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Abstract

This study aims to analyze the relationship between tree quality and diversity based
on terrestrial laser scan (TLS) data of tree stems in a tropical mixed plantation. The study
Is divided into two parts. The first part examines the performance of the TLS to derive
tree diameter at breast height (DBH) and tree height. TLS-based data allows to estimate
both tree variables with a high accuracy (R%giameter = 0.97, RMSE = 1.42 cm; R?peignt = 0.96,
RMSE = 1.05 m). These tree estimates allowed trusting further derived values of other
external stem quality variables, needed for the second part of the thesis. This part analyses
relationships between structural and species diversity and external stem quality. The
species diversity is related to the species richness in a tree’s neighborhood. The structural
diversity is computed as specific indices, based on manual measurements of the basal area
and the tree heights. The relationships between these indices and variables were then
analyzed for each tree species at the neighborhood scale. The results show that fast-
growing to intermediate-growing tree species are most negatively affected by the
structural diversity. Species diversity had a positive effect on branch dimensions for
species of all ecological types. We also found out that, additional ecological factors such
as tree growth and competition influence the external stem quality variables. Further
studies in older stands should be carried out to analyze the longer-term influences of
species and structural diversity on quality variables. Also, other ecological factors, such
as climate, soil, or genetics, should be investigated to see if and how they are related to

the diversity/stem quality relationship.



Acknowledgments

At this point, | would like to thank all those who supported and motivated me

during the preparation of this master thesis.

First of all, I would like to thank my supervisors, Prof. Dr. Brigitte Leblon (UNB)
and Prof. Dr. Jurgen Bauhus (Uni. Freiburg), for offering me the topic of the master thesis,
offering me their permanent support and correcting the thesis. Furthermore, 1 would like
to thank Prof. Dr. Goddert von Oheimb (TU Dresden), Dr. Matthias Kunz (TU Dresden),
Dr. Joannes Guillemot (ESALQ) and Prof. Dr. Catherine Potvin (McGill Uni.) for
providing the data. 1 would also like to thank Florian Schnabel (Uni. Freiburg) for his
great support in the statistical analysis and Prof. Armand LaRocque (UNB) and Mélanie
Desrochers (UQAM) for their help with the mapping material. | am also grateful for the
opportunity to freely use data from the Sardinilla experimental site in Panama and the Tree
Diversity Network. Further thanks go to my fellow students, friends, and family for their

encouragement and never-ending motivation.



Table of contents

AADSTTACT ...t b R bttt ettt b ii
ACKNOWIBAGIMENTS. ..ot sttt e et e s te e e e st e s te e besbeesbestesreesaesreeneeneas iii
LI 1o (0 B0 ] 01 (=] £ ST iv
ST OF FIQUIES ...t b b et b b e ner e Vi
LSE OF TADIES. ... bbbt viii
LiSt OF @DDIrEVIALIONS ..ottt iX
Chapter 11 INTFOQUCTION ..ottt r e 1
RETEIENCES. ...ttt bbbt bbb bbbt b bt ne e 5
Chapter 2: Estimation of tree DBH and height from terrestrial laser scanning data...................... 8
FZ20 R 11 o [T o) USSR 8
2.2 Materials and MELOGS .........couiiieiiii et sreenes 18
S (110 )Y (=TSSP 18
2.2.2 TLS AL ...ttt et sttt bt e nn s 20
2.2.3 Field data aCqUISTEION .......ccveieieiiiisiesiesie e 22
2.2.4 TLS data PrOCESSING.....civiiieiiiteiieitesteseeste s e eteste e e be s e sresbe s e e sbesbaesaesbesteebesaeeneenreans 22
2.2.5 EStIMALION ACCUTACY ....eovviiiieiiiiiiie et ste st e et s te et tesae e r e be st et esba e esbesteebesaeeneenre e 24

2.3 RESUIES....ee ettt ettt Rt et re e re e e nren 25
2.3 L DBH e e e e are s 25
2.3.2 HEIGNL ... ettt ettt enes 28

A I T 1ot U1 [ o RS 32
pE I 0] 0] U] o] PR 33
RETEIENCES ...ttt sttt ettt re ettt enes 35
Chapter 3: Relationship between tree species diversity and external stem quality....................... 39
T80 111 0o 144 o) o TS SS 39
3.2 Materials and MENOAS ........cveiiiiiie et s nee e 46
3.2.1 EXPerimental deSIgN......c.coioiiiiiiciccece ettt s re s 46
3.2.2 TLS data processing and calculation of external stem quality variables .................... 46
3.2.3 Indices of species and structural diVErSIty ..........ccooviriiiiirininiec s 50
3.2.4 Modelling the drivers of diversity-quality relationships.............ccoccoooviiviieniiiennnnnnn. 52

S D RESUITS ...ttt ettt ettt ettt et ee e nee et e et naeeneere e 54
3.5.1 Number of first-order branChes..........c.cccovviieie i 54
3.5.2 Diameter of first-order BranChes ...........coovieee e 58



3.5.3 Volume of first-0rder DranChieS........c..oooiiovvie ettt 63

3.5.4 Crown diSPIACEMENT. ........oiviieieiciiee e 68
BRI T I o TP O U PR 71
3.5.8 MUIE SEEIMS.....ciiieieiie bbbttt enes 73

3.0 DISCUSSION ...ttt sttt stttk bbbt bbbt bbbt e bt bttt st bbb e e ene s 77
TR A o o] 10T [ 3 LTSS 85
RETEIENCES. ...ttt bbb bbbt b e bt 87
(@8 P To] (=] g S O (o [N 5] o] PSSP 95
L E =] =] 0= USRS 98
(010 o1 0] A A - T USSR



List of figures

Figure 1 Map of the main plantation, showing the 22 plots of the plantation and location of the
experimental site in Sardinilla, Panama (Status 2017)........cccvvriririnereieieee e 19
Figure 2 Comparison between tape-measured and TLS-derived DBHs with the outliers........... 26
Figure 3 Cook’s distance plot for DBH datasets, showing 7 outliers that have a Cook’s distance
value above the threshold. The observation numbers of these outliers are marked in red on the plot
(#1, #2, #51, #62, #65, #B9, HT5) ...eiverireeeeieere ettt ettt 27
Figure 4 Comparison between tape-measured and TLS-derived DBHSs, after applying the outlier
=] 0010 7 | SRS SSTSSST 27
Figure 5 Comparison between tape-measured and TLS-derived tree heights with the outliers... 28
Figure 6 Cook’s distance plot for the tape tree height datasets, showing 5 outliers that have a
Cook’s distance value above the threshold. The observation numbers of these outliers are marked
in red on the plot (#11, #12, #15, #17, #63)....cc.ciiiiiieie et sre e sre s 29
Figure 7 Comparison between the tape-measured and TLS-derived tree heights after applying the
OULTIEE TEIMOVAL ......eeiieieese ettt sttt ettt ettt e st e ne e 30

Figure 8 Comparison between the Vertex-measured and TLS-derived tree heights with the outliers

Figure 9 Cook’s distance plot for Vertex datasets, showing 6 outliers that have a Cook’s distance
value above the threshold. The observation numbers of these outliers are marked in red on the plot
(H11, #12, #13, #15, #17, H60) ....ceeveieeeeeieeerieee b 31
Figure 10 Comparison between the Vertex -measured and TLS-derived tree heights after applying
the QULHEN FEIMOVAL .......c.eeieie ettt te et et e eneenee e 32
Figure 11 Influence of the individual basal area on the number of first-order branches.............. 56
Figure 12 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)
on the number Of first-0rder BranChes. ... 57
Figure 13 Influence of the dominance of focal trees on the number of first-order branches....... 58
Figure 14 Influence of the species richness on the diameter of first-order branches................... 59
Figure 15 Influence of the structural diversity (CVy) on the diameter of first-order branches.... 60
Figure 16 Influence of the individual basal area on the diameter of first-order branches ........... 61
Figure 17 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
diameter of First-0rder DranChES ..........coo i e 62
Figure 18 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)

on the diameter Of firSt-0rder DrANCNES ........vveeiieeee ettt ettt e e e e s e e e e e e eeeenan 63



Figure 19 Influence of the species richness on the volume of first-order branches..................... 64
Figure 20 Influence of the structural diversity (CVh) on the volume of first-order branches..... 65
Figure 21 Influence of the individual basal area on the volume of first-order branches ............. 66
Figure 22 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
volume Of first-0rder DranCheS........ccoiiiiie e 67

Figure 23 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)

on the volume of first-order DranChes ... 68
Figure 24 Influence of the structural diversity (CVsa) on the crown displacement .................... 69
Figure 25 Influence of the individual basal area on the crown displacement...............cccccoeienee 70

Figure 26 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
CrOWN TISPIACEIMENT ...ttt ettt b 71
Figure 27 Influence of the individual basal area on the stem taper ..........ccccooevviiiinine e 72
Figure 28 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
(=] 0 R ¥= 01T PP P PP 73
Figure 29 Influence of the species richness on the probability of the occurrence of multi stems 74

Figure 30 Influence of the structural diversity (CVy) on the probability of the occurrence of multi

Figure 32 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)

on the probability of the occurrence of Multi StEMS........c.cciiiviiiiiiic 77

vii



List of tables

Table 1 Comparison of RMSE values (cm) for previous studies that used TLS data for DBH
LTS ] oL o] TSR 15
Table 2 Comparison of RMSE values (m) for previous studies that used TLS data for tree height
LTS ] = U o SR 16
Table 3 Specifications of the RIEGL VZ-400i TLS UEVICE.........ccccerererierieieieise e 21
Table 4 Statistics for the comparison between TLS-derived and field-measured DBH before and
after removing outliers from the dataset ..o 26
Table 5 Statistics for the comparison between TLS-derived and field-measured tree heights before
and after removing outliers from the dataset ..o 29
Table 6 Species diversity and structural diversity indices used in this study. ...........c.cc.cceernennen. 51
Table 7 Significant SR and SD indices, fixed effects, correlation statistics, AW of highest-ranking
index and model fits for each stem variable ... 55
Table 8 List of external stem variables and species with their associate growing rate, for which the

hypothesize has been CONfIrMEd ...........ooi i e 78

viii



List of abbreviations

DBH Diameter at breast height
TLS Terrestrial laser scanner
3D Three-dimensional

SD Structural diversity
LiDAR Light detection and ranging
PS Phase-shift

ToF Time-of-flight

ALS Airborne laser scanning
RMSE Root Mean Square Error
AE Anacardium excelsium
LS Luehea seemannii

HC Hura crepitans

CO Cedrela odorata

TR Tabebuia rosea

TreeDivNet Tree Diversity Network

SR Species richness

CA Cordia alliodora



MSA Multiple Scan Adjustment

QSM Quantitative structure model

R? Coefficient of determination

CBH Crown base height

sd Standard deviation

CVv Coefficient of variation

GC Gini coefficient

BAN Basal area of the total neighborhood
BAL Basal area of trees larger than the focal tree
BA Basal area of the target tree

LMM Linear-mixed-effect model

GLMM General-linear-mixed-effect model
AW Akaike weight

R?m R2 marginal

R2 R2 conditional



Chapter 1: Introduction

During times of growing population rates worldwide and the continuously growing
need of natural resources (e.g. wood) mainly used as a building material as well as for
energy-usage, one should pay attention to preserve these ecological resources and adapt
them to the evolving climate change conditions. There are several means to do that, such
as plantation forestry, or coppice forests (West 2014). These kinds of forestlands permit
the production of high amounts of timber in short rotations that can be used for different
tasks (e.g. fodder, building material, fuelwood) (Evans 2009). Indeed, besides the
production of wood and fiber as the most important service of tree plantations, other
services such as carbon sequestration, water regulation and purification, increasing
landscape connectivity to preserve biodiversity, and reducing the probability of
desertification can be fulfilled (Bauhus et al. 2017). Among all types of tree plantations,
mixed-species plantations have a great advantage to provide wood, while providing higher
biodiversity, better water quality, and increased resistance against disturbances, pests and

pathogens (Felton et al. 2016).

Besides having the potential of delivering a multitude of ecosystem services, forest
owners appreciate mixed-species stands for many reasons (Carnol et al. 2014). Compared
to monocultures the productivity of mixed stands was shown to be 15% higher than the
average of the monospecific stands on the same site and statistically not lower than the
productivity of the best component monoculture (Jactel et al. 2018). Other advantages of
mixed-species plantations are an increased resilience and level of adaptation to climate

change conditions. Through multiple tree species, the risk of failure is spread. Depending



on the disturbance, stand stability can be increased through species diversity. A total stand
loss is less probable, and parts of the forest structure and ecosystem functioning are
preserved (Bauhus et al. 2017; Liu et al. 2018). For example, damages due to abiotic
disturbances, such as wind, fire, or drought can be reduced by introducing less prone
species into existing forest stands, or plantations. As far as the biotic damages caused by
pests and pathogens are concerned, this can be significantly reduced by more diverse
stands, particularly when the pest agent is specialized in one species. However, if the pest

agent is a generalist, mixed stands will be in danger as well (Castagneyrol et al. 2013).

Mixed species stands, together with diverse structures and different age classes,
represent an economical opportunity for continuous harvesting (Knoke 2017). This means
that the forest owner would have the possibility, depending on the market situation, to
generate a continuous income. Another commercial aspect speaking for species-diverse
forest stands would be to reduce the economic risk (Bauhus et al. 2017) and increase the
diversification (Koricheva et al. 2006). Indeed, by producing different timber qualities and
log sizes, forest owners can adapt more flexibly to changing markets and societal demands
(Beinhofer and Knoke 2010). The diversification of the product range reduces the attached

risks while at the same time, it allows achieving the desired return (Bauhus et al. 2017).

Even if the advantages of forests that are rich in species and structures outweigh
those of monocultures, the majority of the world's forestry plantations are monospecific
(Carle et al. 2002). The selected species for pure plantations are either species that are
naturally adapted or species that are genetically improved to fit the location. The

introduction of several species inevitably means the inclusion of less adapted species. On



average, mixed species stands may perform better regarding the provision of goods and
services than each of their individual components, but they cannot compete with a
monoculture of a highly cultivated variety in regards to productivity (Lamb et al. 2005).
Diversification in forests means simultaneously, more efforts in forest management.
Indeed, mixed species forests require more management decisions related to seed
handling, plantation methods, thinning patterns, and many others (Hooper et al. 2005;
Larjavaara 2008; Larjavaara et al. 2013). For foresters, this kind of forests simply means
increased complexity and labor, especially when one species tends to overgrow another

species (Erskine et al. 2005).

Mixed species forests have been studied mainly for the biomass productivity of
trees (Dordel et al. 2010; Forrester and Bauhus 2016; Paquette and Messier 2011; Stark et
al. 2015; Vila et al. 2013) or provided ecosystem services (Carnol et al. 2014; Felton et al.
2016; Gamfeldt et al. 2013; Ruiz-Jaen and Potvin 2011). However, by contrast to even-
aged monocultural plantations (Alcorn et al. 2008; Forrester et al. 2012; Green et al. 2018;
Zeltins et al. 2018; Zeps et al. 2016), the development of the timber quality in multi-
specific forest stands, is not well investigated, despite its relationships with the economic
value of the forests, which is one of the main interests of forest owners (Benneter et al.
2018; Pretzsch et al. 2017). This is especially the case for tropical tree species, for which
the availability of commercial tree species that can be successfully mixed is limited (Liu
et al. 2018). Species diversity per area is generally very high in tropical regions (200-300
species/ha) (Malhi et al. 1999), which explains why not many suitable combinations have

been explored so far.



This thesis should provide further insights into the economic development of trees
in mixed tropical stands. For this purpose, the external stem characteristics of trees
growing at different levels of diversity are analyzed. The magnitude of the different
variables will determine the extent to which the different growth conditions influence the
development of the stem shape and other stem characteristics. The variables will be
analyzed at the neighborhood level. The stem quality variables are extracted from
terrestrial laser scan (TLS) measurements. All the data was collected at an experimental
tree plantation in Sardinilla, Central Panama, and refer to 5 native species: Anacardium
excelsium (AE), Luehea seemannii (LS), Hura crepitans (HC), Cedrela odorata (CO), and

Tabebuia rosea (TR).

The first part of this thesis assesses the potential of point cloud-based
measurements of tree stem morphology. Conventional diameter at breast height (DBH)
and tree height measurements are compared with TLS-based measurements. The second
part of this work discusses in more detail the influence of species and structural diversity
(SD) on external stem variables, such as the number, diameter, and volume of first-order

branches, as well as taper, crown displacement, and occurrence of multi stems per tree.
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Chapter 2: Estimation of tree DBH and height from terrestrial laser
scanning data

2.1 Introduction

To get an overview of a forest stand, forest owners and foresters often carry out a
forest inventory. This gives them an assessment of what is in their forests and the quality,
age, and density of the related tree population (Gillis et al. 2005). The forest inventory
data allows deriving information about the extent, quantity, and condition of forests
(Penman et al. 2003). This forest resource information is typically first collected at the
level of individual trees and then aggregated at the plot level. These plot levels are
estimates that are used to derive the stand estimates of forest resources (Luoma et al.
2017). The parameters can be obtained by estimating the area of a particular forest type,
the volume of deadwood, or the volume of the growing stock (Gillis et al. 2005). The
estimation of the latter parameter is based on two tree variables, the diameter at breast
height (DBH) and the tree height (Gillis et al. 2005). There are several field methods to
measure both variables. The DBH is conventionally measured with a diameter tape or a
caliper (Moran and Williams 2002). The tree height can also be determined in multiple
ways (Chave 2005; Clark and Clark 2001). The most commonly used method is the
"tangent method", where an inclinometer is used (Larjavaara et al. 2013). Another, less

sophisticated method is the measurement of tree height with a measuring tape.

All these field methods are labor-intensive and time-consuming. Additionally,
these methods can be influenced by several sources of error that can falsify the resulting

measurement. The caliper can give erroneous measurements when it is not oriented
8



perpendicularly to the vertical axis of the stem, or when twigs and other interfering
elements are located at 1.3 m. Specific site conditions such as steep slopes may also
increase the risk of erroneous estimations. Furthermore, discrepancies can occur when the
tool is handled by different personnel (Luoma et al. 2017). By using the diameter tape for
larger trees, you need two workforces, to properly wrap the tape around and measure the
diameter. To work efficiently two people are required to measure the height of one tree.
One person holds the clinometer to measure the height, the other person installs the
transponder on the tree (Haglof 2007). Similarly, as for DBH measurements, trained and
experienced forest workers take more accurate height measurements than inexperienced
ones (Kitahara et al. 2010). Additionally, these types of forest measurements only allow
analyzing a small part of what a specific forest area consists of. Other variables, such as
the forest vertical structure, forest canopy structures, or the geometric shape of the stem

cannot be assessed with these simple methods (Moskal and Zheng 2012).

There are currently more advanced tools and methods, such as terrestrial laser
scanners (TLS), that allow measuring these stand variables and many others. They allow
estimating commercial timber volume or crown volume with a single measurement, at the
plot or single tree level (Cosofret et al. 2018). Indeed, DBH and height can simply be
derived from the produced point cloud of the scanned forest plot. Terrestrial laser scanners
also called ground-based light detection and ranging scanners, consists of sensors that
measure distances of reflected laser waves. From this data, the systems produce three-
dimensional (3D) point clouds. These 3D point clouds are either the end-products or are
used in further processing (Maas et al. 2008). The principle behind TLS is called "Light

Detection and Ranging" (LIiDAR). LIDAR sensors are remote sensing devices that are
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similar to radar sensors but use optical radiation (light) instead of microwave radiation.
LiDAR sensors send out laser pulses and measure the two-way travel time of the pulses
that allow them to derive distances and to reconstruct surfaces. The instruments use two
main techniques to emit laser pulses and measure the two-way travel time of the pulses
and thus the ranges between the laser scanner and the target object: phase shift (PS) and
time-of-flight (ToF) (Lemmens 2011; Liang et al. 2016). PS describes the process of
emitting laser-beams as sine waves and calculating the difference in phase between the
reflected and emitted parts. The ToF process describes a laser beam emission, but in this
case, the time taken by the laser to reach the target and return to the scanner is measured.
This calculation enables the distance calculation between the laser and the target object,
by multiplying the travel time by the speed of light and dividing the result by two

(Lemmens 2011).

TLS are available as mobile ground stations having the scanner on a tripod, as
backpacks, or as mobile laser scanners on cars. The ground station and backpack versions
are most suitable for use in the forest. A TLS system applied for forest inventory purposes
should have the following specifications (Maas et al. 2008): (i) The maximum range
should be at least 50 m, to grant proper scanning of typical plots with a radius of 12-15m
with trees of height up to 40 m.; (ii) To ensure efficient operation, the data rate should be
at least 10.000 points/s; (iii) For granting flexibility of usage, the field of view should be
panoramic or hemispheric; and (iv) The range measurement precision should be at a
minimum of 10 mm to guarantee precision in stem parameter estimation. To assess the
stand or the sample plot, the laser scanner is put on a fixed position or multiple

georeferenced positions, depending on the forest structure and the purpose of the study
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(Kankare et al. 2016). Scan modes can be divided into single scans and multi-scans. Point
clouds generated by the single scan mode are based on one scan. The forest scenery is
scanned once at one position. The multi-scan mode creates point clouds by scanning forest
plots twice or more. This has the advantage that the point clouds are much more detailed
due to overlapping 3D information, which can be helpful for plots with dense ground
vegetation. However, the single-scan mode is much more time-efficient in terms of data

acquisition (Thies and Spiecker 2004).

Compared to Airborne Laser Scanning systems (ALS), or airborne LiDAR sensors
(Bufton 1989; Flood and Gutelius 1997; Hyyppa et al. 2008), TLS have the additional
advantage of allowing the analysis of forest structures, that are not visible from the air
(Cabo et al. 2018). In combination with automatic data processing techniques, TLS, can,
therefore, be an interesting tool to bridge the gap between traditional inventory techniques
and ALS data processing schemes and to facilitate data collection for individual 3D tree

structure parameters (Maas et al. 2008).

TLS were already tested for forest inventories to measure basic tree parameters,
such as diameter, height, and volume (Kankare 2015; Liang et al. 2014; Lindberg et al.
2012; Maas et al. 2008). They were also used for measuring more elaborated tree
parameters, such as leaf area index (Clawges et al. 2007), specific crown parameters (Jung
et al. 2011), or stem curvature pagel7(Liang et al. 2014). A lot of research is currently
being done to incorporate TLS in routine forest inventories (Park et al. 2010; Srinivasan
et al. 2015). However, TLS are still associated with high costs. Moreover, TLS mobility

is severely limited and requires additional personnel training (Liang et al. 2014). To be
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able to use TLS daily in routine forestry operations, it must be processable as quickly and
efficiently as possible. The high point cloud density generated by these systems (30
million points for one sample scan on a small area) requires high processing power
(Kankare et al. 2016). An advantage of TLS is that measurements are done in a non-
invasive manner. Trees do not need to be felled or even touched to measure their
dimensions or other structural parameters (Dassot et al. 2012). Moreover, the stand
structure can be conserved, and the evolution of the stand development can be monitored
continuously. Another advantage of TLS is the high amount of details obtained at the
single tree level (Seidel et al. 2013). TLS allows capturing specific stem variables, such
as stem curvature, due to its capability to measure 3D characteristics of single trees at the
mm level (Wan et al. 2019). TLS data often provide a good estimate of tree height and

DBH at the plot or tree level with only one measurement (Cosoftet et al. 2018).

Table 1 compares the measurement accuracy achieved by previous studies using
TLS data for DBH measurements. As shown in Table 1, a common TLS-based method is
to fit a circle to the stem shape. Such as in the conventional field inventories, DBH is
measured at 1.3 m from the ground in the point cloud. A horizontal slice is intercepted at
1.3 m. A circle-fitting algorithm is used to fit a circle to the points of the intercepted slice
and the diameter of the fitted circle can be used as DBH-estimation (Cabo et al. 2018).
Liang et al. (2014) used a simple distance-measuring approach to estimate DBH in their
point cloud data, at the height where field reference data was measured, using the 3D
environment of TerraScan software (Terrasolid Ltd., Helsinki, Finland). Oveland et al.
(2017) used a completely different approach for DBH estimation in point cloud data. The

point cloud representing tree stems was separated into different heights. At each height,
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the center point of the cylinder representing the tree stem was detected. Through the center
point, the radius at each height of the stem could be estimated and the diameter could be
derived. They estimated the DBH based on the assumption that the stem diameter
decreases with 1 cm per m tree height. Another method is based on a cylinder-fitting
method but does not occur at breast height. The cylinders are placed between strips of
different lengths, with the level of 1.3 m as their center. The volume of the fitted cylinders
between 1.1 m and 1.5 m and between 1.2 m and 1.4 m is calculated. The cylindrical

volume is then used to calculate the DBH (Chen et al. 2019).

As shown in Table 1, the circular fitting method seems to provide a better
estimation of the DBH than the other methods, although Moskal and Zheng (2012) had a
Root Mean Square Error (RMSE) of 9.17 cm. Such a high RMSE can be explained by the
fact that some Sequoiadendron gigantea trees, that were measured were in an advanced
age class (> 60 years) and grew in complex forest stands, which could lead to a strong
occlusion effect. Occlusions cause the objects to be shadowed by other objects in front of

them, blocking the detection by TLS (Abegg et al. 2017).

Table 2 compares the measurement accuracy obtained by previous studies that use
TLS data for tree height measurements. A frequently used method is the measurement of
the distance between the highest and the lowest points inside each isolated stem point
cloud which is referred to in Table 2 as the “Zmax-Zmin” method. The highest and lowest
points are selected manually and the distance between the two can be estimated. An
alternative method is to use the difference between the crown-top and ground laser returns

(Moorthy et al. 2011). Another approach from Moskal and Zheng (2012) consisted of
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slicing the point cloud, describing the shape of a tree, and calculating the vertical length
between the center of the highest and lowest slice. Kankare et al. (2014) used the
TerraScan software (Terrasolid Ltd., Helsinki, Finland) to measure the distance between
the highest and lowest point in the point cloud of a tree. The software classifies the point
cloud after ground and crown-top points, which allows a measurement of the distance

between each other.
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Table 1 Comparison of RMSE values (cm) for previous studies that used TLS data for DBH

estimations
Method | RMSE | Forest Stand Species TLS Type Author
(cm) Type
Circle- 0.80 Natural forest | Pinus cooperi Faro Focus | Cabo etal. 2018
fitting 0.80 Natural forest | Pinus cooperi, Pinus | Faro Focus | Cabo et al. 2018
leiophylla, Quercus
sideroxyla
0.90 Not specified | Pinus sylvestris Leica Xietal. 2016
HDS6100
MS
1.30 Natural forest | Quercus robur Faro Focus | Cabo etal. 2018
1.48 Not specified | Fagus sylvatica Riegl LMS | Maas et al. 2008
Z420i
1.80 Not specified | Picea abies, Fagus Faro LS 800 | Maas et al. 2008
sylvativa, Abies alba HES80
1.80 Not specified Picea abies, Larix Faro LS 800 | Maas et al. 2008
europea, HES80
Pseudotsuga
menziesii
3.25 Not specified | Fagus sylvatica Faro LS 800 | Maas et al. 2008
HE80
9.17 Plantation Multiple species (*) Leica HDS | Moskal and
3000 Zheng 2012
Cylinder- 1.58 Plantation Sophora japonica, ZEB-REVO- | Chenetal. 2019
fitting Pinus armandii, RT
Betula sp.
1.62 Plantation Sophora japonica, ZEB-REVO- | Chenetal. 2019
Pinus armandii, RT
Betula sp.
Distance 0.82 Plantation Pinus sylvestris, Leica Liang et al. 2014
Picea abies HDS6100
1.77 Natural forest | Pinus sylvestris Leica Kankare et al.
HDS6100 | 2014
217 Natural forest | Pinus sylvestris Leica Kankare et al.
HDS6100 | 2014
Estimating 1.50 Natural forest | Picea abies, Pinus Velodyne | Oveland et al.
model sylvestris VLP16 2017

*Thuja plicata, Araucaria araucana, Agnolia grandiflora, Sequoiadendron giganteu, Tsuga heterophylla, Quercus

garryana, Pseudotsuga menziesii, Acer circinatu, Acer acrophyllu, Pinus onticola, Pinus ponderos, Cornus nuttallii,

Robinia neoexicana

15




Table 2 Comparison of RMSE values (m) for previous studies that used TLS data for tree height

estimation
Estimatio | RMS Forest Species TLS Type Authors
n method | E(m) Stand
Type
Difference | 0.21 | Plantation | Olea europea ILRIS-3D | Moorthy et al.
between 2011
crown-top
and
ground
returns
Highest 0.31 | Natural Quercus robur Faro Focus Cabo et al.
point forest 2018
elevation 0.49 | Natural Pinus cooperi, Pinus Faro Focus Cabo et al.
forest leiophylla, Quercus 2018
sideroxyla
0.60 | Not Pinus densiflora, Pinus GS200 3D Jung et al.
specified | koraiensis, Larix Scanner by 2011
leptolepis, Quercus spp. Trible
0.73 | Natural Pinus cooperi Faro Focus Cabo et al.
forest 2018
Point 0.75 | Plantation | Multiple species* LeicaHDS | Moskal and
cloud 3000 Zheng 2012
slicing and
calculation
of vertical
length
difference
Zmax- 1.70 | Not Pinus sylvestris Leica Xietal. 2016
Zmin specified HDS6100
1.80 | Natural Pinus sylvestris Leica Kankare et al.
forest HDS6100 2014
3.24 | Not Fagus sylvatica Riegl LS Maas et al.
specified Z420i 2008
3.86 | Not Fagus sylvatica Faro LS Maas et al.
specified 800 2008
HE80
3.95 | Not Picea abies, Faro LS Maas et al.
specified Larix europea, 800 2008
Pseudotsuga menziesii HES80
4.00 | Not Picea abies, Fagus Faro LS Maas et al.
specified | sylvativa, Abies alba 800 2008
HE80

*Thuja plicata, Araucaria araucana, Agnolia grandiflora, Sequoiadendron giganteu, Tsuga heterophylla, Quercus

garryana, Pseudotsuga menziesii, Acer circinatu, Acer acrophyllu, Pinus onticola, Pinus ponderos, Cornus nuttallii,

Robinia neoexicana
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The difference between the latter method and the "Zmax-Zmin" method is that the
TerraScan software automatically classifies soil and crown top points. Cabo et al. (2018)
and Jung et al. (2011) estimated the tree height, by computing the elevation of the highest
point of the tree in an influence area around the center of a tree. These methods may be
prone to poor estimations. For example, the calculation of the difference between 2 points
may lead to underestimations of the tree height, due to the undersampling character of
laser scanning data. Undersampling occurs when a scanned surface has high curvatures
and is not smooth. This leads to insufficiently reconstructed elements in the 3D point
cloud. The reconstructed surface in that case often presents unwanted holes and

misleading structures (Dey et al. 2001).

As forests usually present diverse geometrical structures, TLS gathered on trees
are often prone to misestimation due to undersampling. In that case, the scanned surface
is not represented properly. Additionally, the highest point in a point cloud may not be
representative of the highest point in reality. This is due to the occlusion effect, e.g.
through neighboring trees (Maas et al. 2008). Tree height may also be underestimated

through limited visibility for the tip of the tree crown (Kankare et al. 2014).

Most of the studies of Table 1 and Table 2 were carried out on tree species growing
in temperate climates. Using TLS for DBH or tree height measurements has so far rarely
been tested on tropical tree species. This study investigates the ability of TLS-derived
point clouds to accurately estimate the height and DBH for several stands with mixed
tropical tree species (Anacardium excelsum (AE), Luehea seemannii (LS), Hura crepitans

(HC), Cedrela odorata (CO), Tabebuia rosea (TR)) that are located in Central Panama.
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The DBH was estimated from TLS point clouds with the cylinder-fitting method and tree
height was derived with the difference of the highest and lowest point in the point cloud.
The results of this study will show the ability of 3D point clouds generated by TLS to
analyze two tree variables of planted tropical species. Thus, it can be determined whether
there is the potential to analyze other stem variables, such as the branching structure, taper,
and crown displacement. By evaluating these variables, an attempt can be made to answer
other ecologically important questions, such as the influence of increased tree species

diversity on the external stem quality defined by the extent of the latter named variables.

2.2 Materials and methods

2.2.1 Study site

This study uses data from the experimental tree plantation in Sardinilla, central
Panama (9°19°30"N,79°38°00"”"W) (Figure 1). The Sardinilla experiment is one of the 26
experiments of the Tree Diversity Network (TreeDivNet). The network aims to examine
the relationship between tree species diversity and ecosystem functioning in major forest
types around the world. The main objective of the experimental site in Sardinilla is to
investigate complex relationships between biodiversity, land use, and tropical ecosystem
function, with a focus on biogeochemistry and plant health. Specifically, the experiment
was established to find out how higher species richness (SR) affects the cycling and
storage of carbon. The study site has been the main location for several studies. Among
others, the influence of tree species diversity on plant productivity, biomass accumulation,

carbon sequestration potential, and carbon cycling have been analyzed (Potvin 2011).
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Figure 1 Map of the main plantation, showing the 22 plots of the plantation and location of the
experimental site in Sardinilla, Panama (Status 2017)

The site consists of two sub-experiments: the main plantation, which was
established in 2001, and one high diversity plantation, which was established in 2003.
Both plantations have species that are of local economic and ecological value. They were
selected based on their growth rates (ranging from fast-growing to slow-growing species)
as follows (Scherer-Lorenzen et al. 2005): fast-growing: Luehea seemannii (LS), Cordia
alliodora (CA); intermediate-growth: Anacardium excelsium (AE), Hura crepitans (HC);

slow-growing: Cedrela odorata (CO), Tabebuia rosea (TR).

The high diversity plantation consists of 8 plots that have 6, 9, or 18 species each
(Potvin 2011). The main plantation which was used in this study consisted initially of 24

plots which were distributed as follows: 12 monoculture plots, six plots of different 3-
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species mixtures, and six plots of 6-species mixtures (Figure 1). Each three-species
mixture consisted of one fast-growing pioneer species (LS), or one intermediate growing
species (AE or HC), and one slow-growing and shade-tolerant species (TR or CO)
(Schnabel et al. 2019). However, during the first years, the species CA suffered from high
mortality rates (> 90%), probably because of compacted and undrained soil or root
destruction by herbivorous beetle larvae (Healy et al. 2008; Potvin and Gotelli 2008;
Sapijanskas et al. 2013; Schnabel et al. 2019). This explains that the species CA was
completely excluded from this study. In total, we analyzed 210 trees that were dispersed

on 22 plots, consisting of 10 monoculture plots and 12 plots with 2, 3, 4, or 5 species.

2.2.2 TLS data

The data collection, as well as the point cloud sampling, were carried out by Dr.
Matthias Kunz, from the Technical University of Dresden. The following description and
the section on TLS Data Processing are based on a personal communication from Dr.
Kunz dated from the 13" August 2019. The TLS data were collected between May 29%
and June 8", 2017. The atmospheric conditions during the scanning were dry and windless
with temperatures of about 25°C. The data collection was performed with a RIEGL VZ-
400i terrestrial laser scanner (RIEGL Laser Measurement Systems GMBH, Horn, Austria)
with full-waveform analysis capabilities. This means that the scanner can record the signal
of the entire reflected laser pulse (Bretar et al. 2008). Detailed specifications of the system

are given in Table 3.
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Table 3 Specifications of the RIEGL VZ-400i TLS device

Variable Value
Range finder Phase-shift
Wavelength (nm) 1550
Return type Single-pulse
Maximum measurement range (m) 800
Range accuracy (mm) 5
Spot size at exit 6.5 mm
Beam divergence/footprint size 0.35 mrad
Acquisition rate (humber of measurements /s) | 500000
Field of view (vertical) 100°
Field of view (horizontal) 360°
Weight including battery (kg) 9.7

The angular scan resolution describes the maximum degree, vertically and
horizontally, that the laser pulses exit the scanner (Blunt and Mokole 2016). For this study,
the angular scan resolution was set to 0.04 degrees. It corresponds to a point sampling
distance, i.e. the distance between two adjacent points in the point cloud (Zhang et al.
2016), of around 7 mm at a 10 m distance. The laser pulses exit the scanner with a
wavelength of 1550 nm. To achieve better canopy penetration of each scan pulse, the scan
frequency was set to 600 kHz with activated online waveform processing. The plots were
scanned with a multi-scan mode. This mode creates point clouds by scanning plots twice
or more (Thies and Spiecker 2004). In our case, each plot was scanned 16 times. Each plot
was 10 m apart. The horizontal field-of-view was 360° and the vertical field-of-view was
130°. To scan the total canopy cover, one scan in an upright orientation and one scan with
90° tilt of the scanner were performed at each position. Because each tree was captured

from several locations, complete capture of the 3D tree structure can be guaranteed.
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2.2.3 Field data acquisition

Field data acquisition was carried out by Dr. Joannes Guillemot, from the
Universidade de Sao Paulo. The following description is based on personal
communication from Dr. Guillemot, dated 5" December 2019. In parallel to TLS data
acquisition, field inventory data was collected between May 31% and September 14™
2017. The tree height was first measured with a Vertex clinometer (Vertex 1V, Haglof
Company Group, Lensele, Sweden) and then, with a measuring tape after felling the tree.
The DBH was estimated from the measured circumference at 1.30 m with a diameter-

measuring tape.

2.2.4 TLS data processing

RiSCAN Pro software (version 2.6.29) was used to register the point clouds and
to extract individual target trees. The registration was conducted after applying a multi-
station-adjustment (MSA), with plane patches. The MSA combines the results of several
scans to optimize the final outputs. To do so, it manipulates the orientation and position
of each scan in several iterations to calculate the best overall fit (Wilkes et al. 2017). The
scans were conducted within a relative registration accuracy of 3 mm. For each target tree
point cloud, a quantitative structure model (QSM) (Akerblom et al. 2017) was derived,
using TreeQSM (version 2.30) program in Matlab software 2017 (The MathWorks, Inc.,
Natick, Massachusetts, United States). QSMs are geometric primitive models that
accurately represent the branching structure, geometry, and volume of trees (Raumonen
et al. 2013). The circular cylinder was used as a geometric primitive in the case of trees.

The model is constituted by a local method in which the point cloud is covered with small
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surface patches. The neighbor-relations and geometrical features of the patches allow
reconstructing the details of a tree (Raumonen et al. 2013). To cover the full appearance
of each tree multiple patch sizes were applied, depending on the size of the tree stem
element (e.g. branching size) (Akerblom et al. 2017; Fang and Strimbu 2019). The
following QSM parameters were used (Akerblom et al. 2017; Smith et al. 2014): minimum
patch size: 20 mm, 30 mm; maximum patch size: 40 mm, 50 mm, 60 mm; relative cylinder
length (length/radius) : 3, 4, 5; relative radius for outlier removal: 3, 4. The relative radius
for the outlier removal was computed for each point of the cloud as the number of
neighboring points inside a specific range. If a point has less than a particular number of
neighboring points it is removed from the point cloud (Hackenberg et al. 2015). To get
the best fitting results, 10 QSMs for each tree were computed, and the model with the
lowest deviation between the cylinder model and the point cloud was selected as the final

QSM model.

Using the QSM of each tree, the tree height and DBH were estimated as follows.
The tree height was derived as the difference between the lowest and highest points of the
individual tree point cloud (Zmax-Zmin). DBH was computed by using geometric
primitives (in our case, cylinders) describing each tree. Each geometric primitive setting
up a QSM contains specific information, about the cylinder’s dimensions which can be
derived to make statements about the stem variables. The radius of the cylinder at 1.30 m

of a QSM was used to calculate the DBH of each tree.
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2.2.5 Estimation accuracy

The accuracy of the TLS-derived DBH and tree height was assessed by comparing
these values to the measured ones using a graphical approach performed with the “ggplot”
package of R (R Core Team 2017; Wickham and M. Wickham 2007). We also compared
statistically the two types of measurements using a linear regression modeling approach
in R (R Core Team 2017). The accuracy of the regression line was determined with the
coefficient of determination (R?) and RMSE. For this analysis, we only used the stems
classified as "single stem”. Indeed, there are forked trees in the dataset that were
considered as "multi stems". Each "stem™ or branch of the forked trees was considered as
one stem and measured individually without tagging it permanently. Since the TLS data
and the field data were collected by two different persons, it was not possible to determine
which stem of a forked tree belonged to the same tree in both data sets. The regression
analysis was done using two approaches. In the first one, outliers were not identified. In
the second one, before performing the regression analysis, outliers were identified using
Cook’s distance method (Cook 2000) and then removed. This method is used in regression
analysis to detect influential outliers in a set of predictor variables. Cook’s distance
method measures the observation’s leverage and the residual values of each data point.
The higher these values are, the higher is Cook’s distance. Data points with high values
exceeding the set threshold are considered as influential and should be removed. The

threshold is defined as “4/Number of observations” (Cook 2000).
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2.3 Results

2.3.1 DBH

79 trees were used to assess the accuracy of the DBH measurement with TLS. The
tape-based DBHs and DBHs derived from the TLS point clouds correlate significantly (R?
=0.95, p <0.001). The RMSE of the DBH estimations with outliers is 1.95 cm (Figure 2;
Table 4). After applying Cook’s distance method on the entire data set, 7 trees were
recognized as influencing the regression quality. They correspond to observation number
#1 (0.06),# 2 (0.07), #51 (0.11), #62 (0.06), #65 (0.27), #69 (0.054) and #75 (0.09). Their
Cook’s distance exceeded the threshold distance of 0.05 (Figure 3). When analyzing the
DBH values of these influencing trees, it was noticed that their TLS-derived DBHs differ
significantly from the DBHs measured with a tape. When these trees were removed, the
level of significance slightly rose (R? = 0.97) and the RMSE improved as well (RMSE =

1.42 cm) (Figure 4; Table 4).
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Figure 2 Comparison between tape-measured and TLS-derived DBHSs with the outliers

Table 4 Statistics for the comparison between TLS-derived and field-measured DBH before and
after removing outliers from the dataset

Statistics | With outliers | Without outliers
R? 0.95 0.97
p-value <0.001 <0.001
RMSE (cm) 1.95 1.42
N 79 72
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Figure 3 Cook’s distance plot for DBH datasets, showing 7 outliers that have a Cook’s distance
value above the threshold. The observation numbers of these outliers are marked in red on the
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Figure 4 Comparison between tape-measured and TLS-derived DBHSs, after applying the outlier
removal
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2.3.2 Height

The accuracy of height measurements with TLS, compared to the trees that were
measured with tape after being felled was evaluated for 92 trees. When the outliers were
considered, the tape measurements correlated moderately (R? = 0.78) with the TLS data.
The corresponding RMSE is 2.32 m (Figure 5; Table 5). After applying Cook’s distance
method (Cook 2000) on the height data set of the single stems, the following 5 trees were
recognized as influencing the regression quality: observation number #11 (0.09), #12
(0.43), #15 (0.19), #17 (0.09), and #63 (0.12), because their Cook’s distance exceeded the
threshold of 0.04 (Figure 6). When they were removed, the R2 increased to 0.96, and the

RMSE value improved as well (1.05 m) (Figure 7; Table 5).
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Figure 5 Comparison between tape-measured and TLS-derived tree heights with the outliers
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Table 5 Statistics for the comparison between TLS-derived and field-measured tree heights before

and after removing outliers from the dataset

Field method | Statistics With Outliers | Without Outliers
Tape R? 0.78 0.96
RMSE (m) 2.32 1.05
p-value <0.001 <0.001
N 92 87
Vertex R? 0.71 0.94
p-value <0.001 <0.001
RMSE (m) 2.82 1.62
N 89 83
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Figure 6 Cook’s distance plot for the tape tree height datasets, showing 5 outliers that have a
Cook’s distance value above the threshold. The observation numbers of these outliers are marked

Observation Number

in red on the plot (#11, #12, #15, #17, #63)
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Figure 7 Comparison between the tape-measured and TLS-derived tree heights after applying the
outlier removal

We also compared the TLS-derived tree heights with those measured with a Vertex
(Haglof Company Group, Lensele, Sweden). Out of 92 trees, 89 trees were measured with
a Vertex. Three trees could not be measured because of their low height. The TLS-based
tree heights also correlated moderately to the Vertex-measured tree height. When the
outliers were considered, the Rz was 0.71 and the RMSE was 2.82 m (Figure 8;Table 5).
Cook’s distance method (Cook 2000) allowed identifying the 6 following outliers:
observation number #11 (0.08), #12 (0.32), #13 (0.06), #15 (0.28), #17 (0.08), and #60
(0.09), because their Cook’s distance exceeded the threshold distance of 0.04 (Figure 9).
When they were removed from the dataset, the R? value increased (R? = 0.94) and the

RMSE improved (RMSE = 1.62 m) (Figure 10;
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Figure 10 Comparison between the Vertex -measured and TLS-derived tree heights after applying
the outlier removal

2.4 Discussion

In this study, the accuracy of TLS measurements for estimating DBH and tree
height of tropical tree species plantations located in Panama was investigated. Even
without filtering outliers in the dataset, the field measurements were well correlated with
the values derived from the TLS data. Both the cylinder adjustment method for DBH and
the "Zmax-Zmin" method for tree height gave accurate results. We achieved an R? of 0.95
and an RMSE of 1.95 cm for DBH. For the tree height, the accuracy was better when the
tree height was measured with the tape compared to the Vertex. The corresponding R?

was 0.78 (tape) and 0.71 (Vertex) and the RMSE was 2.32 m (tape) and 2.82 m (Vertex).

When outliers were removed using Cook’s distance method (Cook 2000), the
results improved. We achieved an R? of 0.97 and an RMSE of 1.42 cm for DBH. For the

tree height, the R? was 0.96 (tape) and 0.94 (Vertex) and the corresponding RMSEs were
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1.05 m (tape) and 1.62 m (Vertex). The accuracy of our DBH and tree height estimations
were comparable with those reviewed of Table 1 and Table 2. Our results indicate that
DBH and heights of tropical tree species in plantations can accurately be measured using

TLS data. However, the influencing outliers must be identified and eventually removed.

In our case, the observed outliers led to over- or underestimations with the TLS
data due to noise in the TLS measurements. These disturbances can have several causes.
Thin branches, for example, can cover a scanned tree. Tree point clouds can also have
holes, which are the result of large, and dense branching structures covering a tree trunk
(Bournez et al. 2017). The point cloud quality which influences the accuracy of the
estimates also depends on several measurement error types (Bournez et al. 2017). There
are instrumental, environmental, and methodological errors (Grussenmeyer et al. 2018).
Instrumental errors are related for instance to the distance between trees and the scanning
stations, the number of stations, or the setting of the scanner. Environmental errors can be
due to adverse weather conditions, such as wind. The wind moves the leaves and the
resulting scans can produce a lot of noise in the point clouds. Methodological errors may
occur in the various processing steps of the point cloud. Registration, segmentation, and
sampling techniques can also have effects on the quality of the estimation (Bournez et al.

2017).

2.5 Conclusions

This study investigated the accuracy of DBH, and tree height estimations derived
from TLS data in the case of five planted tropical tree species located in Sardinilla,

Panama. After identification and removal of the influencing data points, a deviation from
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the field measurements of less than 2 cm was achieved for the DBH. For the tree height a
deviation from the field measurements of less than 2 m was achieved. These results show
that the estimation of these two important tree parameters can be reliably measured from
TLS point cloud data, even for tropical stands. Furthermore, this study shows the potential
of accurate tree assessments with TLS data that can be used to derive other tree variables
to answer broader ecological questions, such as the influence of mixed species on the
external stem quality. Our results were obtained on a limited dataset and for only 5 tropical
species. There is a need to test the method on larger datasets, with additional tree species,
and on plots with increased age classes. Also, the method was tested underplanting
conditions at a specific location. It should be tested on trees from natural regeneration

and/or in a natural forest.
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Chapter 3: Relationship between tree species diversity and external
stem quality

3.1 Introduction

In times of changing climatic conditions, a lot of research is conducted on the
possibilities to mitigate its impacts on forest ecosystems around the world. A frequently
analyzed possibility is the establishment or promotion of mixed-species forest stands. In
recent years, the effects of heterogeneous forests on individual trees in terms of vitality
and productivity have been widely studied (Bauhus et al. 2017; Benneter et al. 2018;
Forrester and Bauhus 2016; Ruiz-Benito et al. 2014; Schnabel et al. 2019; van de Peer et
al. 2018; Vila et al. 2013). Most of these studies showed a positive influence on biomass
productivity and stability. Besides biomass productivity, the commercial value of wood is
one of the main interests of most forest owners. Nevertheless, fewer studies have been
conducted in this area of biodiversity research in recent years (Knoke 2008). One reason
may be that forest owners are unsure about the economic value of stands consisting of
multiple tree species. They need to be sure that their income and the economic value of
their forests are secure. Although the commercial value of low-value wood products such
as pulp, paper, and firewood can be improved by increasing tree species diversity, their
production is still not as profitable as the production of high-quality wood due to increased
biomass productivity. This explains why considering only biomass productivity is not
sufficient to properly determine the influence of tree mixtures on the economic value of
forests. Therefore, one must be sure that increased species richness (SR) improves or at
least does not affect the production of high-quality wood (Benneter et al. 2018).
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Furthermore, forest managers need to know how to handle the mixtures to generate
economic income and produce high-quality wood in mixed forests (Benneter et al. 2018;
Dhubhdin et al. 2007). However, it is difficult to define wood quality that is universally
applicable, as wood quality is described as "the suitability of wood for a particular end-
use" (Macdonald and Hubert 2002). This means that the quality of wood depends on the
intended use of it. Whether a stem is suitable for the desired end-product (e.g. veneer or
solid wood products), depends on several external stem variables, which can be used to
define the stem quality (Pretzsch et al. 2017). These external stem quality variables do not
necessarily correlate with the lumber quality. However, it is more likely that a tree with a
higher stem quality will produce high-quality lumber than a tree with a low stem quality

(Sterba et al. 2006).

A common approach in forestry to determine the stem quality is to classify the
stems according to grading classes, such as the A, B, C, D grades (e.g. (European
Commission 1997, 2008a, 2008b). Such grading systems exist in several regions of the
world. However, depending on the region, the quality classification may be different due
to different tree species, growing conditions, and timber markets. Given the species used
for this study, there are no defined quality grading schemes that could be used to classify
trees as a function of the analyzed stem variables. Furthermore, our study used data from
an experimental plantation, where there is no need for a grading system such as in regular
forestry practices. One might assess the log quality using internal variables such as fiber
length, wood density, discoloration, or decay (Harkonen et al. 2009; King et al. 1998;

Wang et al. 2009) but this requires using sophisticated scanning systems such as X-rays

40



scanners (Tomazello et al. 2008; Wei et al. 2011). In this study, the log quality is assessed

using a simpler approach that is based on external stem quality variables.

As defined below, these external stem quality variables include among others
number of branches, branch length, branch diameter, taper, crown displacement, and the
number of stems per tree or forks (Drobyshev et al. 2007; Maltamo et al. 2009; Thies et
al. 2006). Branches, which are directly attached to the main stem are called first-order
branches (Umeki and Seino 2003). Their number and dimensions, are among the most
influential factors for stem quality (Grace et al. 1998; Hein 2008; Kint et al. 2010; Kuehne
et al. 2013; Struck and Dohrenbusch 2000; Weinreich 2000). Indeed, they determine the
extent the knotty core in the stem, which is particularly important for the most valuable,
lower part of stem, typically the first 5 - 6 m, which may represent 90 % of the tree’s value
(Baar 2005; Bary-Lenger and Nebout 1993; Sardin 2008). Small branch dimensions allow
successful shedding, and rapid occlusions and thus higher quality timber (Kint et al. 2010).
By contrast, the occurrence of dead or living branches may lead to the degradation of the

entire log (European Commission 1997).

Trees with multiple stems are classified into the lowest grading classes (European
Commission 1997, 2008a, 2008b). Due to their shape and the internal wood
characteristics, such trees are complicated to process in sawmills. Depending on the height
at which a tree splits into several stems, one could also speak of forked stems. There are
two types of forks in trees: true and false forks. False forks develop when two stems grow
simultaneously and begin to develop mutual growth rings. They are often caused by bunch

planting, thinning, or unmaintained natural regeneration. True forks result when at least
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two stems grow out of the same bole (Richter 2016). This type of forking is usually caused
by a genotypic predisposition (Viherd-Aarnio and Velling 2008). Both types are
considered as wood defects, as they significantly affect wood quality. Forked trees tend
to break more easily under physical forces, such as storms or under snow pressure.
Additionally, the risk to crack during logging is higher. These stems have a decreased
effective length for high-quality sawing wood. In general, the produced lumber of these
stems has an inferior quality. The formed crotch between the “fork” risks to be filled with
water and this, in turn, may lead to decay. When small trees produce multiple stems, they

present often a crooked basis and tend to produce reaction wood (Richter 2016).

The taper of a tree stem is another external stem quality variable. Taper is defined
as the rate of decrease of the trunk diameter with increasing height from the ground to the
top of the tree (Burkhart and Tomé 2012). The degree of taper of a log plays an important
role in the efficiency of wood processing and thus in the potential market value (Knauft
2004). Taper has a significant effect on the recovery rate and on the dimensions (length
and size) of the lumber that can be acquired from a stem (Mengesha et al. 2015). Through
taper, the timber volume of a stem is reduced (Pyorala et al. 2019). Moreover, stem taper
may be an indicator of certain internal wood properties, such as specific cellular conditions
(Lindstrom 1996). For instance, trees with increased diameter dimensions and long live
crowns present increased tapering and increased proportions of juvenile wood in the
xylem (Fabris 2009; Lindstrom 1996). Compared to matured wood, juvenile wood has
lower wood density and higher microfibril angle in the secondary cell-wall middle layer.
This condition leads to lower strength and stiffness (Burdon et al. 2004; Pyorala et al.

2019). Tapering in tree stems results from changes in diameter increment along with the
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stem and height growth over time. The increase in height and diameter of trees is due to
their annual growth through the expansion of the roots and shoots and thickening of the
trunks and roots (cambial growth). Climatic fluctuations, site quality, and various tree and
stand parameters (tree and stand age, crown size, canopy closure, species, and stand
density) may have an impact on both types of increment (Gray 1956; Larson 1963;

Muhairwe 1994).

Crown displacement, the distance between the crown centroid and the stem base
(Brisson 2001), may also influence stem quality. Crown displacement may be provoked
through the interaction with neighboring trees or environmental factors, such as wind. The
adaptable growth pattern of trees enables the targeted allocation of plant biomass to
resource-rich areas, optimizes energy production and in many cases reduces competition
between neighbors (Brisson 2001; Longuetaud et al. 2008; Vovides et al. 2018). Wind
may also have an impact on a tree’s morphology (MacFarlane and Kane 2017; Telewski
and Jaffe 1986). It is capable of producing an asymmetry in the shape of a tree comparable
to the asymmetry resulting from the active adaptation of trees in response to their
neighbors (Vovides et al. 2018). By adapting the alignment of a tree’s crown or by the
constant exposure to wind, the risk for sweep in the stem increases (Sellier and Fourcaud
2009). Sweep describes the deviation of the log center from the perfect vertical center
(right angle to the ground) (Pyorala et al. 2019). Such as taper, the sweep reduces the
timber volume (Taylor and Wagner 1996; Yerbury and Cooper 2010). Additionally, stem
sweep has an important impact on log quality. It has been linked to an increased content
of reaction wood (Rune and Warensj6 2002). Both types of reaction wood (compression

and tension wood) have a specific cell structure and chemical composition that differ
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significantly from those of normal wood (Pereira et al. 2003). The extent of reaction wood

reduces the stem quality and its potential economic value.

All these tree variables are influenced by the tree's phenotype, which depends on
the tree’s genotype and the environmental conditions (Pretzsch and Rais 2016).
Depending on the origin of the trees, i.e. planted seeds or natural regeneration, the
genotype is defined by the origin of the plant or of the seeds (White et al. 2007). Besides
the available resources and environmental factors, the environmental conditions are

strongly linked to the surrounding stand structure (del Rio et al. 2016).

With regards to the environmental factors and the extent to which they influence
stem variables, there is always competition for available resources in forest stands
between neighboring trees (Cannell and Jackson 1985). Trees compete for water,
nutrients, light, and growing space (Bockstette et al. 2018; Fernandez-Tschieder and
Binkley 2018). The latter two are the most frequently mentioned and the most clearly
identified influencing factors (Howler et al. 2017; Pretzsch and Rais 2016; Rock et al.
2004; Sonderman 1985). The phenotype of the tree and the degree of competition
determine how a target tree reacts to surrounding neighboring pressure. As a response to
pressure from neighbors, trees adapt their stem form, growth pattern, and even their
branch-development (e.g. (Dordel et al. 2010; Jucker et al. 2015; Pretzsch and Rais 2016)).
By developing more branches, trees try to reach additional space to guarantee sufficient
leaf illumination (Forrester et al. 2012). Regarding stem branchiness, stand density is a
regulating factor. Thinning, namely the reduction of stand density, has a recognizable

positive effect on the level of branch formation (Benneter et al. 2018).
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Taper, stem straightness, and crown architecture are other stem variables, which
are influenced by the structural heterogeneity of the stand (Benneter et al. 2018). Target
trees must adapt their stem and crown form to ensure that they can keep their position in
the upper canopy. Shading by surrounding trees can have a positive effect on the branch-
free bole length of target trees. Neighboring trees reduce illumination on targeted stems,
which promotes self-pruning and reduces the probability of branch formation. This leads
to trees with an increased branch-free bole length and fewer large knots. Moreover, the
higher the competitive power of a focal tree, the higher could be its diameter at breast
height (DBH), compared to the mean DBH of its neighbors, the more extended would be
its crown (Lang et al. 2010). This effect was observed in various studies that focused on
different tree species (Simard and Zimonick 2005). It allows target trees to assert

themselves in the competition for light and space.

As has already been said, light availability and growing space are the most named
factors, influencing stem variables, such as branchiness, taper, stem curvature, crown
form, and DBH. Both factors are characterized by the level of interaction and competition
from tree to tree. It depends on the tree species, to what extent a tree reacts to these factors,
as well as on the environmental conditions, on how a tree can react to assert its position
in the canopy. The development of the optimal species mixture requires investigations at
the single-tree level. Immediate tree neighborhoods must be investigated and evaluated

(Benneter et al. 2018).

Trees that grow together with different species are influenced by their direct

neighborhood (Benneter et al. 2018). The combination of species-specific architectural
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features and site conditions determine the morphology and growth dynamics of a
particular target tree (Howler et al. 2019; Ratcliffe et al. 2015). An analysis at the
neighborhood level provides insight into the individual development of tree quality and
the influence of diversity between species. Based on the extent of the external stem
variables (number, diameter, and volume of first-order branches, taper, crown
displacement, and occurrence of multiple stems per tree) conclusions can be drawn as to
whether species and structural diversity influence the development of the external stem

quality.

Although a lot of research has been done on this topic, there is a general lack of
information on how external stem quality of trees may change with increasing structural
and species diversity (Bauhus et al. 2017), particularly in the case of tropical tree species.
This is the purpose of this study which has as a hypothesis, that the external stem quality

of trees decreases with increasing tree species richness and structural diversity.

3.2 Materials and methods

3.2.1 Experimental design
The data for this study was acquired from the experimental tree plantation in
Sardinilla, central Panama (9°19°30""N,79°38°00""W). Details of the location and

characteristics of this experimental tree plantation are given in Section 2.2.1 of Chapter 2.

3.2.2 TLS data processing and calculation of external stem quality variables
The terrestrial laser scanner (TLS) data collection, as well as the point cloud
sampling, were carried out by Dr. Matthias Kunz from the Technical University of

Dresden. The following description and the section on TLS data processing are based on
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a personal communication from Dr. Kunz dated from the 13" August 2019. The details
on the technical specification of the laser scanner are given in Section 2.2.2 TLS data.2 of
Chapter 2. The TLS data processing was performed using RiSCAN Pro software (version
2.6.29) that registers the TLS point clouds and extracts individual target trees. The
registration was conducted after applying a multi-station-adjustment (MSA), with plane
patches. The MSA combines the results of several scans to optimize the final outputs. It
allows manipulating the orientation and position of each scan in several iterations for
calculating the best overall fit (Wilkes et al. 2017). The scans were conducted within a
relative registration accuracy of 3 mm. For each target tree point cloud, a quantitative
structure model (QSM) (Akerblom et al. 2017) was derived using TreeQSM (version 2.30)
program in Matlab software 2017a (The MathWorks, Inc., Natick, Massachusetts, United
States). QSMs consist of multiple geometric primitives that accurately represent the
branching structure, geometry, and volume of trees (Raumonen et al. 2013). The circular
cylinder was used as a geometric primitive in the case of trees, to represent the QSMs.
Geometric primitives are defined by the shape of extracted objects from a point cloud.
There are among others cylindrical, planar or linear primitives (Xu et al. 2017). The model
is constructed by a local method in which the point cloud is covered with small surface
patches. The neighbor-relations and geometrical features of the patches allow
reconstructing the details of a tree (Raumonen et al. 2013). To cover the full appearance
of each tree, the following QSM parameters were used (Akerblom et al. 2017; Smith et al.
2014): minimum patch size: 20 mm, 30 mm; maximum patch size: 40 mm, 50 mm, 60
mm; relative cylinder length (length/radius) : 3, 4, 5; relative radius for outlier removal:

3, 4. The relative radius for the outlier removal was computed for each point of the cloud
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as the number of neighboring points inside a specific range. If a point has less than a
particular number of neighboring points it is removed from the point cloud (Hackenberg
et al. 2015). To get the best fitting results, 10 QSMs for each tree were computed, and the
model with the lowest deviation between the cylinder model and the point cloud was

selected as the final QSM model.

In Chapter 2, Section 2.3.1 and Section 2.3.2, 13 outliers were identified on the
DBH and tree-height data sets using Cook's distance method (Cook 2000). To avoid
misleading results of the following stem variable analyses, these 13 trees were left out of
the rest of the study. Since their DBH and height values are substantially different from
the baseline values, it is likely that their associated TLS measurements will not reproduce
external stem quality variables that are accurate enough. For the remained trees, the
following external quality variables (number, volume, and diameter of first-order
branches, taper, crown displacement, and occurrence of multiple stems per tree) were
estimated using the QSM model of each tree, following Kunz et al. (2019). First, the point
cloud representing a tree is segmented into the stem and individual branches. From this
segmentation, the topological branching structure, i.e. the branching order, is defined. The
number of first-order branches was determined by simply counting the number of
cylinders representing first-order branches. The diameter of each branch was determined
by using the radius of each cylinder. The branch diameter per tree was the mean diameter
of all first-order branches. The branch volume was determined using the dimensions of
each cylinder representing a first-order branch. Their sum gave the volume of all the first-

order branches of a tree.
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The calculation of the crown displacement was based on the tree’s position and the
centroid of the crown projection area in the XY plane. A tree’s position was extracted
from the QSM corresponding to the lowest position of the first fitted cylinder into the tree
stem. The centroid of the crown projection area was extracted from the centre of the alpha-
shape polygon forming the crown, which is determined by the shape of a specific set of
points (Edelsbrunner et al. 1983). It is formed by the projection of all crown-determining
points into the XY plane. The alpha-shapes were computed in R (R Core Team 2017) with
the alphahull and alphashape3d packages respectively (Lafarge et al. 2014). The alpha-
values were set to 0.3 which resulted in closed two- and three-dimensional polygons
without holes. Using the XY position of a tree and its crown centre, the crown
displacement can be calculated by simply using the theorem of Pythagoras and
normalizing it over the length of the stem. The latter, the presence of low forks, or the
presence of multiple stems per tree, was assessed visually. Either a tree had multiple stems

or not, which was noted as a binary variable (0 or 1).

The taper was calculated following Pyorala et al. (2019), who defined taper as the
“difference between the averaged log top-end over-bark diameter and over bark diameter
at 2/3 length of the log, divided by the length of the log”. Due to the low mean tree height
(10.6 m), the taper was calculated as the difference of DBH and the stem diameter at half
tree height, divided by the stem length. This approach gives a good insight about the

vertical stem development of the studied trees.
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3.2.3 Indices of species and structural diversity

To make statements about the degree of structural and species diversity, as well as
their influence on the external stem quality variables, a set of species diversity and
structural diversity indices, have been used (Table 6). Both types of indices have been
calculated for each tree’s neighborhood (the 8 immediate neighbors of each target tree).
The choice of indices, the workflow to model the diversity-quality relationships, and the
data of the target trees’ neighbors are based on the work of Schnabel et al. (2019), who
analyzed the productivity and stability of the trees, located on the same experimental site.
Multiple structural indices were used because previous studies have shown, that the choice
of indices may have a strong impact on the outcome of a study (Danescu et al. 2016;

Schnabel et al. 2017).

Table 6 lists the species diversity and structural diversity (SD) indices that were
used in the study. The indices were calculated at the neighborhood level. Species diversity
was quantified as SR, i.e. the number of tree species in the neighborhood of a subject tree.
SD was quantified as a function of tree heights and basal area diversity using: (i) The
standard deviation (sd), (ii) the coefficient of variation (CV) and (iii) the Gini coefficient
(GC; (Gini 1912) of tree height and basal area. The GC ranges from 0 to 1, sd from 0 to
o and CV from 0 to % (Lexergd and Eid 2006). The GC is a measure of heterogeneity.
It was originally applied by economists to evaluate wealth and income inequality between
people (Lexered and Eid 2006; Sen 1973). Later, it has been applied as a measure of size
hierarchies in plant populations (Weiner and Solbrig 1984). The values of the coefficient
are bound between 0 and 1 and are therefore easy to interpret. The minimum value of zero

indicates that all trees are of equal size. The maximum value of “one” results, when in an
50



infinite population all trees except one, have a value of zero (Lexergd and Eid 2006). The

GC quantifies the deviation from perfect equality. To calculate this coefficient, all trees

have to be ranked by size in ascending order. The higher the index values, the higher the

SD.

Table 6 Species diversity and structural diversity indices used in this study.

S, (n-1)sh;

Category Index Acronym and equation Mean Range
(*)
Species diversity Species richness Richnesss = N 2 0-5
Structural diversity Standard sdsa = sd(BA) 192.57 0.00-529.66
(BA) deviation (cm?)
Coefficient of CVea= 100 x 3224 73.20 0.00-171.77
variation (%) o
Gini coefficient GCan= Z}L;(Z*j—n—l)*BA,- 0.43 0.00-0.88
YL (n—1)+BA;
Structural diversity Standard sdn = sd(h) 402.25 | 0.00-917.52
(height) deviation (cm)
Coefficient of CVi= 100 % 3% 29.36 0.00-84.95
variation (%) "
Gini coefficient GCh= Yj=q(2%j—n—1)*h; 0.18 0.00-0.48

* All variables and indices were calculated per tree neighborhood (alive, immediate neighbors). Richnesss describes the

number of different species in the immediate neighborhood of a focal tree. Xz, and x;, are the mean tree BA (cm?) and

height (h) (cm), j is a tree’s rank in ascending order from 1 to n, BAj is the basal area, and h; is the height of the tree with

rank j.

Additionally, a tree’s competitive environment was modeled via the following

competition indices: (1) The total basal area of the neighborhood (BAN), (2) The total

basal area of all trees larger than the target tree (BAL), and (3) the target tree’s dominance,

which was calculated by:
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Dominance = 1 — (L * BAL) 1]
B BAN

In the case of multi stems, the basal area (BA) of a target tree was calculated as
the total basal area of all its trunks. Other species diversity studies have shown strong
relationships between the response variables (e.g. productivity, stability) and tree growth
(Benneter et al. 2018; Howler et al. 2017; Schnabel et al. 2019). It is recognized that the
indices used only partially reflect the overall forest structure, i.e. species diversity and
variation in tree diameters and heights, as well as the measurement of certain aspects of
diversity, such as variation and inequality (Schnabel et al. 2019). Other aspects of forest
structure that may be considered for other types of questions are, for example, ground

vegetation, regeneration, or stand density (Franklin 1986).

3.2.4 Modelling the drivers of diversity-quality relationships

Linear-mixed-effects models (LMM) were used to get an insight into the drivers
of the diversity-quality relationship for several continuous stem variables, such as first-
order branches per stem length, diameter, and volume of first-order branches, taper and
crown displacement. The number of branches was converted into first-order branches per
stem length to produce data with a normal distribution, which can be used in an LMM.
Indeed, the LMMs that are used to model continuous data, assume that the data is normally
distributed and the response variable is a linear function of fixed and random effects
(Callister et al. 2011). The occurrence of multiple stems per tree was modelled with
general-linear-mixed-effects models (GLMM). The variable was handled as a binary trait
(0, 1). Binary data is not normally distributed and has to be treated differently with a
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GLMM using a logit link function (Callister et al. 2011; Zuur et al. 2009). The different

plots were modeled as nested random effects. The first step to test whether species

diversity or structural diversity or a combination of both affect stem quality, was to build

a null model of each stem variable without any diversity index, as well as a series of

models, each containing one diversity component. The development of the models follows

the stages which were proposed by Zuur et al. (2009) and adapted by Schnabel et al.

(2019):

. Specification of a null model without diversity indices.

. Optimizing the fixed structure (fixed effects) in the presence of the previously

specified null model.

. Testing diversity indices. Species and structural diversity indices were added

one by one and were evaluated after their index performance via an
information-theoretic model selection framework based on Akaike weights
(AW) (Burnham and Anderson 2002; Schnabel et al. 2019; Whittingham et al.
2006). AW was computed to determine which index had the highest relative
likelihood only where multiple SD indices were significant (Schnabel et al.

2019).

. Building the final diversity model with the highest-ranking species diversity

and structural diversity index determined in Step 3. Both types of indices were

included in one single model.
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Due to the non-normal distribution of the response variables, transformations were
performed on some continuous variables. A Box-Cox transformation (Box and Cox 1964)
was performed on the branch diameter and branchiness values. A log-transformation
(Feng et al. 2014) was performed on the crown displacement values. A Tukey
transformation (Tukey 1957) was performed on the taper and branch volume values.
Moreover, Spearman’s Rho was calculated, when both SR and SD indices were
significant, to determine their correlation. Only non-collinear predictors (Spearman’s rho
< 0.6) were included in the models. All the model predictors have a variance inflation
factor for mixed models of less than 5. After Dormann et al. (2013), both thresholds are a
conservative choice (Schnabel et al. 2019). For all the models, following (Nakagawa and
Schielzeth 2013), we computed a marginal R? (R%n) to assess the variance explained by
the fixed effects in the model and a conditional R? (R%) to assess the variance explained

by the random effect (plot) and the fixed effects in the model.

3.5 Results

3.5.1 Number of first-order branches

By analyzing the drivers for the number of first-order branches, no diversity index
(SR nor SD) showed a significant influence. However, BA as a non-diversity growth
predictor as well as the dominance, and BAL as a non-diversity competition predictor had
highly significant effects on the number of first-order branches (p < 0.001). The
branchiness rose with increasing BA (Figure 11), but decreased with growing BAL
(Figure 12) and growing dominance (Figure 13). The marginal R? (R%») value showed that

12 % of the variance could be explained by the fixed effects of the model. The conditional
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R? (R?%) value showed that 23 % of the variance could be explained by the random effect

(plot) and the fixed effects, i.e., BA, and dominance (Table 7).

Table 7 Significant SR and SD indices, fixed effects, correlation statistics, AW of highest-ranking

index and model fits for each stem variable

Variable SR SD | Additional fixed | AWsp | Rho | R?m | R%
Index | Index effects

Branchiness ns* ns BA, Dominance, / / 0.12 | 0.23
BAL

Branch diameter | Richness | CVh | BA, BAN, BAL / 029 | 054 | 0.64

Branch volume | Richness | CVh | BA, BAN, BAL / 029 | 0.65 | 0.77

Crown ns CVBa BA, BAN / / 0.21 | 0.40

displacement
Taper ns ns BA, BAN / / 0.25 | 0.35
Multi stems Richness | CVhi BA, BAL 0.96 0.3 0.31 | 0.87

* Not significant (ns)
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Figure 11 Influence of the individual basal area on the number of first-order branches
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Figure 12 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)
on the number of first-order branches
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Figure 13 Influence of the dominance of focal trees on the number of first-order branches

3.5.2 Diameter of first-order branches

SR had a significant effect (p < 0.001) on the diameter of first-order branches
(Table 7). CVea and CVy affected the diameter of first-order branches also significantly
(p <0.001). By comparing the AW of both indices, CVh had the highest AW (0.24) and
was kept as the most influencing SD index. In mixed stands, species LS, AE, CO, and HC

presented a linear decrease of branch diameter by comparing their monocultures. The
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mean diameters of TR did not differ between their monocultural and multi-specific stands
(Figure 14). In contrast to SR, SD impacted AE, LS, and CO differently. With increasing
SD, the mean branch diameters increased linearly. TR and HC showed no variation in

mean diameters (Figure 15).
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Figure 14 Influence of the species richness on the diameter of first-order branches
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Figure 15 Influence of the structural diversity (CVy) on the diameter of first-order branches

As a non-diversity growth predictor, BA had a significant effect on the branch
diameter (p < 0.001). With increasing BA, the branch diameter increased as well (Figure
16). Dominance had no significant effect on the null model and was rejected as a non-
diversity factor for competition. In contrast, the BAN and BAL had a significant effect on
the branch diameter (p < 0.001). The branch diameter increased with an increasing BAN

(Figure 17) but decreased with an increasing BAL (Figure 18). The marginal R? (R2y)
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value showed that 54 % of the variance could be explained by the fixed effects and 64 %

by the combination of random effect and fixed effects (R%) (Table 7).
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Figure 16 Influence of the individual basal area on the diameter of first-order branches
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Figure 17 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
diameter of first-order branches
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Figure 18 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)
on the diameter of first-order branches

3.5.3 Volume of first-order branches

SR had a significant (p <0.001) impact on the branch volume (Table 7). Regarding
SD indices, sdsa and CVh had a significant (p < 0.001) influence on the branch volume.
Among these two SD indices, CVy had a higher AW (0.94). All species presented a linear
decreasing trend between the branch volume and SR (Figure 19). Species LS, AE, and HC

showed the strongest decrease in branch volumes with increasing SR. However, with
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respect to SD indices (Figure 20), species LS, AE, CO, and TR showed a linear increase
of branch volume with increasing CVh. For species HC, CVh did not influence the branch

volume.
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Figure 19 Influence of the species richness on the volume of first-order branches
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Figure 20 Influence of the structural diversity (CVh) on the volume of first-order branches

BA had a significant effect on the branch volume (p < 0.001) and was kept as a

non-diversity growth factor. With increasing BA, the branch volume increased (Figure

21). BAN affected the null model significantly (p < 0.001) and was kept as a factor

accounting for the competition of a focal tree’s neighborhood. When considering all the

neighboring trees together (BAN), branch volume increased (Figure 22). However, branch

volume decreased with increasing BAL (Figure 23). The marginal R? (R?y) value showed



that 65 % of the variance could be explained by the fixed effects and 77 % by the

combination of random effects and fixed effects (R%) (Table 7).
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Figure 21 Influence of the individual basal area on the volume of first-order branches
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Figure 22 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
volume of first-order branches
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Figure 23 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)
on the volume of first-order branches

3.5.4 Crown displacement

Species richness (SR) of the 8 immediate neighbors of a focal tree had no
significant impact on the crown displacement. Concerning the SD indices, only CVga has
a significant (p <0.001) influence. No SD index computed with the tree height impacted
the crown displacement. Crown displacement rose linearly with CVga for of species LS,

but decreased for the other species (Figure 24).
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Figure 24 Influence of the structural diversity (CVsa) on the crown displacement

As a non-diversity growth predictor, BA significantly (p < 0.001) impacted the

crown displacement and was kept as a fixed effect (Table 7). BAN has also a significant

effect (p < 0.001) and was kept in the model as a non-diversity factor considering the

competition (Table 7). Crown displacement decreased logarithmically with BA (Figure

25) but increased linearly with BAN (Figure 26). The marginal R? (R%y) value showed

that 21 % of the variance could be explained by the fixed effects (Table 7). The conditional
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R? (R2%) value showed that 40 % of the variance could be explained by fixed and random

effects together (Table 7).
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Figure 25 Influence of the individual basal area on the crown displacement
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Figure 26 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
crown displacement

3.5.5 Taper

To measure the taper, 23 trees had to be removed from the dataset, because they
were not high enough to measure the taper properly (see Section 3.2.2). The SR and SD
indices showed no significant influences on the stem taper (p > 0.05) (Table 7). Other non-
diversity factors, such as BA (p <0.001) and BAN (p <0.001), showed significant effects

on stem taper (Table 7). The stem taper increased logarithmically with BA (Figure 27) but
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decreased linearly with increasing competition from a focal tree’s neighbourhood (BAN)
(Figure 28). The marginal R? (R2m) showed that 25 % of the variance could be explained
by the fixed effects. The conditional R? (R2) showed that 35 % of the variance could be

explained by fixed and random effects together (Table 7).
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Figure 27 Influence of the individual basal area on the stem taper
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Figure 28 Influence of the basal area of the trees in the neighborhood of focal trees (BAN) on the
stem taper

3.5.6 Multi stems

SR showed a significant impact on the occurrence of multi stems (p = 0.007). As
shown in Figure 29, species LS, TR, and AE had an increasing tendency to form multi- or
forked stems with increasing SR. Species CO presented a decrease in the occurrence of
multi stems with increasing SR. HC showed no changes in the occurrence of multi stems

with increasing SR. None of the SD indices computed for BA showed significant
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influences on the occurrence of multi stems (Table 7). For the SD indices computed with
the tree height, CVh presented a significant effect (p < 0.001) and the highest AW (0.96)
(Table 7). By contrast to AE, species LS, CO, HC, and TR showed a decreased multi-stem

occurrence with one of the SD indices (CVh) (Figure 30).
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Figure 29 Influence of the species richness on the probability of the occurrence of multi stems
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Figure 30 Influence of the structural diversity (CVy) on the probability of the occurrence of multi
stems

Other non-diversity factors, such as BA (p < 0.001) and BAL (p = 0.001),
presented significant effects on the occurrence of multi stems (Table 7). The occurrence
of multi stems increased logarithmically with BA (Figure 31) and linearly with increasing
competition from a focal tree’s larger neighbors (BAL) (Figure 32). The marginal R? (R?m)

value showed that 31 % of the variance could be explained by the fixed effects. The
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conditional R? (R2:) value showed that 87 % of the variance could be explained by fixed

and random effects together (Table 7).
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Figure 31 Influence of the individual basal area on the probability of the occurrence of multi stems
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Figure 32 Influence of the basal area of the larger trees in the neighborhood of focal trees (BAL)
on the probability of the occurrence of multi stems

3.6 Discussion

For this study, external stem quality variables were analyzed for five tree species
(Anacardium excelsum, Luehea seemannii, Hura crepitans, Cedrela odorata, Tabebuia
rosea) as a function of species diversity and structural diversity indices. In particular, we
hypothesize that the external stem quality decreases with increasing species diversity and
structural diversity. Table 8 lists external stem variables and species with their associate
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growing rate, for which the hypothesize has been confirmed. Although the influence of
SR significantly influenced the extent of the branch dimensions (diameter and volume)
and the occurrence of multi stems, the hypothesis was only confirmed for the latter
variable and only for the species LS, AE, TR (Table 8). With increasing SR, the branch
dimensions remained constant or decreased (Figure 14; Figure 19), while there were no

significant influences on the number of branches, crown displacement, and the taper.

Table 8 List of external stem variables and species with their associate growing rate, for which
the hypothesize has been confirmed

Index type External stem quality variable Species

SR Occurrence of multi stems LS (fast-growing),
AE (intermediate),
TR (slow-growing)
SD Branch diameter LS (fast-growing),
AE (intermediate),
CO (slow-growing)
Branch volume LS (fast-growing),
AE (intermediate),
CO (slow-growing),
TR (slow-growing)
Crown displacement LS (fast-growing)

Occurrence of multi stems AE (intermediate)

The SD indices were those that confirmed the most the hypothesis as they had the
most frequent negative impact on external stem quality (Table 8). This is especially true
for the branch diameter and volume for LS, AE, and CO and for the branch volume for
TR. For the branch dimensions, the hypothesis was confirmed whatever the growing rate
of the species (fast-growing, intermediate, slow-growing). The hypothesis was also
confirmed for the crown displacement for species LS and for the occurrence of multi stems
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for species AE. In the cases where the hypothesis could not be confirmed, either the
influence of the diversity index on the quality variables was not significant such as for the
taper, or because the variable did not change or decreased with the index, such as for the

influence of SR on the branch diameter and volume.

In this study, we used the same SD indices as in Schnabel et al. (2019). These
indices can be considered as measures for canopy complexity (Danescu et al. 2016;
McElhinny et al. 2005). In multi-specific stands, the canopy complexity is often seen as a
strong influencing factor of forest productivity (Forrester and Bauhus 2016) because of
tree-to-tree interactions (Schnabel et al. 2019). Because the results of this study indicate a
strong relationship between SD and external stem quality variables, the canopy
complexity may therefore also have an important effect on these external stem quality
variables. The SD indices used here were calculated using stem basal area and/or tree
height data, and represent architectural differences and plastic changes in the crown shape.
This is in agreement with former studies conducted on the experimental site in Sardinilla,
which concluded that the architectural niche separation, the plastic changes in the crown
shape, and temporal niche differentiation between species pushed by different leaf
phenologies enhance light capture efficiency and consequently productivity (Sapijanskas
et al. 2014; Schnabel et al. 2019). Our results show that fast-growing species and
intermediate species are most likely negatively affected by SD. These effects might be
caused by an increased crown exposure to wind and radiation, compared to their shade-
tolerant neighbors (Schnabel et al. 2019). Such effect has previously been shown

elsewhere for species in mixtures with increased heights (Vitali et al. 2018).
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We also showed that additional non-diversity factors, such as BA, dominance,
BAL, or BAN have highly significant interactions with external stem quality variables.
These findings are in agreement with Benneter et al. (2018), who concluded that tree size
and competition are part of the main factors for stem quality development and the extent
of quality-determining variables. Crown displacement was the only stem variable, which
was positively related to BA. With increasing BA, crown displacement decreased. The
values of the other stem variables increased with increasing BA. This effect may be due
to the ability of trees with larger dimensions, to claim their position in the upper canopy
(Schroter et al. 2012). By contrast, trees of smaller sizes must respond with higher crown
plasticity to claim their position in the canopy. The size of a focal tree was negatively
related to branching and branch dimensions in relation to stem quality. With increasing
BA, branching and branch dimensions rose as well. These trees have used their increased
growing space and superior competitive position to expand their crowns accordingly,
which results in longer and thicker branches (Huuskonen et al. 2014). With regards to the
taper, trees with a higher BA showed higher taper values. Tapering of the stem form is an
architectural variable of the stem shape and is measured by the difference between two
diameter values divided by the height of a tree or a relative value for stem length (Burkhart
and Tomé 2012). Since tapering and BA are functions of tree diameter, their values will

likely increase simultaneously (Sun et al. 2016).

Considering the non-diversity factors counting for competition, the dominance of
a focal tree to its neighbors was only significant for the number of first-order branches.
With a growing level of dominance of a focal tree, branchiness decreased. This can be an

effect of shading by the immediate neighbors of a tree. The more dominant a tree is, the
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more surrounding trees shade its lower stem and less radiation reaches these areas. This
effect decreases the likelihood, to produce branches at the lower part of the stem (Benneter
et al. 2018). Another reason for the effect induced by the dominance could be that
dominant trees are ahead of the growth and development of their neighboring trees. This
means that these trees have had more opportunity to shade branches in the lower parts of
their stems, which leads to a die-off of these branches. It is rather an effect related to the
development of the tree and indirectly to its dominance. There is also the possibility that
more dominant trees have the same number of branches as their neighbors, but that the
green- and dead branch zones are higher. A similar significant effect as that of dominance
on the branchiness can be observed by considering BAL as a competition factor. When
BAL increased, the branchiness decreased. Neighboring trees with high BA can close
canopy gaps. Such closure blocks the radiation reaching smaller focal trees. This decreases
the likelihood that focal trees start forming branches and thus shows that competition is
one of the most important factors for achieving branch-free stems (Benneter et al. 2018).
Since the two variables for branch dimensions, i.e. diameter and volume, are correlated
their response to competition was similar. With an increased level of competitive pressure
from the largest neighbors, the branch diameter and volume decreased. Since the number
of first-order branches was lower even at higher BAL levels, shading by the largest
neighbors prevents the formation of branches and the expansion of their dimensions
(Benneter et al. 2018). Branches that develop on the lower parts of the trunk will likely

die-off after a certain period because of the poor light conditions.

Crown displacement rose, with increasing levels of BAN. This can be explained

by the increased pressure of neighboring trees on the target tree. The larger the
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surrounding trees are, the more a focal tree will have to avoid that competition. This occurs
through crown plasticity and orientation of the crown into canopy gaps. This effect leads
to a deflection of the crown from the trunk centreline and also to the formation of larger
branches on one-sided crowns, which can lead to a sweep and a decrease in stem quality

(Vovides et al. 2018).

The reduction of competition, through proper management activities, such as
thinning, increases taper. Because of lower competition, trees tend to have longer crowns,
which allows them to take-up an increased amount of resources. By that, trees concentrate
their radial increment to the lower parts of the stem, which results in taper and swollen
sections of the stem (Muhairwe 1994; Pape 1999). In situations where competition is
increased, trees tend to form shorter crowns, which hinders excessive resource uptake
(Thorpe et al. 2010). Hereby, the likelihood to form neiloid stem shapes is lower
(Muhairwe 1994). In such situations, the tree focuses more on height and diameter
increment, to be able to compete for the needed resources. This leads to more cylindrical

stem shapes (Pinkard and Beadle 1998).

The occurrence of multiple stems per tree was significantly influenced by the
competition of the larger neighbors of a target tree. The pressure on target trees raises as
the largest surrounding trees gain in size. Unfortunately, no real evidence for this effect
could be found. However, genetic conditions of tree species seem to play an important
role in the likelihood to develop stems with multiple leaders (Callister 2013; Viheré-
Aarnio and Velling 2008; Xiong et al. 2014). Specifically, tropical tree species, such as

teak (Tectona grandis), tend to form forks, when for example the terminal bud dies either
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for genetic reasons, such as flowering, or spontaneous, by abiotic or biotic damages (Adu-
Bredu et al. 2008). Another effect, which could explain the increase of multi stems at
higher levels of competition, could be the side pressure from the largest surroundings.
Leading stems suffer under the pressure of larger-sized neighbors, which may lead to their
die-back. This condition is frequently followed by the formation of forks, due to the
development of multiple branches as leading branches. This effect is similar to the growth
pattern observed in temperate forests, where snow pressure or wind breakage of the
leading part of the trunk and trees force the trees to form a new crown as quickly as
possible (Adu-Bredu et al. 2008; Weng et al. 2015). This function is then often taken over

by multiple branches, resulting in forks.

Despite significant relationships determined with the LMM and GLMM, diversity,
tree growth, and neighborhood-competition explained, in general, a small proportion of
variability. The model-fit values considering fixed-effects and random-effects
simultaneously are on average higher than 70 % for the branch dimensions. This means
that the extent of branch dimensions is strongly influenced by SD, individual growth, and
competition. Because the plots on which the trees were planted were considered as random
effects, the specific conditions of each plot played an important role as well. For the other
stem variables, the overall model fit was on average less than 46 %. It must be noted that
R2. for the occurrence of multi stems was 0.87 and its R?m was 0.31. This shows that the
plots have a high influence on the occurrence of multi stems. The dieback of shoots can
be caused by unfavorable site conditions, which results in the development of several
leading stems. The low model-fits indicate that additional factors may have an impact on

stem quality.
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Former studies carried out in Sardinilla suggest additional species-specific
properties (Schnabel et al. 2019), which may lead to the different responses related to the
tested stem variables. The study by Sapijanskas et al. (2014) concluded SR increases light
capture efficiency, leading again to increased productivity and hence may lead to
increased branchiness. Furthermore, this study only analyzed data from 2017, but the
observed external stem quality variables were also influenced by past competitive
pressure, which was not considered in the analysis. Other factors, such as genetics, soil,
climate, and environmental conditions, which may affect stem quality have not been
considered in this study, either. These could be additional reasons explaining the lack of

an explanation for the variation (Howler et al. 2017).

Overall, we showed that there is a tendency that fast-growing species and
intermediate species were most negatively influenced by diversity. LS and AE presented
the most frequently declining log qualities. Moreover, SD plays a more important role in
the negative diversity-quality relationship at the neighborhood scale. In the cases where
the hypothesis could not be confirmed, and where diversity was significantly related to
the analyzed external stem quality variable, positive quality-diversity relationships could
be observed. With increasing SR, the branch dimensions decreased. With increasing SD,
the crown displacement decreased, except for LS, and the occurrence of multiple stems
decreased, except for AE. Furthermore, the strong quality-size and quality-competition
relationships underline the highly influential role of tree neighborhoods on diversity,
which have also been recognized in the diversity-productivity relationships (Forrester and

Pretzsch 2015; Schnabel et al. 2019; Stoll and Newbery 2005).
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3.7 Conclusions

In this study, we analyzed the influence of several species and structural diversity
indices on six external tree stem quality variables, i.e., the number of first-order branches,
diameter, and volume of first-order branches, crown displacement, taper and the
occurrence of multiple stems per tree in the case of a plantation situated in Panama. The
plantations are made of a mixture of five tropical tree species (Anacardium excelsum,
Luehea seemannii, Hura crepitans, Cedrela odorata, Tabebuia rosea). The growth rates
of the tree species range from fast-growing to intermediate to slow-growing. Both types
of diversity indices influenced external stem quality variables. Structural diversity indices
influenced stem variables more often than the species diversity index. The external stem
quality variables of fast- and intermediate growing species are the most negatively
affected by the structural diversity indices. For the variables, where the species diversity
was highly influential (branch dimensions), the extent of the variables declined with
growing diversity or stayed constant at one level. Increased species richness showed an

increase in its rate only for the occurrence of multiple stems.

Our study also showed the importance of neighborhood competition and individual
tree growth for the studied external stem quality variables, comparable to the results of
former studies working on other diversity relationships (Benneter et al. 2018; Howler et
al. 2017; Schnabel et al. 2019). However, low variation explanation values show that not
only diversity, growth, and competition influence the studied external stem quality
variables. Other factors such as climate, soil, and genetics may also influence growth and

stem development, as shown in previous studies (Howler et al. 2017; Sapijanskas et al.
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2013; Sapijanskas et al. 2014). Our study focuses on tropical tree plantations and it would
be interesting to perform the same analysis on other forest types, such as boreal and
temperate forests. Our results were obtained on young plantations. Further studies are
needed to do the same analysis on forests with increased age classes, with trees having

larger dimensions, to have a higher range of variation in the relationships.

For the future management of tropical plantations, the results of our study suggest
that care should be taken when selecting the species to be planted together. Their specific
growth patterns, as well as the strategies they use to deal with interspecific competition,
can be crucial for external stem quality development. Tree-by-tree mixing could be one
alternative approach, instead of group plantation, for establishing new plantations
(Schnabel et al. 2019; van de Peer et al. 2018). To avoid economic losses, the individual
species should be further analyzed to what extent they behave when mixed with other

species. This is especially true for the studied species, which were rarely studied so far.
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Chapter 4: Conclusions

This study aimed to analyze the relationships between species and structural
diversity indices and external stem quality variables in the case of a tropical experimental
tree plantation. The plantation consists of 5 different tree species, with diverse growing
rates. The external stem quality variables were derived from terrestrial laser scan (TLS)
data. The first part of this thesis assessed the ability of TLS-derived point clouds to
measure the diameter at breast height (DBH) and the tree height. The TLS-derived values
were well correlated to DBH and tree height values measured in the field with

conventional methods.

Because of the high accuracy of the TLS data, we were able to trust the values of
other external stem variables, crucial for stem quality, such as the number of first-order
branches, diameter and volume of first-order branches, crown displacement, taper and the
occurrence of multi stems. These external stem variables were further analyzed in the
second part of this study. The second part consisted of an analysis of the relationships
between these external stem quality variables and species and structural diversity indices.
It was difficult to see whether species diversity, structural diversity, or both together
mainly influenced the studied stem variables. However, we observed the tendency that
fast and intermediate growing tree species were most negatively affected by structural
diversity. Increased species richness was only consistently favorable for the extent of
branch dimensions, regarding external stem quality. Species of all ecological types
benefited from a higher species diversity and showed lower branch dimensions compared

to their monocultures. Other growth factors that are not related to diversity also showed

95



influential relationships with the studied stem variables, such as growth and competition.
For example, there was no significant relationship between any diversity type and the stem
taper. However, individual tree growth and competition induced by the neighborhood of
a tree were strongly related to taper. This suggests that forest or plantation managers
should focus on the interactions between trees whilst acknowledging the impact and the
type of diversity for specific stem variables. However, we found that the factors linked to
the neighborhood-level interactions were critical to understand the relationships between
external stem quality variables and species or structural diversity indices. Therefore,
further research is necessary to comprehend tree-tree interactions in detail, especially for
the analyzed exotic tree species (Anacardium excelsium, Luehea seemannii, Hura
crepitans, Cedrela odorata, Tabebuia rosea). Moreover, overall low levels of variation
explained by the model fits indicated that the tested effects only have a small influence on
the external stem quality variables. Other factors such as climate, soil, and genetics may
also influence growth and strain development, as previous studies have shown (Howler et

al. 2017; Sapijanskas et al. 2013; Sapijanskas et al. 2014).

Our study is a contribution to the field of research on diversity ecology in tropical
tree plantations and the estimation of forest structure variables by TLS. Given the
excellent accuracy of the DBH and the tree height estimations derived from the TLS point
cloud, the other extracted stem variables from the TLS data should be of good quality as
well. Further studies investigating the capabilities of the TLS for forest inventory purposes
should test the process on elevated age classes to see if stem variables with larger
dimensions can be equally accurately assessed. We analyzed the diversity-quality

relationships with data collected in mixed tropical plantations and future research is
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needed to perform similar analysis in other forest types, such as in mixed boreal and

temperate forests.
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