

in comparison to the control trees (Figure 13b). In Table 12 (Function 19), height growth was 

affected by drought, which is demonstrated by the estimate value of –0.14 for all treated trees. 

For Douglas fir, height growth response to drought stress was observed to be an even more 

sensitive indicator than basal area (Rais et al. 2014).  

 

Table 12 LMM statistics of Functions (18) – (24) for QII.  

Function (18) (19) (20) (21) (22) (23) (24) 

Response variable paid1.3 paiheight paitaper paccpa pactransparency pacroughness Βcpa,d1.3 

Intercept 𝑎0 +0.34*** +0.29*** –0.07* +0.55** +0.58 +2.01 +6.63 

Species (European 

beech) 

+0.01 b +0.10 b** +0.04 b +0.52 b*** –0.08 b +7.73 b** +7.7 b 

Drought (Treatment) –0.12 b –0.14 b* –0.06 b –1.43 b** +1.2 b +15.9 b* –21.57 b 

Competition –0.07** –0.03 –0.005 –0.27** +0.05 –1.16 –5.47 

Drought:Competition 

(Treatment) 

–0.02 b –0.003 b –0.08 b +0.3 b –0.3 b –9.5 b* +3.74 

R² (adjusted) 0.33 0.43 –0.03 0.61 0.1 0.25 0.16 

Note: Linear mixed-effects model (LMM); R² (adjusted) is the coefficient of multiple determination; all significance values 

and trends were bold: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05; The paid1.3 (cm yr-1) is the periodic annual diameter at breast 

height increment, paiheight (m yr-1) is the periodic annual total tree height increment, pactaper (mm m-1 yr-1) the periodic annual 

change of taper, paccpa (m2 yr-  1) the periodic annual change of crown projection area, pactransparency (% yr-1) the periodic annual 

change of crown transparency, pacroughness (% yr-1) the periodic annual change of crown roughness, βcpa,d1.3 the tree allometry 

exponent. Competition is the local index by Hegyi (1974). Within a given category of drought (control vs. treatment) and 
species (Norway spruce vs European beech). 
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Figure 13 Effects of drought stress on stem properties QII, (a) paid1.3 periodic annual d1.3 increment in 

cm yr-1, (b) paiheight periodic annual height increment in m yr-1, (c) pactaper periodic annual change of 

taper in mm m-1 yr-1, yr is the year. Significance values: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05, 

‘n.s.’ not significant. 
 

 

 

Figure 14 Effects of drought stress on crown properties QII, (a) paccpa the periodic annual change of 

cpa in m2 yr-1, (b) pactransparency the periodic annual change of crown transparency in % yr-1, (c) pacroughness 

the periodic annual change of crown roughness in % yr-1. The variable cpa is the crown projection area 

(m2) and yr is year. Significance values: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05, ‘n.s.’ not significant. 

 

Drought stress led to a significantly smaller crown size for each individual tree species (Figure 

14a). In Table 12 (Function 18), this is demonstrated by the estimate value of –1.43 for all 

treated trees. The crowns of Norway spruce trees also increased in transparency and roughness 

on the treatment plots (Figure 14bc). The TLS scans were performed after the vegetation period, 

and thus the beech trees had no leaves. Lower crown transparency in beech trees could only 

have resulted from branch loss. Overall, almost all trees became more transparent, with trees 

under drought stress showing more transparent crowns (Figure 14b).  
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3.3.  Tree growth responses to insect induced defoliation (Topic III) 

QIII: How does insect defoliation caused by Lymantria dispar affects stem growth? 

Defoliation detection by TLS 

The TLS approach detected defoliation and introduced the novel parameters of leaf area and 

crown perforation that can be used for further studies (Figure 15ab, Table 13 Functions 25 and 

27). Using this approach in an experimental setting with plots differing in outbreak condition 

and pest control measures, it was possible to show that leaf area was significantly higher in 

plots that were sprayed with Mimic that protected the trees against defoliation by gypsy moth 

(Figure 15a, Table 13 Function 25), while crown perforation was significantly lower on these 

plots, resulting in fewer perforated and more compact crowns in leaf-on (t2) condition (Figure 

15b, Table 13 Function 27).  

 

 

Figure 15 Descriptive statistics boxplot of (a) leaf area ((t2 + t3)/2) in m2 and (b) crown perforation (t2) 

as a percentage per tree, depending on treatment and defoliation risk, measured using raw data after 

defoliation until the end of the growing season. The experiment comprised two defoliation risk levels, 

high (H) or low (L), and two treatment types, sprayed with Mimic (M) to protect the trees against 

defoliation or unsprayed control (C). The factorial design comprised the four combination types (HC, 

HM, LC, and LM). 

 

Both of the foliation-describing parameters correlated with basal area increment, which was 

calculated within the same year directly after defoliation had taken place. As expected, leaf area 

was significantly and positively (Figure 16a, correlation = +0.6, R² = 0.35), and crown 
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perforation significantly and negatively (Figure 16b, correlation = –0.35, R² = 0.12) related to 

basal area increment. The reason for the lower correlation is probably that the crown perforation 

calculation was based on only one scanning campaign, whereas the leaf area determination 

method needed at least two and thus contained more information.  

 

 

Figure 16 Comparison of basal area increment in cm2 year-1 measured by long-term girth tapes between 

June 2019 (after defoliation) and the end of the growing season 2019, with (a) leaf area in m2 measured 

after defoliation, and (b) crown perforation in %. Every dot is a single tree, and every line represents the 

regression line of Functions (29) and (30). 

 

In summary, it was possible to detect defoliation with the TLS approach introduced and the two 

parameters (Figure 15ab). The leaf area was the more suitable parameter for determining the 

foliation. The correlation with basal area increment showed better results (Figure 16ab). Still, 

the crown perforation parameter was able to describe defoliation and showed subsequent 

growth losses due to defoliation. Nevertheless, crown perforation seems to have a greater effect 

on stem growth, as shown by the significance and R2 of Function (28) (Table 13). In addition, 

Function (27) shows that crown perforation, in contrast to the leaf area, was significantly lower 

on plots where a low defoliation risk with a low density of gypsy moth eggs was found. Thus, 

the assessment of defoliation risk based on egg-mass density before the outbreak occurred was 

relatively accurate. 
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Defoliation and subsequent growth loss 

Oaks with a lower leaf area and higher crown perforation showed significant losses in the 

estimation of the basal area increment parameter compared to non-defoliated trees (Figure 17ab, 

Table 13 Functions 26 and 28). The growth losses depended in an almost linear way on crown 

perforation for trees at the lower end of the diameter range. However, non-linear effects 

occurred for trees at the upper end of the diameter range. Therefore, higher increment losses 

due to defoliation are expected for trees with a higher basal area (Figure 17a, Table 13 

Function 26). As for leaf area, higher increment losses due to higher crown perforation are 

expected for trees with a higher basal area (Figure 17b, Table 13 Function 28). The curves of 

leaf area and crown perforation, from Functions (26) and (28), differ in intercept and slope. The 

slope of the leaf area curves is higher, while the curves of the crown perforation are separated 

from each other by a greater distance. Overall, they cover the same stem growth range. To 

create the curves, the first quartile, median, and third quartile values of all leaf area and crown 

perforation values were used to set them as leaf area and crown perforation parameters in 

Functions (26) and (28), respectively (Figure 17). 

 

Figure 17 Three curves for (a) leaf area (m2) from Function (26) and (b) crown perforation (%) from 

Function (28) each (first quartile = solid, median = dashed and third quartile = dotted) depending on 

basal area increment in cm2 year-1 and basal area in cm2. 
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Table 13 Statistics from linear mixed-effects models for QIII (Functions 25 – 28). 

Function (25) (26) (27) (28) 

Response variable Ln(leaf area) Ln(basal area 

increment) 

Ln(crown 

perforation) 

 

Ln(basal area 

increment) 

Intercept  –2.70*** –2.91** –4.45*** +1.71 

Ln (basal area) +0.67*** +0.48** –0.33*** +0.20 

Defoliation risk (low) +0.02  –0.11*  

Treatment (Mimic) +0.2***  –0.14**  

Pred (leaf area)  +0.07*   

Pred (crown perforation)    –0.26*** 

R² (adjusted) 0.33 0.19 0.23 0.21 

Note: Ln() is the logarithmic transformation, and pred means predicted. The category of defoliation risk is divided into high 

vs. low and treatment is in control vs. Mimic; R² (adjusted) is the coefficient of multiple determination; Estimates and 
significance values are given, while all significance values are in bold type: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05. 
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4. Discussion 

4.1.  QI: How does competition modify the stem form of trees with the same 

height and diameter at breast height and thus influences volume 

miscalculation by traditional form factor equations? 

Topics II and III, which involve vitality indicator responses to severe drought stress and growth 

responses to insect-induced defoliation, are directly related to the core issue of vitality 

monitoring and index assessment. The connection to Topic I, which examines stem form as a 

result of competition effects, is less direct. However, Topic I provided an essential step in tree 

shape assessment and stem detection algorithm development. The isolated stem also served as 

a starting point for identifying the crown belonging to it.  

In general, stem form depends on genetics, silviculture, and site characteristics (Karlsson 2000). 

According to Assmann (1968) and Larson (1963), the diameter increment changes along the 

stem depending on stand density. The reduction of density-stress promotes the diameter 

increment at the bottom part of the stem. As a result, the lowering of stand density can cause a 

decrease in form factors (f1.3), an increase in taper rates, and a decline in slenderness (h/𝑑1.3), 

making the single tree more resistant to wind throw. In other words, with decreasing stand 

density, the lower part of the stem begins to appear more conic rather than cylindrical (Jonsson 

1995). Social status also affects stem shape. Trees free from competition with unrestricted 

crown development increased in stem taper, while dominated trees in closed stands produced 

smaller crowns with less stem taper (Gray 1956). My investigation reveals that competition also 

affects the stem form of trees of the same 𝑑1.3 and h. These results go beyond the findings 

obtained by Assmann (1968) and Larson (1963). The results also identified competition as a 

relevant stand property responsible for volume miscalculation. Like Calama and Montero 

(2006), I conclude that there is still a high level of non-explained random variability regarding 

stem form shaping that indicates the presence or interaction of factors that act at plot and tree 

level. According to Schneider (2018), further main factors were biomechanical or hydraulic 

constraints. Both factors highlight the important influence of crown dimensions on stem form 

(Schneider 2018). Zakrzewski (1999) pointed out, considering crown dynamics that were 

related to stand density could improve the research of stem form changes. In addition, stem 

form variation is influenced by climatic variables (Schneider 2018). Future research might 

focus on the effect of these factors on stem form. Since TLS records stem, crown shape and 

branch structures three-dimensionally, this additional information should be included in future 

investigations. The use of TLS systems designed for surveying by the ecological research 
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community has generated new interest, experimentation, and the development of tools and 

approaches. This virtuous circle of instruments, measurement, and processing is fast 

progressing, opening up new fields of research in relation to tree structure and function at all 

scales along the way (Disney 2019). 

It is important to identify and analyze the inaccuracy that traditional stem form factor equations 

cause, besides the ecological question of how local competition effects stem form. As a result, 

the precision of the measurement tools used is important. Individual tree characteristics such as 

crown projection area are estimated visually from the ground in traditional forest inventories, 

while stem form or volume of a stem is traditionally estimated using two parameters (d1.3 and 

h) and a tree species-specific form factor. Determining the volume of standing trees is 

challenging due to the difficult accessibility of measurement features such as tree height and 

diameter. Increasing the accuracy usually involves a higher workload. Several types of volume 

equations have been developed to predict the stem volume of a tree across varying geographical 

regions and different tree species: Merchantable volume functions, taper functions, and general 

form factor equations (West 2015). In forest practice and science, general form factor equations 

are commonly used. The error that results from neglecting the stem form in detail is largely 

unknown. According to Stinglwagner et al. (2016) a calculation error of up to 15 % occurs, 

despite error-free measurements of the input variables (h and d1.3).  

TLS is considered to be a precise measurement tool (RIEGL 2019). In addition to completeness, 

handling, and the level of detail of the measurement, TLS confers significant cost-effectiveness 

advantages. Traditional techniques from hand surveying to tacheometric surveying are slow and 

carry the potential for error. With the laser scanner, which measures statically with millimeter 

accuracy, it is unlikely that details will be overlooked, and the need to examine and measure the 

same object several times for the purpose of redensification is usually completely eliminated 

(Studnicka et al. 2019). Still, TLS as a measurement tool, the applied method, and calculation 

must be evaluated. This leads to the lack of a reference measurement, i.e. finding suitable 

reference measurements to evaluate the tree parameters obtained from TLS point clouds or 

traditional measurement methods was challenging. Regarding the stem form, destructive 

measurements were made to compare the performance of the presented TLS and the old 

technique. During the thinning operation, the trees were felled and measured manually. The 

TLS volume determination and traditional volume determination methods were both validated 

using this time-consuming manual measurement as a reference. Whether the manual 

measurement using a caliper is actually more accurate than the TLS estimate is open to debate. 
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However, it was chosen as a reference because it is quick and widely accepted in traditional 

forest inventories. As a “true” reference, a high-precision three-dimensional laser measurement 

in a sawmill would have been a better choice. 

According to the results of this dissertation the stem volumes estimated by conventional form 

factor equations increase and decrease apart from the average competition situation. This may 

be explained by changing forest management strategies, which might have increased the variety 

of trees and stem shapes in the study area. Different competition situations were observed over 

time, and the experimental area was heavily thinned. As a result, the current stand structure 

probably differs from past ones, with potential implications for stem shape. Hence, the previous 

sampling may have been more limited to trees coming from less structured stands, which were 

lightly thinned from below. This suggests that traditional volume functions are particularly 

suitable for homogeneous single-layer stands with a medium competition situation. The 

suitability of these functions likely declines with increasing stand complexity and 

heterogeneity. However, in this study, competition could not fully explain all differences in 

stem shape, as Functions 15 and 16 show (Table 9). Furthermore, it must be questioned whether 

a competition index over time (as calculated in this work) could summarize the structural 

changes over time generated by all thinning regimes. Since the competition values were 

averaged over time, inaccuracies may occur over the course of time regarding the respective 

competitive situation; the formula does not consider whether the competitive situation was low 

or high at the beginning or towards the end. 

However, the miscalculation of volume gets more obvious with a decreasing abstraction level. 

Pooling all trees (n = 868) and computing the total stock, relatively small deviations of +2.0 % 

or +4.2 % were observed, depending on the method applied. Volume differences were larger 

for smaller stands. The differences between plots, treatments, thinning regimes, or planting 

densities varied from +0.7 % to +7.0 % (Table 10). Finally, at tree level, the absolute mean 

deviation per tree varied from –10 % to +10 %. Thus, in a rough investigation, such as the 

determination of the total stock, traditional volume functions may be sufficient. For more 

precise (especially tree-level) measurements, TLS is likely preferred. In a worst-case scenario, 

scientific results could be misinterpreted and suboptimal recommendations could be given 

based on traditional volume calculation (Meng 1981). To classify these results, it should be 

mentioned that the spacing and thinning experiments presented here have a special design. 

These extremes are more extreme than the extremes you would usually find in the typical 

temperate forest. The extreme areas of the blocks are divided into very dense, non-thinned plots 
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and also plots with solitary trees. The experiment thus served as a very good basis for the 

question of how competition effects affect stem form. If no deviations had been found here, 

they would not have been noticeable in practice. Although these are extreme competitive 

situations, this study demonstrates the suitability and accuracy of the TLS measurement that 

will be needed in future scientific work to learn more about the effects of stress factors such as 

drought on tree shape. 

Regarding Topic I, volume miscalculations by classical form factor equations due to 

competition were discovered. The focus was on the stem forms of trees, with the same d1.3 and 

h, and how they reacted to competition. Trees tend to adopt cylindrical stem forms with 

increasing competition, whereas stem form tapering increased with decreasing competition. The 

logical next step was to see how they behaved to other stress factors, such as drought, either 

alone or in combination. Since TLS is able to scan not only the stem form, other tree shape 

parameters should also be provided to analyze the reaction pattern of the entire external shape 

caused by stress. 

 

4.2.  QII: How does severe drought stress affect potential tree vitality 

indicators consisting of stem and crown attributes? 

It was feasible to analyze the effects of drought stress on both stem and crown properties due 

to automated stem detection (Topic I) and the development of semi-automatic methods to 

isolate the crowns and thus quantify the crown size parameters (Topic II). I evaluated (1) the 

usefulness of stem and crown characteristics of Norway spruce and European beech trees, and 

(2) also their growth measurements under drought stress, as indicators of either vitality or 

physiological stress. There are a number of different indicators used to describe the vitality of 

an individual tree. The two most common ones are crown transparency (which describes 

defoliation) and diameter growth (Dobbertin et al. 2009). In order to assess the long-term 

development of tree vitality, it is often necessary to select easy-to-measure indicators for forest 

inventories. This is where research Topic II intends to contribute to future forest inventories 

and tree vitality assessments. The results show that drought stress led to a significantly smaller 

crown size (Figure 14a). The magnitude of the change in the crown, which shrank dramatically 

due to drought, supports the conclusion that the change in crown projection area (cpa) should 

be employed alongside metrics like stem growth and crown transparency in the future in forest 

inventories to better assess tree vitality. 
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The impact of drought on the crown has been critically discussed, and assumptions regarding 

all strategies vis-à-vis drought were summarized in the review by Bréda et al. (2006). The 

potential acclimatisation strategies were cavitation and cladoptosis. Due to drought-induced 

branch die-off, fewer branches lose water through transpiration, which enables the remaining 

shoots to maintain a favourable water balance, although this results in smaller and more 

transparent crowns (Rood et al. 2000). In addition to the die-off of branches, there is also the 

deliberate, active process of shedding branches (cladoptosis). This mechanism enables trees to 

adjust root-shoot ratios after drought-induced declines in root system extent and efficiency. 

Branch shedding and dying were observed for oak, birch, and poplar (Rood et al. 2000; Rust 

and Roloff 2002) Both strategies imply that crown size should decrease in response to drought 

stress. The scans were performed in winter, when beech trees were free of foliage. Using the 

cpa as a rather simple crown attribute, it was possible to prove significant crown shrinkage per 

year, which was observed over a time span of only six years. Beech trees may have suffered 

from drought stress and shed parts of their branches. The assumed effects of branch shedding 

and dying were measurable in terms of cpa, crown transparency, and crown roughness using 

TLS. No other study has previously been able to confirm these results. Three-dimensional data 

is likely to play a key role in monitoring and understanding the responses of terrestrial 

ecosystems to climate change (Calders et al. 2020). The use of TLS in this work provides strong 

empirical support for theories about drought stress reactions (Bréda et al. 2006). 

It can be hypothesised that crown properties like cpa, transparency, and roughness are linked 

to each other when analyzing the interaction effects of drought and competition. Trees suffering 

from drought stress and high competition reduced their already-small crown dimensions to the 

lowest possible size at which they could efficiently survive. Roughness and transparency 

decrease as a follow-on effect of smaller and more compact crowns. This contrasts with the 

increasing roughness and transparency of trees under drought stress without competition. Since 

changes in crown roughness and transparency in response to drought are dependent on the 

competition situation, these crown properties should not be used in isolation to detect drought 

stress. In comparison, cpa reacted more strongly to drought and should represent a good 

indicator for tree vitality monitoring.  

The height growth was affected by drought stress for each individual tree species and was lower 

in comparison to the control trees (Figure 13b). For the Douglas fir, height growth response to 

drought stress was observed to be an even more sensitive indicator than basal area (Rais et al. 

2014). In the past, only a few drought-related studies have focused on the height growth of 
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mature trees, as the accurate measurement of height increments requires the felling of trees 

(Hasenauer and Monserud 1997). Setting aside technical issues surrounding measurement 

accuracy, the height growth of most species is a complex multi-seasonal process from an 

ecophysiological point of view (Bréda et al. 2006). Since annual mean increments were 

computed using six years of experimental data, seasonal fluctuations were likely averaged out. 

Besides the short observation period, another criticism of this work is the sample size. It is 

possible that effects for some parameters were identified because of the short time period or 

small sample size (n = 47); a larger experiment might have been able to detect finer differences 

between roofed and control plots. Due to the low model performance (R²), drought, species and 

local competition may not be the only root causes of the observed stem-form differences, for 

example (Table 12 Function 20). Another point of criticism is the design of the drought stress 

experiment. The experimental design is an extreme example using contrived conditions in 

which the treatment area is exposed to absolute drought due to precipitation withdrawal; such 

conditions are unlikely to exist in nature. 

Another challenge involved finding the “true” reference measurement to validate vitality 

indicators. For QII, the presented tree vitality indicators obtained by TLS were not evaluated 

against a reference, although they may include errors. Wang et al. (2019) reported, for instance, 

that TLS underestimated the height of big trees, which may be due to occlusion of crown and 

stem parts. The occlusion problem might be mainly resolved by choosing a sufficient number 

of different scan positions. On the other side, TLS height measurements on Norway spruce trees 

in forest stands that covered a broad density range were found to be more accurate than common 

height measurements with the Vertex, a hand-held device based on trigonometric calculations 

(Jacobs et al. 2020). It may be even more difficult to find a suitable true reference for crown 

projection. Seidel et al. (2015) showed that crown attributes obtained from TLS were more 

closely related to preceding tree growth than those measured in the field. For research Topic 

III, where tree growth responses to insect-induced defoliation were analyzed, the calculated 

foliation parameters were evaluated based on inter-annual stem growth since stem growth and 

foliation are correlated (Rolland et al. 2001). However, the question of what should be used as 

a direct reference for abstract parameters such as crown transparency or roughness remains. 

What highlights the TLS measurements in comparison to the conventional measurement of cpa, 

transparency and roughness is the objectivity of the procedure, which does not rely on the 

forester’s subjective judgments. Tree-vitality monitoring could be developed towards more 

quantitative methods by application of TLS as traditional recording of crown transparency in 
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the field has some disadvantages. Despite the photo comparison with reference images, there is 

a risk of systematic or random observer deviations, which require intensive training and 

standardization exercises (Dobbertin et al. 2009). In addition, crown thinning is not cause-

specific, i.e. it can be difficult to differentiate between drought effects and defoliation by 

insects. Further, it is also not clear whether the crown transparency of a tree is the result of a 

loss of vitality, or whether the tree is possibly recovering from stress. Reference values are 

therefore required to classify the characteristic. Roughness, on the other hand, represents a TLS-

derived indicator that could be considered in future research. The development of new 

indicators based on TLS enables to analyze several indicators and evaluate them together. In 

this study, it was shown that TLS could be appropriate for measuring crown transparency and 

roughness of tree crowns. If multiple vitality indicators are in agreement, this may be taken as 

confirmation of the influence of drought on tree properties (Dobbertin et al. 2009). 

Furthermore, drought stress effects on trees could have an impact on the results of the modern 

and rapid estimation approach of estimating the d1.3 using the crown diameter computed by 

drone data (UAV). Due to the significantly smaller cpa caused by drought stress, errors in 

estimating the crown-diameter-based d1.3 measured from above using UAV could occur. Thus, 

d1.3 would be underestimated. This is made clear in Table 12 Function (24), which shows the 

calculated allometry coefficient regarding cpa and d1.3. It demonstrates how drastically the 

investment behavior of the tree can change under drought stress. The control trees showed a 

positive allometry (β > 1), indicating that the cpa grows faster than d1.3. Conversely, the treated 

trees, suffering under drought, had a negative allometry (β < 0). Here, d1.3 grows while the cpa 

shrinks. Crown shapes may change due to the impacts of climate change. Therefore, crown 

models within tree growth models must be questioned, as must the derived allometries. The 

higher frequency of extreme and extensive drought events (IPCC 2012) makes it even more 

important to consider drought stress effects in forest practice and ecological modelling. This is 

particularly true for the analysis of crowns because of their spontaneous reaction to 

environmental changes.  

In summary, Topic II focused on tree dimensions as potential vitality indicators that are difficult 

to measure. A three-dimensional change in tree shape due to drought stress is revealed by the 

innovative approach for efficient monitoring of tree vitality presented here. Still, a need was 

found to validate future results of difficult-to-measure variables against a reference. After 

examining stem attributes for Topic I and both stem and crown attributes for Topic II, the 

dissertation should be completed by examining defoliation and its relationship to stem growth. 
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In contrast to the common defoliation studies, the calculated foliation parameters of research 

Topic III were evaluated based on inter-annual stem growth since stem growth and foliation are 

correlated (Rolland et al. 2001). In addition, stem growth is easy to accurately measure in the 

field on the same tree that was used to calculate foliation. 

 

4.3.  QIII: How does insect defoliation caused by Lymantria dispar affects 

stem growth? 

Leaf growth is the most critical tree growth process (Waring 1987) and it is closely related to 

stem growth (Rolland et al. 2001). Precise foliation surveys have high potential for better 

scientific understanding and modelling. For example, the leaf area index (LAI) is an important 

factor for estimating the primary productivity of a forest stand and thus important for 

forecasting the productivity of terrestrial ecosystems (Sato et al. 2007). Furthermore, LAI may 

increase in mixed (Forrester et al. 2019) and fertilised forest stands (Smethurst et al. 2003). 

Assessing defoliation is important to predict damage via pest-growth-models (Dietze and 

Matthes 2014). According to Dobbertin and Brang (2001), including defoliation can 

considerably improve the prediction accuracy of models that predict tree mortality based solely 

on competition indicators and tree size. 

The reaction patterns of the stem (Topic I and II) and crown (Topic II) due to external influences 

and stress factors were analyzed. Whereas stem growth is easy to measure, the exact calculation 

of tree foliation is difficult. There is also no suitable reference for evaluation. Traditional 

defoliation assessments, e.g. by eye or by using fisheye photographs, have been criticized as 

being highly subjective (Dobbertin 2005), while current foliation determination approaches 

based on spectral information from TLS return intensity or machine learning are complex and 

expensive (Calders et al. 2020). To address this gap, I developed a simple and reliable procedure 

and compared it to a suitable reference. In contrast to previous approaches, the foliation 

parameters were evaluated based on inter-annual stem growth since stem growth and leaf area 

are correlated (Rolland et al. 2001). 

Severe insect defoliation as a stress factor directly affects photosynthetic processes and 

indirectly reduces stem growth (Dobbertin 2005). Ferretti et al. (2021) suggest that mild to 

moderate variations in defoliation may have a significant impact on tree and forest growth. 

Even lightly defoliated trees showed significant growth reduction (Ferretti et al. 2021). 

According to the results of this dissertation, oaks with a decreasing leaf area and an increasing 
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crown perforation revealed significant losses in basal area stem increment. These results are in 

line with the findings of Waring (1987), Dobbertin (2005), and Ferretti et al. (2021). The growth 

losses identified in this dissertation were observed immediately after defoliation towards the 

end of the growing season. The plots examined in this study had not suffered substantial 

defoliation in previous years. Perhaps there are some long-term effects and the growth losses 

became even higher in the year after defoliation occurred. Gieger and Thomas (2002) show for 

both Quercus robur L. and Quercus petraea (Matt.) Liebl. that defoliation – solely or in 

combination with drought – and subsequent growth loss result in a detoriated water supply after 

embolism, reducing the tree's vitality. When several damaging factors coincide, oak mortality 

increases (Gieger and Thomas 2002). Trees face a wide variety of naturally-occurring biotic 

and abiotic stress factors (Larcher 2003), and silvicultural treatments can also lead to stress by 

altering conditions in the immediate environment (Gehrig 2004). Thus, besides defoliation, 

more stress factors need to be identified and analyzed in combination in order to better 

understand oak dieback and growth loss. According to (Gehrig 2004), a stress reaction only 

occurs to avoid permanent damage when a certain resistance minimum is exceeded, which may 

require several simultaneous stress factors to affect the physiological functioning of the tree. 

To detect defoliation, I employed a TLS approach and introduced the novel parameters leaf area 

and crown perforation, which may be used in future research. As a result, structural tree crown 

differences could be shown and linked to tree growth over the year. Using the approach in an 

experimental setting with plots differing in outbreak condition and pest control measures, the 

results (Table 13 Functions 25 and 27) show that leaf area was significantly higher in plots that 

were sprayed with Mimic, which protected the trees against defoliation by gypsy moth (Table 

13 Function 25), while crown perforation was significantly lower on these plots (Table 13 

Function 27), resulting in fewer perforated and more compact crowns in leaf-on (t2) condition. 

These results were unsurprising. The intention here is just to show that with TLS it is possible 

to detect and identify this defoliation. Previous studies into foliation detection via TLS have so 

far largely focused on the development of validation methodologies (Calders et al. 2020), but 

these have not been used so far to identify stress-induced defoliation. However, some studies 

were able to show that TLS can detect defoliation at both the tree and stand level (Huo et al. 

2019; Kaasalainen et al. 2010).  

The evaluation of new automated approaches with an appropriate reference for validation is 

important in all cases. It would be ideal to measure each individual leaf of the crown, which is 

not possible due to time requirements and the difficulty of accessibility. Most studies use visual 
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defoliation assessment as a reference for the validation of their estimated parameters (Huo et 

al. 2019; Kaasalainen et al. 2010). However, visual defoliation assessments may be subjective 

(Dobbertin et al. 2009). They require intensive training courses and repeated control 

assessments (Wulff 2002). Even thorough training cannot fully eliminate observer bias when 

multiple operators perform the assessment, and thus they are not a suitable reference. Other 

ground-based measurement methods are also not ideal since the resulting foliation is only 

estimated. Nonetheless, ground-level imaging methods require an exact delineation of the tree 

and do not operate directly on the raw image (Borianne et al. 2017). Tree delineation can be a 

difficult process that often relies on imperfect user inputs (e.g., isolating trees in images of 

dense stands is a common source of error). Similarly, the widely-used ground-based optical 

instrument, the LAI-2000 or LAI-2200 plant canopy analyser (PCA) (Li-Cor 1992) was 

designed to calculate the leaf area index by measuring the canopy gap. To ensure accurate leaf 

area index estimation, measurements must be made at the exact same places each time to 

remove any spatial variability from the results. Estimations at the individual tree level were 

only possible if the tree was sufficiently isolated, which is challenging in dense forest stands 

(Li-Cor 1992). Satellite-based approaches for forest canopy condition monitoring may provide 

insights into broad-scale forest health dynamics with a relatively fine spatial and temporal 

resolution (Pasquarella et al. 2018), but not at the individual tree level. Two-dimensional 

analysis based on viewing from above certainly does not consider every single leaf within the 

crown (Figure 14). In contrast, utilizing the pulsed time-of-flight method for laser range 

measurements, the RIEGL LMS VZ-400i (RIEGL 2019) enables the determination of the range 

to all targets a single laser pulse is interacting with (“multi-target capability”). Depending on 

the measurement program used, the maximum number of targets that can be detected varies 

(typically 4 – 15). The advantage of the method is the additional information that can be 

obtained from digitized pulse trains in multi-echo analysis. Thus, more information can be 

generated in dense heterogeneous stands, especially in the canopy. 

However, critically reflecting, it becomes clear that working with TLS nevertheless has 

disadvantages. It can only be used in calm conditions without rain and fog, which reduces its 

temporal flexibility. This is especially the case when you want to capture the exact moment of 

peak defoliation. Some studies state that TLS underestimates the heights of big trees, which 

may be due to the occlusion of the crown and stem parts (Wang et al. 2019). The occlusion 

problem can be largely resolved by choosing a sufficient number of different scan positions 

(Wilkes et al. 2017). However, this problem shows that it is even more difficult to scan every 

single leaf of a tree crown that is shaded or covered by other trees in a dense stand. The situation 



58 
 

is comparable to the recording of the LAI: it is always estimated, but practically never 

measured. Finally, there is also a very large amount of data that needs to be processed. Robust 

and ready-to-use software is not available, so the ability to program is necessary. 

I developed new, objective TLS-based measurement methods to determine the foliation of a 

tree with a fast and easy-to-understand procedure. Two foliation parameters were developed 

and successfully tested in a large-scale field experiment in gypsy moth-infested oak-mixed 

forests in Germany, evaluating the results based on stem growth to demonstrate their 

performance.  

However, there are a few limitations to the methods. Calculating the leaf area parameter is time 

consuming because at least two scanning campaigns are required, one in a leaf-off condition 

and one in a leaf-on condition. Branch growth between scanning campaigns one and two could 

result in overestimating leaf area. Nevertheless, temporal monitoring of three-dimensional 

structures via repeated TLS scanning showed the potential to deliver time-varying defoliation 

data. Crown perforation, which only requires one scanning campaign, is not as strongly 

correlated with basal area increment as leaf area (Figure 16). Furthermore, the leaf area 

parameter is only applicable to deciduous trees because one scanning campaign without leaves 

is necessary. This is clearly not possible with evergreen trees. The next steps towards scaling 

up would be to test other age stages, size dimensions, other species, other pests, or stress factors, 

and to find a solution to calculate leaf area for evergreen trees. 

  



59 
 

5. Conclusion 

The main objective of this dissertation was to bring us closer to a more objective forest 

inventory and a more empirical tree vitality monitoring, and thereby improve our understanding 

of the reaction patterns of tree shape due to environmental stress. The aboveground tree shape 

consists of stem and crown attributes that can be measured via TLS. Each research question 

(I – III) evaluates the response of different sets of these attributes to stress.  

 

QI: How does competition modify the stem form of trees with the same height and diameter 

at breast height and thus influences volume miscalculation by traditional form factor 

equations? 

The results show that stem taper decreased with increasing competition and vice versa. In 

particular, the lowest stem section (butt log) decreased in taper given increasing competition. 

Since this stem segment contains the most volume, the overall volume differences per tree can 

be explained by the behavior of the butt log. This change in taper is valid for trees with the same 

𝑑1.3 and h. 

Traditional form-factor equations or individual tree-volume functions are usually constructed 

and applied within a local area and are up to 50 years old in some cases. The use of these 

functions is problematic, because site characteristics and ecological conditions vary 

geographically while silvicultural treatment has changed over time. A generally valid volume 

function that considers all influential factors and adapts to changes in forest management over 

time is difficult to realize. Additionally, traditional volume functions (species, d1.3, h) are 

applied using estimated height values for a larger number of trees rather than using exact 

measurements of individual trees. As shown in this study, less accurate estimations can be 

expected in field inventories using volume models and generalized predictors. The results of 

this work show that the measurement of stem volume using TLS data yields an accurate 

estimation using tree features that are automatically retrieved. In a rough investigation, such as 

the determination of the total stock, common volume functions can be sufficient. The more 

precise the examination, the more suitable the application of TLS. For homogeneous and single-

layer stands with a uniform competition situation, common volume functions are still a fast and 

easy choice.  
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QII: How does severe drought stress affect potential tree vitality indicators consisting of stem 

and crown attributes? 

Drought stress led to a significantly smaller crown size as well as lower stem and height growth. 

In addition, high competition combined with drought stress resulted in crowns that were less 

rough and thus more compact.  

In the past, tree attributes like total tree height and crown size have been difficult to measure. 

TLS has proved to be a powerful tool for measuring physical crown dimensions and can be 

more reliable than conventional field methods (Seidel et al. 2015). Trees do not have to be cut; 

manual, time-consuming, and costly surveys can be avoided. So far, the effects of drought stress 

have been evaluated based on visual observation from the ground or the laborious collection of 

broken branches and leaves (Rust and Roloff 2002). With this research topic, it is demonstrated 

that iterative TLS surveys may enhance the information gathered during measuring campaigns 

on common long-term experimental plots, generating a more thorough picture of changes in 

growth patterns induced by changing management or climate. According to Binkley et al. 

(2013), crown size is an important factor that is closely related to light absorption and 

productivity. Such precise tree-crown dimensions are also required for tree-growth modeling 

(Houllier et al. 1995; Poschenrieder et al. 2016).  

 

QIII: How does insect defoliation caused by Lymantria dispar affects stem growth? 

The leaf area and crown perforation parameters calculated using TLS successfully differentiated 

between trees attacked by gypsy moths and trees without damage. Defoliation by the gypsy 

moth had an immediate impact on the relationship between leaf area, crown perforation and 

basal area increment; stem growth was reduced in the same year as the moth attack. 

Precise foliation surveys have high potential to improve modelling and scientific 

understandings of plant-environment-herbivore interactions. For example, LAI is an important 

factor for estimating the primary productivity of a forest stand and thus important for 

forecasting the productivity of terrestrial ecosystems (Sato et al. 2007). Furthermore, other 

modelling approaches show that LAI may increase in mixed (Forrester et al. 2019), and 

fertilised forest stands (Smethurst et al. 2003). Accurate defoliation assessment is important to 

predict damage via pest-growth-models (Dietze and Matthes 2014), while leaf area is an 

important component for determining light absorption, whose accurate prediction is critical for 

many process-based forest growth models (Forrester et al. 2014). According to Dobbertin and 



61 
 

Brang (2001), including defoliation can considerably improve the prediction accuracy of 

models that predict tree mortality based solely on competition indicators and tree size. 
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6. Research perspectives and methological considerations 

Research perspectives 

Understanding how and why trees adopt the various shapes they do, as well as the consequences 

for understanding their function, is an interesting and important topic. The key to improving 

this understanding is to capture tree form in a full, quantitative, and reproducible way (Disney 

2019). TLS has already made a significant contribution to our ability to measure three-

dimensional structure from stem to crown. This three-dimensional data will play a key role in 

monitoring and understanding functional changes in terrestrial ecosystems in response to 

climate change (Calders et al. 2020). In addition to the detailed measurements of individual 

organisms presented here, TLS data also has useful applications at a global scale. Using detailed 

field measurements of forest structural complexity derived from TLS and taking the structural 

complexity of primary forests as benchmark, Ehbrecht et al. (2021) provided a global estimate 

of the potential structural complexity across biomes. Their results highlight the need to integrate 

forest structural complexity in modeling climate change impacts on biodiversity and ecosystem 

functions. Furthermore, TLS is likely to be key to calibrating and validating new satellite 

estimates, for example tracking the temporal dynamics of defoliation (Bae et al. 2021). Beyond 

the applications of TLS in the fields of forest measurement and management, there is a wide 

range of new application areas where tree architectural information, at a range of scales, may 

provide the key to new scientific insights (Disney 2019). These new insights prompt us to ask 

challenging new questions about our data (Calders et al. 2020). Unmanned aerial systems, 

aircraft, and satellite remote sensing are providing additional opportunities to exploit these 

measurements. TLS is moving from the fringes to the mainstream, and has the potential to 

revolutionise our understanding of the three-dimensional ecology of trees (Disney 2019). 

This dissertation demonstrates that repeated TLS scanning campaigns with high resolution 

temporal monitoring have the potential to uncover important structure-function relationships, 

such as correlations between defoliation and stem growth loss (Jacobs et al. 2022). Furthermore, 

the study of Bogdanovich et al. (2021) shows that multitemporal TLS is promising for 

monitoring even small changes in crown dimensions, and is a valuable tool for conducting 

vegetation dynamics studies and quantifying management effects. According to Calders et al. 

(2020), developing methods to combine high-resolution three-dimensional data with spectral 

information will open up new opportunities for the research of structure-function correlations, 

trait-based analysis, and more. This will require new methods for collecting and integrating data 

on a regular basis, with a focus on occlusions and point cloud quality. However, TLS systems 
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and procedures are already entering a new era in four-dimensional measurement (Calders et al. 

2020). 

Methological considerations  

In this work tree shape parameters were developed and it was documented how they changed 

over time. Future research along these lines might benefit from the following methodological 

considerations.  

In addition to the effects of stress factors solely or in combination, the temporal observation 

period in which stress has an effect also plays a role. This is particularly true for the analysis of 

crowns because of their spontaneous reaction to environmental changes. Therefore, depending 

on the type of stress, suitable indicators should be chosen. If stress, e.g., competition, has an 

effect over the entire life cycle and the changes occur slowly, the stem form or the stem growth 

at breast height is the more suitable choice for recording changes and assessing vitality. For 

research Topic I, where stem form variation and volume miscalculation due to competition were 

analyzed, the stem form was scanned with TLS to capture the stem form that had developed 

over time. The local competition was recorded retrospectively and averaged on the basis of 

three different points in time (Function 3). This was possible thanks to a long term spacing and 

thinning experiment. However, this competition calculation might not fully explain all 

differences in stem form. Furthermore, it must be questioned whether a competition index over 

time, as calculated in this work, could summarize the structural changes over time generated by 

all thinning regimes. Because the competition values were averaged over time, competition 

situations could only be described approximately: the formula did not respect, for instance, 

whether the competitive situation was low or high at the beginning or towards the end. Ideally, 

the competition plots should have been scanned several times with TLS not only to track the 

competition situation but also in order to detect the change in stem form or additionally crown 

shape over time in detail.  

In the future, long term forestry plots should be scanned regularly for scientific purposes to 

track changes. In particular, research Topic II, where tree vitality indicator responses to severe 

drought stress were analyzed, demonstrated that iterative TLS surveys may enhance the 

information gathered during measuring campaigns on common long-term experimental plots 

by obtaining a more thorough picture of growth patterns due to climate change or management 

plans. Research Topic III, in which tree growth responses to insect-induced defoliation were 

investigated, also showed the usefulness of repeated scanning campaigns. In shorter study 

periods, especially crown parameters should be considered as indicators. In future scientific 
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research, a suitable amount of vitality indicators should be chosen in order to generate a holistic 

picture of changing tree vitality in response to different stress factor combinations. The change 

in the size of the cpa should definitely be included in future tree vitality research, as the reaction 

to drought was very clear in my investigations. However, a longer observation period should 

also be pursued in order to record more visible changes and possible adaptations in response to 

prolonged exposure to stress. Gehrig (2004) describes how physiological function adapts to 

changing environmental conditions, supplemented by structural and morphological changes. 

This kind of adaptation differs from short-term stress reactions because it produces a new stable 

normal state, at least until a new stress necessitates a response. In general, making a conclusion 

about the stress load and reaction to a change in the vitality state is only possible with a longer 

observation period and must always be considered in relation to the other vitality elements: 

growth/reproduction, and longevity. Of course, the influence of the environment and its 

development must be taken into account as well (Gehrig 2004). 

TLS: range of application (problems, limitations and advantages) 

Over the last 20 years, both the public and private sectors have been increasingly aware of the 

potential impacts of TLS in forest applications (Calders et al. 2020). Even though there has 

been a significant advancement in hardware, as demonstrated by vastly reduced equipment size 

and weight, continuously improved data quality, and significantly reduced hardware costs, data 

processing sophistication has not kept pace with the hardware surge, resulting in a very limited 

application of TLS in practical operations (Liang et al. 2018). Addressing these shortcomings 

to capitalize on the advantages of TLS can improve its scope of applicability. However, 

disadvantages should also be critically evaluated to guide future scientific work. The main 

problem that occurs while working with TLS is the amount of data that is created. There is 

always a trade-off between the number of scan positions and the occlusion problem. A higher 

number of scan positions per plot can mitigate occlusion; but the higher the number of scan 

positions, the higher the amount of data. Point cloud filtering is essential to handle point clouds 

with a high number of points. Therefore, the octree filter enables fast point-cloud processing 

without accuracy loss (Elseberg et al. 2013). Furthermore, an appropriate file format should be 

chosen, such as .LAS, a binary file format for the fast interchange of three-dimensional data 

between data users. Theoretically, TLS has the potential to support more objective forest 

inventory and tree vitality monitoring. Practically, the user is confronted with several problems 

in the field and during post-processing. The higher number of scan positions results not only in 

a larger amount of data but also in an increased amount of work, because the RIEGL VZ-400i 



65 
 

(RIEGL 2019) is a heavy measuring device (approximately 20 kg with camera and tripod). 

Furthermore, taking good measurements depends on the weather. Scanning should not be 

carried out during storms, windy conditions, snowfall, rain, or fog. This limits the temporal 

flexibility considerably, especially if peak defoliation has to be recorded in several areas 

simultaneously. Another disadvantage is the programming ability that a TLS user must have. 

There are already various software solutions, including open source software (Hackenberg et 

al. 2015; Trochta et al. 2017). However, in my experience, these are limited in terms of the 

amount of data, point cloud quality, or do not work with every forest stand type depending on 

heterogeneity and density. 

In its current form, the use of TLS has its raison d'être primarily in science. Due to the high 

accuracy of the TLS data, new insights can be gained that are particularly advantageous for 

modelling. Such accurate data of tree-crown dimensions are essential for tree-growth modelling 

(Houllier et al. 1995; Poschenrieder et al. 2016). In practice, such as forest inventories, it will 

take some time before the technology can be used quickly and easily by everyone. Lighter and 

even faster pulse scanners are needed that provide accurate and in-depth information about the 

crowns. Mobile scanning is already a step in this direction. When it comes to surveying large 

areas and assessing forest stands, TLS is at a disadvantage compared to airborne laser scanning 

(ALS) or unmanned air vehicle (UAV). Whereas TLS provides the more accurate data, in the 

end, a combination of TLS and ALS is probably a good compromise. The TLS is only used 

selectively with regard to the area, and tree parameters are calculated precisely. Using this data 

and the airborne data taken over a large area, estimates via the cpa for d1.3 can be made for the 

entire area. 
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C. Supplement material 

Supplementary A 

Topic I - Stem form variation and volume miscalculation due to competition 

Forest yield overview 

In the Tables A1 – A3, a detailed forest yield overview is given. 

 

Table A1 Forest yield overview for plots of the stand space test of Block 1. Plots differ in initial planting 

densities. (NDF = thinning from below, Z = thinning from above, N/ha = trees per hectare, hq = height 

of mean basal area stem (m), dq = diameter of mean basal area stem (cm), BA = basal area (m²), V = 

Standing volume (m³ ℎ𝑎−1)). Thinning regime 1 was never thinned. Thinning regime 2 was late thinned. 

Thinning regime 3 was moderately thinned. Thinning regime 4 early thinned. 

    
 Remaining 

stand 
    

Released 

stand 
    

Treatment Plot Year  Thinning 
Thinning 

regime 
N/ha hq dq G V N/ha hq dq BA V 

Spacing test 1 1974 / 2 4000 / / / / / / / / / 

Treatment 1  1992 (NDF,Z)  3110 9.8 11.2 30.9 162 385 9.1 9.3 2.6 14 

  1996 (NDF,Z)  1484 12.5 15.3 27.3 175 1626 11 11.3 16.4 99 

  2001 /  1462 15.7 18.9 40.8 317 22 9.2 7.6 0.1 1 

  2006 (Z)  1165 19.3 21.2 41.1 385 297 18.8 19.3 8.7 81 

  2014 (NDF,Z)  703 23 24.8 33.9 369 462 22.4 22.7 18.7 202 

Spacing test 2 1974 / 2 400 / / / / / / / / / 

Treatment 1  1992 /  389 7 14.2 6.2 24 / / / / / 

  1996 (Z)  311 9.8 22.8 12.7 60 78 7.6 14.3 1.3 5 

  2001 /  311 13.1 29.2 20.8 26 / / / / / 

  2006 (NDF)  200 17.7 36.2 20.6 161 111 16 28.8 7.3 54 

  2014 /  200 22 42.5 28.4 267 / / / / / 

Spacing test 3 1974 / 2 10000 / / / / / / / / / 

Treatment 1  1992 (NDF,Z)  4978 10 11.2 30.9 162 385 7.8 9.3 2.6 14 

  1996 (NDF,Z)  2511 12.6 15.3 27.3 175 1626 10.9 11.3 16.4 99 

  2001 /  2467 15.5 18.9 40.8 317 22 8.7 7.6 0.1 1 

  2006 (Z)  1978 18.8 21.2 41.1 385 297 18 19.3 8.7 81 

  2014 (NDF,Z)  1000 22.4 24.8 33.9 369 462 20.6 22.7 18.7 202 

Spacing test 6 1974 / 2 2500 / / / / /  / / / 

Treatment 1  1992 /  2080 9.4 12.3 24.7 123 45 1.4 1 / / 

  1996 (NDF,Z)  966 12.6 16.9 21.8 138 1114 11.5 13 14.8 90 

  2001 /  955 15.9 21 33 255 11 4.3 2.2 / / 

  2006 (Z)  773 19.5 23.9 34.7 322 182 19.2 22.7 7.3 68 

  2014 (Z)  500 23.7 28.8 325 356 273 22.6 24.4 12.8 138 
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Table A2 Forest yield overview for plots of the thinning test of Block 1. Plots differ in thinning regimes. 

(NDF = thinning from below, Z = thinning from above, N/ha = trees per hectare, hq = height of mean 

basal area stem (m), dq = diameter of mean basal area stem (cm), BA = basal area (m²), V = Standing 

volume (m³ ℎ𝑎−1)). Thinning regime 1 was never thinned. Thinning regime 2 was late thinned. Thinning 

regime 3 was moderately thinned. Thinning regime 4 early thinned. 

    
 Remaining 

stand 
    

Released 

stand 
    

Treatment Plot Year  Thinning 
Thinning 

regime 
N/ha hq dq G V N/ha hq dq BA V 

Thinning test 7 1974 / 1 2500 / / / / / / / / / 

Treatment 2  1992 /  1943 9 12.9 25.6 122 46 1.3 1 / / 

  1996 /  1864 11.9 15.8 36.5 221 79 4.4 3.9 0.1 / 

  2001 /  1761 15 18.3 46.3 346 103 7.6 6 0.3 1 

  2006 /  1545 18.7 21 53.5 488 216 12.3 8.6 1.3 9 

  2014 /  1409 22 23.7 62.3 657 136 16.6 2.1 1.6 14 

Thinning test 8 1974 / 3 2500 / / / / / / / / / 

Treatment 2  1992 /  1614 8.8 13.3 22.4 104 68 1.3 1 / / 

  1996 (NDF,Z)  886 12 17.3 20.9 126 728 11.5 15.4 13.5 80 

  2001 /  830 15.4 22.1 31.8 237 56 6.5 5.4 0.1 1 

  2006 (NDF,Z)  670 19.1 25.1 33.2 300 160 18.7 23.3 6.8 61 

  2014 (Z)  602 23 29.6 41.4 439 68 18.3 17.6 1.7 16 

Thinning test 9 1974 / 2 2500 / / / / / / / / / 

Treatment 2  1992 (NDF,Z)  1195 10.5 14.4 19.5 106 680 9.6 11.5 7.1 38 

  1996 (NDF,Z)  680 13.8 19.3 19.9 135 515 12.1 15.1 9.3 60 

  2001 /  680 17 24 30.8 248 / / / / / 

  2006 /  636 20.9 27.6 37.9 368 44 19.1 20.8 1.5 14 

  2014 /  636 24.2 31.2 48.7 537 / / / / / 

Thinning test 10 1974 / 4 2500 / / / / / / / / / 

Treatment 2  1992 (NDF,Z)  1216 9.9 14.3 19.6 100 409 9.3 12.1 4.7 24 

  1996 /  1216 13 18.1 31.4 204 / / / / / 

  2001 /  1136 16.7 21.8 42.3 341 80 7.1 6.2 0.2 1 

  2006 (Z)  875 20.3 24.4 41.1 396 261 19.7 22.1 10.1 96 

  2014 (Z)  705 23.6 27.6 42 463 170 23.6 27.4 10.1 111 

Thinning test 11 1974 / 4 2500 / / / / / / / / / 

Treatment 2  1992 (NDF,Z)  1261 9.8 14.1 19.8 100 421 9.1 11.5 4.4 21 

  1996 /  1261 12.4 17.4 30.1 189 / / / / / 

  2001 /  1170 16 21.2 41.5 325 91 4.9 5.5 0.2 1 

  2006 (Z)  864 19.9 23.4 37.1 354 301 19.5 21.8 11.5 109 

  2014 (Z)  693 23.9 27 39.8 445 171 23.4 25.3 8.5 95 
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Table A3 Forest yield overview for plots of the thinning test of Block 2. Plots differ in thinning regimes. 

(NDF = thinning from below, Z = thinning from above, N/ha = trees per hectare, dq = quadratic mean 

diameter (cm), hq = height corresponding to dq, BA = basal area (m²), V = Standing volume (m³ ℎ𝑎−1)). 

Thinning regime 1 was never thinned. Thinning regime 2 was lately thinned. Thinning regime 3 was 

moderately thinned. Thinning regime 4 early thinned. 

    
 Remaining 

stand 
    

Released 

stand 
    

Treatment Plot Year  Thinning 
Thinning 

regime 
N/ha hq dq G V N/ha hq dq BA V 

Thinning test 17 1974 / 2 2500 / / / / / / / / / 

Treatment 2  1992 /  1162 10.4 14.1 18.2 98 867 9 10.4 7.3 37 

  1996 (NDF,Z)  691 13.3 19 19.7 129 471 12.1 15.6 9 56 

  2001 /  691 16.9 24 31.4 251 / / / / / 

  2006 (NDF,Z)  680 20.3 27.1 39.2 370 11 19.7 24.7 0.5 5 

  2014 (Z)  669 23.5 30.5 49 527 11 16.2 9.7 0.1 1 

Thinning test 18 1974 / 3 2500 / / / / / / / / / 

Treatment 2  1992 /  2171 10.4 13 28.7 158 33 5.8 3.7 / / 

  1996 (NDF,Z)  1228 13.3 16.8 27.2 182 943 12.2 13.4 13.4 87 

  2001 /  1228 16.7 20.3 39.7 325 / / / / / 

  2006 (Z)  877 20.2 22.6 35.2 343 351 20 22 13.3 129 

  2014 (Z)  702 23.5 26.6 39.1 430 175 23 25.2 8.8 95 

Thinning test 20 1974 / 3 2500 / / / / / / / / / 

Treatment 2  1992 /  2116 10.2 12.5 25.9 140 66 7.5 6.6 0.2 1 

  1996 (NDF,Z)  1151 12.9 16.7 25.2 164 965 11.5 12.6 12 74 

  2001 /  1151 16.3 20.3 37.4 299 / / / / / 

  2006 (Z)  877 19.6 22.9 36.1 342 274 18.9 21 9.5 88 

  2014 (Z)  702 23.1 27.4 41.3 447 175 21.5 22.5 7 73 

Thinning test 21 1974 / 3 2500 / / / / / / / / / 

Treatment 2  1992 /  1711 10.2 13.6 24.9 132 54 1.4 1 / / 

  1996 (NDF,Z)  1064 12.6 17.2 24.6 156 647 12.1 15.7 12.5 78 

  2001 /  1064 16.4 20.7 35.8 287 / / / / / 

  2006 (NDF,Z)  822 19.9 23.9 37 351 242 18.2 18.8 6.7 61 

  2014 (Z)  702 23.5 28.5 44.7 488 120 19.5 17.9 3 30 
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Workflow - Technical description  

1. Scan acquisition 

The RIEGL LMS-Z420i (RIEGL 2010) laser-scanning system was used for data acquisition in 

late summer of 2017. Five scan positions were realized per plot. For each scan position, two 

scans (horizontal and vertical) were performed. The scan positions formed an approximate 

rectangle around each plot, with four scan positions at each corner and one central scan position 

in the middle of the plot. The vertical and horizontal angular resolution was set to 0.05° in order 

to achieve a reasonable trade-off between scan-time and risk of disturbances due to tree 

movement through wind. Due to the angular measurement scheme of the scanner that operates 

from the ground, the point density naturally decreases to the top of the trees. Furthermore, the 

laser beam is usually not able to penetrate tree compartments in order to perform measurements 

behind obstacles. These two effects result in rather sparse measurement densities in the upper 

crown and stem regions, especially if the crown parts near the scanner are dense, like those of 

conifers (Hilker et al. 2010). The RIEGL distance-measurement mode called “last-pulse” or 

“last-target” was used to counteract these effects by recording the deepest points within a 

footprint, thus gaining a higher proportion of returns from inner crown regions compared to 

first-pulse mode. The data of all scan positions per plot were co-registered using the software 

RiSCAN PRO. The co-registration was based on artificial targets (reflectors). The result was a 

“Plot Point Cloud Raw” (PPC-R). 

2. Stem detection 

After all scans per plot were referenced to each other, the data was exported as a .LAS file. The 

LAS file format is a binary file format for the fast interchange of three-dimensional data 

between data users. After import, the complete processing was done within the programming 

environment of R (R Core Team 2016). The rlas package (Roussel and Boissieu 2019) was used 

for data import in R.  

2.2 Median-centring in PPC-R 

To enable a fast analysis of the data, a sample by selecting random rows from the rough-point-

cloud table was taken. The data of one plot was minimized by random sampling from 

approximately 50 to exactly one million points to give a faster computing time. The central 

position is derived as the median value of x- and y-coordinates of these five scan positions.  

2.3 Median-centring and Square selection of points in the centred PPC-R  
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Before detecting individual tree positions, plot centering was done. This was achieved by 

calculating the median value of the x- and y-coordinates. The coordinates of the central position 

were set to x = 0, y = 0, and z = 0. That means, all x-, y-, and z-Coordinates were subtracted by 

their median values.  All points with x <= 25 & x >= -25, and y <= 25 & y >= -25, were kept. 

The result was a square (50 m x 50 m) Plot Point Cloud (PPC). Although the actual plot size 

was 30 x 30 m, the larger size of the PPC ensured that all trees of the actual plot were within it. 

Otherwise, rotations around the x-axis would have been necessary to cut out the exact 

boundaries of the plots. At the end of this step, the coordinates of the central position were set 

to the initial values so that the coordinates of the PPC match the PPC-R.  

2.4 Data thinning (point density reduction) 

Since dbscan is limited in analysing point patterns which vary spatially in point density, it is 

useful to create a more homogeneous spatial distribution of the three-dimensional points. 

Therefore, the x- and y-axes were divided into classes with an interval of 1 m. In the end, there 

should be 50 x 50 classes which gives 2500 squares. Each square is 1 x 1 m in size. To achieve 

a homogeneous point density, a maximum sample of 15000 points per square was taken. If 

fewer points were found, they were all used.  

2.5 Density based spatial clustering algorithm with noise 

To detect individual tree positions, the dbscan function from the dbscan R package was used 

(Hahsler and Piekenbrock 2019). The function relies on a density-based notion of clusters, 

which is designed to discover clusters of arbitrary shape (Ester et al. 1996). Only the x- and y-

axes were analyzed. Thereby, all points belonging to the z-axis were pushed down one level. 

The consequence is a higher point density per tree stem. Now dbscan is able to find each tree 

as a cluster automatically. This means that each recognized cluster (stem) now receives a unique 

number and can be processed individually. Non-vertically grown trees were also detected at the 

lower part of the stem. Ground points were recognized by dbscan as noise points, because these 

have a horizontal structure in contrast to the vertically grown stems and therefore a low density 

in the two dimensional analysis (x, y). In Figure A1, you can see the result of this whole 

sequence of steps. For each stem cluster, stem base points were determined. The median of the 

x- and y-coordinates as well as the minimum value of the z-axis of the stems were calculated. 

The stem base points now serve to extract the original points of the entire stem from the PPC-

R in the form of a cylinder. In the filtered and reduced PPC, the stem base points was determined 

to extract the original information of the stems from the PPC-R. 
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Figure A1 Automatically generated output of one plot with the density-based spatial clustering 

algorithm with noise (DBSCAN). Each recognized colored (bold) cluster received a unique number. 

Some trees had the same color due to the repeating color sequence. Noise points were colored black (not 

bold).  

 

3. Stem isolation 

3.2 Cylinder subset 

The PPC-R now serves as a database. The trees were cut out in a radius of 1 m from the stem 

base point. The result is a three-dimensional point cloud in the form of a cylinder which contains 

all the individual tree information obtained by TLS. The point cloud size per tree differs from 

30000 to 300000 points due to the scan acquisition, heterogeneous stand densities, shading, and 

the varying height of the crown base. The studies of DeConto (2016) and Raumonen et al. 

(2013) suggest that reduced point clouds can already provide precise estimates. DeConto (2016) 

used point clouds with reduced spatial resolution with not more than 300000 points per tree, 

and good accuracy was still achieved. In this study, this is the maximum size of a point cloud 

per tree. The average size is approximately 70000 points per tree. Not every detected tree was 

involved in the estimation of the stem form. Due to the heterogeneous density of the point cloud, 

a threshold for a minimum amount of points per tree was used. The number of points was 

determined for each tree silhouette. The lowest 5 % were removed, as they were either juvenile 

or poorly covered by TLS. Some trees were detected, but the amount of points was too low to 

measure stem form precisely. This is caused by occlusion. This phenomenon can be reduced by 

the use of more scans by plots. Therefore, the occlusion problem is mainly a consequence of a 

reduced number of scans. 
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3.3 Hough transformation for stem isolation 

For stem isolation, the Hough transformation, adapted by Olofsson et al. (2014) was used. It is 

already implemented in the R package TreeLS (DeConto 2016). DeConto (2016) found that the 

Hough transform presented the best overall performance for most species, including Norway 

spruce. The result was an isolated stem without ground, branch and crown points. The visual 

result of stem isolation (blue points) can be observed in Figure A2. 

 

 

Figure A2 Visual result of TLS method (plot 3). The black points belong to the cylinder subsets of each 

tree. The isolated stems are colored in blue, and the green points, which are circles, are calculated for 

all height sections for which stem information was not available due to occlusion problems. The circle 

diameter calculation was done by the stem curve function (Pain and Boyer 1996). The green circles 

serve for the three-dimensional stem reconstruction; however, they were calculated up to the height at 

which the diameter was higher than 7 cm (stem wood). 
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4. Height determination depending on competition situation 

As already mentioned the point density naturally decreases to the top of the trees, because the 

scanner operates from the ground. Furthermore, the laser beam is usually not able to penetrate 

tree compartments in order to perform measurements behind obstacles. These effects result in 

rather sparse measurement densities in the upper crown and stem regions, especially if the 

crown parts near the scanner are dense, like those of conifers (Hilker et al. 2010). Therefor, the 

isolated stems cannot not be used to determine the total tree height, as the stems can only be 

measured up to a limited height. This can be observed visually in Figure A2. The cylinder 

subsets that were calculated in Section 3.2 were used to determine total tree heights. As already 

mentioned, each tree was cut out around its stem base point in a radius of 1m. In this cylinder 

subset were also parts of the branches as well as the uppermost part of the crown. The highest 

point was then determined in this cylinder. In addition, the stem that was isolated in the previous 

step (3.3) was used to determine the lowest stem point. The difference between the highest and 

lowest point (max(z) - min(z)) resulted in the total tree height. However, this form of calculation 

caused errors with regard to the competition situation. The crowns of dominant trees in 

particular overshadow small trees underneath them. The cylinder subset contained not only the 

uppermost crown part, but also parts of the crowns of competing trees. As a result, the total tree 

height was overestimated. 

The total height of trees where 𝑑1.3 is greater than 20 cm (more dominant trees) was detected 

by determining the z-axis minimum and maximum point of the cylinder. The minimum value 

was subtracted from the maximum value. The output is the height. 

The height of trees where 𝑑1.3 is greater than 14 cm and lower than 20 cm was detected by 

determining the z-axis minimum and maximum point of the cylinder. The cylinder has a smaller 

size due to a radius of 0.1 m. Before this, the highest point of the stem isolation result was set 

as the central position of the cylinder. The minimum value was subtracted from the maximum 

value. The output is the height. 

The height of trees where 𝑑1.3 is lower than 14 cm was detected by determining the z-axis 

minimum and maximum point of the stem point cloud. Dominant trees surrounded these 

dominated trees. The advantage is that the stem in the upper region is more visible. The 

minimum value was subtracted from the maximum value. The output is the height.  
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There are findings available which confirm that TLS reaches the top of the canopy easily, where 

TLS-derived tree height has been compared to true tree height measured using destructive 

techniques (Calders et al. 2015). 

5. Diameter calculation 

At first, each isolated stem was divided into height classes with intervals of 0.1 m. Every 0.1 m, 

a diameter was measured. To ensure a sufficient number of points per height class for ellipse-

fitting, every point 0.1 m below and 0.1 m above the certain height were involved in diameter 

computation. As a result, each section has a vertical size of 20 cm (Example: 1.30 m = 1.20 m 

to 1.40 m). After this, the center of the stem section was calculated by a geometric circle fit 

(Späth 1996) using the R package conicfit (Gama and Chernov 2015). The distances from the 

center to all points were computed. Ellipses were fitted, using the method of, Fitzgibbon and 

Fisher (1996), which is extremely robust and efficient, as it incorporates the ellipticity 

constraint into the normalisation factor, and as it can be solved naturally by a generalized 

eigensystem. The circle and ellipse fit were implemented in the R-package conicfit (Gama and 

Chernov 2015). Before ellipse-fitting, preparation or filtering of the stem section data is 

necessary due to possible noise points of branches or needles. This filtering was done in section 

6.3.2 by the Hough transformation. Only ellipse fitting without filtering would lead to a 

deviation comparing manual and TLS measurements, especially for small tree diameters with 

estimations tending to be more upwardly biased for stem segments smaller than 10 cm in 

diameter (DeConto 2016). 

After this step, the ellipse can be fitted. The ellipse was converted into a polygon. The perimeter 

was derived from the surface area of the polygon. Finally, the diameter was derived by the 

perimeter of the stem section. The diameters calculated as described in this section were used 

to fit the stem curves in section 2.2.4. 

6. Tree by tree comparison 

To compare the estimations based on data obtained from TLS vs. estimations based on 

traditional inventory data, it was necessary to identify each particular study tree (n = 868) on 

each PPC. In order to identify the trees in the field database and in the TLS point cloud, the two 

tree spatial maps obtained from traditional inventory data and TLS were manually rotated and 

merged. 

  



132 
 

Supplementary B 

Topic II - Tree vitality indicator responses to severe drought stress 

Scan acquisition 

Two different laser-scanning systems were used for the two surveys: RIEGL LMS-Z420i 

(RIEGL 2010) for winter 2012/2013 and RIEGL VZ-400i (RIEGL 2019) for winter 2018/2019. 

An overview of the two scanners, summarizing the main characteristics, is provided in Table 

B1. For both dates, multiple scans were consecutively taken around the plots. In winter 

2012/2013, two scans (horizontal and vertical) were performed for each scan position. The 

vertical and horizontal angular resolution was set to 0.05°, which in my practical experience, 

achieves a reasonable trade-off between scan-time and risk of disturbances due to tree 

movement through wind.  

 

Table B1 Overview of  both scanners, RIEGL LMS-Z420i (RIEGL 2010), and RIEGL VZ-400i (RIEGL 

2019), summarizing the main characteristics. 

    

Laser Measurement System (LMS) 

LMS 

 RIEGL Z420i RIEGL VZ-400i 

Range1) m 1000 800 

Effective measurement rate2) meas./s

ec 

11000 500000 

Accuracy3)4) mm 10 5 

Precision4)5) mm 4  3 

Vertical field of view ° 80  100 

Pulse mode  last-pulse multiple target capability 

Registration  artificial targets automatic 

Laser beam divergence Mrad6) 0.25 0.35 

 1)  Typical values for average conditions. Maximum range is specified for flat targets with size in excess of the laser beam 

diameter, perpendicular angle of incidence, and for atmospheric visibility of 23 km. In bright sunlight, the maximum range is 

shorter than under overcast sky. 

2) Rounded values. 

3) Accuracy is the degree of conformity of a measured quantity to its actual (true) value. 

4) One sigma at 100 m range under RIEGL test conditions. 

5) Precision, also called reproducibility or repeatability, is the degree to which further measurements show. 

6) Measured at the 1/e2 points. 0.25/0.35 mrad corresponds to an increase of 25/35 mm of beam diameter. 

per 100 m distance. 

the same result. 
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In the winter of 2018/2019, the resolution was chosen so that the scans were comparable to the 

TLS recordings in the winter of 2012/2013. Due to the angular measurement scheme of the 

scanners, which operate from the ground, the point density naturally decreases towards the top 

of the canopy. Furthermore, the laser beam is usually unable to penetrate tree compartments in 

order to perform measurements behind obstacles. These two effects result in rather sparse 

measurement densities in the upper crown and stem regions, especially if the crown parts near 

the scanner are dense (Hilker et al. 2010). Regarding the RIEGL LMS-Z420i, I attempted – 

with the RIEGL distance-measurement mode called “last-pulse” or “last-target” – to counteract 

these effects and record the deepest points within a footprint, thus gaining a higher proportion 

of returns from inner-crown regions compared to first-pulse mode. Utilizing the pulsed time-

of-flight method for laser range measurements, the RIEGL LMS VZ-400i enables the 

determination of the range to all targets a single laser pulse is interacting with (“multi-target 

capability”). Depending on the measurement program used, the maximum number of targets, 

which can be detected, varied. In summary, the RIEGL LMS Z-420i in the last-target setting 

generates one deep point per laser beam, while the RIEGL LMS VZ-400i can generate 4 – 15 

points per laser beam. Due to this difference between the two scanners, I did not focus on three-

dimensional tree features. Instead, the crown target variables (cpa, transparency and roughness) 

were two-dimensional to take into account the ability of the newer scanner to generate more 

points inside the crown space. This was done to exclude errors occurring in the three-

dimensional analysis due to non-scanned areas of the upper crown region. In winter 2012/13, 

artificial reference targets (reflectors) distributed in the scanned forest scenes enabled the co-

registration of the scans. The data of all scan positions per plot were co-registered using the 

software RiSCAN PRO version 2.0.2 (http://www.riegl.com/products/software-

packages/riscan-pro/). In winter 2018/19, the new automatic registration of the LMS VZ-400i 

was used so that artificial reference targets were no longer needed. Automatic registration and 

filtering were performed using the software RiSCAN PRO version 2.8.2. The entire point cloud 

was reduced using an octree to enable fast point-cloud processing without accuracy loss 

(Elseberg et al. 2013). This distributes the data evenly in space, whereby each cube with an 

edge length of 5 cm contains on average only one measuring point, which is set according to 

the center of gravity of the original points in the cube. Both point clouds, from winter 2012/2013 

and winter 2018/2019, were post-processed via the software Cloudcompare, using the fine 

registration feature to register both clouds in the same project coordinate system. 
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Supplementary C 

Topic III - Tree growth responses to insect induced defoliation 

The detailed stand characteristics can be seen in Table C1. 

 

Table C1 Stand characteristics of the 44 plots in Franconia-Bavaria, Germany. The parameters were 

calculated based on TLS point clouds using 5280 trees (six-tree subplots). The plots are characterized 

by block/defoliation risk/treatment. 

Plot n (ha-1) dq(cm) hq(m) BA 

(m2 ha-1) 

Standing stock 

(m3 ha-1) 

AHC 713 20.2 15.9 27.5 218.3 

AHM 339 27.7 19.6 23.5 230.2 

ALC 603 20.7 17.2 27.8 239.1 

ALM 476 23.5 17.6 30.1 265.0 

BHC 314 27.5 18.8 22.5 211.1 

BHM 459 26.3 20.6 30.5 313.5 

BLC 406 25.1 19.5 23.8 232.4 

BLM 622 23.2 20.2 30.3 305.2 

DHC 615 23.8 18.2 40.1 364.6 

DHM 357 26.5 18.6 27.7 258.0 

DLC 753 21.6 17.2 38.9 334.1 

DLM 744 19.9 15.7 35.3 276.4 

FHC 243 31.1 21.2 22.7 240.3 

FHM 467 25.1 19.0 36.4 345.8 

FLC 200 40.9 26.8 27.8 373.3 

FLM 244 36.4 24.4 29.0 353.0 

GHC 438 23.8 16.0 28.8 230.5 

GHM 261 33.5 21.8 27.7 301.0 

GLC 513 22.0 17.2 30.1 258.3 

GLM 632 19.4 16.1 29.0 233.3 

HHC 437 29.1 22.0 33.6 369.5 

HHM 528 24.9 19.1 31.5 300.7 

HLC 503 26.5 21.0 29.0 305.2 

HLM 640 24.7 20.2 34.3 346.3 
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JHC 552 25.5 19.8 35.2 348.4 

JHM 718 20.8 19.0 29.7 281.3 

JLC 382 26.7 22.1 25.8 284.8 

JLM 294 31.7 22.3 31.9 356.5 

MHC 512 27.2 21.2 41.7 443.0 

MHM 323 30.2 22.1 28.7 317.7 

MLC 503 27.7 20.7 39.1 404.8 

MLM 369 30.2 19.5 35.1 342.2 

NHC 475 25.0 17.8 28.6 254.4 

NHM 359 25.6 18.2 25.1 228.1 

NLC 433 25.1 18.1 30.1 272.5 

NLM 293 29.1 19.9 24.9 247.1 

OHC 394 27.0 18.5 29.0 267.1 

OHM 672 23.2 17.1 36.1 309.2 

OLC 214 33.9 23.2 23.8 275.7 

OLM 190 33.3 22.4 20.5 230.5 

SHC 296 31.7 21.5 32.6 349.7 

SHM 325 28.6 20.8 30.1 313.0 

SLC 312 30.1 23.3 26.9 313.6 

SLM 298 29.2 23.2 26.3 305.4 

Note: n, number of trees; dq, quadratic mean diameter; hq, height corresponding to dq; BA, 

basal area.  

 

 

Defoliation risk index (Leroy et al. 2021) 

The defoliation risk index (DRI) was calculated as: 

 

𝐷𝑅𝐼 =
𝑀𝐸𝑀

𝐶𝐸𝑀𝑐
 

 

MEM is the average number of egg masses per stem, while CEMc is the corrected critical egg-

mass density for the focal survey transect. Stands with a defoliation risk index > 1 had a high 

risk of defoliation, while a defoliation risk index < 0.5 was considered low risk. The results 
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were extrapolated to the surrounding areas in order to identify candidate sites for the 

experiment, i.e., stands with high DRI (> 1) and low DRI (0.5) that were close enough to one 

another to be grouped into experimental blocks (maximum inter-plot distance within-block of 

10 km). 

TLS procedure of data acquisition and parameter extraction 

1. Scanner configuration and settings 

The RIEGL VZ-400i (RIEGL 2019) laser measurement system was used. An overview of the 

main scanner characteristics is provided in Table C2.  

 

Table C2 - Overview of  the RIEGL VZ-400i (RIEGL 2019), summarizing the main characteristics. 

    

Laser Measurement System (LMS) 

LMS 

  RIEGL VZ-400i 

Range1) m  800 

Effective measurement rate2) meas./s

ec 

 500000 

Accuracy3)4) mm  5 

Precision4)5) mm  3 

Vertical field of view °  100 

Pulse mode   multiple target capability 

Registration   automatic 

Laser beam divergence Mrad6)  0.35 

 1) Typical values for average conditions. Maximum range is specified for flat targets with size in excess of the laser beam 

diameter, perpendicular angle of incidence, and for atmospheric visibility of 23 km. In bright sunlight, the max. range is shorter 

than under overcast sky. 

2) Rounded values. 

3) Accuracy is the degree of conformity of a measured quantity to its actual (true) value. 

4) One sigma at 100 m range under RIEGL test conditions. 

5) Precision, also called reproducibility or repeatability, is the degree to which further measurements show. 

6) Measured at the 1/e2 points. 0.25/0.35 mrad corresponds to an increase of 25/35 mm of beam diameter. 

per 100 m distance. 

the same result. 

 

 

 

A laser pulse repetition rate of 1200 kHz was used. One horizontal 360° scan was performed 

for each scan position with a 100° vertical field of view. The horizontal angular resolution was 

set to 0.04°, which in my practical experience, achieves a reasonable trade-off between scan-

time (45 seconds per scan) and the risk of disturbances due to tree movement through wind. 
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Due to the angular measurement scheme of the scanner, which operates from the ground, the 

point density naturally decreases towards the top of the canopy. Furthermore, the laser beam is 

usually unable to penetrate tree compartments in order to perform measurements behind 

obstacles. These two effects result in rather sparse measurement densities in the upper crown 

and stem regions, especially if the crown parts near the scanner are dense (Hilker et al. 2010). 

Using the pulsed time-of-flight method for laser range measurements, the RIEGL LMS VZ-

400i determines the range to all targets with which a single laser pulse interacts ("multi-target 

capability"). Depending on the measurement program used, the maximum number of targets 

that can be detected varies. The RIEGL LMS VZ-400i can generate 4 – 15 points per laser 

beam.  

2. Data post-processing 

The focus was not on three-dimensional tree features. Instead, the crown target variables (leaf 

area and crown perforation) were two-dimensional to take into account that not every individual 

leaf within the crown could be scanned. This was done to exclude errors occurring in the three-

dimensional analysis due to non-scanned areas of the upper crown region, respectively. Using 

the software RiSCAN PRO version 2.0.2 (http://www.riegl.com/products/software-

packages/riscan-pro/), all scan positions per plot were co-registered. The new automatic 

registration of the LMS VZ-400i was used so that artificial reference targets were no longer 

needed. Automatic registration and filtering were performed using the software RiSCAN PRO 

version 2.8.2. 

3. Tree detection and isolation  

To detect individual-tree positions, the density-based spatial clustering algorithm with noise 

(dbscan) function in the dbscan package of R was used (Hahsler and Piekenbrock 2017). The 

function relied on a density-based notion of clusters, which was designed to discover clusters 

of arbitrary shape (Ester et al. 1996). Only the x and y axes were used as input data, thereby 

pushing all points belonging to the z-axis to one height level. The consequence was a higher 

point density per tree stem. Now dbscan is automatically able to find each tree as a cluster. This 

means that each recognized cluster (stem) now received a unique number and could be 

processed individually. Additionally, non-vertically grown trees were detected at the lower part 

of the stem. Ground points were recognized by dbscan as noise points because of their 

horizontal structure in contrast to the vertically grown stems. For each stem cluster, stem base 

points were determined. The median values of the x and y coordinates and the minimum values 

of the z-axis of the stems were calculated. The stem base points now serve to extract the original 
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points of the entire tree. The isolation of each single tree from the TLS point cloud was 

performed using the dbscan algorithm within the R programming environment (R Core Team 

2016). With the application of dbscan, the entire point cloud was classified into clusters. Now 

each cluster is individually queried, which stem base cluster is closest in distance and whether 

this distance is close enough to be classified as associated points. After this step, each tree was 

visually checked for completeness. If necessary, unrecognised tree parts were added manually, 

and artifacts that did not belong to the tree were removed using the software RiSCAN PRO 

(http://www.riegl.com/products/software-packages/riscan-pro/).  

4. Tree parameter extraction 

The total tree height is calculated by determining the z-axis minimum and maximum points of 

the isolated tree. The minimum value is subtracted from the maximum value, and the output is 

the height. Wang et al. (2019) reported that TLS underestimated the height of big trees, which 

may be due to occlusion of crown and stem parts. The occlusion problem might be mainly 

resolved by choosing a sufficient number of different scan positions. On the other hand, TLS 

height measurements on Norway spruce trees in forest stands that covered a broad density range 

were found to be more accurate than common height measurements with the Vertex, a hand-

held device based on the trigonometrical principle (Jacobs et al. 2020). Regarding this study, 

the total tree heights were obtained from the pointclouds in a leaf-off condition in winter. The 

number of scan positions per plot varied from 80 to 110 depending on stand density. Therefore, 

the occlusion problem should be reduced to an absolute minimum. The procedure applied for 

diameter calculation was introduced in Jacobs et al. (2020).  

 


