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Summary 

Individual tree architecture and species composition perform a critical role in many 

ecological processes and resources a forest offers, such as wood value, biodiversity, and 

ecosystem stability. The structure and dynamics of a forest are determined by its indi-

vidual trees' architecture and growth patterns. In turn, the interaction of ecological pa-

rameters and genomic structural components contributes to the architecture and 

growth of trees. However, understanding how tree structure develops and adapts in 

response to various factors, such as competition, drought stress, sunlight angle, and re-

source utilization, is still scarce. Several theories and models exist in advocating and 

disseminating the concerns and issues about this discipline. However, many aspects are 

still unknown due to the scarcity of data. Therefore, the scope and aim of this disserta-

tion are to look into the drivers and passengers of tree architecture from empirical evi-

dence.  

We quantitatively analyzed the three-dimensional architecture of the trees using LiDAR 

(light detection and ranging) and fractal geometry approaches. The combination of Li-

DAR technology and fractal analysis has made it possible to give a holistic, in-depth 

analysis of tree architecture. Hence providing an avenue to empirically draw links be-

tween the trees’ architecture (and the complexity of this architecture) and several eco-

system functions, which were not possible in the past. In this thesis, we present three 

independent papers (chapters 2 to 4) related to exploring the drivers and passengers of 

tree architecture as follows.  

In the first study, we explored the intricate 3D structure of 24 beech (Fagus sylvatica L.) 

trees that grew amid various levels of competitive pressure using 3D LiDAR data from 

the German Biodiversity Exploratories. We developed robust quantitative structure 

models (QSMs) of each tree to understand their branching patterns. The box-dimension 

(Db) method from fractal analysis was used to quantify the architectural complexity and 

self-similarity of the trees. The findings showed that the competition appears to signifi-

cantly influence the branching structure of trees, as demonstrated by the strong re-

sponses exhibited by various tree architectural measures. A new metric presented 

here, the ‘Db-Intercept’ (intercept of the regression used to derive the box-dimension), showed 

the most robust response to competition, with a correlation coefficient of -0.78.   

In the second study, we sought to determine whether (i) latitudinal adaptations of 

crown shape result from distinctive solar inclination angles at a species' origin? (ii) 
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structural variances in trees are associated with seed dispersal methods? and (iii) tree 

structural complexity is linked with tree growth performance? We scanned 473 trees 

using MLS (mobile laser scanning) to obtain 3D data for each tree. The arboretum's en-

vironmental conditions were the same for all the tree species being investigated, alt-

hough coming from different latitudinal regions. Then, applying fractal analysis and the 

box-dimension method, the tree's structural complexity was quantified. Also, 

the topological measurement of a tree's top-heaviness (Rel.Hmaxarea) was derived. We 

observed that trees from higher latitudes had significantly less top-heavy geometry than 

those from lower latitudes. Therefore, to some extent, a tree species' crown form ap-

pears to be influenced by solar elevation angles at the species' origin. Additionally, we 

revealed that tree species with wind-dispersed seeds had higher tree architectural 

complexity than those with seeds dispersed by animals (p < 0.001). Furthermore, tree 

structural complexity was positively associated with the trees' radial growth increment 

(p < 0.001). 

In the third study, we used terrestrial laser scanning (TLS) to scan 71 trees of 19 species 

and generated 3D attributes of each tree. We constructed QSMs to characterize their 

branching patterns. Additionally, the box-dimension approach from fractal analysis was 

used to assess the overall structural complexity of the trees. The pressures inducing 

12%, 50%, and 88% losses of stem hydraulic conductance (P12, P50, P88) of all the con-

cerned trees were measured. Our findings revealed that the tree's structural complexity 

(Db) relates significantly to xylem safety (p < 0.001). The branching geometry also 

showed significant results relating to xylem pressure (p < 0.01). We further observed a 

close relationship between specific hydraulic conductivity (Ks) of the branches and Db, 

while the hydraulically-weighted vessel diameter was also related to Db at marginal sig-

nificance.  

Finally, we also conclude that using 3D data from LiDAR in combination with geomet-

rical analysis, including fractal analysis, is a promising tool to investigate tree architec-

ture relating it to ecosystem functionality. 

 

Keywords: Tree architecture, LiDAR, Fractal analysis, Box-dimension, Competition, 

Seed dispersal strategy, Sunlight angle, Tree growth, Climate Change, Xylem pressure, 

Hydraulic vulnerability. 
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Zusammenfassung 

Die Architektur und die Artenzusammensetzung der Bäume spielen eine entscheidende 

Rolle für viele ökologische Prozesse und Ressourcen eines Waldes, wie z. B. den 

Holzwert, die Artenvielfalt und die Stabilität des Ökosystems. Die Struktur und die 

Dynamik eines Waldes werden durch die Architektur und die Wachstumsmuster der 

einzelnen Bäume bestimmt. Das Zusammenspiel von ökologischen Parametern und 

genomischen Strukturkomponenten trägt wiederum zur Architektur und zum 

Wachstum der Bäume bei. Das Verständnis dafür, wie sich die Baumstruktur als 

Reaktion auf verschiedene Faktoren wie Konkurrenz, Trockenstress, 

Sonneneinstrahlung und Ressourcennutzung entwickelt und anpasst, ist jedoch noch 

wenig ausgeprägt. Daher ist es Ziel dieser Dissertation, die Treiber und abhängigen 

Größen der Baumarchitektur anhand empirischer Daten zu untersuchen.  

Wir haben die 3D (dreidimensionale) Architektur der Bäume mit Hilfe von LiDAR (Light 

Detection and Ranging) und fraktaler Geometrie quantitativ analysiert. Die Fortschritte 

bei der dreidimensionalen Modellierung der Baumarchitektur auf der Grundlage der 

LiDAR-Technologie und die Anwendung der Fraktalanalyse haben eine eingehende 

Analyse der Baumarchitektur ermöglicht und damit eine Möglichkeit geschaffen, 

empirisch Zusammenhänge zwischen der strukturellen Komplexität der Bäume und 

verschiedenen Ökosystemfunktionen herzustellen, die in der Vergangenheit nicht 

möglich waren. In dieser Studie werden drei unabhängige Arbeiten (Kapitel 2 bis 4) 

vorgestellt, die sich mit der Erforschung der Triebkräfte und abhängigen Größen der 

Baumarchitektur befassen (siehe unten).  

In der ersten Studie untersuchten wir die komplexe 3D-Struktur von 24 Buchen (Fagus 

sylvatica L.), die unter unterschiedlichem Konkurrenzdruck wuchsen, anhand von 3D-

LiDAR-Daten. Wir entwickelten robuste quantitative Strukturmodelle (QSMs) für jeden 

Baum, um ihre Verzweigungsmuster zu verstehen. Die box-Dimension (Db)-Methode 

aus der Fraktalanalyse wurde verwendet, um die architektonische Komplexität und 

Selbstähnlichkeit der Bäume zu quantifizieren. Die Ergebnisse zeigten, dass der 

Wettbewerb die Verzweigungsstruktur der Bäume erheblich zu beeinflussen scheint, 

wie die starken Reaktionen verschiedener Baumarchitekturmaße zeigen. Eine neue, 

hier vorgestellte Metrik, der "Db-Intercept" (Achsenabschnitt der zur Ableitung der Box-

Dimension verwendeten Regression), zeigte mit einem Korrelationskoeffizienten von -

0,78 die stärkste Reaktion auf den Wettbewerb. 
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In der zweiten Studie wollten wir herausfinden, ob (i) Anpassungen der Kronenform an 

den Sonnenstand im Herkunftsgebiet einer Art, beschrieben durch den Breitenkreis, 

nachweisbar sind, (ii) ob strukturelle Unterschiede in Bäumen mit den Methoden der 

Samenverbreitung zusammenhängen? und (iii) ob die strukturelle Komplexität von 

Bäumen mit der Wachstumsleistung von Bäumen zusammenhängt? Wir haben 473 

Bäume mit MLS (Mobile Laser Scanning) gescannt, um für jeden Baum 3D-Daten zu 

erhalten. Die Umweltbedingungen im Arboretum waren für alle untersuchten 

Baumarten gleich, auch wenn ihre Arten ursprünglich aus unterschiedlichen 

Breitengraden stammten. Anschließend wurde mit Hilfe der Fraktalanalyse und der 

Box-Dimension-Methode die strukturelle Komplexität jedes Baumes quantifiziert. 

Außerdem wurde das topologische Maß der Kopflastigkeit eines Baumes 

(Rel.Hmaxarea) abgeleitet. Wir stellten fest, dass Bäume aus höheren Breitengraden 

eine deutlich weniger kopflastige Geometrie aufwiesen als Bäume aus niedrigeren 

Breitengraden. Die Kronenform einer Baumart scheint also bis zu einem gewissen Grad 

von ihrer Heimatumgebung beeinflusst zu werden. Darüber hinaus zeigte sich, dass 

Baumarten mit Samen, die durch Wind verbreitet werden, eine höhere architektonische 

Komplexität aufweisen als Baumarten mit Samen, die durch Tiere verbreitet werden (p 

< 0,001). Darüber hinaus stand die strukturelle Komplexität der Bäume in einem 

positiven Zusammenhang mit dem radialen Wachstumszuwachs der Bäume (p < 0,001). 

In der dritten Studie scannten wir mit terrestrischem Laserscanning (TLS) 71 Bäume 

von 19 Arten und erstellten 3D-Attribute von jedem Baum. Wir konstruierten QSMs, um 

ihre Verzweigungsmuster zu charakterisieren. Zusätzlich wurde der Ansatz der Box-

Dimensionen aus der Fraktalanalyse verwendet, um die strukturelle Gesamtkomplexität 

der Bäume zu bewerten. Bei allen betroffenen Bäumen wurden die Drücke gemessen, 

die zu einem Verlust der hydraulischen Leitfähigkeit des Stammes von 12 %, 50 % und 

88 % führen (P12, P50, P88). Unsere Ergebnisse zeigten, dass die strukturelle Komplexität 

des Baumes (Db) signifikant mit der Xylemsicherheit zusammenhängt (p < 0,001). Die 

Verzweigungsgeometrie zeigte ebenfalls signifikante Ergebnisse in Bezug auf den 

Xylemdruck (p < 0,01). Darüber hinaus wurde eine enge Beziehung zwischen der 

spezifischen hydraulischen Leitfähigkeit (Ks) der Äste und Db festgestellt, während der 

hydraulisch gewichtete Gefäßdurchmesser ebenfalls mit Db in Verbindung gebracht 

wurde, allerdings mit marginaler Signifikanz. 
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Abschließend kommen wir zu dem Schluss, dass die Verwendung von 3D-Daten aus 

LiDAR in Kombination mit geometrischer Analyse, einschließlich Fraktalanalyse, ein 

vielversprechendes Instrument zur Untersuchung der Baumarchitektur darstellt. 

 

Schlüsselwörter: Baumarchitektur, LiDAR, Fraktalanalyse, Box Dimension, Wettbew-

erb, Samenausbreitungsstrategie, Sonneneinstrahlungswinkel, Baumwachstum, Klima-

wandel, Xylemdruck, Hydraulische Anfälligkeit. 
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CHAPTER 1  
Introduction 

1.1 Background of the Study 

Leonardo da Vinci was a pioneer in the study of tree architecture and shape. He ob-

served that the cross-sectional area of branches remained consistent throughout the 

branching orders of trees (Da Vinci, 1967; Richter, 1970). Later, Hallé & Oldeman 

(1970) detailed the "concept of tree architecture" and its significance to the study of 

ecology and the growth mechanism of trees. They developed 23 different and distinct 

tree architecture models, often known as "genetic blueprints," to elucidate tree struc-

ture and form. These models are considered a universal representation of tree growth 

for a wide range of species (Hallé et al. 1978).  

The organization and function of a forest ecosystem are ultimately determined by the 

species composition and structure of its individual trees (West et al., 2009; Price et al., 

2012; Seidel et al., 2019a). The structural traits and species composition of a stand di-

rectly influence a variety of ecological activities and services provided by a forest, which 

include timber (Ishii et al., 2004), habitat range (MacArthur & MacArthur, 1961), aes-

thetic value (Ribe et al., 2009), carbon storage (Calders et al., 2022), and ecosystem 

strength (Neill & Puettmann, 2013). Additionally, the diversity of tree species in forest 

stands results in variations in tree crown measures and sunlight interceptions, which 

impacts the forest's ecosystem growth and general vitality (Sterck et al., 2001). Thus, 

tree architecture and growth study are relevant to many fields, including phylogeny and 

taxonomy, ecological modeling, tree physiology, remote sensing of landscapes, and car-

bon stock estimates for climate change adaptation and mitigation measures (Malhi et al., 

2018). 

Until recent times, when the somewhat qualitative structural models of the past could 

not meet the requirements of current science, extremely labour- and time-intensive ap-

proaches were utilized to investigate tree structure in depth (Bentley et al., 2013). Con-

ventional measures of tree architectural attributes, such as height (Sterck & Bongers, 
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2001), stem DBH (Gering & May, 1995), or crown base height (Sprinz & Burkhart, 

1987), among many others, were used to evaluate tree structure and shape quantita-

tively. Lately, using three-dimensional data derived from state-of-art laser scanning 

technology (LiDAR), tree structural attributes such as tree crown volume, crown surface 

area, crown radius, and a detailed branching pattern with branch angles, lengths, and 

volumes have been derived (Tao et al., 2015; Dorji et al., 2020; Neudam et al., 2022) 

with levels of accuracy greater than the most prominent allometric models used world-

wide (Liang et al., 2014; Newnham et al., 2015; Demol et al., 2022). In reality, LiDAR is 

transforming how we observe trees (Gonzalez de Tanago et al., 2018) by enabling a de-

tailed tree structure analysis. Consequently, this has given a way to examine and com-

prehend how tree architecture varies in response to diverse elements, including compe-

tition, drought, light availability, and seed distribution strategy, which will be empirical-

ly explored in the entire scope of this thesis. 

This dissertation’s primary scopes are outlined in Chapter 1, which serves as the intro-

duction. It also offers a comprehensive theoretical foundation and the driving force be-

hind this dissertation study. The fundamental theories of tree architecture are dis-

cussed, along with the preamble to the drivers and passengers of tree structure com-

plexity.  At the outset, I would like to clarify that we are not the first to propound and 

test the theories of the study mentioned here. However, we used new techniques (TLS 

and MLS) and approaches (fractal geometry) to empirically analyze and gain insights 

into the relationship between tree structural complexity and the influencing key param-

eters. The workings of the LiDAR devices used here for the field studies are briefly dis-

cussed, i.e., the TLS (Terrestrial Laser Scanning) and MLS (Mobile Laser Scanning). Also 

covered in the first chapter are the methods and approaches used in obtaining the 3D 

model of the tree architecture through Point Cloud Processing and Quantitative Struc-

ture Modelling. Further, the fractal analysis (box-dimension and self-similarity) used to 

quantify the structural complexity of the trees is discussed in detail. 

1.2 Drivers and Passengers of tree architecture 

Tree architecture and shape span from narrow, post-like forms to enormous, spreading, 

multilayered crowns (Beech et al., 2017), and it is unlikely that any two trees on the 

planet, even within a species, are identical in terms of all aspects of their architecture 

(Seidel et al., 2019b). Tree growth and form are not stochastic (Valladares & Niinemets, 
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2007); it is decided by the tree’s response to various abiotic and biotic factors (Lang et 

al., 2010) within the context of its genetic makeup (Wu & Hinckley, 2001; Burkardt et 

al., 2021). Tree growth and form are determined by several environmental factors such 

as latitude and solar angle (Oker-Blom & Kellomäki, 1982; Kuuluvainen, 1992), soil 

(Zeide & Gresham, 1991), seed dispersal strategy (Malhi et al., 2018; Dorji et al., 2021), 

wind (De Langre, 2008; Nishimura & Setoguchi, 2011), temperature (Niinemets & Kull, 

1995; Went, 1953; Moles et al., 2014) availability of water resources (Archibald & Bond, 

2003; Scharnweber et al., 2011), competitions (Muth & Bazzaz, 2003; Juchheim et al., 

2017b), slope exposition (Johnson et al., 2019), pest and diseases (Setiawan et al., 

2014), anthropogenic activities (Schaberg et al., 2008), and altitude (Nishimura & 

Setoguchi, 2011) amongst many others. However, most studies mentioned above are 

based on theories and model simulations and less on empirical evidence. For example, 

pioneering studies of crown shape evolution were carried out by Iwasa, Cohen, and Le-

on (1985) using light competition interaction models. Also, the popular theory that sun-

light angle influences the type of crown shape of the trees according to their latitude is 

based on ecological modelling and simulations by Kuuluvainen (1992) and subsequent-

ly corroborated by many other studies later (Nimmemets & Kull, 1995; Valladares & 

Niinemets, 2007). Similarly, there has been limited research to date that has looked at 

the connection between tree architectural complexity and seed dispersion technique.  

As a consequence of climate change, the occurrence of severe droughts is increasing in 

several parts of the world (Trenberth et al., 2014; Settele et al., 2014). While forest sys-

tems are susceptible to a variety of severe climatic conditions, drought and its concomi-

tant disruptions have the largest impact worldwide (Reichstein et al., 2013). Tree mor-

tality is most likely linked to a plant's inability to control its hydraulic network, especial-

ly the xylem structural adjustments that require new growth (McDowell & Allen, 2015; 

Rowland et al., 2015; Choat et al., 2018). Hence investigating the adaptative scope of 

these attributes is critical for anticipating future responses of trees to climate change. 

Therefore, this study also examined how tree architectural complexity affects suscepti-

bility to drought stress. 

This dissertation delves into the drivers and passengers of tree architecture using new 

methodologies, i.e., LiDAR technology (light detection and ranging) and fractal geome-

try. We contend that characterizing tree architecture may be done effectively and com-

prehensively using three-dimensional data from laser scanning, especially when used in 
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conjunction with cutting-edge tools for evaluating geometry, such as the box-dimension 

approach. To measure complexity and relate it to a variety of functional patterns of 

trees and forests, geometrical traits and structural complexity can be reduced to a single 

number and applied to individual trees or even to entire forest stands. This opens up 

new perspectives on how terrestrial ecosystems' structure and function are related. 

1.3 Objectives and Scope of the Dissertation 

The first paper's detailed scope and intent are outlined in chapter 2 of the dissertation. 

The aim was to understand how tree architecture changes in response to competition. 

Precisely, we investigated the response of beech (Fagus Sylvatica. L) trees to competi-

tive pressures.  

The objective and hypothesis of the first paper of the dissertation are as follows: 

i. Examine the efficacy and implications of fractal analytic measures to gain new 

insights into the effects of competition on tree architecture. To elaborate, use the box 

dimension (Db), the self-similarity approach from fractal analysis, and conventional 

measures of tree architecture to analyze the effect of competition on the architectural 

changes of beech (Fagus sylvatica L.) trees. 

We hypothesize that there is a strong effect of competition on the tree's structural com-

plexity. To be precise, competition affects the a) internal branching patterns (detailed 

branch numbers, angles, and length) and also b) tree structural complexity represented 

by fractal measures (box-dimension and self-similarity) 

The second paper's purpose and intent are outlined in Chapter 3 of the dissertation. We 

scanned 473 trees with MLS and acquired 3D data for each tree. To quantify the archi-

tectural complexity of the tree, we employed fractal analysis and a topological measure 

of geometry to investigate the link to various parameters. 

The objective and hypothesis of the second paper are as follows: 

ii. Quantify the three-dimensional attribute of tree architecture and explore the 

relationship between seed dispersal strategy and tree structural complexity. Also, use 

Db to observe the link between tree structure complexity (Db) and tree growth perfor-

mance (represented by DBH). Furthermore, to empirically address the popular Kuulu-

vainen's theory of tree crown shape depending on the latitude of a species' home range 

owing to different sunlight angles. Here, we use the tree crown geometry metric (Rela-

tive height of the maximum horizontal crown area [Rel.Hmaxarea]) of the trees.  
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We hypothesize that tree structural complexity is related to its seed dispersal strategy, 

where the complexity of wind-dispersed trees would show higher complexity than that 

of animal-dispersed trees. Also, higher tree growth performance would show higher 

tree structural complexity and vice versa. Furthermore, we hypothesize that trees from 

various latitudes display crown morphologies corresponding to adaptations to the envi-

ronment in their home range latitude. 

The third paper's purpose and aim are drafted in chapter 4, i.e., to explore the relation-

ship between drought stress and tree structural complexity.  

3. explore the relationship between drought stress and tree structural complexity. We 

used terrestrial laser scanning (TLS) to scan 71 trees of 18 species and generated 3D 

attributes of each tree. Then the measures of xylem safety (P12, P50, P88), specific hydrau-

lic conductivity (Ks), and hydraulically-weighted vessel diameter (Dh) were obtained 

and related to tree structural complexity (Db).  

The objective and hypothesis of the third paper are as follows: 

iii. Study and evaluate the relationship between hydraulic safety, hydraulic efficien-

cy and the tree's structural complexity. Find out which specific traits of the tree's struc-

tural complexity are sensitive to drought exposure.  

We hypothesize that the tree's structural complexity directly relates to hydraulic vul-

nerability. Furthermore, the branching network of the tree is significantly affected when 

it is exposed to drought. 

Finally, in Chapter 5, the synopsis of the dissertation synthesizes all of the oth-

er/previous chapters (Chapters 2 to 4). Furthermore, the analytic techniques are as-

sessed to pinpoint issues regarding the fractal nature of tree design and the usage of 

TLS and MLS to analyze architecture complexity. Limitations and considerations are 

also covered. An overall conclusion is drawn, signifying this study’s relevance to science 

and the world with the broader framework. Future study exploration possibilities are 

also highlighted with possibilities of new tools. 

1.4 State-of-Art Overview of Laser Scanning Systems 

1.4.1 Uses of Laser Scanning (LiDAR)   

The best way to measure forest structural attributes is with high-quality 3D data from 

LiDAR (Potter, 2019). There are three types of LiDAR systems: Airborne (ALS), Terres-

trial tripod-based (TLS), and Mobile (MLS). These systems have evolved in the last two 
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decades and are now used to accurately and efficiently measure various aspects of for-

est structure, making them a valuable tool in forestry. LiDAR technology is used in for-

est inventory to measure various characteristics, such as volume (Astrup et al., 2014), 

biomass (Hackenberg et al., 2015), canopy height (Bayer et al., 2013), and canopy open-

ness (Juchheim et al., 2017a). It is also used in forest operations (Liang et al., 2018), for 

monitoring landslides (Travelletti et al., 2008), estimating afforestation and secondary 

succession (Janus & Bozek, 2018), mapping urban forests (Holopainen et al., 2013), 

wildlife habitats and forest fires (Kelly & Di Tommaso, 2015).  

Laser scanners can retrieve detailed forest information without being destructive and 

invasive (Malhi et al., 2018). While LiDAR equipment is costly, it performs quick and 

efficient data collection and can easily compensate for the cost incurred (Williams et al., 

2013). 

Airborne laser scanning has the potential to cover vast and rugged terrain (Williams et 

al., 2013). It can create 3D models of large forest areas with rapidity and high efficiency 

(Akay et al., 2009). 

Since 2002, terrestrial laser scanning (TLS) has been used in forestry (Hopkinson et al., 

2004). The use of TLS has made it possible to accurately and efficiently map forest 

structures in great detail, which was not possible before (Malhi et al., 2018). TLS can 

provide high-resolution data on tree attributes, particularly in the understory vegeta-

tion where other methods, such as ALS, are limited (Simonse et al., 2003). 

The development of MLS (mobile laser scanning) technology has made it easier and 

more efficient to survey forests, as it does not require the use of bulky accessories like 

TLS (Bauwens et al., 2016). MLS can quickly acquire high-quality data (Qian et al., 

2016). Additionally, MLS can measure the detailed under-the-canopy structures, which 

is not possible with ALS (Williams et al., 2013). 

In our study here, we used Mobile Laser Scanning and Terrestrial Laser Scanning to in-

vestigate the drivers and passengers of tree architecture since we were interested in 

small-scale architectural differences of individual trees.  

1.4.2 Workings of Light Detection and Ranging techniques (LiDAR)  

LiDAR technology can measure and model the dimensions of forest structures (Potter, 

2019). LiDAR sensors are mounted on platforms that are either stationary (Terrestrial 

LiDAR) or moving (ALS, MLS) during the application process (Lin et al., 2010). To de-

termine the distance between a target object and the device employed, forward and re-
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turning pulse laser light is used (Dubayah & Drake, 2000). By integrating information 

from the LiDAR instrument's Inertial measurement unit (IMU) and, in some cases, addi-

tional Global Navigation Satellite Systems (GNSSs) with light pulses, this technique pro-

duces three-dimensional information on the object of interest (Qian et al., 2016), so-

called point clouds. Every point in the point cloud will have three-dimensional spatial 

coordinates, if needed, referenced to global coordinate systems or another reference of 

choice (Rieg et al., 2014). Consequently, an accurate 3D model of the real world is creat-

ed. 

1.4.3 Mobile Laser Scanning (MLS) overview 

There are different terminologies for the Slam-based Mobile Laser scanning systems 

used by the scientific community, and this, in particular, has to be brought into accord-

ance (Gollob et al., 2020). The different names used are WLS: Wearable laser scanning 

(Cabo et al. 2018), MTLS: Mobile terrestrial laser scanning (Méndez et al., 2014), HMLS: 

Handheld mobile laser scanner (Vatandaslar et al. 2020), HLS: Hand-held laser scanner 

(Oveland et al., 2018), PLS: Personnel laser scanning (Chen et al. 2019). We have used 

the term Mobile Laser scanning (MLS) in our study.  

The MLS device used here is GeoSLAM ZEB-HORIZON (Geoslam Zebedee Horizon, Ge-

oslam Ltd., UK 2019), primarily focused on accurate 3D measurement and mapping of 

the environment without a need for GPS signal and provides a rapid and simple means 

of capturing 3D point cloud data. It saves the time required to set up a scanner and data 

registration associated with the traditional terrestrial laser scanning method and is 

therefore considered highly efficient. The maximum range of the ZEB horizon is 100 m, 

with a recommendation of fewer than 50 meters to ensure good point density. The field 

view of the MLS is 360° horizontal and 270° vertical. It uses a laser with a wavelength of 

903 nm and scans at the rate of 300,000 points per second. The scan range noise is ±30 

mm. The scanner continuously records the surroundings as it moves around using the 

SLAM-Algorithm (Simultaneous Locating and Mapping).   
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Figure 1.1 Hand-held mobile scanning device (ZEB HORIZON, GeoSLAM, 2019) used in 

this study. 

1.4.4 Terrestrial Laser Scanning (TLS) overview 

We also used the Faro Focus M70 Terrestrial Laser Scanner (Faro Technologies Inc., 

Lake Mary, FL, USA) to obtain detailed 3D point cloud data of study trees. TLS was used 

in our studies 1 and 3 (Chapter 2 and Chapter 4). The instrument uses laser light with 

a 1550 nm wavelength for scanning the environment up to a distance of 70 m, covering 

a field of view of 300° x 360° with a resolution of 0.03 degrees resulting in 10,240 points 

per 360°. The scanner was set up on a tripod at 1.3 meters and levelled horizontally us-

ing a bubble level. 

Scanning was carried out during a dry period with no wind when the trees were in leaf-

less condition to guarantee the best visibility of the entire wooden tree crown. We per-

formed a multi-scan procedure of all trees, with four to six scans for every tree. We 

scanned each tree from four corner points with the tree always in the centre, also re-

ferred to as a corner set-up in the literature (Zande et al. 2008). One or two additional 

scans were performed if corner-views seemed incapable of capturing the entire crown 

due to self-shading. During scanning, we applied the instrument's standard filters (clear 

contour and clear sky). After that, Faro Scene (Faro Technologies Inc., Lake Mary, FL, 

USA) automatically recorded, processed, and transferred the scan data as a single xyz.-

files. The generated 3D image of each tree is a composite of millions of 3D measuring 

points, producing a precise and detailed replica of our study trees in the field. Therefore, 
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with the TLS method, each study tree was made accessible as 3D high-resolution point 

clouds depicting the actual tree (e.g., two samples in Figure 4.3 of Chapter 4) 

 

Figure 1.2 A tripod-mounted Faro Focus 3D TLS (Faro Focus M70 Terrestrial Laser 

Scanner) that is placed 1.3 meters above the ground at the Stutel-Arboretum. 

1.5 Point Cloud Processing and Quantitative Structure Modelling 

(QSM) 

It was necessary to manually segregate the research trees from the rest of the forest 

using the point cloud of a study tree and its environment. Leica Cyclone Software was 

used to do this manually (Leica Geosystems, Heerbrugg, Switzerland). Using the free and 

open-source CloudCompare software (version 2.10.1, available at 

https://www.danielgm.net/cc/), each tree was manually separated from the back-

ground throughout the scan. CompuTree software (Version 5.0, CompuTree Group; 

http://computree.onf.fr/?page_id=42) was then used to generate quantitative structure 

models (QSM) for all study trees. A QSM model depicts the tree point cloud constructed 

from cylinders of diverse diameters and lengths. We applied the same QSM-parameter 

configurations for all trees to ensure the reproducibility of our observations. Clustering 

tolerance was set at 1 cm, with a maximum of 600-point clusters containing at least 400 

points each. If fewer clusters are found, the software will automatically modify them.  
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To ensure greater reliability of our findings, we decided to use identical QSM-parameter 

values across all trees. We are unaware of any method enabling less biased quality con-

trol for the quantitative structure models. For all trees, we used QSM models to acquire 

detailed information on the branching architecture of the trees. We obtained the i) total 

branch volume, ii) total branch length, iii) mean branch angle up to 3rd order of branch-

es, iv) mean branch length up to 3rd order of branches, and v) mean branch volume up 

to 3rd order of branches. An exemplary tree QSM with a cylindrical demonstration of 

branching patterns is depicted in Figure 4.2 of chapter 4). 

1.6 Fractal analysis and Box-dimension (Db) approach 

To ascertain the overall structural complexity of each tree, we applied an algorithm cre-

ated in Mathematica (Wolfram Research, Champaign, USA), as illustrated in Seidel 

(2018). The box-dimension can be regarded as a holistic gauge of a tree's architectural 

complexity (Seidel et al., 2019b). This method is based on the revolutionary works of 

Mandelbrot (1977) and a breakthrough investigation by Sarkar & Chaudhuri (1994). 

The Db of each tree was computed by calculating the number of simulated boxes of a 

specific size required to contain all of the above-ground tree components in the point 

cloud. We performed along the steps outlined in Seidel et al. (2019a). In essence, we 

counted the number of simulated boxes of a specific size required to include all above-

ground tree parts in the point cloud in order to estimate Db. These numbers of boxes are 

calculated for various box sizes, commencing with the largest box, which is the smallest 

bounding box encompassing the whole tree. Then moving on to gradually smaller boxes, 

each of which is consistently 1/8th the volume of the prior box-size (or half the edge 

length). The demo showed in figure 1.4 below. The lower cut-off (smallest box) in this 

procedure was defined to be the last sub-box still larger than the point cloud resolution. 

Here we picked 10 cm as a careful option. 
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Figure 1.3 Shows the various box sizes, commencing with the largest box, which is the 

smallest bounding box encompassing the whole tree, and moving on to gradually small-

er boxes.  

A least-squares line was then fitted across the scatterplot of the logarithm of required 

number of boxes (variable Y) over the logarithm of the inverse of the actual box size 

(the X variable). The slope of the regression line is the box-dimension (Db). The coeffi-

cient of determination (R2) is a measure of the tree architecture's self-similarity across 

the various tested dimensions (box sizes), and the intercept of the regression line (Db-

intercept) with the y-axis is a representation of the tree size (Seidel et al., 2019a). See 

figure 2.4 of chapter 2 for visualization. 

In theory, every 3D object's Db could range from 1 to 3, with a cubic object's Db being 

3 and a pipe-like object’s Db being 1 (Seidel et al., 2019b; see also figure 3.4 of chapter 

3). However, a Db of 3 cannot be anticipated for trees (Mandelbrot, 1977). Therefore, a 

Db of 2.72, corresponding to an object called Menger-sponge, is considered the highest 

Db a tree could obtain (Seidel et al., 2019a). However, again, a Db of 2.72 would rather 

be unfavourable for light utilization owing to the tree's enhanced self-shading (cf. Seidel 

et al., 2019a). As a result, in reality, trees ought to have a Db between 1 and a value less 

than 2.72. (Seidel, 2018). 
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1.7 Xylem pressure as a unit for Hydraulic vulnerability 

Xylem pressure leading to cavitation and embolism is often utilized as an index of re-

sistance to xylem breakdown under drought conditions (Meinzer et al., 2009; Rowland 

et al., 2015). Drought causes greater xylem stress and an elevated risk of emboli spread-

ing across the xylem network, resulting in systemic vascular deterioration (Brodribb & 

Cochard, 2009: Rodriguez et al., 2018). These characteristics determine how quickly 

plant tissue degrades during a dry spell and the threshold at which water deficit results 

in hydraulic collapse and death (Martin-StPaul et al., 2017: Blackman et al., 2016). Dur-

ing a water deficit, all drought-related deaths revolve around increased xylem tension 

(Choat et al., 2018). Therefore, to compare the hydraulic vulnerability of different tree 

species, xylem pressure at different levels of loss in conductivity (as an index of hydrau-

lic vulnerability) was measured for all our study trees in this research. It was denoted 

by P12 (xylem pressure at 12% loss of conductance), P50 (xylem pressure at 50% loss of 

conductance), and P88 (xylem pressure at 88% loss of conductance). The detailed pro-

cess of how the xylem pressure is obtained is outlined in the topic heading 4.2.5 of Chap-

ter 4. 

1.8 Research Study sites 

For our first study (Chapter 2), the research data were obtained as part of the Biodiver-

sity Exploratories project in Germany (Fischer et al., 2010), which covered a range of 

precipitation and temperature conditions across the country. The study sites were lo-

cated in the Swabian Alb, Hainich-Dün, and Schorfheide-Chorin regions. The study's de-

sign can be found in more detail in the publication by Metz et al. (2019). The locations of 

the study sites and the study design are depicted in Figure 2.1 of Chapter 2. 

The second and third studies were carried out in Stutel Arboretum. This research is part 

of the extensive Klimabäume Stutel project, which is overseen by the Bavarian State 

Institute for Viticulture and Horticulture (LWG). The study was conducted in Stutel-

Arboretum, located on the right bank of the river Main, near Wuerzburg, Bavaria, Ger-

many, at an elevation of 180 meters above sea level. The coordinates are 49° 51′ 49′′ N 

and 9° 51′ 8′′ E. The region's average annual temperature is 9.5 °C, with an average an-

nual precipitation of 603 mm. The region has a continental climate, and as such, it en-

dures periodic drought episodes, particularly during the hot summer months. The soil is 

mostly sandy anthrosol, with a pH of 7.3. The Stutel-Arboretum is home to over 400 
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different tree species, which were originally grown in various nurseries across Europe 

and Asia before being transferred to the arboretum as young seedlings, around two 

years old. 

The LWG established plantations at the arboretum in 2010 to investigate the potential 

of different tree species as urban trees that can withstand droughts. The trees in the 

arboretum are observed for their growth and development under the same environ-

mental conditions. However, they are not altered in any way, such as with fertilization 

or irrigation. They are left to grow in their natural state without any disturbances. 
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Presenting Three Manuscripts of this Cumulative Dis-

sertation 

 

 

 

 

 

In the following three of four chapters, I will present three studies conducted in the 

framework of this PhD that are published manuscripts (1st and 2nd) and the last one in 

review (3rd). The first study is focused on the relationship between tree architectural 

complexity and competition (Chapter 2). Then, we focus on the relationship between 

tree architecture and sunlight angle, seed dispersal strategy, and growth performance 

(Chapter 4). Finally, chapter 5 will elucidate the relationship between tree architec-

ture and hydraulic safety and efficiency (drought vulnerability). 
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Abstract 

Individual tree architecture and the composition of tree species play a vital role for 

many ecosystem functions and services provided by a forest, such as timber value, habi-

tat diversity, and ecosystem resilience. However, knowledge is limited when it comes to 

understanding how tree architecture changes in response to competition. Using 3D-

laser scanning data from the German Biodiversity Exploratories, we investigated the 

detailed three-dimensional architecture of 24 beech (Fagus sylvatica L.) trees that grew 

under different levels of competition pressure. We created detailed quantitative struc-

ture models (QSMs) for all study trees to describe their branching architecture. Fur-

thermore, structural complexity and architectural self-similarity were measured using 

the box-dimension approach from fractal analysis. Relating these measures to the 

strength of competition, the trees are exposed to reveal strong responses for a wide 

range of tree architectural measures indicating that competition strongly changes the 

branching architecture of trees. The strongest response to competition (rho = −0.78) 

was observed for a new measure introduced here, the intercept of the regression used 

to determine the box-dimension. This measure was discovered as an integrating de-

scriptor of the size of the complexity-bearing part of the tree, namely the crown, and 

proven to be even more sensitive to competition than the box-dimension itself. Future 

studies may use fractal analysis to investigate and quantify the response of tree individ-

uals to competition. 

Keywords: terrestrial laser scanning; QSM; structure; fractal analysis; branching pat-

tern; tree architecture; competition 
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2.1 Introduction 

In Europe, the conversion of pure stands into mixed stands is still ongoing (Von Lüpke 

et al., 2004; Filipescu et al., 2007; Ammer et al., 2008). The corresponding silvicultural 

interventions are made under the assumption that they result in ecologically and eco-

nomically beneficial stands (Knoke et al., 2008; Juchheim et al., 2017). However, site 

conditions, competition processes and ontogenetic stage all affect the growth of an indi-

vidual tree, be it in a mixed or pure stand (Shi et al., 2010; Ledermann, 2010). Among 

the mentioned factors, competition is the only one that can be cost-efficiently influenced 

through silviculture, and it is therefore of special importance (Ammer et al., 2008). In 

mixed stands, the growth response of the individual tree depends on the species identi-

ty of the surrounding neighbors (Canham et al., 2004; Zhao et al., 2006; Pretzsch et al., 

2009). Accordingly, in order to understand and model the dynamics in mixed stands, it 

is necessary to look into the development of tree morphological characteristics and 

branching architecture under competition in mixed neighborhoods.  

According to earlier research, (Munro et al., 1974; Biging & Dobbertin, 1995; Porté & 

Bartelink, 2002), there are two ways to quantify an individual tree’s competition, name-

ly distance independent and distance dependent approaches. In distant-independent 

approaches, stand density measures are used to estimate the competition pressure of an 

individual tree, whereas the distant-dependent approaches use the competitive effect 

determined by the size, position and number of the neighbors (Tomé & Burkhart, 1989). 

Distant-dependent indices are particularly popular and they are therefore known to 

offer a reliable prognosis of single-tree growth (Biging & Dobbertin, 1995; Bachmann, 

1998). Lately, new, spatially explicit competition indices that are based on 3D stand 

models from terrestrial laser scanning (TLS) have also been introduced and showed 

large potential to explain tree growth and tree shape in response to competition (Metz 

et al., 2013; Seidel et al., 2015ab; Olivier et al., 2016; Seidel et al., 2018). TLS is being 

increasingly used to measure and record high quality tree individual parameters such as 

stem volume and crown structure with high accuracy (Yu et al., 2013; Astrup et al., 

20,14; Newnham et al., 2015). 

Despite these advancements, there was limited research focusing on the effects of com-

petition on distinct tree characteristics within a species. The main reason was that a 

comprehensive measurement of branching pattern and detailed tree architecture was 

almost impossible based on conventional methods of forest inventory (Seidel et al., 
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2011). TLS, however, not only provides solid measures of competition (Seidel et al., 

2015a; Olivier et al., 2016), as mentioned above but also millimeter-level detail on the 

tree structure and ultimately, a rapid assessment of each individual tree in a stand 

(Liang et al., 2018). 

Thus far, only a few recent pioneering studies used the technology to investigate re-

sponses of the branching architecture to competition (Olivier et al., 2016; Bayer aet al., 

2013; Juchheim et al., 2017). Oliver et al. (2016) used TLS data to overcome the limits of 

traditional canopy studies, when it comes to quantifying differences in tree crowns. For 

sugar maple (Acer saccharum, Marsh.) stands with different compositions and develop-

mental stages, they found TLS-based competition indices to be better predictors of 

crown metric variability than stand type, also highlighting the potential of TLS data to 

quantify tree competition and space occupancy. 

Juchheim et al. (2017) used TLS data to calculate structural measures for European 

beech (Fagus sylvatica L.) trees that grew either in intra- or interspecific neighborhoods 

in unmanaged stands and their findings provide evidence of different phenotypic re-

sponses of European beech, as a consequence of different types of competition. 

Again, through application of a TLS and a new point cloud skeletonization approach, 

Bayer et al. (2013) determined structural crown properties of European beech trees 

and Norway spruce growing in mixed and pure stands. The results yielded detailed in-

formation on the morphological traits of the trees and revealed that different competi-

tor species results in significantly different crown structures of the study trees.  

Recently, the toolset for the analysis of tree architecture was further extended by meth-

ods of fractal analysis, for example the box dimension (abbreviation Db; cf. [Seidel et al., 

2018]). When fractal analysis became famous in the 1970s, the box-dimension was in-

troduced by the mathematician Mandelbrot (Mandelbrot, 2012). It is a holistic approach 

to the architectural complexity of trees (Seidel et al., 2018) that is rested on observing 

the change in the number of virtual boxes one needs to enclose all parts of an object (its 

3D model) in dependence of the size of the boxes one uses. Based on the relationship 

(regression line) between the number of boxes (y-axis) and their size (x-axis), fractal 

analysis allows conclusions to be drawn on the complexity of an object, its dimensions, 

and its geometrical self-similarity. Self-similarity can be understood as a measure of 

geometrical repetition across scales, meaning that similar architectural pattern, for ex-

ample a y-shaped branch bifurcation occurs across several scales. Therefore, starting 
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with the first bifurcation of the stem, the two major branches would bifurcate again in 

the same way, each into two more branches and with the same y-shape. This process 

would repeat down to the smallest twigs. Such trees can easily be created from comput-

er models such as the famous Lindenmayer l-system (Prusinkiewicz et al., 2012). Real 

plants however, deviate from perfect self-similarity to various degrees due to external 

or internal factors. 

When it comes to the dimensional aspects of tree architecture, the intercept of the re-

gression line for the relationship between number of boxes used to calculate the box-

dimension and their size (see previous paragraph) was predicted to be a useful measure 

in an earlier study (Seidel et al., 2019a). 

Using fractal analysis to address tree architecture bears great potential for the investi-

gation of competition–architecture relationships. According to Seidel et al. (2019), the 

box-dimension approach addresses a large number of architectural characteristics at 

once, including the tree crown lengths, crown diameter, branch angles, and others. In 

the same study, it was also shown that the branching patterns of the trees, together with 

the crown dimension, are solid surrogates for a tree structural complexity. 

Here, we used the box-dimension, self-similarity derived from fractal analysis, as well as 

conventional topological measures of tree architecture to analyze the effect of competi-

tion on the shape of beech (Fagus sylvatica L.) trees.  

We hypothesized that competition strength affects the architecture of beech trees. More 

precisely, we hypothesized that competition affects (i) branching pattern, as well as (ii) 

measures of tree complexity derived from fractal analysis. We will explore the potential 

and meaning of measures from fractal analysis in the hope to gain new insights into 

competition–architecture relationships. 

2.2 Materials and Methods  

2.2.1 Study Sites and Objects 

Our data were taken in the framework of the Biodiversity Exploratories (Fischer et al., 

2010). Covering a gradient in precipitation and temperature across Germany, the three 

Exploratories were located in the Swabian Alb (South-West Germany), the Hainich–Dün 

(Central Germany) and the Schorfheide-Chorin (North-East Germany). The location of 

the study sites and the study design are shown in Figure 2.1.  
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Figure 2.1. Study areas within Germany (left side) and sampling design (right side). 

In each area, we investigated the architecture of eight adult beech (Fagus sylvatica L.) 

trees (total = 3 × 8 = 24) that grow in the center of a quadrat. Each quadrat was defined 

by four competitor trees growing in the corners of the quadrat cornering the respective 

study tree in the center. In an earlier study, these tree quadrats were chosen, as they 

differed in species composition and hence competitive neighborhood of the subject 

beech trees (Metz et al., 2013). The quadrats were intended to resemble a five-on-a-

dice-like layout with the four competitor trees growing in the corners. Competitor trees 

comprised Scots pine (Pinus syvestris L.), Norway spruce (Picea abies L.), Sycamore ma-

ple (Acer pseudoplatanus L.), European ash (Fraxinus excelsior L.), oak (Quercus spp.), 

small-leaved lime (Tilia cordata Mill.), and hornbeam (Carpinus betulus L.). Due to some 

natural variation in distances, small deviations from the ideal spatial layout occurred. 

Details on the study sites can be found in Metz et al. (2013), including climatic and soil-

related properties. A summary of the main characteristics of the study trees is provided 

in Table 2.1. While Metz et al. (2013) focused on the effect of competition on diameter 

growth, here we examine the effect of competition on crown structural characteristics. 
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Table 2.1 Major characteristics of the 24 investigated beech trees (adapted from Metz 

et al. (2013). DBH = Diameter at breast height (1.3 m). HAI = Hainich Dün, SCH = Schorf-

heide Chorin, ALB = Swabian Alb. 

Target Tree ID Exploratory Height (m) DBH (cm) Competing Species 
BE 1 HAI 32.03 41.60 ash 

BE 2 HAI 31.24 45.50 beech 

BE 3 HAI 34.44 50.40 beech 

BE 4 HAI 31.63 41.60 beech 

BE 5 HAI 31.88 42.70 beech 

BE 6 HAI 22.72 31.30 maple, ash 

BE 7 HAI 29.30 51.50 maple, lime, oak, hornbeam 

BE 8 HAI 23.72 30.30 ash 

BE 9 SCH 27.92 37.20 pine 

BE10 SCH 23.25 26.20 pine 

BE11 SCH 25.18 42.30 pine 

BE12 SCH 36.01 40.00 beech 

BE13 SCH 34.11 50.10 beech 

BE14 SCH 24.33 37.30 pine 

BE15 SCH 26.47 43.30 beech 

BE16 SCH 26.09 37.00 beech 

BE17 ALB 27.21 30.00 beech 

BE18 ALB 32.51 34.70 beech 

BE19 ALB 30.29 42.00 beech 

BE20 ALB 23.67 22.10 spruce 

BE21 ALB 22.43 37.70 spruce 

BE22 ALB 24.55 35.20 spruce 

BE23 ALB 26.49 34.70 beech 

BE24 ALB 24.00 27.30 spruce 

2.2.2 Laser Scanning 

Each study tree was scanned using a Zoller and Fröhlich Imager 5006 terrestrial laser 

scanner (Zoller and Fröhlich GmbH, Wangen i.A, Germany). The instrument was set to 

scan with a resolution of 0.036 degrees using a field of view of 310° (vertically) and 

360° (horizontally). The maximum range of the instrument was 179 m and we conduct-

ed six or more scans (depending on stand density and visibility) surrounding the study 

trees and their immediate neighbors. All scans were conducted in March 2012, in leaf-

less conditions to ensure free sight on the upper crowns (Metz et al., 2013). We used 24 

artificial chessboard targets that were distributed in the scanned scene as tie points for 

spatial co-registration of the individual scans. Scans were merged using Zoller and Fröh-

lich Laser Control 8.2 software (Zoller and Froehlich GmbH). As a result of the laser 

scanning procedure, each study trees and the surrounding forest area were available as 

virtual three-dimensional high-resolution (3D) point cloud representations of the real 

world. 
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2.2.3 Point Cloud Processing and Quantitative Structure Models 

Each point cloud of a study tree and its surroundings was used to manually separate the 

study trees from the remaining forest. This was conducted manually using Leica Cyclone 

Software (Leica Geosysteme, Heerbrugg, Switzerland). After the study trees were avail-

able as single-tree point clouds (see Figure 2.2, left), they were processed using the 

CompuTree software (Piboule et al., 2013) to create a quantitative structure model (ab-

breviation QSM; see Figure 2.2, right) for each individual. A QSM-model can be under-

stood as a representation of the tree point cloud based on cylinders of various diame-

ters and lengths (Piboule et al., 2013). We decided to use the same QSM-parameter set-

tings for all trees in order to allow for a better reproducibility of our results. The pa-

rameters were 0.10 m for clustering tolerance, a maximum of 600-point clusters with at 

least 400 points each (automatically adjusted by the software if less clusters are found). 

Each cluster needed to contain at least 0.5% of all points in order to be created.  

We decided for this set of parameters based on visual inspection of the resulting QSM 

models with the point clouds overlaid for quality assessment. We are not aware of any 

method that enables a less subjective quality control for QSM models. However, we ar-

gue, that a set of parameters used for all trees shall produce an objective and reproduci-

ble QSM model for our study trees.  



28 
 

 

Figure 2.2 Example of a study tree point cloud (left), the corresponding quantitative 

structure model (middle) and a close-up of the quantitative structure model (right). 

 

Here, we applied QSM-models in order to obtain information on the branching pattern 

of the beech trees for branches up to the 3rd order. For all 24 study trees, the branching 

patterns were calculated using the same settings for the CompuTree software. These 

settings can theoretically be adapted to optimize the modeling for trees of different spe-

cies, varying height, etc., but were kept the same to ensure repeatability in our study 

focusing on trees of only one species and of similar dimensions. We derived the mean 

branch volume of 1st, 2nd, and 3rd order branches, mean branch angle of 1st, 2nd, and 

3rd order branches, range of branch angle of 1st, 2nd, and 3rd order branches, total branch 

length and mean branch length. In addition to these eleven measures, we also tested 

three measures obtained from fractal analysis. Those are explained in the following. 



29 
 

2.2.4 Box-dimension, Intercept and Self-Similarity 

The box-dimension (Db) can be considered a measure of a tree’s architectural complexi-

ty. It was calculated from the single-tree point clouds following the approach introduced 

in Seidel (2018). This approach rests on the ideas of Sarkar and Chaudhuri (Sarkar & 

Chaudhuri, 1994) and the ground-breaking work of Mandelbrot (Mandelbrot, 1977). In 

short, we determined Db by counting the number of virtual boxes of a given size needed 

to enclose all aboveground tree organs in the point cloud. This number of boxes is de-

termined for different box-sizes, starting with the largest box, which is the minimum 

bounding box enclosing the full tree, and continuing with successively smaller boxes 

always being 1/8th the volume of the previous box size (or 1/2 the edge length). Then, a 

least-square line was fit through the scatterplot of the number of boxes needed (de-

pendent variable) over the inverse of the box-size used (given in relation to the largest 

box used; explanatory variable). The slope of this line is defined as the Db, its coefficient 

of determination (R²) is defined as a measure of self-similarity of the tree architecture 

across the different tested scales (box-sizes), and the intercept of the regression line 

(Db-intercept) with the y-axis is a surrogate for trees size (Seidel et al., 2019a) (Figures 

2.3 and 2.4). Here, we will explore all three variables for their responsiveness to compe-

tition. First, we evaluated the intercept for correlation with established measures of tree 

size and correlation with competition strength. Since Mandelbrot (1977) stated that the 

intercept is a measure of object dimension (size), we tested whether Db-intercept re-

sponded to competition strength and whether it was related more to conventional 

measures of tree size (total tree height [TTH]), diameter at breast height (DBH), or to 

crown-related measure of dimension (crown volume and crown radius). Then, in addi-

tion to Db as a dimensionless measure of tree architectural complexity, we evaluated 

whether self-similarity (R² of the regression) as a new architectural attribute may re-

spond to competition.  
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Figure 2.3. Exemplary three-dimensional tree point clouds with a high box-dimension 

(left: Db: 2.02) and a low box-dimension (right: Db: 1.50). Box-dimension is considered 

a measure of structural complexity. 
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Figure 2.4 Explanatory graph on the calculation of the three tested measures from frac-

tal analysis, namely box-dimension (Db), intercept of the regression line (Db-intercept) 

and the coefficient of determination of the regression line (self-similarity). 

2.2.5 Calculation of Competitive Pressure 

Competition strength enforced on the study trees was determined using the cumulative 

crown surface area (CCSA) of the competitor trees. For the trees investigated in our 

study, Metz et al. (2013) showed that CCSA is a good predictor of the competitive situa-

tion the trees were facing, thereby explaining tree growth (R² = 0.34; cf. [Metz et al., 

2013]). The crown surface area of each competitor tree was determined using the con-

vex hull polygon approach and the total for the four competitors was calculated per 

study tree. Using an algorithm written in Mathematica (Wolfram Research, Champaign, 

USA), we determined the surface of the convex hull polygons from the triangle points 

building the convex hull by applying Heron’s formula.  

2.2.6 Statistical Analysis 

Using the statistical software R (R Core Team, 2013), we tested for relationships be-

tween all structural attributes and competition strength using correlation analysis 

(Spearman’ rank rho). Level of significance was < 0.05 in all tests. The within data trend 

of selected significant correlations was further analyzed using non-linear Generalized 

Additive Modeling (GAM) techniques because assumptions for linear regressions were 
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not met. Also, to avoid over-fitting, the effective degrees of freedom (EDF) were set to 3 

with smoothing then chosen automatically through cross-validation (Wood et al., 2017). 

Models’ evaluation occurred through interpreting the EDF value as complexity of the 

smoothing function, p-values of the smoothing function, and the deviance explained by 

the GAM. The EDF values were all one, which means the within data trend suggests line-

arity (comp. results and discussion). 

2.3 Results 

Out of the 14 tested structural attributes, five were significantly correlated to competi-

tion strength (Table 2.2).  

Table 2.2 All tested attributes of tree architecture and their relationship with competi-

tion strength. 

Architectural Attribute rho p-value 

Branch volume 1st order −0.26 0.227 

Branch volume 2nd order −0.20 0.355 

Branch volume 3rd order −0.25 0.237 

Total branch length 1st order −0.53 0.007 

Mean branch length 1st order −0.52 0.009 

Mean branch angle 1st order 0.11 0.624 

Mean branch angle 2nd order −0.07 0.755 

Mean branch angle 3rd order −0.22 0.291 

Range of branch angles 1st order −0.21 0.323 

Range of branch angles 2nd order −0.62 0.002 

Range of branch angles 3rd order −0.28 0.179 

Db (box dimension) −0.65 0.006 

Intercept of Db-regression −0.78 <0.001 

Self-similarity 0.31 0.142 

(p-values in bold indicate statistically significant relationships). 

We found significant correlations between competition strength and the following 

measures; total branch length 1st order (rho: −0.53; p < 0.01), mean branch length 1st 

order (rho: –0.52; p < 0.01), and the range of branch angles 2nd order (rho: −0.62; p < 

0.01) (Table 2.2).  
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Competition not only reduced branch lengths, but it also reduced the variability in 

branching angles (Figure 2.5A, B) and it reduced the box-dimension of the trees (Figure 

2.5C). 

The intercept of the Db-regression line was the attribute that was most sensitive to 

competition strength and the relationship was again negative (rho: −0.78; p < 0.001), 

with the GAM also resulting in the highest explained deviance of all tested measures 

(Figure 2.5D and Table 2.2). 

 

Figure 2.5 Scatterplots of architectural features (A = total length of 1st order branches; 

B = range of 2nd order branch angles; C = box dimension (Db); D = intercept of box di-

mension) with GAM and explained deviance (DevEx), respectively, of beech trees in de-

pendence of competition strength as cumulative crown surface area (CCSA [m²]). Black 

solid lines show significant GAM models, the effective degrees of freedom (EDF) for all 

models were 1, suggesting linear within-data relationships. 
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We also discovered positive correlations between the Db-regression and crown morpho-

logical variables, like crown radius (rho: 0.42; p < 0.05) and crown volume (rho: 0.50; p 

< 0.05) (comp. Figure 2.6C, D). The two conventional measures of tree size, diameter at 

breast height (rho: −0.44; p < 0.05) and total tree height (rho: −0.59; p < 0.05) were, 

however, negatively correlated with Db-intercept (Figure 2.6A, B). 

The third measure derived from fractal analysis, namely self-similarity, showed no sig-

nificant correlation with competition strength (rho: 0.31; p = 0.142).  

 

Figure 2.6 Scatterplots of Db-Intercept against conventional measures of tree size 

(A = diameter at breast height (DBH (cm)); B = total tree height (TTH (m)) and crown 

morphology (C = Crown radius (m); D = Crown volume (m³)) with GAM and explained 
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deviance (DevEx), respectively, of beech trees. Black solid lines show significant GAM 

models, dashed grey line shows insignificant model. The effective degrees of freedom 

(EDF) for all models were 1, suggesting linear within data relationships. 

2.4 Discussion 

We investigated whether the branching architecture of beech trees responds to compe-

tition strength, as was indicated in earlier studies on European beech (Bayer et al., 

2013; Juchheim et al., 2017). We hypothesized that competition strength affects the ar-

chitecture of beech trees in terms of branching pattern, as already indicated by Bayer et 

al. (2013), as well as measures of tree structural complexity derived from fractal analy-

sis. Our results strongly support this assumption, as we identified a significant response 

of branch length, branch angles as well as the box-dimension and Db-intercept of the 

target trees to competition enforced on them by the neighboring trees. 

Not all tree species may be as responsive to competition strength as beech. Its high 

adaptive capacity is clearly expressed in its phenotypic plasticity and was reported re-

peatedly in the literature (Schröter et al., 2012; Valladares et al., 2017). For example, the 

study by Bayer et al. (2013) showed first results on changes in the branching angles of 

beech in dependence of the species of the neighboring trees. Similarly, Juchheim et al. 

(2017) showed that the structure of the crown of European beech, assessed using QSM-

model like in our present study, significantly varied depending on competition type (in-

tra vs. interspecific competition). Our research added knowledge on the general re-

sponse of beech architecture to competition strength (irrespective of competition type), 

and most importantly, that the entire structural complexity of the trees is negatively 

affected by competition.  

Together with the crown size, the distribution of the branches and leaves is an im-

portant aspect of productivity (Maguire et al., 1996; Jucker et al., 2015) and it is there-

fore not surprising that competition effects directly relate to the difference in a tree’s 

productivity, as already shown for our study trees by Metz et al. (2013). Earlier studies 

using fractal analysis also confirmed that a reduction in architectural complexity comes 

at the cost of productivity (Seidel, 2018). It is also known that structural complexity, 

assessed as box-dimension, translates well to the growing efficiency of a tree (Seidel et 

al., 2019b). Summarizing, competition enforced on a tree’s results in adaptations of the 
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tree’s growth pattern (branching pattern), results in lower Db-values and consequently 

in a lower growth efficiency. 

Using only crown shapes and dimensions to evaluate the effects of competition strength 

may lead to false conclusions, as changes in the branching architecture may result in 

changes in the light transmissivity of tree crowns and consequently forest canopies (Ol-

iver et al., 1996). Those are not accounted for when only the dimensional extent of a 

crown (e.g., crown radius) is considered. Here, fractal analysis provides summarizing 

measures that address the tree’s architecture more comprehensively (branches and 

stem architecture together) and that should respond to competition as well. In fact, we 

found that the box-dimension and Db-intercept showed a strong negative correlation 

with competition strength (see Table 2.2 and Figure 2.5C, D), indicating that competitive 

pressure indeed reduces the structural complexity of beech trees. This supports the 

findings of an earlier study focusing on European beech (Seidel et al., 2019b). 

We argue that the intercept of the Db-regression line is actually a proxy for the dimen-

sion of the complexity-bearing part of a tree, more precisely the tree crown (comp. Fig-

ure 2.6). This was confirmed by the positive correlations with crown morphological var-

iables, like crown radius and crown volume (comp. Figure 2.6C, D). The two conven-

tional measures of tree size, diameter at breast height and total tree height were, how-

ever, negatively correlated with Db-intercept. Despite the significant correlation, the 

smoothing term of the GAM model for the regression between DBH and Db-intercept 

was not significant (Figure 2.6A). This indicates that the DBH per se is not necessarily a 

complexity-bearing measure for a tree, meaning that trees with the same DBH can be of 

greatly varying complexity in architecture. Surprisingly, the Db-intercept decreased with 

increasing total tree height (Figure 2.6B). Actually, a similar result as described for the 

DBH would have been expected, namely that height alone is not related to complexity, 

but if at all one would have expected a positive relationship between the two variables. 

The only explanation for the negative trend is that the higher intraspecific competition 

led to slightly higher TTH across the sites due to increased height growth. As increased 

height growth resulted in reduced canopy dimensions (horizontal extent), it also result-

ed in a lower complexity of the postulated complexity-bearing tree part (crown). 

In the dataset used here, self-similarity could not be confirmed as a measure that re-

sponded to competition but one has to consider that this may be due to our small sam-

ple size. The rho-value of 0.31 (Table 2.2) points towards some correlation but it is too 
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weak to draw conclusions from it. In a future study, we will address this measure in 

more detail. 

The advent of TLS provides the avenue to measure details of the tree architecture 

thereby giving new insight into the effects of competition on tree morphology and 

branching pattern (Henning et al., 2006). Such knowledge is crucial to understand struc-

ture–productivity relationships (Bayer et al., 2013; Seidel et al., 2019b), but also to get a 

better understanding of structure-biodiversity relationships (Bazzaz et al., 1975; Tews 

et al., 2004), as they all depend on the architecture of individual trees. 

2.5 Conclusions 

Our study based on high-resolution terrestrial laser scanning, delved further into the 

response of branching architecture and fractal characteristics of crown structures to 

competition. The objective was to provide a deeper understanding on how tree archi-

tecture changes in response to competition. 

Using terrestrial laser scanning data of individual trees, we determined quantitative 

structure models to derive branching pattern and applied fractal analysis to describe 

the tree architectural complexity. We showed that crowns of European beech are highly 

responsive to competition, changing not only dimensions and branching pattern, as 

shown in early work, but also the entire structural complexity.  

We discovered the intercept of the regression line of the box-dimension to be strongly 

related to competition pressure. We argue that this is because it integrates several di-

mensional measures of the tree crown that respond strongly to competition.  

Future studies may use fractal analysis to investigate and quantify the response of tree 

individuals to competition, as we discovered a strong architectural response of beech 

trees to competition pressure.  
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Abstract 

The structure and dynamics of a forest are defined by the architecture and growth pat-

terns of its individual trees. In turn, tree architecture and growth result from the inter-

play between the genetic building plans and environmental factors. We set out to inves-

tigate whether (i) latitudinal adaptations of the crown shape occur due to characteristic 

solar elevation angles at a species’ origin, (ii) architectural differences in trees are relat-

ed to seed dispersal strategies, and (iii) tree architecture relates to tree growth perfor-

mance. We used Mobile Laser Scanning (MLS) to scan 473 trees and generated three-

dimensional data for each tree. Tree architectural complexity was then characterized by 

fractal analysis using the box-dimension approach along with a topological measure of 

the top-heaviness of a tree. The tree species studied originated from various latitudinal 

ranges but were grown in the same environmental settings in the arboretum. We found 

that trees originating from higher latitudes had significantly less top-heavy geometries 

than those from lower latitudes. Therefore, to a certain degree, the crown shape of tree 

species seems to be determined by their original habitat. We also found that tree species 

with wind-dispersed seeds had a higher structural complexity than those with animal-

dispersed seeds (p < 0.001). Furthermore, tree architectural complexity was positively 

related to the growth performance of the trees (p < 0.001). We conclude that the use of 

3D data from MLS in combination with geometrical analysis, including fractal analysis, 

is a promising tool for investigating tree architecture. 

 

Keywords: Tree architecture, LiDAR, Fractal analysis, Seed dispersal strategy, Latitude, 

Tree growth 

Key Message: Mobile laser scanning and geometrical analysis revealed relationships 

between tree geometry and seed dispersal mechanism, latitude of origin as well as 

growth. 
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3.1 Introduction 

The science of tree structure and form dates back to Leonardo da Vinci, who investigat-

ed the cross-sectional area of branches and found it to be maintained across branching 

orders (Da Vinci, 1967; Richter, 1970). Later, the ‘concept of tree architecture’ and its 

effect on the ecology and adaptive strategy of trees was comprehensively presented by 

Hallé & Oldeman (1970). Further, 23 different tree architectural models or ‘genetic 

blueprints’ were developed to describe tree growth and form, which were considered 

universal descriptions of tree growth for various species (Hallé et al. 1978). The struc-

ture and dynamics of a forest stand are ultimately related to the architecture of the in-

dividual trees (West et al., 2009; Price et al., 2012; Seidel et al., 2019a). Therefore, the 

study of tree structure and form is highly relevant to diverse research fields, such as 

phylogeny and taxonomy, ecosystem modeling, tree physiology, and crucial for remote 

sensing of canopy landscapes, tree wind damage studies, carbon stock calculation for 

climate change mitigation schemes, as well as metabolic scaling theory (Malhi et al., 

2018).   

Tree architecture ranges from slender, pole-like forms to large, sprawling, multilayered 

canopies (Beech et al., 2017), and there is likely no identically shaped pair of trees 

amongst all, even within a species (Seidel et al., 2019b). It is already known that tree 

architecture is not entirely random (Valadares & Niinemets, 2007) and that it is deter-

mined by the dynamic response of tree growth to its abiotic and biotic environment in 

the context of its genetic code (Hallé et al., 1978; Scorza et al., 2002; Busov et al., 2008; 

Burkardt et al., 2020). Tree shape has been shown to be influenced by environmental 

factors such as wind (Noguchi, 1979; Watt et al., 2005; De Langre, 2008), water availa-

bility (Archibald & Bond, 2003), light availability (Kuuluvainen, 1992; Niinemets & Kull, 

1995), terrain slope (Barij et al., 2007), and competition (Bayer et al. 2013; Juchheim et 

al., 2017). This adaptive geometry of trees (Horn, 1971; Borchert & Slade, 1981) is likely 

the result of an individual’s need to optimize fitness in a given location, which would 

include the need for structural stability, light interception, and reproductive success 

(Valladares & Niinemets, 2007; Honda & Fisher, 1978; Hollender et al., 2015). Over 

time, many studies have observed an effect of genetic predisposition on tree growth and 

branching patterns (Bradshaw & Stettler, 1995; Scotti-Saintagne et al., 2004; Wu & Stet-

tler, 1998; Kenis & Keulemans, 2007; Segura et al., 2006). Depending on the environ-



45 
 

mental conditions at the growing site, many trees have a particular form that is distin-

guishable (Lindh et al., 2018; Malhi et al., 2018).  

For trees, branching geometry and the resulting crown shape have a great influence on 

radiation utilization (Niklas, 1986). Several studies showed the major role of crown ar-

chitecture in the light interception process (Hallé et al., 1978; Iwasa et al., 1985; Guisa-

sola et al., 2015; Forrester et al., 2018; Lindh et al., 2018). Therefore, crown architecture 

is also decisive for carbon and water fluxes between the trees and the atmosphere 

(Enquist et al., 2009). Kuuluvainen (1992) observed that depending on the solar angle 

of the sun determined by the latitude, there are different crown shapes of trees. It was 

argued that the variation in sun elevation angle in a given location is so systematic that 

“it seems reasonable to expect that tree architectures show traits that allow them to 

efficiently utilize light” (Kuuluvainen, 1992).  

Solar interception is not the only factor determining species fitness. For example, seed 

dispersal impacts the success of propagation and is also influenced by tree architecture 

(Malhi et al., 2018). Although seed dispersal strategies have been studied extensively 

(Darwin, 1859; Schmidt, 1918; Hamrick et al., 1993; Wagner et al., 2004; Tiebel et al., 

2019), studies on the relationship between seed dispersal strategy and tree architecture 

are less common (Malhi et al., 2018). To date, we are aware of no study that has investi-

gated the relationship between tree crown complexity and seed dispersal strategy. This 

is because tree architecture and structural complexity are difficult to quantify (Su et al., 

2020; Guzmán et al., 2020). While Xu & colleagues (2019) did find a relationship be-

tween tree parameters of height-stem diameter relationships and seed dispersal type in 

a subtropical montane moist forest (with wind-dispersed strategies common in large-

statured tree species and animal-mediated dispersal more common in understory spe-

cies), their study did not consider crown complexity. In addition, individuals were 

measured in the field, where confounding variables such as competition by neighboring 

trees could not be controlled.  

Until recently, highly labor-intensive and time-consuming methods were used to ad-

dress tree structure in detail (Bentley et al., 2013) whenever the rather qualitative ar-

chitectural models of the past did not satisfy the needs of modern science. Approaches 

to quantitatively assess tree structure and form were based on measures of specific tree 

features, such as height (e.g., Sterck & Bongers, 2001), diameter of the stem (e.g., Gering 

& May, 1995) or crown base height (e.g., Sprinz & Burkhart, 1987) among many others. 
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Lately, three-dimensional data from laser scanning approaches (LiDAR) are also used to 

derive tree characteristics such as tree crown volume (Moorthy et al., 2011), crown sur-

face area (Metz et al., 2013), crown radius (Seidel et al., 2015), or even detailed branch-

ing pattern like branch angles, branch lengths and branch volumes (Tao et al., 2015; 

Disney, 2018; Li et al., 2018; Dorji et al., 2019). In fact, LiDAR is revolutionizing the way 

we look at trees (Gonzalez de Tanago et al., 2018). By allowing changes in tree architec-

ture to be observed, the 3D data of the actual tree form can help improve our under-

standing of why trees are shaped a certain way. 

Recently, with the new means of 3D characterization of tree structures based on laser 

scanning, the use of fractal analysis has become possible for further analysis of tree ar-

chitecture (Seidel et al., 2018). Fractal geometry has been utilized as a tool for analyzing 

nonlinear, fragmented, and irregularly structured objects, such as corals (Martin-Garin 

et al., 2007), organs (Losa et al., 2012), and plants (Hasting & Sugihara, 1993). It was 

introduced by the mathematician Benoit Mandelbrot in the 1970s to describe the com-

plexity of a broad range of objects based on the degree to which the object can fill the 

available space (Mandelbrot, 1977). In fractal analysis, the box-dimension (Db) is a 

measure that can be used to assess the architectural complexity of trees holistically 

(Seidel et al., 2019a). By observing the change in the number of virtual boxes one needs 

to fill the entire space occupied by an object in dependence of the size of the boxes one 

uses, the box-dimension is quantified in 3D model space. Db was shown to be sensitive 

to characteristics of tree shape as well as the internal structure of the tree crowns 

(Seidel, 2018). It was also shown to be positively related to the growth of several tem-

perate and tropical species (Seidel, 2018; Seidel et al., 2019b). The approach integrates 

the whole tree architecture in a single number, the box-dimension, which was also suc-

cessfully related to the functional aspects of trees (Seidel et al., 2019b).  

In this study, we use Db with the aim to observe the relationship between seed dispersal 

strategy and tree architecture, as well as to investigate the effect of Db on tree growth. 

Additionally, we used a topological measure of a tree’s top-heaviness, namely the rela-

tive height of maximum horizontal crown area (Rel.Hmaxarea), to address Kuulu-

vainen’s theory of tree shapes depending on the latitude of a species' home range due to 

the prevalent solar elevation angles. 

We aimed to address the question of whether the adaptation of tree species to the solar 

elevation at their place of origin is still visible in the tree architecture of individuals of 
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the same species at their place of growth. In theory, there is a gradient from wider and 

flatter or domed tree crowns in the tropics to more vertically shaped and elongated 

crowns at high latitudes (Oker-Blom & Kellomaki, 1982; Kuuluvainen, 1992). Therefore, 

from our 3D point cloud data of the trees, we hypothesize that 1) trees originating from 

different latitudes show crown shapes reflecting adaptations to the condition at their 

home range latitude, 2) the genetic building plan of a tree is optimized for the seed dis-

persal strategy which may reflect in the box-dimension and 3) the radial increment of a 

tree is related to the box-dimension of the tree. 

3.2 Materials and Method 

3.2.1 Study site 

This study was conducted in the Stutel-Arboretum near Würzburg, Bavaria, Germany 

(49°51’49’’N, 9°51’8’’E). It is located at an elevation of 180 m above sea level at the right 

bank of the river Main. The climate of the study area is characterized by a mean annual 

temperature of 9.5 °C and a mean annual precipitation of 603 mm. It falls under the hu-

mid continental climate type as per the Köppen climate classification. However, drought 

events occur frequently on the site during summer months. The study site is character-

ized by a sandy anthrosol (according to the world reference base for soil resources) 

with a pH value of around 7.3.  

The arboretum harbors more than 400 tree species from different origins around the 

world, with latitudinal midpoints spanning approximately from 25° to 75°. The trees 

were first raised in different nurseries in Europe and Asia, then brought to the arbore-

tum as seedlings (maximum age of 2 years). The trees were then planted and raised in 

the arboretum since 2010 under the extensive project called ‘Klimabäume Stutel’ by the 

Bavarian State Institute for Viticulture and Horticulture (LWG), which aims to assess the 

suitability of various tree species as future urban trees. The trees are monitored period-

ically by recording their growth but are maintained without disturbance to their growth 

form, with the exception of some minor pruning in the first year after planting. We in-

vestigated 473 trees of 41 genera and 105 species and varieties. The trees were planted 

in 42 rows with a spacing of at least 3 x 3 m. The location of the study site is provided in 

Figure 3.1. 

In the arboretum, trees were grown in a fashion suitable for the interpretation of tree 

architectures resulting from their genetic makeup. Specifically, trees shared a common 
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soil, geographical setting (southwest facing aspect and mild slope), climatic condition 

and were grown without interference from neighboring trees or any major disturbance 

to their growth form. 

 

Figure 3.1. Map of Germany with the location of the research site at Stutel arboretum, 

Würzburg, Germany, and an aerial view of the arboretum (Google Earth, 2013) with the 

three study plots chosen for our scanning campaign. 

3.2.2 Mobile Laser scanning 

A ground-based mobile laser scanning (MLS) system was used (Geoslam ZEB-HORIZON, 

Geoslam Ltd., UK, 2019) to obtain 3D point cloud data for accurate measurement and 

mapping of the environment. The MLS device has the advantage of being easy to use 

without preparations on site. It saves the time required to set up a tripod or reference 

points (as common practice in terrestrial laser scanning) and also provides automatic 

data registration (coregistration of the different scan perspectives). The maximum 

range of the ZEB-HORIZON is 100 m under ideal conditions and about 50 m in real-life 

outdoor conditions. It uses a laser with a wavelength of 903 nm and scans at a rate of 

300,000 points per second. The scan range noise is ± 30 mm. Based on the SLAM-
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Algorithm (Simultaneous Locating and Mapping), the scanner constantly captures the 

environment while walking around. 

3.2.3 Data Collection 

The scanning was carried out in February 2020, when the trees were leafless, to ensure 

free sight on the tree crowns. All 473 trees were scanned carrying the scanner in hand 

at around breast height with the arm outstretched while moving at a slow walking pace. 

In MLS, the selection of the walking path is important for a good tree representation 

from all sides. We walked in a zig-zag route around the trees and covered two planting 

rows at a time in each scan by following the direction of the row and finally ending at 

the exact point where the scan started (up and down the row). We made sure to close 

the loop every time. By zig-zagging every other tree on the way back, we covered all 

trees from both sites (see Figure 2.2).  

We obtained records of the periodical circumference measurements for 391 of the indi-

vidual trees since the time of plantation from the Bavarian State Institute for Viticulture 

and Horticulture (LWG). Tree circumference was measured using calipers. We calculat-

ed the difference between the initial plantation radial measurement and the present 

radius of the tree individuals as a measure of tree growth and expressed it as an annual 

radial increment.   

3.2.4 Species information (origin, latitudinal range, and seed dispersal strategy) 

The secondary data for the places of species origin and latitudinal range were obtained 

from the database of the European Forest Genetic Resources Program (EUFORGEN, 

1994) and Van Den Berk Nurseries (Vdberk, 2020). To compare the top-heaviness 

(Rel.Hmaxarea, see Chapter 3.2.8) with the latitudinal range of the species, the mid-

point of their maximum and minimum latitudinal distribution was calculated. We are 

aware that this mid-point latitude is of limited accuracy since highly detailed geograph-

ical information on every species’ natural distribution would be needed for an exact 

mid-point determination. This is, however, unavailable for many species. We used the 

absolute values of the latitudes in order to analyze both hemispheres together since we 

do not assume an effect on tree architecture based on the hemisphere (average solar 

elevation angles are the same). This analysis was performed for 431 trees from 83 spe-

cies since we could not find exact origins for some cultivars. 
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Information regarding seed dispersal strategy was obtained from the Royal Botanic 

Gardens Kew Seed Information Database (SID, 2020) as well as from additional litera-

ture (Howe & Smallwood, 1982; Clark et al., 1999; Loewer, 2005; Oyama et al., 2018). 

Tree species were excluded from analysis if their primary seed dispersal strategy could 

not be clearly identified from literature, or if there were insufficient individuals for sta-

tistical analysis (i.e., species with water-dispersed or unassisted dispersal strategies). 

For analysis of the relationship between seed dispersal strategy and the tree architec-

tural complexity, we considered tree species for which the major seed dispersal strategy 

was animal-based or wind-based. Out of the 473 trees measured, 320 were used for the 

analysis of seed dispersal strategy, wherein 130 of these were animal dispersed, and 

191 were wind-dispersed. 

3.2.5 Scan data post-processing 

The raw data collected by the MLS was processed using the 3D SLAM algorithm in the 

GeoSLAM Hub 6.0 processing software (Geoslam Ltd. UK) to create a .txt-file for each 

scan and a trajectory-file containing the 3D trajectory of the walking path. Open source 

CloudCompare software (CloudCompare v2.10.1, https://www.danielgm.net/cc/) was then 

used for post-processing the point clouds. First, we subsampled each scan point cloud to 

a 1 cm - resolution (downsampling for homogenous point cloud density). Then, we ex-

tracted each tree's point cloud in subsequent steps. We cut the rows of trees (Figure 

3.2), and then we cut each tree from the rows and subsequently cleaned outlier points 

around the individual trees (Figure 3.3).  
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Figure 3.2 Exemplary picture of trees of two rows after processing a mobile scan in Ge-

oSlam Hub. The red line indicates the trajectory of the device during scanning, with the 

loop being closed for each scan at the front left (start and end at the beginning of the 

row). Two tree rows were always scanned at a time by a zig-zagging walking path tra-

jectory surrounding each tree in the two rows 

 

 

Figure 3.3 Exemplary cleaned and filtered 3D point cloud of an Elm tree (Ulmus) ob-

tained from mobile laser scanning 

3.2.6 Statistical analysis 

We used the free statistical software R (Vers.3.4, R Development Core Team) for the 

statistical analysis. We carried out Welch’s t-test (assuming unequal variance) to test for 

significant differences between the mean of the box-dimension of tree species of the 

two seed dispersal strategies. Linear regression analysis was used to investigate the 

relationship between the Rel.Hmaxarea (top-heaviness) and the latitude of origin. Due 

to missing linearity, the relationship between the box-dimension and tree growth, pre-

sented here as annual radial increment, was analyzed using non-linear Generalized Ad-

ditive Modeling (GAM) techniques. The effective degrees of freedom (EDF) were limited 

to a maximum of 4 (number of knots = 5), whereas the amount of smoothing was then 

chosen automatically through generalized cross-validation (Wood, 2017). The data fam-
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ily was set to Gaussian type with an identity-link function. The level of significance was 

p < 0.05 for all tests. 

3.2.7 Fractal analysis with box-dimension 

We used an algorithm written in Mathematica (Wolfram Research, Champaign, USA) to 

determine the structural complexity of each individual tree, as shown in Seidel (2018). 

The box-dimension can be considered a measure of a tree structural complexity (Seidel 

et al., 2019b). This approach is based on the groundbreaking works of Mandelbrot 

(1977) and a pioneering study by Sarkar & Chaudhuri (1994). The Db of each tree was 

determined by counting the number of virtual boxes of a given size needed to enclose all 

the above-ground tree parts in the point cloud. We followed the procedure described in 

Seidel et al. (2019a). In short, we started with an initial box defined by the minimum 

bounding cube encapsulating the entire tree point cloud and subsequently used smaller 

boxes by cutting in half the edge length until the lower cut-off of 10 cm in edge length 

was reached. The Db is considered as the slope of the fitted straight line (least square fit) 

through the scatterplot of the number of boxes in the y-axis represented by log (N) and 

their size in the x-axis represented by log (1/r). The log () here is the natural logarithm. 

‘N’ is the number of boxes of the size ‘r’ required to enclose the entire tree’s 3D point 

cloud. In short, the slope of the regression line through the log–log-graph is defined as 

Db (Mandelbrot, 1977).  

Conceptually, any 3D object’s Db could range from one to three, with a cylindrical object 

having a Db of one and a cubical object having a Db of three (Seidel et al., 2019b, see also 

Figure 3.4). However, in natural objects, especially trees, a Db of three cannot be ex-

pected (Mandelbrot, 1977). Theoretically, the maximum Db that the tree could achieve is 

assumed to be 2.72 (Seidel et al., 2019a). However, a Db of 2.72 would be highly disad-

vantageous for light utilization due to maximized self-shading of the tree (cf. Seidel et 

al., 2019a). Therefore, for trees, a Db between one and some number lower than 2.72 is 

to be expected (Seidel, 2018).  
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Figure 3.4 Example objects for box-dimension minimum (box-dimension: 1.0 = pole, 

topological dimension is also 1) and maximum (box-dimension: 3.0 = cube, topological 

dimension is also 3). For trees, examples are shown for 1.11 (lowest value observed in 

our study), 1.54, 1.86, and 2.29 (highest value observed in our study)  

3.2.8 Topological measure of geometry 

We used the relative height of the maximum horizontal crown area (Rel.Hmaxarea) to 

describe the top-heaviness of a tree’s geometry. It was calculated based on the height of 

the maximum horizontal crown area in relation to the total tree height. Therefore, it is a 

relative measure corrected for tree height and given in percent. The underlying parame-

ter “height of maximum crown area” was calculated as described in Seidel et al. (2011). 

In short, the tree point clouds were split into horizontal layers of 10 cm in thickness, 

and the area of the convex hull polygon enclosing all points in each horizontal layer was 

calculated. The height of the layer with the largest area is considered Hmaxarea (or 

‘HCPA’ (height of maximum crown projection area) in earlier studies). The relative 

Hmaxarea was then given in percent of the total tree height. Tree height was derived 

from the point cloud as the difference between highest point and lowest point in the 

point cloud of a tree (zmax – zmin). 

3.3 Results 

Table 3.1 provides an overview of the studied trees and some general characteristics 

that were used in our study. 

Table 3.1 Summary of all investigated trees, the number of samples per spe-

cies/cultivar, mean box-dimension (Db), mean height, mean latitude of origin, respec-
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tive seed dispersal strategy, and mean annual radial increment as a measure of growth. 

The abbreviation ‘n.a.’ refers to missing data. “Not included” indicates the species’ seed 

dispersal strategy was not relying on a single mechanism or the mechanism could not 

be identified 

Species/Cultivar 
Number 

of trees 

Mean 

Db 

Mean 

Height 

(m) 

Mean 

Latitude 

(°) 

Seed disper-

sal strategy 

Mean annu-

al radial 

increment 

(cm) 

Acer buergerianum 2 2.14 6.44 36.99 Wind 0.27 

Acer campestre 16 1.99 6.88 42.92 Wind 0.37 

Acer cappadocium 2 1.97 6.07 40.24 Wind 0.32 

Acer davidii 1 1.64 5.59 31.80 Wind n.a. 

Acer freemanii 4 1.95 7.64 48.67 Wind 0.19 

Acer griseum 1 2.00 4.89 46.14 Wind 0.22 

Acer monspessulanum 2 2.21 6.87 40.09 Wind 0.41 

Acer opalus 4 1.94 6.00 37.32 Wind 0.42 

Acer platanoides 18 2.01 7.10 50.47 Wind 0.38 

Acer pseudoplatanus 2 2.03 6.83 41.86 Wind 0.41 

Acer rubrum 11 2.01 5.99 48.65 Wind 0.33 

Acer truncatum 4 1.90 7.26 36.99 Wind 0.27 

Acer x neglectum 2 2.13 6.92 n.a. Not included 0.44 

Aesculus arnoldia 1 1.36 4.22 48.88 Animals n.a. 

Aesculus glabra 2 1.49 4.58 48.88 Not included n.a. 

Ailanthus altissima 2 2.00 6.78 31.15 Wind 0.67 

Alnus cordata 2 2.11 6.59 40.47 Wind 0.32 

Alnus spaethii 8 2.12 7.53 51.11 Not included 0.35 

Amelanchier arborea 2 2.08 7.32 36.35 Animals 0.25 

Betula albosinensis 2 2.09 7.02 36.99 Not included 0.13 

Betula pendula 4 2.14 8.58 53.57 Not included 0.34 

Betula utilis 4 2.11 6.67 30.91 Wind 0.17 

Carpinus betulus 12 1.93 5.88 50.69 Not included 0.30 

Celtis australis 2 2.07 6.75 54.23 Animals 0.40 

Celtis julianae 4 2.08 8.29 31.00 Not included 0.61 

Celtis occidentalis 4 2.10 7.23 43.80 Animals 0.43 

Cladrastis kentukea 3 2.00 5.90 40.21 Animals 0.43 
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Corylus colurna 4 2.01 6.29 36.75 Animals 0.26 

Crataegus lavallei 4 1.77 6.11 46.71 Animals 0.23 

Crataegus persimilis 4 1.82 5.99 48.88 Animals 0.12 

Diospyros virginiana 1 1.84 4.29 48.25 Animals n.a. 

Eucommia ulmoides 4 2.01 6.46 36.99 Wind 0.31 

Euonymus europaeus 2 1.77 4.19 53.57 Animals 0.14 

Euonymus plainipes 2 1.69 3.55 50.16 Animals 0.09 

Fraxinus americana 4 1.77 5.61 48.88 Wind 0.12 

Fraxinus angustifolia 4 2.06 7.50 24.92 Not included 0.34 

Fraxinus cuspidata 4 1.33 5.74 29.63 Wind n.a. 

Fraxinus ornus 20 1.88 5.99 38.28 Not included n.a. 

Fraxinus penn 4 1.56 5.46 62.95 Wind 0.10 

Ginkgo biloba 4 1.71 5.15 45.62 Not included n.a. 

Gleditsia triacanthos 7 2.02 6.84 36.35 Animals n.a. 

Gymnocladus dioicus 2 1.57 5.45 48.25 Not included 0.15 

Koelreuteria paniculata 1 2.04 5.37 36.99 Not included 0.37 

Liquidambar styraciflua 7 1.77 5.70 51.16 Wind 0.16 

Magnolia denudata 3 1.65 5.52 30.65 Animals n.a. 

Malus tschonoskii 3 1.82 5.74 32.98 Animals 0.15 

Morus alba 2 2.08 5.87 36.99 Animals 0.41 

Ostrya japonica 2 1.66 5.73 32.98 Wind 0.10 

Ostrya carpinifolia 8 2.05 6.04 40.09 Wind 0.19 

Parrotia persica 3 1.62 4.38 36.05 Not included 0.16 

Platanus acerifolia 4 2.10 4.78 n.a. Wind 0.31 

Platanus hispinica 4 1.98 7.70 52.12 Wind 0.31 

Platanus orientalis 8 2.03 7.82 45.30 Wind 0.45 

Populus trichocarpa 2 1.88 6.73 50.49 Wind n.a 

Prunus n.a. 2 1.57 5.10 35.62 Animals 0.09 

Prunus padus 3 1.99 6.38 51.06 Animals 0.29 

Prunus serrulata 4 1.78 5.84 38.27 Animals 0.37 

Prunus x yedonennsis 2 1.96 5.38 32.98 Not included 0.22 

Ptelea trifoliata 3 1.90 4.38 43.26 Wind n.a 

Pyrus calleryana 8 1.93 7.55 47.05 Animals 0.29 

Quercus bicolor 6 1.79 5.79 48.25 Not included 0.33 

Quercus castaneifolia 8 1.64 5.52 35.41 Animals n.a. 

Quercus cerris 8 1.87 6.98 41.92 Animals n.a. 
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Quercus ellipsoidalis 1 2.09 6.55 54.18 Animals 0.31 

Quercus frainetto 7 1.69 5.99 46.60 Not included n.a 

Quercus hispanica 2 1.94 6.89 52.12 Not included 0.29 

Quercus imbricaria 2 1.83 5.03 48.25 Animals n.a 

Quercus macrocarpa 3 1.69 5.91 52.41 Animals 0.30 

Quercus n.a. 2 1.44 4.92 48.56 Not included n.a 

Quercus palustris 2 1.37 4.88 48.88 Animals 0.18 

Quercus phellos 2 1.80 5.28 48.25 Not included n.a. 

Quercus pubescens 5 1.94 6.07 41.23 Animals n.a. 

Quercus rhysophylla 2 1.73 5.17 26.43 Animals n.a 

Quercus sargentii 1 1.53 5.08 38.91 Not included 0.16 

Quercus serrata 1 1.43 5.05 36.99 Animals 0.25 

Quercus Shumardii 4 1.74 5.51 25.53 Not included 0.23 

Quercus texana 6 1.64 5.51 32.47 Animals n.a. 

Quercus velutina 1 1.68 5.59 36.35 Animals n.a. 

Sophora japonica 6 2.19 7.41 40.74 Animals 0.56 

Sorbus incana 2 1.86 5.53 55.68 Animals 0.35 

Sorbus latifolia 8 1.98 6.09 51.11 Animals 0.31 

Sorbus thuringiaca 6 1.90 6.02 n.a. Animals 0.26 

Sycoparrotia semidecidua 1 1.72 3.37 36.99 Not included n.a. 

Taxodium distichum 1 2.01 6.23 26.78 Not included 0.18 

Tetradium daniellii 2 2.00 5.83 44.80 Not included 0.36 

Thuja plicata 1 2.02 6.17 48.88 Wind 0.30 

Tilia tomentosa 1 1.52 4.93 41.69 Not included 0.36 

Tilia americana 2 2.12 6.95 48.88 Not included 0.35 

Tilia cordata 12 2.07 6.63 52.74 Not included n.a. 

Tilia euchlora 2 1.88 6.14 n.a. Not included 0.36 

Tilia euchlora x mongolica 2 1.58 5.53 n.a. Not included 0.21 

Tilia europaea 4 2.12 7.52 53.57 Not included 0.39 

Tilia henryana 2 1.69 4.54 31.00 Wind 0.19 

Tilia japonica x mongolica 2 1.54 4.99 39.16 Not included 0.24 

Tilia mandshurica 2 1.56 4.27 45.24 Not included n.a. 

Tilia mongolica 6 1.94 5.20 43.99 Wind n.a. 

Tilia monticola 2 1.24 5.31 48.88 Not included 0.19 

Tilia platyphyllos 8 2.05 7.33 47.84 Not included 0.37 

Tilia tomentosa 20 2.06 6.51 48.23 Animals n.a. 
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Tilia x moltkei 1 1.54 4.90 n.a. Not included 0.25 

Ulmus laevis 2 2.00 8.35 57.76 Wind 0.62 

Ulmus spp. 47 1.99 7.84 52.74 Wind n.a. 

Viburnum lentago 2 1.94 3.92 43.80 Animals 0.07 

Zelkova serrata 6 2.02 6.37 32.98 Wind 0.33 

Total 473 
     

We discovered a significant but weak correlation between the latitudinal mid-point of a 

species' origin and the trees' top-heaviness (Rel.Hmaxarea) (Figure 3.5). The most top-

heavy tree geometries were found for species originating from Japan and Korea 

(Prunus serulata Lindl.) with a latitudinal mid-point of around 38°N. Individuals of this 

species had a Rel.Hmaxarea of 76 % on average. Lowest Rel.Hmaxarea of 35 % was 

identified for individuals of Betula pendula. R originating from higher latitudes (mid-

point > 53°) 

 

Figure 3.5 Scatterplot of relative height of maximum horizontal crown area 

(Rel.Hmaxarea) over mean absolute latitude (latitudinal mid-point) of each species 

origin. The coefficient of determination (R²) was 0.052 but significant 

with p < 0.05;  n = 83 species (mean values per species)  

We also found a significant difference in tree architecture between different seed dis-

persal strategies. Despite a similar range of values, trees with wind-dispersed seeds 
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showed, on average, a higher structural complexity (Db) than trees with seeds dispersed 

by animals (Figure 3.6).  

 

Figure 3.6 Box-and-Whisker plot of trees of different seed dispersal strategies, namely, 

wind (n = 192) and animal (n = 130) dispersed. The difference in means was significant 

at p < 0.001 (animal-dispersed mean: 1.87; wind-dispersed mean: 1.95) 

We also discovered a significant non-linear relationship (represented by the EDF value 

of 2.58) between the box-dimension and the corresponding annual radial increment of 

the trees (Figure 3.7). While trees with a high Db showed large variability in growth, 

trees with a low Db seemed to asymptotically approach a value around 2 mm yr-1 and 

were hence unable to reach high growth rates. Even though the scatter of the data is 

high, the GAM model explained more than 35 % of the deviance. 
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Figure 3.7 Scatterplot of annual radial increment as a measure of growth over the box-

dimension and GAM regression. The relationship is significant at p < 0.001; adjusted 

R2 = 0.364; effective degrees of freedom (EDF) = 2.58. Growth data were available for n 

= 391 tree individuals. Dev.ex = deviation explained. 

3.4 Discussion 

We hypothesized that trees growing in the Stutel-Arboretum originating from different 

latitudes would show crown shapes indicating adaptations to the solar elevation angles 

at the latitude of their species’ home range. Our results derived from 3D point cloud da-

ta obtained through MLS support this hypothesis (See Figure 3.5). Trees from species of 

different origins tended to have a more top-heavy geometry when the latitude of their 

species origin was lower, despite the fact that the individuals investigated here were 

growing in the same geographical and environmental settings. Even though the rela-

tionship was weak (R2 = 0.052), it was significant, indicating the existence of a genetic 

determination. Trees originating from high latitudes with prevailing low solar elevation 

angles developed deeper crowns with lower Rel.Hmaxarea to efficiently intercept light 

when compared to trees of lower latitudes exposed to higher solar elevation angles. The 

latter develop more top-heavy crowns resulting in a higher Rel.Hmaxarea. This empiri-
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cal data supports previous studies that suggested there should be a measurable role of 

the solar incident angle on the shape of trees (Hallé et al., 1978; Whitmore, 1975; 

Terborgh, 1985; Hiura, 1998; King, 2005; Tateishi et al., 2010; Bomfleur et al., 2013). 

However, on our experimental site, with comparable growing conditions for all study 

trees, we found only a small strength of the effect of crown shape adaption to the lati-

tude of origin. It is important to consider that the mid-point latitude of a species’ origin 

could only be estimated since exact information on the natural distribution of the spe-

cies is often unavailable. This may partly explain the rather lower explanatory power of 

latitude for Rel.Hmaxarea (Figure 3.5). Furthermore, we argue that the relationship is 

not very strong because tree architecture is not just determined by the solar angle. Ac-

cording to the optimized resource utilization strategy, the trees need to balance various 

biotic and abiotic factors in order to result in an optimized tree shape (Archibald & 

Bond, 2003; Minamino & Tateno, 2014). Therefore, during the last years, the trees also 

responded plastically to the conditions at the study site, strongly reducing the observa-

ble “legacy” in geometry.  

According to literature, there is reason to expect a relationship between the solar geom-

etry at a particular latitude and the shape of the trees that grow there (Kuuluvainen, 

1992). Our approach to analyzing this relationship was limited to measuring a genetic 

legacy effect of solar geometry by relating a tree’s shape to the latitude of the tree spe-

cies' natural distribution. We suspect that the reason for the small effect size of the rela-

tionship described in Figure 3.5 is that the capability of a tree to adapt its shape to pre-

vailing biotic and abiotic factors may strongly outweigh the genetic predisposition of a 

tree to grow a particular shape. However, if we want to gain a better understanding of 

exactly how strong the influence of solar geometry on tree morphology is, it is necessary 

to directly relate a tree’s latitude (or solar zenith angle at that latitude) to the shape of 

the tree. This would require extensive point cloud data of many trees from a wide range 

of latitudes. Pooling together a large number of georeferenced tree point clouds would 

enable the establishment of a more direct relationship between solar geometry and tree 

morphology, moving beyond the limitation of only being able to look at genetic legacy 

effects. Future research in this field should focus on international collaborations and 

data sharing, for that matter. 

Since many crucial factors were the same for all our trees (e.g., water availability, tem-

perature, nutrient availability, competition), we were able to investigate the relation-
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ship between tree architectural complexity (Db) and seed dispersal strategy. Db is a 

measure of tree architecture that integrates many other conventional topological 

measures, like tree height, crown volume, crown radius, branch angle variability, and 

others (Seidel et al., 2019a, c). Hence, we hypothesized that Db should be related to a 

species’ seed dispersal strategy since seed dispersal and reproduction are the key func-

tional roles of tree architecture (Malhi et al., 2018). Indeed, we found that mean struc-

tural complexity, as summarized by the Db-values, differed significantly between tree 

species with wind-dispersed and animal-dispersed seeds. Hence, our second hypothesis 

is supported by our results (Figure 3.6). Malhi et al. (2018) proposed that there are dif-

ferences in the tree architecture, for example, between Southeast Asian forests, in which 

species predominantly rely on wind dispersal, and trees of the forest in central Africa 

and central Amazonia, which are predominantly animal-dispersed. Our data indicate 

that anemochorus tree species are more structurally complex in shape than zoochorus 

tree species. We hypothesize that less-complex tree crowns provide easier access and 

visual attraction for animals while highly complex tree crowns with many branches and 

greater overall surface, as indicated by the high Db value, maybe a greater barrier to 

wind and hence increase wind speeds wherever wind funnels through the crown. Final 

conclusions on this matter require more research since our study trees were of rather 

young age. 

Our third hypothesis was that a higher Db is related to a higher radial increment, which 

was supported by our results (Figure 3.7). Earlier studies already identified this rela-

tionship for some selected tree species, including some temperate and tropical species 

(Seidel, 2018; Seidel et al., 2019b). While previous studies observed linear relationships, 

the observed relationship in our current study appeared to be non-linear according to 

the GAM-model with more than 35% explained deviation. In fact, when modelled linear-

ly, the deviance explained is still 32% in our data. So far, the functional explanation of 

the relationship between the box-dimension and tree growth has been that an increased 

Db is often a result of reduced competition (e.g., Dorji et al., 2019) that leads to unre-

stricted growth and hence better growth performance. Additionally, it was shown that a 

greater Db was directly linked to a more efficient ratio of the photosynthetic surface ar-

ea to wooden tree volume, or in other words, a better ratio between “producing” and 

“consuming” organs (Seidel et al., 2019b). We hypothesize that a greater positive effect 

on productivity at higher rates of complexity than at lower rates of complexity may be 
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explained by the fractal nature of the tree crown, with increased levels of branching 

(higher branch order being built) resulting in disproportional benefit to the tree. Since 

additional higher-order twigs are present in trees with greater complexity, there may 

often be smaller ‘investments’ (in terms of wooden structures) needed to produce addi-

tional light-capturing tissue surface in those canopies, when compared to rather pole-

like tree crowns, where additional branches must first reach the light-exposed outer 

area of the crown (= larger investment) before light-capturing tissue can be exposed to 

sunlight. While this remains a hypothesis until further research addresses the issue, we 

could show that there seems to be a general positive relationship between structural 

complexity and productivity. Particularly for temperate climates, a large Db is related to 

a more efficient tree architecture (cf. Seidel et al., 2019a). However, if genetically dis-

posed towards more domed, umbrella-like crowns, as required for efficient growth in 

the subtropics, trees can only adapt to a certain extent towards the conditions in the 

arboretum and hence carry the legacy of their original habitat. Together with potential 

other effects (adaptation to soil, climate, genetic predisposition, etc.), this results in 

lower growth rates compared to well-adapted tree species with optimized crown 

shapes. In subtropical or tropical climates, a high Db would only be beneficial to trees 

that either grow in the understory (capturing indirect light), like those investigated in 

Seidel et al. (2019a), or trees that are predominantly facing overcast conditions with a 

large amount of indirect light. High solar angles in the tropics and subtropics would 

otherwise result in intense self-shading, resulting in a questionable benefit from a large, 

multilayered, and complex tree crown as indicated by a high Db. 

In all the above findings, the use of 3D data in combination with topological and particu-

larly fractal geometry proved to be vital in translating the tree's architectural complexi-

ty into numbers that enable relating it to functional traits. In earlier times, characteriz-

ing the tree architecture mathematically was hardly possible due to the unavailability of 

3D data (Borchert & Slade, 1981), which severely limited our advancement in under-

standing of drivers and passengers of tree structural complexity. As outlined by recent 

studies, laser scanning provides a new and unprecedented way of looking at the rela-

tionship between tree structure and functions (Malhi et al., 2018; Calders et al., 2020). 

Thus, it may be the perfect method for further developing functional-structural plant 

models that are needed to better explain the growth performance of mixed stands 

(Bongers, 2020). 
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3.5 Conclusion 

Here we used ground-based mobile laser scanning to scan 473 trees and generate three-

dimensional data of each tree. We used fractal analysis and a topological measure of 

geometry to characterize the tree's architectural complexity and geometry. We detected 

a positive relationship between tree structural complexity and tree growth, as well as a 

difference in the tree architectural complexity based on different seed dispersal strate-

gies. Furthermore, we detected an effect of the latitude of a species’ origin on the geom-

etry of trees growing at our study site. Tree species from lower latitudes were more top-

heavy in shape than tree species originating from higher latitudes. We argue that 3D 

data from mobile laser scanning, particularly in combination with novel tools to assess 

geometry, like the box-dimension approach, is an efficient and holistic means to charac-

terize tree architecture. Simplifying structural complexity and geometrical characteris-

tics into single numbers can be applied to trees or entire forest stands, providing a 

means for quantifying complexity and relating it to a diverse functional pattern of trees 

and forests. This enables new insights into the relationship between the structure and 

function of terrestrial ecosystems. 
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Abstract 

The potential of trees to adapt to drier and hotter climates will determine the future state 

of forests in the wake of a changing climate. Attributes connected to trees’ hydraulic net-

work are likely to determine their ability to endure drought. However, how a tree's archi-

tectural attributes relate to its drought tolerance remains understudied. We set out to 

quantify the relationship between tree structural complexity and drought tolerance, repre-

sented by xylem safety measures. We used terrestrial laser scanning (TLS) to scan 71 trees 

of 18 species and generated 3D attributes of each tree. We constructed quantitative struc-

ture models (QSMs) to characterize the branching patterns of all study trees. 

Additionally, the box-dimension approach from fractal analysis was used to assess overall 

structural complexity of the trees. Three measures of xylem safety, i.e., the water potential 

at 12%, 50%, and 88% loss of hydraulic conductance (P12, P50, P88), were measured to char-

acterize drought tolerance of the trees’ hydraulic systems, completed by data on specific 

hydraulic conductivity (Ks). Our findings revealed a significant relationship between the 

structural complexity (Db) and the three measures of xylem safety and Ks. Tree species with 

low structural complexity developed embolism-resistant xylem at the cost of hydraulic effi-

ciency. The branching geometry of 2nd and 3rd order branches was also related to xylem 

safety. Our findings also revealed that the Db had a more pronounced and significant rela-

tionship with branch hydraulic safety and efficiency than all other tested structural attrib-

utes. Our findings indicate that the box-dimension is a helpful and easy-to-measure de-

scriptor of tree architecture that also relates to important branch hydraulic properties of a 

tree. 

 

Keywords: tree architecture, Terrestrial Laser Scanning, drought tolerance, fractal analy-

sis, xylem safety, climate change.
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4.1 Introduction 

As a consequence of climate change, the occurrence of severe droughts is increasing in sev-

eral parts of the world (Trenberth et al., 2014; Settele et al., 2015). While forest systems are 

susceptible to a variety of severe climatic conditions, drought and its concomitant disrup-

tions have the largest impact worldwide (Reichstein et al., 2013). It is the most common 

stressor impacting the forest carbon balance globally, potentially generating a sharp de-

cline in net primary productivity at regional and global levels (Ciais et al., 2005; Lewis et al., 

2011). There has been increasing concern that warmer temperatures may cause more ex-

tended and intense droughts, highlighting the need for accurate projections of drought im-

pacts on forest ecosystems (Rousi et al., 2022). In addition, studies reveal that drought-

related mass tree death is not limited to drier locations (Anderegg et al., 2012; Hammond et 

al., 2022). It has been reported in a range of forest biomes, including cold temperate (Nar-

dini et al., 2013; Schuldt et al., 2020) and tropical forests (Rowland et al., 2018). As 

droughts severely impact tree structure and function (Nepstad et al., 2007; Phillips et al., 

2010), the potential of trees to adapt to dry climates will determine the future state of for-

ests in the face of climate change (Bittencourt et al., 2020). Therefore, it is of paramount 

importance to understand the relationship between tree architecture, forest structure and 

drought tolerance. 

The structure and function of a forest ecosystem are ultimately tied to the species composi-

tion and the structures of the individual trees (West et al., 2009; Seidel et al., 2019a). Vari-

ous ecological functions and services offered by a forest, such as wood value (Ishii et al., 

2004), recreational value (Ribe et al., 2009), or ecosystem resilience (Neill & Puettmann, 

2013) depend on the structural characteristics and species composition in the stand.  

Tree structure and form are not the results of stochastic growth (Valladares & Niinemets, 

2007). They are, in fact, the result of the interaction between the genetic growth plan and 

the biotic and abiotic environment (Scorza et al., 2002; Busov et al., 2008). Environmental 

factors like the wind (Watt et al., 2005), sunlight angle (Kuuluvainen, 1992), seed dispersal 

strategy (Dorji et al., 2021), water availability (Niinemets & Kull, 1995), and competition 

(Dorji et al., 2019) determine the final shape of a tree. The plasticity of tree geometry in 

response to environmental agents was considered to be the outcome of an individual’s 
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drive to maximize strength in a certain area (Borchert & Slade 1981), such as reproductive 

potential or sunlight absorption (Hollender & Dardick, 2015). 

The study of 3D tree structure and form was shown to be of importance for a variety of dis-

ciplines, such as tree phylogenetics, remote sensing of forest landscapes, ecosystem model-

ing, and carbon stock computation (Chave et al., 2005; Arseniou et al., 2021ab). Despite this 

great importance, the three-dimensional quantification of tree architecture was a challeng-

ing task in the past (destructive, laborious, and time-consuming). So far, the assessment 

was limited to only small trees (Moore et al., 2008; Bentley et al., 2013). Therefore, a lack of 

sufficient data has hampered the development and testing of theory, specifically linking 

tree structures with their physiological role and mechanism (Malhi et al., 2018).  

The arrival of Laser scanning technology has transformed the way we perceive trees and 

quantify their structures (Gonzalez de Tanago et al., 2018). Apart from conventional tree 

size attributes, TLS is also being used to derive tree branching patterns (branch angles, 

lengths, volumes) with precision levels exceeding those of leading international allometric 

models (Liang et al., 2018; Demol et al., 2022). Thus, this has provided an avenue to analyze 

and understand how tree architecture and forest structure change in response to various 

factors like competition, drought, light availability, and utilization (e.g., Dassot et al., 2011).   

Our grasp of how plants adapt to dry spells and how drought-induced tree mortality occurs 

depends on understanding tree hydraulic traits (Choat et al., 2018). As one of the most 

commonly reported metrics of xylem vulnerability to hydraulic failure (Anderegg et al., 

2016), hydraulic safety is often quantified by the water potential at which 12%, 50% and 

88% loss of hydraulic conductivity occur. Embolisms form when water potentials in con-

duits drop to levels that promote embolism formation (Tyree & Zimmermann, 2002). As a 

result, tree dieback seems predictable by hydraulic thresholds related to xylem dysfunction 

(Britton et al., 2022; Hajek et al., 2022). Therefore, plant hydraulic characteristics play an 

important role in drought survivability and carbon fluxes (Chen et al., 2021; McDowell et 

al., 2022). 

Since water is conducted throughout the whole architectural system of the tree, fractal 

analysis offers a unique approach to addressing it. Benoit Mandelbrot, in the 1970s, devel-

oped the concept of fractal geometry to characterize and explain the complexity of a wide 

variety of objects based on how they fill space (Mandelbrot, 1977). With the advances 
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in 3D modeling of tree architecture, the application of fractal geometry has become possible 

in a comprehensive analysis of tree architecture (Seidel, 2018; Dorji et al., 2021). Several 

“fractal”-based theories have been propounded to comprehend tree structure and function, 

e.g., pipe-model theory (Valentine 1985) and metabolic scaling theory (West et al., 1997; 

Martin-Ducup et al., 2020). The fractal-like geometry of trees, according to these concepts, 

is a direct representation of both intrinsic and malleable morphological features that influ-

ence tree development and survival. Furthermore, fractal approaches are increasingly used 

to analyze nonlinear, unevenly structured elements, including landscape-level ecological 

phenomena (Hasting & Sugihara, 1993; Halley et al., 2004). Today, the box-dimension (Db) 

is a fractal analysis metric readily available to quantify the structural complexity of trees 

(e.g., Arseniou et al., 2021a; Saarinen et al., 2021).  

We employed the box-dimension paradigm in this research to quantify the overall tree ar-

chitectural complexity. We assessed how this complexity relates to the hydraulic thresholds 

of xylem safety across a range of temperate tree species. Specifically, we used detailed tree 

architectural measures related to branching patterns (up to the 3rd order branching orders) 

to address the following hypotheses: 1) The box-dimension (Db), as a proxy for the overall 

tree structural complexity, directly relates to the drought tolerance represented by xylem 

pressure at a loss of hydraulic conductivity. 2) Branch angles and lengths of the tree species 

have a significant relationship with xylem safety since the branching pattern directly re-

lates to the hydraulic network. 3) Tree structural complexity (Db) is more closely related to 

xylem safety than height and DBH since Db is a holistic measure that incorporates overall 

tree architectural patterns and networks rather than selected single characteristics. 

4.2 Materials and Methods 

4.2.1 Study site 

This research study is part of the extensive Klimabäume Stutel project managed under the 

Bavarian State Institute for Viticulture and Horticulture (LWG). The research was carried 

out at Stutel-Arboretum, located on the right bank of the river Main, near Wuerzburg, Ba-

varia, Germany, at an altitude of 180 meters above sea level. The geographical coordinates 

are at 49° 51′ 49″ N, 9° 51′ 8″ E. The mean annual temperature of the area is 9.5 °C, receiv-

ing average annual precipitation of 603 mm. A continental climate type characterizes the 
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region, and the area, as such, experiences frequent drought events, especially in hot sum-

mer months. The soil is primarily sandy anthrosol with a pH value of 7.3. The arboretum is 

home to over 400 tree species. All trees were initially grown in various nurseries across 

Europe and Asia before being transplanted as seedlings (two years of age) to the Stutel-

Arboretum.  

The plantations at the arboretum were established since 2010 by the LWG with the aim to 

examine the feasibility of trees of various species as future urban trees that are resilient to 

droughts. The trees in the arboretum are monitored for their growth development while 

experiencing the same climate conditions. However, they are kept in their natural state 

without disturbing their growth form and with no fertilization or irrigation applied. 

Our research investigated 71 different tree individuals belonging to 18 species (see Table 

4.1 for basic information on 18 species pooled together and the data repository for detailed 

71 individual tree information). 

Table 4.1 Summary of all investigated tree species: the number of individual trees in each 

species, mean box-dimension (Db), mean height (TTH), mean diameter at breast height 

(DBH), mean crown volume (CV), mean crown surface area (CSA), and total mean number 

of branches (1st, 2nd, and 3rd order branches). Measurement units are given within paren-

theses. 

Tree Species 
Total 

Nos. 

Mean   

P12 

(MPa) 

Mean 

P50 

(MPa) 

Mean 

P88 

(MPa) 

Mean 

Db 

Mean 

TTH 

(m) 

Mean 

DBH 

(cm) 

Mean 

CV 

(m3) 

Mean 

CSA 

(m2) 

Mean 

No. of 

branch

es 

Acer campestre 4 -4.721 -5.406 -6.0923 1.831 7.00 10.53 13.33 36.60 31 

Acer platanoides 4 -3.5434 -4.2756 -5.0079 1.747 7.20 12.47 13.54 37.75 24 

Acer rubrum 4 -2.4991 -2.8803 -3.2616 1.892 6.18 8.86 12.98 36.23 33 

Betula pendula 4 -2.0034 -2.3839 -2.7645 1.893 8.42 11.18 19.31 54.74 37 

Betula utilis 4 -1.8456 -2.0628 -2.2800 1.882 6.56 9.01 13.39 36.30 24 

Carpinus betulus 4 -3.3497 -4.6168 -5.8840 1.927 7.45 10.78 9.63 30.39 33 

Crataegus persimilis 4 -4.6567 -5.9116 -7.1666 1.674 5.92 7.46 5.22 24.89 21 

Ostrya carpinifolia 4 -3.8300 -4.5611 -5.2923 1.874 6.02 8.97 11.51 34.06 26 

Platanus acerifolia 4 -1.5450 -1.8528 -2.1606 1.987 4.73 9.93 8.59 26.48 31 

Platanus orientalis 4 -1.2779 -1.8010 -2.3241 1.926 7.67 13.24 25.86 56.71 45 
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The trees were grown at a minimum spacing of 3 x 3 meters, as shown in figure 3.1. The 

study trees grew in the same soil, climate, and geographical positioning, i.e., the southwest-

facing aspect with a gentle slope. 

Prunus padus 3 -2.2919 -3.1274 -3.9628 1.800 6.36 10.88 15.77 41.24 24 

Prunus serrulata 4 -2.8387 -4.0144 -5.1901 1.652 5.82 11.88 5.92 21.90 18 

Pyrus calleryana 4 -4.4818 -5.7064 -6.9311 1.870 7.56 10.84 9.37 32.62 25 

Sorbus latifolia 4 -3.8923 -5.7420 -7.5917 1.766 5.57 9.34 6.99 25.79 26 

Tilia cordata 4 -2.2878 -3.1628 -4.0379 1.909 6.50 11.51 11.34 33.46 28 

Tilia mongolia 4 -2.1461 -2.9245 -3.7029 1.803 5.10 8.75 2.38 15.87 27 

Tilia platyphyllus 4 -2.8096 -3.3936 -3.9776 1.946 7.57 12.25 14.51 38.91 30 

Tilia tormentosa 4 -2.6327 -3.2876 -3.9424 1.854 7.52 17.12 35.85 71.09 30 
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Figure 4.1 Shows the map and location of the research site at Stutel, Wuerzburg, Germany, 

and a photograph depicting a section of the Stutel-Arboretum. 

4.2.2 Terrestrial LiDAR 

We used the Faro Focus M70 Terrestrial Laser Scanner (Faro Technologies Inc., Lake Mary, 

FL, USA) to obtain detailed three-dimensional point cloud data of all study trees. The in-

strument uses laser light with 650-690 nm wavelength for scanning the environment up to 

a distance of 70 m and covers a field of view of 300° x 360° with a precision of 0.03 degrees 

yielding 10,240 points per 360°. The scanner was set up on a tripod at breast height (1.3 

meters) and levelled horizontally, employing a bubble level. 

Scanning was carried out during a dry period with no wind (March 26, 2020) when the 

trees were in leafless condition (all study tree species were deciduous) to guarantee best 

visibility of the entire wooden tree crown. We performed a multi-scan procedure of all 71 

trees, with four scans each, amounting to a total of 284 scans. We scanned each tree from 

four corner points with the tree always in the center, also referred to as ‘corner setup’ in 

the literature (Zande et al., 2008). We applied the instrument’s standard filters (clear con-
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tour and clear sky) during scanning. The scan data was then automatically registered, fil-

tered, and exported as single xyz.-files using Faro Scene (Faro Technologies Inc., Lake Mary, 

FL, USA). The generated 3D image of each tree is a composite of millions of three-

dimensional measuring points, producing a precise and detailed replica of our study trees 

in the field. 

4.2.3 Point Cloud Processing and Quantitative Structure Models (QSM) 

Each tree was manually segmented from the surrounding scenery in the scan using open-

source CloudCompare software (CloudCompare v2.10.1, https://www.danielgm.net/cc/). 

CompuTree software (Vers. 5.0, CompuTree Group; http://computree.onf.fr/?page_id=42) 

was then used to generate QSMs (Quantitative Structure Models) for all 71 trees. A QSM 

model is a depiction of the tree point cloud constructed out of cylinders of diverse diame-

ters and lengths. We applied the same QSM-parameter configurations for all trees to ensure 

the reproducibility of our observations. Clustering tolerance was set at 1 cm, with a maxi-

mum of 600-point clusters containing at least 400 points each. If fewer clusters are found, 

the software will automatically modify them.  

For all 71 trees, we used QSM models to acquire detailed information on the branching ar-

chitecture of the trees. We obtained the i) total branch volume, ii) total branch length, iii) 

mean branch angle up to 3rd order of branches, iv) mean branch length up to 3rd order of 

branches, and v) mean branch volume up to 3rd order of branches. An exemplary tree QSM 

with a cylindrical demonstration of branching patterns is depicted in Figure 4.2. 
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Figure 4.2 Shows a two-dimensional depiction of a 3D point cloud of a tree in Fig. 4.2A and 

the corresponding Quantitative Structure Model in Figure 4.2B. A close-up of QSM in Figure 

4.2C and a cylindrical demonstration of color-coded branching patterns on the right end in 

Figure 4.2D. Adapted and modified from Dorji et al. (2019). 

4.2.4 Box-dimension (Db) 

The box-dimension (Db) is a metric of structural complexity (Mandelbrot, 1977). For a tree, 

it integrates all structural attributes, including crown dimensions and branching patterns 

(Seidel et al., 2019b). The Box-dimension here was derived from single-tree point clouds 

using the methods outlined by Seidel (Seidel, 2018) and described in detail (including 

code) in Arseniou et al., (2021b), (supplementary material: 

https://www.mdpi.com/article/10.3390/rs13142773/s1). This technique is based on the 

concepts of Sarkar and Chaudhuri (Sarkar & Chaudhuri, 1994) and Mandelbrot's break-

through contribution (Mandelbrot, 1977). In a nutshell, box-dimension was calculated by 

counting the number of boxes of a particular size required to encapsulate all aboveground 

tree structures in the 3D point cloud. The box-dimension is then determined as the slope of 

the regression line derived from a scatterplot of the number of boxes denoted by log (N) 
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over the inverse of the logarithm of the respective box size, with the box size expressed in 

relation to the initial box size. The theoretical range of Db of a single tree spans between 1 

and 3 (Mandelbrot, 1977). Figure 4.3 shows an exemplary point cloud of our study trees 

with the highest and lowest structural complexity, respectively. 

 

Figure 4.3 Two exemplary three-dimensional tree point clouds with the highest (left) and 

lowest (right) box-dimension (Db) values observed in our research study. On the left is a 

Tilia cordata tree (Db = 2.04); on the right is an individual of Crataegus persimilis (Db = 

1.55).  
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4.2.5 Xylem pressure measurement (P12, P50, P88) 

Leveraging the Cavitron instrument, vulnerability curves were measured using the flow-

centrifuge technique (Cochard, 2002; Cochard et al., 2005; Cochard et al., 2013), construct-

ed from a Sorval RC 5 series centrifuge with manual rotation speed control and using Cavi-

soft software (Cavisoft v.5.2.1, University of Bordeaux, Bordeaux, France). Flow centrifuges 

increase water tension in xylem segments and measure the loss of hydraulic conductance 

simultaneously using a centrifugal force. The sample's susceptibility to cavitation is shown 

by the relationship between the percentage loss of xylem conductance (PLC) and xylem 

water tension. 

A subset of the vulnerability curve measurements discussed in this paper was used for ad-

dressing controversies in safety-vessel diameter relationships and for a methodological 

comparison with the pneumatic method (Paligi et al., 2021). 

In total, 71 branches from the Stutel arboretum (mean diameter at basipetal end ± SE:  8.87 

± 0.10 mm; n = 71) were sampled, immediately submerged in demineralized water and 

recut several times using pruning shears to a final length of 27.5 cm to release the tension 

in the xylem (Torres-Ruiz et al., 2015). Lateral leaves and twigs were removed, and lateral 

branches were evened with a razor blade to fit the sample into the Cavitron. 

Before measurement in the Cavitron, the bark of the branch samples was removed at both 

sample ends for 4 cm. Both basipetal and acropetal end diameters were measured two 

times before insertion into the rotor with cuvettes on both sample ends. Vulnerability 

curves were measured in the Cavitron without prior flushing at high pressure and using 

ultrapure deionized and degassed water containing 10 mmol KCl and 1 mmol CaCl2. Con-

ductance measurement started at a water potential of -0.834 MPa (equivalent to 3000 rota-

tions per minute, rpm). Then, by raising the rotating speed and the conductivity (K) gauged 

at each pressure level, the xylem pressure was gradually lowered. 

Measurements were ended after the samples lost at least 90% of their initial conductance 

was recorded with Cavisoft software (Table 4.1). A 2-minute waiting time was maintained 

before measuring at each pressure step to ensure stable conductance values.  
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Vulnerability curves were then fitted in R (v. 4.1.0, R Core Team, 2021) with nonlinear least 

squares using the logistic model by Pammenter & Van der Willigen (1998) in a modified 

version based on raw conductivity measurements (Ogle et al., 2009): 

 ��~ Normal ���� ⋅ �1 − 11 + exp �− ���25 ��� − ���� � , "  (1) 

Where for each observation i, the conductivity ki is assumed to be normally distributed 

around a logistic function of the water potential Pi with the parameters P50 (water potential 

at 50% loss of conductivity), S50 (corresponding slope of the vulnerability curve on the per-

cent loss of conductivity scale), ksat (initial conductivity at full saturation) and residual 

standard deviation σ. The calculation was repeated for P12 and P88. 

4.2.6 Wood anatomy and hydraulic efficiency 

Semi-thin transverse sections for wood anatomical analyses were cut from the same 

branch samples used for hydraulic measurements with a sliding microtome (G.S.L.1, 

Schenkung Dapples, Zürich, Switzerland), stained with safranin-alcian blue, rinsed with 

distilled water and ethanol (95%), and permanently mounted on glass slides using Euparal 

(Carl Roth, Karlsruhe, Germany). A light microscope equipped with an automated table and 

a digital camera (Observer.Z1, Carl Zeiss MicroImaging GmbH, Jena, Germany; Software: 

AxioVision c4.8.2, Carl Zeiss MicroImaging GmbH) was used for digitizing the complete 

cross-section at 100-times magnification. Image processing was done with GIMP v2.10.6 

(GIMP Development Team 2018, https://www.gimp.org/) and the particle analysis func-

tion from ImageJ v1.52p (Schneider et al., 2012). We calculated vessel diameters (D, µm) 

from minor (a) and major vessel radii (b) as 

D = ((32 × (a × b)3) / (a2 + b2))¼,     (2) 

 according to White (1991) and used D to calculate the hydraulically-weighted average ves-

sel diameter (Dh, µm) according to Sperry et al., (1994) as  

Dh = ΣD5 / ΣD4.      (3) 

For measuring branch sapwood area-specific hydraulic conductivity (Ks, kg m s-1 MPa-1) 

with degassed, demineralized water containing 10 mM KCl and 1 mM CaCl2 using a Xylem 

Plus embolism meter (Bronkhorst, Montigny-Les-Cormeilles, France), fresh samples were 
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rehydrated in water for 20 minutes and recut to 35 cm length underwater. To prevent 

leakage, lateral twigs were removed, and the cuts were immediately sealed with a quick-

drying adhesive (Loctite 431 with activator 7452; Henkel, Düsseldorf, Germany). After 

measuring initial hydraulic conductivity at a low-pressure head of 6 kPa for 5 minutes, 

samples were repeatedly flushed at high pressure of 120 kPa for 10 minutes to remove po-

tential emboli to measure maximum hydraulic conductivity (Kh, kg m-1 MPa-1 s-1) once the 

conductivity values were stable. Ks was calculated by dividing Kh by the basipetal cross-

sectional area excluding the bark. 

4.2.7 Statistical Analysis 

All statistical analyses were performed in software R (v. 4.1.0, R Core Team, 2021). We 

used linear regression to analyze the correlation between the xylem safety (represented by 

pressures inducing 12%, 50%, and 88% losses of stem hydraulic conductance) and differ-

ent tree architectural attributes. To begin, we looked at the relationship between the over-

all tree structural complexity (Db) and the xylem pressures at P12, P50, P88. We also per-

formed species-level linear regression of the box-dimension (Db) in relation to the specific 

conductivity (Ks) and the hydraulically-weighted vessel diameter (Dh) of the corresponding 

tree species. Furthermore, we tested the relationship between all the tree architectural at-

tributes like; CSA (Crown Surface Area), CV (Crown Volume), branch angles, branch 

lengths, branch numbers, branch volume, DBH, and height with the xylem pressures at P12, 

P50, P88 using correlation analysis (Spearman's rank). The significance level was kept at p < 

0.05 for all the above tests, and data were averaged per species. This was done to identify 

whether the relationships between the structural variables and hydraulic risk are detecta-

ble despite differences in wood anatomy between species.  

4.3 Results 

Overall, we observed a large range in structural complexity for the investigated trees, given 

that all individuals were growing under identical conditions. The values ranged from 1.55 

to 2.04 units of Db (see Figure 4.3 for visualization), with a mean value of 1.85 and a stand-

ard deviation of 0.11 units of Db. Within single species, box-dimension showed some natu-

ral variation, as one would expect, ranging only 0.05 units of Db within Platanus Acerifolia 

and up to 0.25 units for Crataegus persimilis. 
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The box-dimension for all trees, pooled by species, showed a significant positive correla-

tion with the three measured of xylem safety, i.e., the water potentials at 12%, 50% and 

88% loss of hydraulic conductance (P12, P50, P88) (Figure 4.4). The strongest correlation was 

found with the P12 value and the lowest with P88, although all three correlation coefficients 

were very close (r = 0.51 to r = 0.53; Figure 4.4).  

 

Figure 4.4 Scatter plots showing the correlation between the mean structural complexity 

of the tree species represented by the box-dimension (Db) and (A) = P12 (MPa), (B) P50 

(MPa), and (C) P88 (MPa). The data were available and analyzed for n = 18 tree species 

(with a mean of 3-4 individuals per species). Regression lines are shown as solid black lines 

indicating significant relationships for all at p < 0.05, with Spearman’s rank correlation 

ranging from r = 0.51 to 0.53. 

 

We further observed a close relationship between specific hydraulic conductivity (Ks, kg m-

1 MPa-1 s-1) of the branches and Db (Figure 4.5A), while the hydraulically-weighted vessel 

diameter was only related to Db at marginal significance (Figure 4.5B).  
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Figure 4.5 Results of simple species-level linear regressions of box-dimension (Db) in rela-

tion to A) Specific conductivity (Ks, kg m-1 MPa-1 s-1) and B) Hydraulically-weighted vessel 

diameter (Dh, µm). Shown are the species level averages with the model predictions ± 95% 

confidence bands.  

Furthermore, the relationships between mean branch angles and xylem safety (P12, P50, P88) 

showed a positive trend for all branch orders. Despite quite some scatter, the relationship 

was statistically significant for 2nd and 3rd order branches but not for the first-order 

branches (See Figure 4.6). 
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Figure 4.6 Scatter plot for the three measures of xylem safety (P12, P50, P88; MPa) over mean 

of mean branch angle (MeanBRangle [°]) of 1st order branches (A, B, C); MeanBRangle [°] of 

2nd order branches (D, E, F) and 3rd order branches (G, H, I) of all species (shown as mean 

values). Black solid lines indicate significant relationships and dashed grey lines indicate 

non-significant relationships (A, B, C). Spearman’s rank correlations ranged from r = 0.34 

to 0.55; n = 18 Species. 

 

The xylem safety showed no significant relationship with the CSA (crown surface area) nor 

the CV (crown volume) (Figure 4.7).  
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Figure 4.7 Scatter plots of the three measures of xylem safety (A: P12, B: P50, C: P88; MPa) 

against the Crown Surface Area (CSA, [m2]) of all the studied trees (mean per species). 

Similarly, the scatterplots (D), (E) and (F) show a correlation between different mean xy-

lem pressure, P12, P50, and P88, with the Crown Volume (CV), respectively. Regression lines 

are shown as dashed lines indicating non-significant (N.S). The data were available and 

analyzed for n = 18 species. Spearman’s rank correlations ranged from r = 0.27 to 0.44.  

 

The same pattern was observed for xylem safety (P12, P50 and P88) over the mean total 

branch length (Figure 4.8D, E, F) and mean total number of branches (Figure 4.8D, E, F), 

with positive trends but no significant relationships.  
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Figure 4.8 Scatter plots of the three measures of xylem safety (A: P12, B: P50, C: P88; MPa) 

against total branch length (TotalBRlength [m]). Similarly, the scatterplots (D), (E), (F) 

show the relationship between xylem safety measures (P12, P50, P88) over the Mean Number 

of branches of all tree species, respectively. All the above data were available and analyzed 

for n = 18 species of 71 tree individuals. Regression lines are shown as dashed grey lines to 

indicate non-significant relationships. 

 

For the conventional measures of a tree structure, i.e., height and diameter at breast height, 

we also could not detect a relationship with P12, P50, or P88 (Figure 4.9A-F). 
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Figure 4.9 Scatter plot of the three measures of xylem safety (A: P12, B: P50, C: P88; MPa) in 

dependence of the diameter at breast height (DBH [cm]) of all the study tress (n = 18 spe-

cies of 71 individuals). Similarly, the scatterplots (D), (E) and (F) show correlations be-

tween different xylem pressure, P12, P50, P88, in dependence of the total tree height (TTH 

[m]), respectively. The dashed grey lines show non-significant relationships. 

4.4 Discussion 

Trees comprise a complex branching network, whereas resources need to travel across 

every part of this network. In the case of water conductance, the xylem network is respon-

sible for the hydraulic conductivity of the system. The breakdown of this water transport 

system due to acute water deficit has been identified as a primary factor causing drought-

induced tree mortality (Arend et al., 2021; Nolan et al., 2021; Hajek et al., 2022).  

We set out to further our understanding of the relationship between tree architecture and 

drought tolerance of trees. To begin with, we hypothesized that trees’ overall structural 

complexity would be directly related to their xylem safety (drought tolerance), and the 

findings of our study supported our first hypothesis. We found that the box-dimension (Db) 

as a holistic measure of tree architectural complexity showed a significant correlation with 

the three measures of xylem safety of the respective tree species, i.e., the water potentials 
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at 12%, 50% and 88% loss of hydraulic conductivity. In fact, the strongest observed rela-

tionship in our entire data was between Db and xylem safety (compare r values of Figure 

4.4 to all subsequent figures). It was stronger than that of other laser-based measures re-

lated to the sheer tree crown dimension (Figure 4.7). The laser-based measures describing 

the branching geometry (branching angles) also showed significant relationships with xy-

lem safety, with correlation values up to 0.55 (Figure 4.6), thus partly supporting our sec-

ond hypothesis. However, no significant relationship was observed for branch length. Final-

ly, the third hypothesis was confirmed as the xylem safety units were more closely related 

to the laser-based measure of tree structural characteristics than to the conventional 

measures of tree size (n.s. for height and diameter at breast height (DBH); Figure 4.9). 

Our data indicate that the higher the branch angles and more complex the architectural 

complexity of a tree species (i.e., higher Db values), the lower is the xylem safety (ability to 

resist embolism formation). These findings are in line with several studies that observed a 

higher drought sensitivity for ‘larger’ trees (e.g., Bennett et al., 2015; Stovall et al., 2019). It 

has been argued that their physiological susceptibility in terms of water conductivity is the 

primary cause (Tyree & Zimmermann, 2002; Fajardo et al., 2021), leaving tall trees more 

susceptible to drought stress (McDowell & Allen, 2015). While large trees generally en-

counter more hydraulic challenges since they must move water to a greater height against 

gravity and greater path length-related resistance (Ryan et al., 2006; Bennett et al., 2015), 

our trees are likely smaller to observe such general patterns. Accordingly, no significant 

relationship between tree height or branch length and hydraulic failure risk could be ob-

served.  

Our data disentangle the importance of sheer tree size (height and DBH) as an important 

measure for large forest trees when compared to the structural complexity (Db) of a tree 

that already relates to hydraulic risk at very low tree heights investigated here (compare 

Figure 4.4 and Figure 4.9). We argue that two trees with the same height and DBH but dif-

ferent Db would respond differently to drought stress. All other things being equal, a tree 

with higher Db would suffer higher drought stress than a tree with lower Db due to an in-

creased crown network area and xylem vessel size in the more complex crown bearing a 

greater photosynthetic area, accordingly, greater hydraulic resistance in the system. How-

ever, our trees were all rather young (~12 years) and still rather small (<10 m in height), 
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which makes height-imposed increase in force and friction rather unlikely. While species-

specific functional traits certainly result in different responses to drought stress because of 

varying vessel systems and branch sizes across the species (Olson et al., 2012; Hajek et al., 

2014; Arseniou et al., 2021a), our findings indicate that across various species, the com-

plexity of the hydraulic architecture and the greater photosynthetic area associated with a 

greater Db (e.g., Seidel et al., 2019b), relate directly to an increased risk of hydraulic failure. 

A higher total leaf area consequently results in a greater demand for water, which is mir-

rored by the observed close positive relationship between branch hydraulic efficiency and 

the complexity of the crown. Across the similar-aged temperate trees of our sample, species 

with a more complex crown had branches with a higher specific hydraulic conductivity (Ks) 

in order to support a greater total leaf area (cf. Seidel et al., 2019b) at the cost of xylem 

safety. The Db integrates all architectural patterns, like the branch angles, branch numbers, 

branch length, crown surface area, crown volume, DBH, height, and many other tree archi-

tectural attributes and translates them into a single physiologically meaningful number 

(Seidel et al., 2019b). Conventional measures of tree size quantify this insufficiently, further 

supporting our third hypothesis. Our data indicate that future studies should focus on the 

complexity of the hydraulic system. The conductive path length and the complexity of the 

hydraulic system, described not only by the box-dimension (first hypothesis) but also by 

the branching angles (second hypothesis), were shown to be related to xylem safety. Hence, 

as indicated earlier, these complex tree architectural attributes, in particular Db, in regular 

times contribute to higher vigor and strength of the trees (e.g., Seidel et al., 2019b). Howev-

er, in times of severe droughts, they become a liability, as they result in greater water de-

mand to sustain the ecophysiological processes. Overall, tree species with high structural 

complexity (high Db values) developed an efficient but vulnerable xylem compared to spe-

cies with lower structural complexity (low Db values), which developed embolism-resistant 

xylem at the cost of hydraulic efficiency (Figure 4.4, 4.5). In this sense, future research 

could investigate whether species occurring in more water-stressed environments are then 

selected to evolve simpler architectural attributes.  

It is important to stress that our data were obtained from trees growing in isolation (with-

out competition for light or space). In closed forests, microclimate and shading might alter 

the effects observed here. However, some patterns observed here apply equally to forest 
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trees, for example, the observed relationship between the branch angles and hydraulic vul-

nerability. We argue that a reduced gravitational resistance exists when branches are more 

horizontal (flatter and lower angles). This helps explain why branching geometry plays a 

significant role not only in light interception but also in carbon and water fluxes between 

trees and the atmosphere (Iwasa et al., 1985; Enquist et al., 2009; Forrester et al., 2018; 

Dorji et al., 2021).  

Finally, tree species (or provenances of the same species) of lower Db might be favored for 

plantation in drought-prone regions (or provenances) rather than species with higher Db 

because the latter might be vulnerable to more stress and disturbance when exposed to 

drought. This holds true if the architecture of the vessel system and other factors, such as 

the enzymatic control of water transport, are comparable. 

4.5 Conclusion 

Our findings shed new light on the relationship between tree architecture and hydraulic 

vulnerability. The combined use of TLS and fractal analysis provided a holistic measure of 

architectural complexity (Db). The Db was shown to relate most strongly to the hydraulic 

vulnerability of our study trees. The branch xylem of tree species with a more complex 

crown, which most likely supports a higher total leaf area, appeared to be most vulnerable 

to drought-induced hydraulic failure. More difficult-to-access laser-based measures of de-

tailed branching angles also related significantly to the hydraulic failure risk of the trees. 

However, these measures were also outperformed by the holistic measure, the Db.  

From our data, we can conclude that structurally complex trees are more vulnerable to 

drought-induced hydraulic failure than trees of simpler structures when growing in the 

open. It is important to note that our study trees were all growing without competition, in 

full exposure to the sun. In closed forest stands, microclimatic effects, soil moisture, and 

other stand-level parameters might be decisive and potentially result in a different picture. 

Our study is one of the first to clearly and empirically highlight the strong relationship be-

tween the architectural complexity of the hydraulic system and the hydraulic vulnerability 

of trees.  
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CHAPTER 5  
Synthesis 

In the preceding chapters, the relationship between the tree architecture and competition 

aspects (Chapter 2), solar light angle, seed dispersal strategy, growth performance (Chap-

ter 3), and drought stress tolerance (Chapter 4) was explored. Our data confirmed that the 

parameters mentioned above were indeed drivers (competition, solar light angle) and pas-

sengers (seed dispersal strategy, growth performance, drought stress tolerance) of tree 

architecture. Now, the following chapter will synthesize the findings and conclusions 

drawn from the three studies. Finally, based on the findings and results of chapters 2 to 4, 

limitations and suggestions to improve and consider will be discussed. The future scope 

and possibilities concerning this field will also be emphasized in conclusion, especially with 

regard to novel tools and methodologies (LiDAR system and fractal analysis). 

5.1 The role of competition on the tree architecture complexity 

We explored if the branching pattern of beech trees responded to competition intensity, as 

indicated by earlier studies (Bayer et al., 2013; Juchheim et al., 2017). We extended this line 

of investigation by testing whether the overall structural complexity of a tree responds to 

competition as well. We hypothesized that the degree of competition influences the branch-

ing patterns and structural complexity of beech trees. Our findings provide substantial evi-

dence in favour of this notion, showing that the target trees' branch lengths, branch angles, 

box-dimensions (structural complexity), and Db-Intercept all significantly changed in re-

sponse to the competition imposed on them by surrounding trees. However, other tree 

species may not be as affected by competition as beech, which can adapt and exhibit a 

range of physical characteristics in response to its environment. This has been observed 

and documented in earlier studies (Schröter et al., 2012; Valladares et al., 2017). For exam-

ple, the paper by Bayer et al. (2013) presented the initial findings on modifications in the 

branch angles of beech depending on the neighbouring tree species. Juchheim et al. (2017) 
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used QSM model methods, which are also used in our current study. They found that the 

structure of the crown of European beech trees can vary significantly based on the compe-

tition they experience (either within their own or with other species). Our research find-

ings contribute to understanding how beech tree architecture is generally impacted by the 

level of competition, regardless of the type of competition. Most notably, our research 

showed that competition has a negative effect on the overall tree architectural complexity.  

Relying solely on crown form and geometry to assess the impact of competition on trees 

may not provide a complete picture, as changes in the branching structure of a tree can al-

ter the amount of light that passes through the crown and, ultimately, the canopy of a forest 

(as demonstrated by Oliver et al., 1996). These changes in light transmissivity are not taken 

into account when only considering the size of the crown. The use of fractal analysis in this 

study provides a more comprehensive evaluation of the tree's overall architecture (includ-

ing both branches and stem) and how it may be affected by competition. This approach 

should capture any changes in the tree's structure caused by competition. In fact, we dis-

covered that the box-dimension and Db-intercept negatively correlated with 

the competition intensity (see Table 2.2 and Figure 2.5C, D in Chapter 2), confirming that 

competitive pressure lowers the structural complexity of beech trees.  

We contend that the Db-intercept functions as an indicator for the dimension of a tree's 

complexity-bearing portion, specifically the tree crown (comp. Figure 2.6, Chapter 2). This 

was reinforced by the positive association between the Db-intercept and crown morpholog-

ical attributes like crown radius and crown volume (as shown in Figure 2.6C, D of Chapter 

2). However, the Db-intercept was inversely linked with two traditional measures of tree 

size: diameter at breast height and total tree height. Although there was a significant corre-

lation, the smoothing feature of the GAM model for the regression between DBH and Db-

intercept was not significant (as shown in Figure 2.6A, Chapter 2). This suggests that DBH 

alone is not necessarily a good metric of a tree's structural complexity, and trees with the 

same DBH can have remarkably varying levels of complexity.  

In the current dataset employed here, we could not establish that the self-similarity meas-

ure is affected by competition. This may be due to the small sample size used in the study. 

While the rho-value of 0.31 (seen in Table 2.2, Chapter 2) suggests some association level, 
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it is not strong enough to make definitive conclusions. Future studies should further exam-

ine the relationship between self-similarity and competition. 

TLS (terrestrial laser scanning) technology allows for detailed measurements of tree archi-

tecture, offering novel insights into how competition impacts tree anatomy and branching 

networks (as noted by Henning et al., 2006). This knowledge is vital for understanding the 

interactions between tree structure and productivity (Bayer et al., 2013; Seidel et al., 

2019b), as well as structure-biodiversity linkages (Bazzaz et al., 1975; Tews et al., 2004). 

All of these relationships are influenced by the architecture of individual trees. 

5.2 The relation between the tree architecture and solar light angle, 

seed dispersal strategy, and tree growth performance. 

5.2.1 Tree architecture and solar light angle 

We hypothesized that tree species originating from different latitudes growing in the 

Stutel-Arboretum would exhibit crown designs that reflect adaptations to the solar eleva-

tion angles at the latitude of their species' native habitat. Based on 3D point cloud data ac-

quired using MLS, our findings validate this hypothesis (Figure 3.5, Chapter 3). Even 

though the trees in this study were growing in the same geographic and climatic condi-

tions, trees from species of different origins were inclined to have a relatively top-heavy 

crown when the latitude of their species origin was closer to the equator (lower latitude). 

Although the relationship between the origin latitude of the trees and their top-heavy ge-

ometry was not strong (as indicated by the R2 value of 0.052), it was still statistically signif-

icant, indicating the existence of genetic predisposition. Trees from higher latitudes devel-

oped deeper crowns with a lower Rel.Hmaxarea (Relative height of the maximum horizon-

tal crown area) in order to effectively intercept light, compared to trees from lower lati-

tudes that were exposed to greater solar light leading to higher Rel.Hmaxarea. We contend 

that, in the tropics at lower latitudes, the sun is always directly overhead, allowing tree to 

grow with wider horizontal crowns that maximizes light interception, and at the higher 

latitudes, the sun is at lower angle, meaning that a vertical crown shape is more efficient at 

collecting and absorbing light to optimize their photosynthetic process (Horn, 1971; Val-

ladares et al 2007) 
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The empirical evidence from our findings (Chapter 3) coroborates earlier research theories 

that showed that there should be a quantifiable impact of the solar incidence angle on the 

morphology of trees (Whitmore, 1975; Hiura, 1998; Bomfleur et al., 2013). However, we 

only observed a weak influence of crown shape adaptation to the latitude of origin at our 

experimental location, which had identical growth environments for all study trees. It is 

worth noting that since precise information about a species' natural range is generally una-

vailable, the mid-point latitude of a species' origin can only be estimated. This may help to 

partially account for latitude's relatively weaker explanatory power for the Relative height 

of the maximum horizontal crown area (Figure 3.5, Chapter 3). 

Additionally, we contend that the association is weak since tree architecture is influenced 

by various factors besides the angle of the sun's rays. The trees must balance numerous 

biological and physical elements following the optimum resource utilization strategy to 

achieve an optimal tree architectural design (Archibald & Bond, 2003; Minamino & Tateno, 

2014). As a result, in recent years, the trees at the research location likewise adapted plas-

tically to the local conditions, significantly diminishing the visible "legacy" in geometry. The 

literature suggests that there should be a link between the angle at which the sun's rays 

strike the earth at a particular latitude and the shape of the trees that grow there (Kuulu-

vainen, 1992). 

 By linking a tree's form to the latitude of the tree species native range, we were able to 

measure the genetic legacy effect of solar geometry. We hypothesize that the potential of a 

tree to modify its form to existing biotic and abiotic conditions may greatly surpass a tree's 

genetic propensity to develop a particular shape, which would explain the relationship's 

small impact size seen in Figure 3.5 of Chapter 3. To comprehensively understand the ex-

tent to which the solar light angle influences tree shape, it is necessary to explicitly link the 

latitude of a tree's origin (or the solar zenith angle at that latitude) with the trees' mor-

phology. An in-depth and substantial point cloud of several trees from a diverse range of 

latitudes would be necessary to do this. The ability to establish a more direct link between 

solar geometry and tree shape, extending beyond the restriction of being able to investigate 

genetic legacy effects, would be made possible by combining a considerable number of 

georeferenced tree point clouds. Future research should emphasize global partnerships 

and data exchanges, in particular. 
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5.2.2 Tree architecture and Seed dispersal strategy 

We were able to study the association between tree structural complexity (Db) and seed 

dispersal mechanism because several important parameters, such as temperature, water 

and nutrient availability, and competition, were identical and constant across all of our re-

search trees. Db is a metric for tree structure complexity that incorporates several topologi-

cal dimensions of a tree, such as height, diameter, crown surface area, canopy width, 

branching patterns, and many others (Seidel et al., 2019a). Therefore, we proposed that Db 

should be correlated with a species' seed dispersion strategies, considering reproduction 

and seed dispersal are important functions of tree form and structure (Malhi et al., 2018). 

In fact, we revealed that the tree structural complexity varied significantly between tree 

species that dispersed their seeds through wind and those that dispersed through animals. 

Therefore, our findings corroborate our second hypothesis (Figure 3.6). According to Malhi 

et al. (2018), there are variations between the tree structure and form of South Asian for-

ests, where species mostly rely on wind dispersion, and the trees in central Africa and the 

Amazonia, where species primarily rely on animal dispersion strategy. Accordingly, our 

findings show that anemochorus tree species have higher Db than the zoochorus tree spe-

cies. We believe that simpler tree structures provide better animal access and aesthetic 

appeal. In contrast, trees with more complex crowns with numerous branches and larger 

total surface area, as shown by the higher Db, could act as stronger wind barriers and 

thereby enhancing the wind velocity whenever wind rushes through the crowns. Howev-

er, our sample trees were all young; therefore, further research is needed before drawing 

any firm conclusions. 

5.2.3 Tree architecture complexity and tree growth performance 

The findings corroborated our third hypothesis, which proposed that a greater Db is corre-

lated with a higher radial increment (Figure 3.7, Chapter 3). Previous research has also 

found these associations to be true for certain tree species in temperate and tropical re-

gions (Seidel, 2018). While earlier research found linear correlations, the significant corre-

lation in the present study appears to be non-linear, as indicated by the GAM model, show-

ing more than 35% of explained variation. Until now, the argument for the association be-

tween Db and the radial increment has been that a higher Db is usually the outcome of less 
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competition, which leads to unconstrained development and hence an improved growth 

rate (e.g., Dorji et al., 2019). It was also established that a higher Db was directly related to 

a better balance of the photosynthetic surface area to the volume of the woody tree, or ra-

ther, an efficient ratio between "productive" and "consuming" parts (Seidel et al., 2019b). 

We hypothesize that higher levels of tree structural complexity may lead to more signifi-

cant improvements in productivity, which could be attributed to the fractal dimension of 

the tree. This means that as the tree's branches become more complex, with higher levels of 

branching networks, the tree will see a higher advantage in productivity. In simpler trees 

with less complexity, a larger 'investment' may be required in terms of wooden structure to 

generate additional surface area for capturing light since the branches must first extend to 

the outer portion of the crown where they can be exposed to sunlight. However, in more 

complex trees with numerous higher-order branches, these extra branches are already 

present (requiring less investment) to create additional light-capturing tissue surfaces in 

the canopy (Dorji et al., 2021). However, this is still a hypothesis until more research tack-

les the topic. 

Nonetheless, we could establish that there appears to be a fundamental positive association 

between the Db and productivity.  A higher Db is associated with a more beneficial tree 

structure, especially for temperate regions (Seidel et al., 2019a). Still, suppose a tree is ge-

netically predisposed to grow with a dome-shaped crown well-suited for subtropical re-

gions. In that case, it can only adapt to a limited extent to the environment in our Stutel-

arboretum. This means they will continue to carry the genetic imprint of their original 

home, despite being in a different environment. In addition to other factors such as adapta-

tion to the soil, climate, and genetics, the lower growth rates of certain tree species can be 

attributed to their less optimized crown form compared to well-adapted tree species with 

an optimized crown. In the tropical regions, a high Db would only be advantageous to trees 

that grow in underwood vegetation (receiving indirect solar radiation), as was the case 

with the trees studied in Seidel et al. (2019a), or trees that are mostly exposed to cloudy 

environments with considerable amounts of indirect light. High sunlight angle in the likes 

of tropical regions would otherwise lead to intensive self-shading, resulting in a conten-

tious advantage from a broad, multi-layered, and complex tree crown as indicated by a high 

Db. 
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In all of the abovementioned outcomes, the use of 3D data, in conjunction with topological 

geometry and fractal analysis, contributed significantly to converting the structur-

al complexity of the tree into numerical values that enabled linking it to functional attrib-

utes. Due to the lack of 3D data in the past, it was extremely difficult to mathematically 

characterize the tree architecture (Borchert & Slade, 1981), which significantly hindered 

our progress in understanding the factors that influence the tree architectural complexity. 

According to recent studies, LiDAR offers a novel and unique approach to examining how 

tree form and functions relate to one another (Malhi et al., 2018; Calders et al., 2019). 

Therefore, it could be the most effective approach for developing functional-structural 

plant models that are necessary to understand better the performance of different for-

est stands (Bongers, 2020). 

5.3 The linkage between tree architecture and hydraulic vulnerability 

We conducted this research to learn more about the linkages between tree structure and 

the ability of trees to withstand drought. We hypothesize that tree architectural complexity 

will be directly correlated with the xylem pressure of the trees, with more complex struc-

tures susceptible to drought stress, and our results supported this statement. We found 

that the box-dimension (Db), which reflects the overall complexity of a tree's structure, had 

a significant correlation with the tree's ability to maintain water potential during drought 

conditions, as measured by three different xylem safety, namely the water potentials at 

12%, 50%, and 88% loss of hydraulic conductivity (P12, P50, P88). The strongest relationship 

across our entire data was between the box-dimension and drought tolerance (compare r 

values of Figure 4.4 to all other figures). It was stronger than other laser-based measures 

related to the sheer tree crown dimension (Figure 4.7, Chapter 4). The laser-based 

measures describing the branching geometry (branching angles) also showed significant 

relationships with xylem safety, with correlation values up to 0.55 (Figure 4.6, Chapter 4), 

thus partly supporting our second hypothesis. However, no significant relationship was 

observed for branch length. Finally, the third hypothesis was confirmed as the xylem safety 

units were more closely related to the laser-based measure of tree structural characteris-

tics than to the conventional measures of tree size (n.s. for height and diameter at breast 

height (DBH); Figure 4.9, Chapter 4). 
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Our data indicate that the higher the branch angles and more complex the architectural 

complexity of a tree species (i.e., higher Db values), the lower the xylem safety (ability to 

resist embolism formation). These findings align with several studies that observed a high-

er drought sensitivity for ‘larger’ trees (e.g., Benett et al., 2015; Stovall et al., 2019). It has 

been argued that their physiological susceptibility in terms of water conductivity is the 

primary cause (Tyree & Zimmermann, 2002; Fajardo et al., 2021), leaving tall trees more 

susceptible to drought stress (McDowell & Allen, 2015). While large trees generally en-

counter more hydraulic challenges since they must move water to a greater height against 

gravity and greater path length-related resistance (Ryan et al., 2006; Bennett et al., 2015), 

our trees are likely too small to observe such general patterns. Accordingly, no significant 

relationship between tree height or branch length and hydraulic failure risk could be ob-

served.  

Our data disentangle the importance of sheer tree size (height and DBH) as an important 

measure for large forest trees when compared to the structural complexity (Db) of a tree 

that already relates to hydraulic risk at very low tree heights investigated here (compare 

Figure 4.4 and Figure 4.9, Chapter 4). We argue that two trees with the same height and 

DBH but different Db would respond differently to drought stress. All other things being 

equal, a tree with higher Db would suffer higher drought stress than a tree with lower Db 

due to an increased crown network area and xylem vessel size in the more complex crown 

bearing a greater photosynthetic area, accordingly, greater hydraulic resistance in the sys-

tem. However, our trees were all rather young (~12 years) and still rather small (<10 m in 

height), which makes the height-imposed increase in force and friction rather unlikely. 

While species-specific functional traits certainly result in different responses to drought 

stress because of varying vessel systems and branch sizes across the species (Olson et al., 

2012; Hajek et al., 2014; Arseniou et al., 2021a), our findings indicate that across various 

species, the complexity of the hydraulic architecture and the greater photosynthetic area 

associated with a greater Db (e.g., Seidel et al., 2019b), relate directly to an increased risk of 

hydraulic failure. A higher total leaf area consequently results in a greater water demand, 

mirrored by the observed close positive relationship between branch hydraulic efficiency 

and the complexity of the crown. Across the similar-aged temperate trees of our sample, 

species with a more complex crown had branches with a higher specific hydraulic conduc-
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tivity (Ks) to support a greater total leaf area (cf. Seidel et al., 2019b) at the cost of xylem 

safety. The Db integrates all architectural patterns, like the branch angles, branch numbers, 

branch length, crown surface area, crown volume, DBH, height, and many other tree archi-

tectural attributes, and translates them into a single physiologically meaningful number 

(Seidel et al., 2019b). Conventional measures of tree size quantify this insufficiently, further 

supporting our third hypothesis. Our data indicate that future studies should focus on the 

complexity of the hydraulic system. The conductive path length and the complexity of the 

hydraulic system, described not only by the box-dimension (first hypothesis) but also by 

the branching angles (second hypothesis), were shown to be related to xylem safety. Hence, 

as indicated earlier, these complex tree architectural attributes, in particular Db, in regular 

times contribute to higher vigour and strength of the trees (e.g., Seidel et al., 2019b). How-

ever, in times of severe droughts, they become a liability, resulting in greater water de-

mand to sustain the ecophysiological processes. Overall, tree species with high structural 

complexity (high Db values) developed an efficient but vulnerable xylem compared to spe-

cies with lower structural complexity (low Db values), which developed embolism-resistant 

xylem at the cost of hydraulic efficiency (Figure 4.4, 4.5, Chapter 4). In this sense, future 

research could investigate whether species occurring in more water-stressed environ-

ments are then selected to evolve simpler architectural attributes.  
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Figure 5.1 Quantitative structure model of a real-world Acer platanoides tree obtained 

from terrestrial laser scanning (white tree skeleton) with schematic illustrations of water 

transport, the photosynthetic apparatus, an embolized branch, and the causal explanation 

for overall hydraulic failure risk (right).  

It is important to stress that our data were obtained from trees growing in isolation (with-

out competition for light or space). In closed forests, microclimate and shading might alter 

the effects observed here. However, some patterns observed here apply equally to forest 

trees, for example, the observed relationship between the branch angles and hydraulic vul-

nerability. We argue that a reduced gravitational resistance exists when branches are more 

horizontal (flatter and lower angles). This helps explain why branching geometry plays a 
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significant role not only in light interception but also in C and water flow between trees and 

the atmosphere (Enquist et al., 2009; Forrester et al., 2018).  

Finally, tree species (or provenances of the same species) of lower Db might be favoured for 

plantation in drought-prone regions (or provenances) rather than species with higher Db 

because the latter might be vulnerable to more stress and disturbance when exposed to 

drought. This holds true if the architecture of the vessel system and other factors, such as 

the enzymatic control of water transport, are comparable. 

5.4 Limitations of LiDAR systems 

Laser scanning has become a popular tool for forestry applications, providing high-

resolution, three-dimensional measurements of forest canopy structures. However, there 

are limitations to using LiDAR that should be considered when designing a study or inter-

preting results. 

One of the main limitations of laser scanning in forestry is the occlusion effect (Daum et al., 

2020). This is when trees or other vegetation block the laser beams from reaching their 

intended target. Nevertheless, with the development of mobile laser scanners, such effects 

have been minimized (Bauwens et al., 2016). The same is evident for ALS, where vertical 

side structures are not detected, and understory vegetation is occluded (Hilker et al., 2010).  

The use of TLS in dense forest blocks or "shadows" nearby trees, which increases the inac-

curacy of tree exclusion at the forest boundary (Liu et al., 2018; Potter, 2019). However, a 

multi-scan can minimize this inaccuracy, but doing so requires more time and resources 

since targets must be defined beforehand, and co-registration of multiple scans is needed 

(Bauwens et al., 2016). Potter (2019) added that TLS has a limited sensor range and gener-

ates more noise as one gets further away from the scanner. 

In addition to hardware limitations, weather conditions like precipitation (rain, fog, snow) 

and windy conditions lead to noisy data acquisition (Hilker et al., 2010). Hence it should 

only be employed in calm weather (Griebel et al., 2015).  

In general, the LiDAR equipment and data processing cost can be expensive depending on 

specifications and its use for small or large areas (Tilley et al., 2004). 

 



 

109 
 

5.5 Conclusion and outlook 

Fractal analysis is a mathematical method for analyzing the complexity and self-similarity 

of patterns found in nature and other systems (Mandelbrot 1977; Zeide & Gresham 1991). 

It has a vast potential to provide valuable insights into tree architecture. To fully under-

stand how trees interact with their environment (biotic and abiotic), it is important to un-

derstand the complex and fractal-like nature of tree architecture. In all our studies (Chap-

ters 2 to 4), we used the box-dimension approach of fractal analysis to translate the tree's 

structural complexity into single numbers and relate it with various parameters to further 

our understanding of the drivers and passengers of tree architecture. The details of the 

fractal analysis to derive box-dimension(Db), self-similarity, and Db-Intercept can be found 

in topic 2.2.4 of Chapter 2 (also see figure 2.4, Chapter 2); topic 3.2.7 of Chapter 3, and top-

ic 4.2.4 of Chapter 4 of this dissertation.  

Open-grown trees, which are not crowded by other vegetation, are the best subjects for 

studying the fractal-like architecture of trees (Arseniou & MacFarlane, 2021). Our experi-

mental site at Stutel-arboretum had such settings (See figure 4.1, Chapter 4), where trees 

were grown in open exposure without competition (Paper 1 and paper 2). Our findings 

demonstrated that trees' structural complexity (fractal-like characteristics) are linked to 

their functional and inherent qualities and are influenced by the local aswell as the original 

habitat environment (Dorji et al., 2021) 

The use of TLS and MLS data has facilitated a deeper understanding of the complexity of 

tree architecture, including the role of various structural elements in creating intricate frac-

tal designs and how the above-ground crown area is shaped (Seidel et al., 2019b, Neudam 

et al., 2022). This information has been valuable in improving our overall understanding of 

trees. However, due to the intricate nature of fractal analysis approaches, the innate com-

plexity of tree structures, and the range of metrics that may be employed, it presents diffi-

culties for future research (Murray et al., 2018). Contingent on the particular feature of tree 

architecture being investigated, the accuracy of the LiDAR data and the methods used to 

analyze them can considerably influence the reliability of tree models. Another challenge is 

interpreting the results of the analysis in a biological context (Arseniou et al., 2021b); 

While fractal analysis can provide useful insights into the structure of trees, it is important 
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to consider other factors, such as genetics, growth conditions, and functional characteris-

tics, in order to fully understand the tree's architecture (Dorji et al., 2021). However, the 

expected advancement of new LiDAR systems and algorithms presents opportunities for 

enhancing the precision and effectiveness of tree modeling. Additionally, comparative re-

search and multiscale analysis across various species, different growth conditions (such as 

managed and unmanaged stands), and various geographical regions can offer significant 

insights into the structure and function of trees (Dassot et al., 2011; Dorji et al., 2019). An-

other potential area of research is in forestry and conservation (Narine et al. 2019), such as 

forecasting forest growth and productivity, accurately projecting carbon storage (Calders 

et al., 2022), monitoring tree health, and exploring the impact of environmental changes on 

trees.  

One significant outlook we can look forward to is in the field of thermodynamics, and its 

relation to the structural complexity of trees and forest stands. Seidel (2022) argues that 

considering thermodynamic theory into account in forest ecosystem research has enor-

mous potential for providing a coherent interpretation of the effects of forest structural 

complexity. According to the paper, higher structural complexity is linked to increased pho-

tosynthetic capacity in forests, which is correlated with optimized thermodynamic pro-

cesses. Given the challenges caused by climate change, an ecosystem's potential for adapta-

tion has to be given more emphasis (Seidel, 2022). If an ecosystem's structural complexity 

can be defined and calculated, its potential for adaptation may be extrapolated and predict-

ed. These potential linkages need to be corroborated by more studies, and that is where the 

LiDAR and fractal analysis can play significant roles in investigations and interpretation. 

Based on 3D LiDAR technology (terrestrial, mobile, and aerial laser scanning) and fractal 

analysis approach, it is now feasible to quantify the entire structural complexity of trees 

and forests (Atkins et al., 2018; Seidel et al., 2020; Ehbrecht et al., 2021, Neudam et al., 

2022).  

Overall, the combination of LiDAR technology and fractal analysis has the potential to revo-

lutionize the way we study and understand tree architecture. By using LiDAR to accurately 

and efficiently measure tree structure and applying fractal analysis to quantify the com-

plexity of that structure, we can gain a deeper understanding of how trees grow and func-
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tion. This knowledge can be applied in a variety of fields, including forestry, agriculture, 

and ecology. Eventually, LiDAR and fractal analysis in tree architecture research will likely 

become widespread, significantly advancing our comprehension of tree architecture and 

leading to new insights and discoveries. 
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Figure 4.1 Showing the map and location of the research site at Stutel, Wuerzburg, Germa-
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Figure 4.2 Showing two-dimensional depiction of a 3D point cloud of a tree in Fig. 4.2A and 
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Figure 4.5 Results of simple species-level linear regressions of box-dimension (Db) in rela-
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diameter (Dh, µm). Shown are the species level averages with the model predictions ± 95% 

confidence bands.  

Figure 4.6 Scatter plot for the three measures of xylem safety (P12, P50, P88; MPa) over mean 

of mean branch angle (MeanBRangle [°]) of 1st order branches (A, B, C); MeanBRangle [°] of 

2nd order branches (D, E, F) and 3rd order branches (G, H, I) of all species (shown as mean 

values). Black solid lines indicate significant relationships and dashed grey lines indicate 

non-significant relationships (A, B, C). Spearman’s rank correlations ranged from r = 0.34 

to 0.55; n = 18 Species. 

Figure 4.7 Scatter plots of the three measures of xylem safety (A: P12, B: P50, C: P88; MPa) 

against the Crown Surface Area (CSA, [m2]) of all the studied trees (mean per species). 

Similarly, the scatterplots (D), (E) and (F) show a correlation between different mean xy-

lem pressure, P12, P50, and P88, with the Crown Volume (CV), respectively. Regression lines 

are shown as dashed lines indicating non-significant (N.S). The data were available and 

analyzed for n = 18 species. Spearman’s rank correlations ranged from r = 0.27 to 0.44.  

Figure 4.8 Scatter plots of the three measures of xylem safety (A: P12, B: P50, C: P88; MPa) 

against total branch length (TotalBRlength [m]). Similarly, the scatterplots (D), (E), (F) 

show the relationship between xylem safety measures (P12, P50, P88) over the Mean Number 

of branches of all tree species, respectively. All the above data were available and analyzed 

for n = 18 species of 71 tree individuals. Regression lines are shown as dashed grey lines to 

indicate non-significant relationships. 

Figure 4.9 Scatter plot of the three measures of xylem safety (A: P12, B: P50, C: P88; MPa) in 

dependence of the diameter at breast height (DBH [cm]) of all the study tress (n = 18 spe-

cies of 71 individuals). Similarly, the scatterplots (D), (E) and (F) show correlations be-

tween different xylem pressure, P12, P50, P88, in dependence of the total tree height (TTH 

[m]), respectively. The dashed grey lines show non-significant relationships. 
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