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ABSTRACT

This thesis presents a new method, Real Twig, to correct volume overestimation in small
branches and twigs in quantitative structure models (QSM). Twigs are the smallest above-ground
woody structure on a tree and contain delicate tissues used in growing new woody material,
leaves for photosynthesis, and fruits for reproduction. Remote sensing with terrestrial laser
scanning (TLS) can capture the unique branching structure of trees with millions of indirect
measurements stored as a three-dimensional point cloud. QSMs are cylinder models fit to tree
point clouds that define a tree’s branching structure as a topological network of cylinders,
providing non-destructive estimates of total tree volume and surface area. However, TLS cannot
accurately resolve fine details in a tree, specifically twigs, due to physical limitations of TLS
sensors, causing the twigs to be much larger in the point cloud than they are in the actual tree.
Since QSMs are built from point clouds, the twigs represent a large source of whole-tree volume
overestimation directly proportional to the total twig volume in the tree, with error often double
the tree’s actual volume, even with the current best correction methods applied.

The thesis results show the Real Twig method drastically outperforms all the current best
correction methods, by combining direct twig diameter measurements with dynamic taper
models to produce visually realistic QSMs that overcome deficiencies in TLS sensor technology.
The results show a drastic reduction in QSM volume overestimation, with total tree volume
consistently within + 10% of the real tree. The results also show that TLS data collection must be
optimized around the species-specific twig diameter measurement. Finally, a detailed description
of the method, a novel database of twig diameter measurements, and tools for QSM
visualization, manipulation, and the calculation of QSM-based tree metrics, can be found in an

open source R package called rTwig.
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CHAPTER 1

INTRODUCTION



1.1 The Importance of Twigs

Twigs are the smallest above-ground woody structure on a tree and are responsible for
many important biological functions, including the housing of meristematic tissue used for new
twig growth, leaf production for photosynthesis, fruit production for reproduction, and protection
from the elements during the dormant season (Flint, 1972; Wiegand, 1906). Twigs have been
infrequently studied for functional and structural traits in different species (Rosell et al., 2015;
Yao et al., 2015), their importance in supporting diverse plant communities (Lamit et al., 2014),
or indirectly studied in general tree allometry and fractal architecture as a function of branch
length or volume (Koyama et al., 2017; MacFarlane et al., 2014). Due to the difficulty of
measuring twigs directly, which can number into the thousands on a single branch and are
considered the key to understanding tree growth and structure (Wilson, 1989), little research has
been conducted on the importance of twig diameters across different species and how this relates
to branch architecture and branch tapering. Given the importance of twigs, it is critical to
improve methods to not only measure twigs in a consistent and biologically meaningful way, but
also consider twigs in holistic tree modeling.
1.2 Remote Sensing and Twigs

Terrestrial laser scanning (TLS), a form of active remote sensing capable of recording
millions of data points at a single scan location, has cemented itself as an efficient way to
quantify forest structure without the need for destructive measurements (Calders et al., 2020;
Malhi et al., 2018). Following efficient scanning patterns with an appropriate TLS sensor during
optimal environmental conditions can yield highly detailed point clouds of individual trees and
forest stands as a snapshot in time, including branches and twigs > 30 meters above the ground

in the upper canopy (Wilkes et al., 2017). Since tree point clouds are captured as a snapshot in



time, the growth or loss of twigs and branches can be consistently monitored over time with
repeated scans in known locations (Calders et al., 2020; Newnham et al., 2015). Tracking
changes in new twig growth and secondary growth with TLS can improve on existing allometric
models for above ground biomass and carbon estimation (Calders et al., 2022; Kaasalainen et al.,
2014; Muumbe et al., 2021).

1.3 Quantitative Structure Models and Twigs

Quantitative structure models (QSM) are used to transform point clouds of trees into an
efficient format for quantitative analysis. QSMs represent the topology of a tree as a connected
network of cylinders, with the cylinder length, orientation, and radius estimated directly from the
input point cloud (Fan et al., 2020; Hackenberg et al., 2015; Raumonen et al., 2013; Wilkes et
al., 2021; Yang et al., 2024). While TLS can precisely and efficiently measure points on trees,
the points that are recorded on small diameter parts of a tree, such as small branches and twigs,
are overestimated to varying degrees depending on the TLS sensor used. The three main reasons
for overestimation include wind noise, beam divergence, and co-registration errors (Demol et al.,
2022; Lau et al., 2018; Seidel et al., 2012; Wilkes et al., 2017, 2021), all of which are current
limitations of TLS sensor technology.

When small branch and twig points (approximately < 5—7 centimeters in diameter) are
used in QSMs, the resulting cylinder radii are overinflated, leading to total tree volume
overestimation several orders of magnitude larger than known reference volume (Demol et al.,
2021, 2022; Wilkes et al., 2021). Any metrics that include QSM small branch and twig cylinders,
such as volume, surface area, and branch taper, will be incorrect and unrealistic. There have been
several attempts to correct and mitigate this problem, including mathematical taper functions and

allometric scaling theory (Hackenberg & Bontemps, 2023; Raumonen et al., 2013; Wilkes et al.,



2021), but such solutions either include the overestimated cylinders in the taper function, or
exclude real information about twig sizes to generalize the correction for all tree growth forms
and species. Currently, no satisfactory method exists to overcome small branch and twig
overestimation from point clouds using QSMs.

1.4 Thesis Intent and Outline

This thesis seeks to explore real twig measurements to better understand the limitations
of current TLS technology and its ability to accurately resolve twigs from tree point clouds. We
collected as many real measurements on trees as possible to better inform modeled branch taper
from quantitative structure models. The goal was to provide a systematic and unbiased method to
measure tree twigs across a wide range of genera and use these twig measurements to improve
non-destructive volume estimates of trees with QSMs. We wanted to create a method to model
QSM branch tapering that is holistic and non-statistical by incorporating tree-specific allometry
and real measurements (i.e., the twig diameter measurements) directly into our model.

Chapter 1 is the introductory chapter and lays the foundation of why twigs are important
and describes the issues associated with measuring twigs directly. Chapter 1 also describes the
background on inflated twig diameters from remote sensing, due to technological limitations of
measuring twigs indirectly, and the volume overestimation associated with using these
measurements in QSMs. Chapter 2 provides a systematic and unbiased protocol for measuring
twig diameters and describes our Real Twig method. Chapter 2 also provides best practices for
QSM generation, presents our findings using the Real Twig method, and discusses why twig
measurements of real trees are critical for precise and accurate QSM volume estimates. Chapter
3 describes our R package, rTwig, which contains our database of twig diameter measurements

and tools for correcting volume overestimation in QSMs. Chapter 3 also provides detailed



examples on how to use the package, including implications of the method. Finally, Chapter 4
discusses the implications of the Real Twig method and how laser scanning methods and sensor
technology affects indirect twig measurement. We also discuss best practices for laser scanning

trees and twigs based on our findings and current literature.
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CHAPTER 2

REDUCING TREE VOLUME OVERESTIMATION IN QUANTITATIVESTRUCTURE
MODELS USING MODELED BRANCH TOPOLOGY AND DIRECT TWIG
MEASUREMENTS



Abstract

Quantitative Structure Models (QSMs) are fit to tree point clouds to represent the
topology of trees as a network of cylinders. QSMs allow for the calculation of metrics difficult to
measure without destructive sampling, including total tree volume. Current limitations in TLS
technology make small branches difficult to accurately resolve, overestimating small branch
volume in QSMs, which can translate into overestimation of tree biomass. We present a new
method called Real Twig to correct overestimated small branch and twig cylinders in QSMs.
Real Twig differs from current methods by using twig diameters measured directly from
corresponding tree species to model a unique taper for every path in the QSM using the QSM’s
inherent branching topology, without relying on predefined mathematical or allometric
relationships. To test Real Twig, we generated QSMs for different sets of trees that had detailed
dry mass and density measurements obtained via felling after scanning. QSM-based biomass
estimates were obtained by multiplying the tree’s QSM-based volume estimate by the tree’s
specific basic density value. We trained our method with high-quality data consisting of five
northern red oak (Quercus rubra L.) and five red maple (Acer rubrum L.) trees, using two
different versions of TreeQSM, a widely used algorithm for generating QSMs. We further tested
our method on three publicly available datasets, including managed forests and large tropical
trees, collected with both phase shift or time-of-flight sensors. QSMs corrected with our Real
Twig method showed a very large improvement in tree biomass estimation, with a relative mean
error of -1.2%, a relative root mean square error of 10.5%, and a concordance correlation
coefficient of 0.999, compared to a relative mean error of 76.8%, a relative root mean square
error of 48.7%, and a concordance correlation coefficient of 0.982, when using the standard

outputs of TreeQSM.
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2.1 Introduction

Accurate estimates of total above ground biomass (AGB) are important to understand
how forests store carbon long term and respond to changes in atmospheric carbon dioxide
(Houghton, 2005). Since whole trees cannot be weighed while standing for AGB, allometric
equations are used to estimate AGB from simple variables, such as the diameter at breast height
(DBH) or total height of a tree (Vorster et al., 2020). The underlying data for allometric
equations typically requires destructive sampling, where trees are cut down and entirely weighed
to fit a predictive equation covering a range of size classes and growing conditions (MacFarlane
et al., 2014). However, destructive sampling is not only time consuming and expensive, but is
often not feasible for rare, threatened, or endangered tree species (Frank et al., 2019).

While there are some non-destructive approaches to estimate AGB (MacFarlane et al.,
2014; Montés et al., 2000), terrestrial laser scanning (TLS) has emerged as an efficient
alternative to destructive sampling over the past decade (Arseniou et al., 2023; Calders et al.,
2015a; Demol et al., 2022a; Disney et al., 2018; Holopainen et al., 2012; Stovall et al., 2017).
With TLS, single trees or forest stands can be captured as a series of three-dimensional
coordinates in space, known as a point cloud, enabling the computation of metrics traditionally
difficult or impossible to capture otherwise (Calders et al., 2020). Point clouds capture a
snapshot of a tree or forest stand at a specific point in time, making TLS well suited for forest
inventory (Liang et al., 2016). Since the technical measurement biases and limitations unique to
different laser scanning sensors are well documented and TLS can represent trees holistically
with millions of unique data points, TLS may be less susceptible to errors when compared to
traditional forest measurements (Calders et al., 2018; Calders et al., 2020). Moreover, because

large trees are often missing from destructive sampling data (Weiskittel et al., 2015), TLS may
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be more suitable to develop allometric models across a wide range of tree sizes and forest types
(Calders et al., 2022).

If the volume of a tree can be computed from a point cloud, AGB can be estimated non-
destructively, by multiplying tree volume by a measured or published tree (wood and bark)
density value (Arseniou et al., 2023). There are multiple approaches to calculate the volume of a
tree from its point cloud. One approach well suited for conifers is the Outer Hull Model, where
the point cloud is voxelized, woody material separated, and volume summed for the main stem
and branch components (Stovall et al., 2017).

A widely used approach is using a Quantitative Structure Model (QSM) (Fan et al., 2020;
Hackenberg et al., 2015a; Raumonen et al., 2013; Yang et al., 2024), which uses geometric
primitives to represent the tree’s topology from the point cloud. Using cylinders as a
fundamental building block allows detailed branch structural metrics, surface area, volume, and
other metrics to be easily calculated (Akerblom et al., 2017; Arseniou et al., 2021b; Terryn et al.,
2020), and individual main stem and branch volumes to be compared to reference measurements
to assess QSM accuracy. One QSM approach is breaking the point cloud into small segments of
points and using neighbor relationships to identify connected portions and bifurcations, where a
new branch and branch order begin at each bifurcation, and cylinders are fit to the points with
least squares iteration on a per branch basis (Raumonen et al., 2013). Alternate QSM approaches
may define the tree’s topology with a sphere following system to identify connected portions and
bifurcations (Hackenberg et al., 2015a) or use the point cloud itself to create an underlying
skeleton of nodes and internodes representing the tree’s branching structure (Yang et al., 2024).
Regardless of the method used, the accuracy of a QSM is always limited by the quality of the

point cloud data. Higher quality point clouds allow for better QSM topology and vice versa.
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When carefully modeled with proper topology, QSMs can show good agreement with
their reference destructive sampling data (Arseniou et al., 2023; Burt et al., 2021; Calders et al.,
2015a; Demol et al., 2021b; Momo Takoudjou et al., 2018). However, current TLS technology
struggles to accurately capture small branches and twigs in trees, due to beam divergence (the
widening of the laser beam footprint with increasing distance from the scanner), occlusion, wind
effects, and co-registration errors (Disney et al., 2018; Wilkes et al., 2017, 2021). QSMs
typically reconstruct oversized small branches and twigs, leading to a large volume
overestimation, often doubling the actual volume in branches <7 cm (Demol et al., 2021a;
Demol et al., 2022b; Hackenberg et al., 2015b; Wilkes et al., 2021). These TLS sensor
limitations are exacerbated as distance from the sensor increases, such that a decrease in point
cloud quality and poor resolution of fine branching structures causes QSM volume and radii
overestimation to increase drastically for small branches (Morhart et al., 2024). Any bias in QSM
volume translates directly to inaccuracy in biomass estimation.

There are several current approaches to deal with this small branch overestimation
problem. The first is to simply discard branches with a base cylinder diameter less than or equal
to the error threshold (Demol et al., 2021a; Gonzalez de Tanago et al., 2018). This approach
works well when only large branches are of interest, but necessarily omits part of the tree for
total tree volume or AGB estimates. Another approach is an allometric statistical correction
(Hackenberg et al., 2015a; Hackenberg & Bontemps 2023), where the cylinder radius is plotted
against a strong independent predictor variable, and a power function is fit to identify
overestimated cylinder radii with a user-defined confidence interval; any cylinder outside of this
interval is considered an outlier and the overestimated cylinder radii are corrected by moving

them to the predicted line. This generalized allometric correction approach assumes the
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allometry of the tree is self-similar throughout all parts of the tree. This assumption is unlikely to
be true, and it forces the tree to have a specific mathematical shape, regardless of whether this
reflects the real taper in different parts of the tree. A more refined solution was developed by
Raumonen et al. (2013), which adjusts the taper of each branch locally by constraining cylinders
in branches to be smaller than those in their parent branches, usually combined with a parabolic
model fit to cross-sections of the branch, which forces the branch to taper towards a fixed
minimum constraint. This has been employed in other studies with varying minimum constraint
sizes, with similar results (see, e.g., Wilkes et al., 2021). This approach significantly improves
branch tapering, but it does not constrain the branch to be realistic in size or consider the general
allometry of the tree (unlike the allometric approach described above) and can sometimes modify
the radii of larger cylinders that do not need correction.

Here, we present a new method called ‘Real Twig’ to correct inherent QSM small branch
and twig overestimation biases. The motivation behind Real Twig is to provide QSMs that are
not only realistic looking, but also have precise and accurate tree metrics. 1f the QSM closely
resembles its real-life counterpart, accurate tree metrics, such as volume, surface area, length,
and biomass, will naturally follow. We designed Real Twig with only one assumption about tree
architecture, namely that the twig is the smallest above ground woody building block of any tree
species. To this end, Real Twig improves upon previous approaches by correcting every cylinder
in a QSM using an allometric taper model uniquely fit to each path in a tree’s branching network,
constrained by the actual twig diameter measurement specific to the given tree species. Once the
twig diameter is given, our method is entirely automated, adaptable for different workflows, and
can be run on any QSM that provides topological relationships between cylinders. The results of

this study tested the effectiveness of combining species-specific, direct twig measurements and
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dynamic taper models throughout a QSM to overcome deficiencies in current TLS sensor
technology for use in tree modeling.
2.2 Methods
2.2.1 Real Twig

Real Twig differs from other QSM correction methods (described above) by using parts
of a QSM that are well modeled and adequately covered with laser points (e.g., large branches
and their cylinders) to inform the taper of poorly modeled parts (e.g., small branches and twigs)
down to the twig level. Unlike the approach of Hackenberg et al. (2015a), this approach does not
assume that every part of the tree tapers in the same way. Unlike the approach of Raumonen et
al. (2013), which uses only local information to adjust the taper of each branch, Real Twig
models every ‘path’ in a QSM from the base cylinder to each twig tip (Fig. 2.1b), where the
largest part of the tree is its base, and the smallest part is a twig that ends a path. Real Twig uses
a monotonic generalized additive model (GAM), which allows it to automatically incorporate
species-specific twig allometry into our corrected QSMs. The total number of paths is always
equal to the total number of twigs in the QSM, which can range from a few hundred for small
trees, to thousands in large trees. Twig radii can be easily and quickly measured on a tree and
provide tree or species-specific information to correct poorly modeled cylinder radii in a QSM.
Detailed step-by-step instructions for applying the Real Twig method and visualized results are

outlined in Figure 2.1.
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Figure 2.1 (a) Flowchart of the Real Twig processing steps and (b) an illustration of a
Quantitative Structural Model (QSM) for a European ash tree with a single “path” highlighted in
black. A path starts at the basal cylinder in the QSM and proceeds to a terminal twig; the number

of paths in the tree is equal to the number of twigs. (c) & (f) QSM cylinders without
modifications for a sessile oak and northern red oak tree. (d) & (g) QSM cylinders with
TreeQSM’s standard parent-child and parabolic tapering correction. (e) & (h) TreeQSM

cylinders corrected with Real Twig.
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The first step of the Real Twig method (see flowchart in Fig. 2.1a) is to ensure all parent-
child cylinder relationships are consecutively defined. This ensures that all paths in the tree, from
the base to each branch tip, can be successfully traced. We set the first cylinder (the base of the
tree) to have an index of one, and all the child cylinders are numbered in consecutive order based
on their parent-child relationships. The result is a QSM where the first cylinder index is the base
of the main stem, and the last cylinder index is equal to the total number of cylinders in the
QSM. We follow a similar procedure for the branches, where the main stem is defined as branch
one, and the rest of the branches are numbered consecutively until the last branch is reached. Our
definition of orders and branches follows the approach of TreeQSM, where a new branch begins
at a new branch order and ends at a twig tip (Raumonen et al., 2013).

Next, we calculate the ‘growth length’ of each cylinder, which is the length of a given
parent cylinder, plus the length of every child cylinder supported by the parent cylinder
(Hackenberg et al., 2015a; Hackenberg & Bontemps, 2023). We use the growth length parameter
because it can be matched to real measurements on a tree and does not contain any of the
cylinder radii errors we are trying to correct, unlike the ‘growth volume’, employed by
Hackenberg et al. (2015a). Growth length also identifies all twigs in a QSM, which will always
have a growth length equal to their cylinder length. We calculate growth length recursively for
each cylinder using the R (R Core Team, 2023) implementation of the igraph software package
(Csardi et al., 2023). For every cylinder we recursively identify all its child cylinders and sum
the length of these cylinders to get each cylinder’s growth length.

Next, we identify all paths in the QSM, from the base of the tree to each branch tip (Fig.
2.1b), using the igraph software package (Csardi et al., 2023). The total number of paths in a

QSM is always equal to the number of twig cylinders. Before we can model the path taper, we
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need to remove all poorly modeled cylinders (e.g., Fig. 2.1 c, f), whose radii will influence the

GAM taper. For every cylinder in each branch order in the path, we use the following filter.

Y=a/b/(c+1)

log (b)
Y, = 72
Y. «
3" log (b)

lower = IQR(Y,) * 1.5 - Q1
upper = IQR(Y,) 1.5 + Q3

[ =0,if Y, =lower andY, < upper,elsel =1

where a is the cylinder radius, b is the cylinder growth length, c is the branch order, Y1 is the
general cylinder pass, Y2 is the small cylinder pass, Y3 is the large cylinder pass, Q1 is the first
quartile, Q3 is the third quartile, I is a binary index, where 0 is a good fit, and 1 is a poor fit, and
all poor fits are removed before the next Yx filter. Only the cylinders that remain after this filter
are used in the next step. Y2 and Y3 are done separately for each branch order along the path,
while Y1 is done along the entire path.

Next, we run all the remaining good fit cylinders through a recursive taper filter, where
the it cylinder in the path can only be 1/ sqrt(i) larger than all cylinders before it in the path.
This allows for greater radii variation at the base of the path, and a very tight taper as we
approach the twig. The cylinders that remain following the taper filter are used to fit a monotonic

GAM.

18



Next, we check if the current path contains a broken branch (Fig. 2.1a). We need to check
for broken branches, because if we do not, the GAM will treat the last cylinder in the path to be a
twig, which will unrealistically taper the broken branch, resulting in a volume underestimation of
the broken branch. We define a broken branch as a first order branch with at most one second
order branch attached to it. If the criteria are met, we set the minimum cylinder size of the path to
be the last well fit first order branch cylinder. If there are not any well fit first order branch
cylinders, the minimum cylinder branch size is 25% smaller than the last first order cylinder
along the path.

Next, we fit a monotonic GAM to each path using the cobs R package (Ng & Maechler,
2007) and force the intercept of the model to be equal to our species-specific twig radius, or
minimum cylinder radius in the case of broken branches. For the model parameters, we set
lambda equal to 0.01, degree to 1, constraint to increase, and nknots to the number of good fit
cylinders minus one. If there are < 3 well fit cylinders in the path to model, we set the radius
equal to the species-specific twig radius.

Finally, we combine the cylinders from all paths together, and take a weighed mean for
each cylinder weighted by the cylinder radii. This is because the same cylinder can be in multiple
paths. Optionally, we allow for modelling of the main stem as its own unique path without
weighting the influence of the other paths, as the main stem is generally modeled well in QSMs,
assuming that the main stem is roughly circular and does not contain large buttress flares

(Arseniou et al., 2023; Demol et al., 2021b; Disney et al., 2018; Momo Takoudjou et al., 2018).
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2.2.2 Calibration Data for Real Twig - Harvard Forest Trees

We selected five northern red oak (Quercus rubra L.) and five red maple (Acer rubrum

L.) trees from a 2017 study in Harvard Forest (Petersham, MA, USA) to compare above ground

woody biomass from destructive sampling with estimates of aboveground woody biomass from

TLS-based approaches (Arseniou et al., 2023). The trees were healthy, covering a range of size

classes and canopy positions. The ten trees were in two separate plots called the “main” and

“north” plots, respectively, with the north plot located 30 meters NNE from the northeast corner

of the main plot. The main plot was a 50 x 50 meter square delineated using a measuring tape

and compass, with each edge aligned with the four main cardinal directions. The north plot was a

30 x 30 square delineated in the same way as the main plot. The ten trees were laser scanned in

leaf-off conditions, and then destructively sampled in leaf-on conditions for detailed main stem

mass, branch mass, and density measurements (Table 2.1).

Species Tree DBH Height Main Stem Basic Branch Basic Main Stem  Branch Total AGB
(cm) (m)  Density (g/cm?®) Density (g/cm® Mass (kg) Mass (kg) (kg)
Acer rubrum 1 28.7 227 0.496 0.515 301.2 81.8 383.0
Acer rubrum 105 76 110 0.536 0.476 15.8 15 17.3
Acer rubrum 126 218 231 0.464 0.596 217.8 254 243.2
Acer rubrum 133 119 134 0.573 0.525 46.4 111 57.5
Acer rubrum 181 10.7 16.9 0.569 0.510 44.8 10.2 55.0
Quercus rubra 1 36.3 21.6 0.492 0.592 596.6 212.6 809.2
Quercusrubra 36 193 21.2 0.530 0.611 157.1 15.6 172.7
Quercusrubra 75 323 222 0.551 0.609 443.8 197.4 641.2
Quercusrubra 234 26.7 235 0.543 0.583 353.2 47.3 400.5
Quercusrubra 251 50.3 24.1 0.551 0.600 1103.8 3135 1417.3

Table 2.1 Tree variables from destructively sampled trees from Harvard Forest in 2017. The

main stem basic density is an average of the wood and bark density taken from multiple disks cut

every four feet along the main stem. The branch basic density is an average of the wood and bark

density taken from disks cut at the midpoint of all first order branches. All mass and density

measurements are expressed on an oven dry basis.
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2.2.3 Harvard Forest Terrestrial Laser Scanning & Data Processing

Each plot was systematically scanned with a Riegl VZ-400 (a time-of-flight sensor) in
April 2017 during leaf-off conditions to minimize occlusion and maximize capture of the upper
canopy branches. All scans were taken at a wavelength of 1550 nm, pulse rates of 100 or 300
kHz, and an angular resolution of 0.04 mrad, with multiple discrete returns and waveform output
enabled. Given the sensor’s beam divergence of 0.35 mrad, the spacing between individual
points at 10 meters was approximately 6 millimeters. The main plot consisted of 48 scans total.
36 scans were taken inside the plot spaced 10 meters apart. Four additional scans were taken 25
meters from the plot edges along the four ordinal directions. The north plot consisted of 9 scans
total. One scan was taken in the plot center. Four scans were taken 10 meters from the plot center
in the four cardinal directions, while four scans were taken 21.2 meters from the plot center
along the four ordinal directions. The individual scans from all plots were co-registered into a
single point cloud using the Riegl RiISCAN PRO software with reference points being
retroreflective targets placed in the field. The individual trees were extracted from the forest
stand point cloud and down-sampled to a final resolution of 1.0 - 1.5 cm.
2.2.4 Harvard Forest Tree Measurements & Destructive Sampling

The ten trees were measured and destructively sampled in August 2017 during leaf-on
conditions (Table 2.1). Diameter at breast height (DBH) was measured on each tree at 1.37
meters from the highest point on the ground with a diameter tape to the nearest 0.1 cm. After the
trees were felled, the total tree height was measured from the base of the tree to the highest twig
with a measuring tape. The trees were divided into the main stem and branch components, where
the main stem progresses from the base of the tree and is the largest branch at each branching

junction until the top of the tree is reached. The remaining parts of the tree were classified as
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branches. The mass of the main stem and branch components were immediately measured with a
crane scale to capture their green mass. Disks were systematically cut along the main stem every
four feet, and from the midpoint of every branch larger than 2.54 cm in diameter. The disks were
immediately weighed to capture their green mass. The disks were peeled into wood and bark in
the lab and then oven dried to estimate dry mass and basic density for the wood and bark. The
basic density of each disk was calculated by averaging the basic density of the wood and bark.
Finally, the basic density of the main stem and branches was calculated by averaging the basic
densities of their corresponding disks. See Arseniou et al. (2023) for more details on the
destructive sampling protocol. Table 2.1 summarizes the tree measurements.

2.2.5 Other Data for Additional Validation of Real Twig

To validate our Real Twig method outside of our training dataset, we opted to use
publicly available datasets. These datasets were chosen to reflect how different processing
workflows can affect the generation of QSMs of trees from TLS point clouds, given varying
scanning conditions, point cloud quality, growing conditions, and tree size. The goal was to show
that Real Twig could be applied to a variety of tree data sets, without a priori knowledge of
destructive reference values.

The first dataset consists of 15 European ash (Fraxinus excelsior L.) trees, which were
destructively sampled in 2017, in Belgium, with detailed green main stem density measurements,
total green mass, total volume, and laser scanned in leaf off conditions with a Riegl VVZ-1000 or
VZ-400 scanner, which are both time-of-flight sensors (Demol et al., 2021a). These trees
represent high-quality point clouds, laser scanned under near-optimal conditions, to test our Real
Twig method. These trees represent a European even-aged management system, so tree variation

and form were significantly impacted by management (Fig. 2.1b).
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The second dataset consists of 12 Sessile oak (Quercus petraea L.) trees (Hackenberg et
al., 2015b). These trees were laser scanned in 2013 during leaf off conditions in Germany with a
Z+F IMAGER 5010c scanner, which is a phase-shift sensor. These trees were destructively
sampled to get basic main stem density and total dry mass. These trees represent poor-form trees,
with an abundance of epicormic sprouts, growing in a natural stand (Fig. 2.1, c, d, e). The trees
were also scanned under poor weather conditions, so the point clouds were observed to be
affected by wind and rain noise. These trees represent lower-quality point clouds, with quality
destructive sampling reference data, to test our Real Twig method. We did not use the already
filtered point clouds in our analysis, but instead used the raw plot data, and manually segmented
and filtered the twelve trees using CloudCompare (CloudCompare, 2023). We down-sampled the
final point clouds to a resolution of 1.0 cm.

The last dataset consisted of four large, old-growth, tropical trees from Brazil, which
were laser scanned with a Riegl VZ-400 (a time-of-flight sensor) in 2018 (Burt et al., 2021).
Since these trees are tropical trees from Brazil, they could only be scanned in leaf on conditions.
The leaves were virtually removed from the point cloud using the TLSeparation algorithm
(Vicari et al., 2019). The trees were also destructively sampled with detailed volumes, total dry
mass, and basic main stem density values. This dataset represents high-quality point clouds and
reference data for very large trees, with the added uncertainty of leaf removal, to test our Real
Twig method.

Tree measurement data for the public data sets are shown in Table 2.2.
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Dataset Species Tree DBH  Height  Main Stem Total AGB
(cm) (m)  Density (g/cm?3) (kg)

Burtet al. (2021) Inga alba 1 64.7 29.8 0.568 3960.1
Burt et al. (2021) Hymenaea courbaril 2 117.9 46.2 0.769 18584.2
Burt et al. (2021) Tachigali paniculata 3 90.5 34.9 0.639 8392.6
Burtet al. (2021) Trattinnickia burserifolia 4 69.7 35.2 0.567 5521.1
Demol etal. (2021) Fraxinus excelsior 1 27.4 21.7 0.8412 705.52
Demol etal. (2021) Fraxinus excelsior 2 22.6 20.6 0.8392 416.12
Demol etal. (2021) Fraxinus excelsior 3 194 18.4 0.8052 239.72
Demol etal. (2021) Fraxinus excelsior 4 20.4 21.0 0.7612 266.02
Demol etal. (2021) Fraxinus excelsior 5 115 12.6 0.8142 61.92
Demol etal. (2021) Fraxinus excelsior 6 309 18.3 0.8152 543.0@
Demol etal. (2021) Fraxinus excelsior 7 12.4 13.2 0.8082 77.12
Demol etal. (2021) Fraxinus excelsior 8 28.6 215 0.7972 789.62
Demol etal. (2021) Fraxinus excelsior 9 19.7 211 0.8512 300.12
Demol etal. (2021) Fraxinus excelsior 10 12.6 13.0 0.7602 61.52
Demol etal. (2021) Fraxinus excelsior 11 25.8 20.3 0.8902 474.02
Demol etal. (2021) Fraxinus excelsior 13 35.3 19.0 0.9072 904.02
Demol etal. (2021) Fraxinus excelsior 14 39.8 225 0.8962 1444.02
Demol etal. (2021) Fraxinus excelsior 15 33.7 20.1 0.8242 905.92
Demol etal. (2021) Fraxinus excelsior 16 22.6 18.2 0.8002 406.02
Hackenberg etal. (2015)  Quercus petraea 1 245 255 0.530 458.8
Hackenberg etal. (2015) Quercus petraea 2 24.2 26.6 0.520 311.0
Hackenberg etal. (2015) Quercus petraea 3 31.7 29.0 0.520 595.3
Hackenberg etal. (2015) Quercus petraea 4 26.3 28.6 0.540 517.6
Hackenberg etal. (2015)  Quercus petraea 5 28.7 248 0.530 412.2
Hackenberg etal. (2015)  Quercus petraea 6 275 29.4 0.510 468.7
Hackenberg etal. (2015) Quercus petraea 7 24.0 27.2 0.520 366.1
Hackenberg etal. (2015) Quercus petraea 8 30.0 27.6 0.510 632.9
Hackenberg etal. (2015) Quercus petraea 9 29.2 31.1 0.520 581.8
Hackenberg etal. (2015) Quercus petraea 10 27.1 22.7 0.520 411.8
Hackenberg etal. (2015) Quercus petraea 11 25.7 25.8 0.510 452.2
Hackenberg etal. (2015)  Quercus petraea 12 294 27.3 0.530 589.6

Table 2.2 Tree variables from publicly available datasets. Each dataset represents different

growing conditions and point cloud quality to test our Real Twig method. Main stem basic

density and AGB are on a dry mass basis, except for those trees indicated with @ which are on a

green mass basis. All density values are an average of multiple disks collected along the main

stem.
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2.2.6 Twig Measurements

Our search of the literature revealed that measurements of tree twig diameters are not
common. So, we selected trees of varied sizes and ages of the appropriate species, planted on the
Michigan State University campus and measured twig diameters using a Pittsburg 6” Dial
Caliper (Model #92437). We measured one to four unique twigs on each tree in perpendicular
directions depending on the accessibility of the twigs from the ground. We randomly chose the
starting azimuth of the first twig by multiplying the second hand of a watch by sixty to convert it
into an azimuth. We used a Suunto MC-2 hand compass to find the starting azimuth and ensure
the measurements were perpendicular to each other. We measured the diameter of the twig to the
nearest hundredth of an inch at the midpoint of the twig, between the current year’s growth and
the previous year’s terminal bud scar, being careful to avoid any swelling from lateral buds.
Finally, we averaged the twig diameters, converted diameters to radii by dividing the diameters
in half, and converted the units from inches to millimeters.

Sessile oak has not been planted on Michigan State University’s campus and is not
naturalized in Michigan, USA. To test our method on the Sessile oak trees from the publicly
available dataset by Hackenberg et al. (2015b), we used twig measurements from another
publicly available dataset from the Altitudinal Vicariants dataset collected in northern Spain
(Milla & Reich, 2011), accessed from the TRY plant trait database (Kattge et al., 2020). Milla
and Reich measured their twig diameters to the nearest hundredth of a millimeter at the base of
the twig. We also used the Bridge dataset (Baraloto et al., 2010), available from the TRY plant
trait database (Kattge et al., 2020), containing stem and leaf traits from French Guiana for the
four large tropical trees (Burt et al., 2021), which were also not present on Michigan State

University’s campus.
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Dataset Species n Mean Min Max SD CcVv
This Study Acer rubrum 30 1.18 089 152 0.16 0.14
This Study Fraxinus americana 30 245 178 368 034 0.14
This Study Fraxinus pennsylvanica 30 233 152 279 028 0.12
This Study Fraxinus quadrangulata 30 2.77 216 444 054 02
This Study Fraxinus spp. 90 251 152 444 039 0.15
This Study Quercus rubra 30 1.47 089 241 033 0.23
Milla & Reich Quercus petraea 10 1.90 135 245 037 0.19
Baraloto et al. Hymenaea courbaril 1 6.81 6.81 6.81 - -

Baraloto et al. Inga alba 2 5.79 347 8.11 328 057
Baraloto et al. Tachigali paniculata 2 6.93 591 795 144 0.21
Baraloto et al. Trattinnickia spp. 1 5.80 5.80 5.80 - -

Table 2.3 Twig radii measurements in millimeters (mm).
2.2.7 Non-Destructive Volume Estimation

For the Harvard data, we generated QSMs for the 10 trees using two versions of
TreeQSM (v2.4.1 and v2.3.0). We used two different versions of TreeQSM to ensure our method
training was not overfit to a single version of TreeQSM or individual QSMs. We also wanted to
compare the drastic volume differences we observed between different versions of TreeQSM and
understand its cause. For the other data sets, we used only the latest version of TreeQSM (v2.4.1
at the time of writing) for validating our Real Twig method, as new users are most likely to
download the latest version.

We started by generating 40 unique QSMs for each tree using unique combinations of
input parameters with the define_inputs function from TreeQSM v2.4.1. We generated two
values for PatchDiam1, 10 values for PatchDiam2Min, and two values for PatchDiam2Max. We
chose to generate 10 values for PatchDiam2Min, as it has the greatest impact on small branch
reconstruction during the cylinder fitting process (Demol et al., 2022b). TreeQSM’s input
combinations are multiplicative, giving us a total of 40 unique input parameter combinations.
From the 40 models, we chose the optimal input parameters with a custom metric. For our

custom metric, we maximized the SurfCov parameter (the percentage of the cylinder’s surface
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covered by points) and minimized the mad parameter (the mean absolute distance from the
cylinder’s surface to the underlying points).

Using the optimal input parameters, we generated 30 additional QSMs using both
TreeQSM v2.3.0 and v2.4.1 to account for underlying stochasticity inherent to QSM generation
(Calders et al., 2015b; Disney et al., 2018), and volume differences between the two versions.
From the 30 new models with the optimal input parameters, we chose the optimal model that had
the lowest mad which is the default behavior for TreeQSM. For all the QSMs generated, we
enabled the parabolic branch tapering and parent child corrections, which are the default settings
for TreeQSM. TreeQSM returns both the original, unmodified cylinder data, and the modified
cylinder data, so we did not need to generate additional QSMs to test our Real Twig method,
since Real Twig works on the unmodified cylinder data. For the European ash trees, we followed
the same procedure as the Harvard data using TreeQSM 2.4.1.

For the Sessile oak and large tropical trees, we wanted to test our Real Twig method for
different use cases of TreeQSM (v2.4.1) without any a priori knowledge about the measured
mass and volumes of the trees. For our QSM input parameters, we used the define_inputs
function to automatically select a single best PatchDiam1, PatchDiam2Min, and
PatchDiam2Max. Using these parameters, we generated thirty QSMs to account for any
stochasticity in QSM generation and had TreeQSM automatically select the best model with the
lowest mad. We left all other input parameters as the defaults to best represent a typical use case
of TreeQSM.

For the large tropical trees, we opted to use TreeQSM’s (v2.4.1) triangulation mesh for
estimating the volume of the main stem up until the first branch. These trees contained large

buttress flares which TreeQSM was unable to properly reconstruct, leading to oversized
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cylinders, with circular diameters the width of the buttress. We could have manually removed the
buttress flares from the point cloud as was done by Burt et al. (2021), however we found a
triangulation mesh better captures the main stem volume and has proven effective for estimating
the total mass of tropical trees in similar studies (Momo Takoudjou et al., 2018).

2.2.8 Comparisons of Biomass and Volume Outputs from TreeQSM and Real Twig

TreeQSM returns volume estimates for both the main stem and branch components. Our
analyses of the training data showed that the best, currently available correction for incorrectly
sized cylinders is the local taper correction method of Raumonen et al. (2013) described in the
introduction. We wanted to compare the Real Twig method of correcting QSMs to the best,
currently available approach, using independent reference data.

The best reference data we had in each data set were total tree biomass estimates, with
separate branch and stem biomass estimates available for the Harvard Forest trees. Since we had
tree density measurements and mass estimates from the destructive sampling, we compared
differences in biomass generated by different versions of TreeQSM with and without the Real
Twig method employed against reference destructive sampling data. Since all biomass estimates
were generated by multiplying QSM volume by the same tree’s density estimates, the only
differences in biomass were due to differences in the volume estimates from the QSMs.

We chose to use the Harvard trees to train our Real Twig method because of the detailed
stem and branch density values, which allowed us to convert the QSM branch and stem volumes
into aboveground biomass by multiplying the individual volume components (main stem and
branch volumes) by their corresponding basic density values from destructive sampling. We
needed to calculate separate stem and branch masses to ensure there were not any compensating

errors in total biomass estimates that masked the effectiveness of using Real Twig for correcting
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branch mass and volume overestimation in QSMs. The total mass was the sum of the mass of a
tree’s branches and its main stem.

None of the public datasets had separate branch density values, so we were only able to
assess the accuracy of total mass and were unable to check for any compensating errors between
the main stem and branches. For the Demol et al. (2021a) European ash trees, only green density
was taken from disks along the main stem, so only total green biomass could be compared. All
other calculations were on a dry mass basis, as were the mass validation metrics described in the
next section. See Table 2 for a summary of the public datasets used in this analysis.

2.2.9 Statistical Analysis

We calculated the following standard validation metrics for each dataset (Arseniou et al.,

2023; Burt et al., 2021; Calders et al., 2015b) comparing different TLS-based mass estimates to

the reference destructive data.

Individual tree error:

&€ = Mass g — Massg¢

Individual tree relative error:

€]
RE =
Massg¢

Mean relative error (%) across all trees:

n
1
MRE% = ;Z RE, x 100%
i=1
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Root mean square error across all trees:

RMSE =

Relative root mean square error (%) across all trees:

RMSE
RMSE% = %X 1009
o Mean_Massg.¢ o

In the above equations, Massris is the TLS mass estimate of a single tree by converting
QSM volume to mass with the tree’s unique density values. Masstis will be either, total, stem, or
branch mass depending on if the dataset has branch specific density values for a tree. Massref IS
the reference mass from destructive sampling. It will either be the tree’s corresponding total,
stem, or branch mass depending on the dataset. i refers to a single tree, while n refers to all trees
in the dataset. Mean_Massref is the mean mass for either the total, stem, or branch mass in the
dataset. Finally, we quantified the difference between the MasstLs and Massref using the
concordance correlation coefficient (CCC) (Lin, 1989). All statistical analyses, tables, and
figures were created using R (R Core Team, 2023).
2.3 Results
2.3.1 Comparisons of Real Twig and Different TreeQSM Versions for the Harvard Trees

All methods used to generate volumes and masses from the Harvard trees were precise
and accurate for modeling the main stems of the trees, with CCC values close to 1, though there
was a general bias towards overestimating main stem biomass by 15-30% for stems < 150 kg.

For both versions of TreeQSM, main stem biomass estimates were close to the reference main
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stem mass, with a RMSE% of 7.0% and a CCC of 0.997 for v2.3.0, while v2.4.1 had a RMSE%
of 6.7% and a CCC of 0.998 (Table 2.4). With Real Twig, the main stem biomass estimates were
similar to TreeQSM, with a RMSE% of 6.9% and a CCC of 0.997 with Real Twig applied to
v2.3.0, and a RMSE% of 7.2% and a CCC of 0.997 with Real Twig applied to v2.4.1. For v2.4.1,
Real Twig slightly reduced the MRE% of the main stem biomass and slightly increased the
RMSE% across the ten trees, with the opposite pattern being true when Real Twig was applied to
v2.3.0.

For the branch biomass of the Harvard Forest trees, there were significant differences
between all methods. TreeQSM v2.3.0 performed better than v2.4.1, with v2.4.1 at least
doubling mass estimation errors for all statistics (Table 2.4). TreeQSM v2.3.0 overestimated
branch biomass with an MRE% of 363%, a RMSE% of 160%, and a CCC value of 0.654.
TreeQSM v2.4.1 severely overestimated branch biomass with an MRE% of 949%, a RMSE% of
346%, and a CCC value of 0.381. In contrast, Real Twig with TreeQSM v2.4.1 had highly
accurate branch biomass estimates, with an MRE% of -0.7%, a RMSE% of 8.4%, and a CCC
value of 0.997. Real Twig with TreeQSM v2.3.0 showed as modest underestimation of branch
biomass, with an MRE% of -9.1%, a RMSE% of 16.5%, and a CCC value of 0.989. Overall,
Real Twig dramatically improved branch biomass estimates when compared to the current, best-
available corrections in either version of TreeQSM, reducing the average error in total AGB
estimates by three orders of magnitude for v2.4.1 and with a thirty-six-fold reduction in error for
v2.3.0.

For the total biomass, the total error is the sum of the main stem and branch components.
The results show that errors in the total mass estimates are mostly the result of branch biomass

overestimation (Fig. 2.2). TreeQSM v2.4.1 had the largest overestimation, with an MRE% of
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126%, a RMSE% of 77.6%, and a CCC value of 0.831. TreeQSM v2.3.0 overestimated the total
mass less, with an MRE% of 50%, a RMSE% of 37.2%, and a CCC value of 0.947. Real Twig
applied to TreeQSM v2.4.1 performed the best, with an MRE% of 0.02%, a RMSE% of 6.7%,
and a CCC value of 0.998. Real Twig applied to TreeQSM v2.3.0 also performed very well with
an MRE% of 2.2%, a RMSE% of 5.7%, and a CCC value of 0.998. Overall, Real Twig
dramatically improved total biomass estimates compared to the current, best-available
corrections in either version of TreeQSM, dropping the average error total AGB estimates by

two orders of magnitude for v2.4.1 and with a twenty-five-fold reduction in error for v2.3.0.
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Figure 2.2 Mass estimates for the Harvard Forest trees using two different versions of TreeQSM
with and without Real Twig. The horizontal dashed lines are the + 10% error lines. The solid

black line is the identity line.
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TreeQSMv2.4.1 TreeQSMv2.3.0
Metric Total AGB Ma_ln Stem B_ranch Metric Total AGB Ma_ln Stem B_ranch
Biomass Biomass Biomass Biomass
Mean Relative Mean Relative
Error (%) 126.428 4581 949.317 Error (%) 50.529 1.204 363.772
RMSE (kg) 325.973 22.217 317.471 RMSE (kg) 156.127 23.138 146.843
Relative RMSE 27 675 6.773 346.454 |RElAVERMSE 4754, 7.053 160.249
(%) (%)
CCC 0.831 0.998 0.381 CCC 0.947 0.997 0.654
Real Twig (TreeQSM v2.4.1) Real Twig (TreeQSM v2.3.0)
Metric Total AGB Mam Stem Branch Metric Total AGB M‘”’!‘“ Stem Branch
Biomass Biomass Biomass Biomass
Mean Relative Mean Relative
Error (%) 0.019 0.493 -0.691 Error (%) 2.198 4,700 -9.095
RMSE (kg) 27.187 23.653 7.736 RMSE (kg) 24.101 22.747 15.081
Relative RMSE ¢ 478 7.210 gaap |RelaivVeRMSE g ,q 6.934 16.457
(%) (%)
CCC 0.998 0.997 0.997 CCC 0.998 0.997 0.989

Table 2.4 Accuracy statistics for the Harvard Forest trees broken down into total, main stem, and

branch components.
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2.3.2 Validation of Real Twig with European Ash Trees

For the twelve European ash trees studied (Fig. 2.3), Real Twig dramatically increased
the accuracy and precision of the total green mass estimates, with only one tree falling outside +
10% of the reference mass (Fig. 2.3). TreeQSM v2.4.1 overestimated total mass by 60.8% on
average, with a RMSE% of 107% and a CCC of 0.645 (Table 2.5), while Real Twig showed very

high accuracy in total mass (MRE = 0.2%), with a RMSE% of 6.3% and a CCC of 0.996.
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Method Real Twig (TreeQSM v2.4.1) TreeQSM v2.4.1

Figure 2.3 Sixteen European ash trees with mass estimates from TreeQSM and Real Twig. The

horizontal dashed lines are the + 10% error lines. The solid black line is the identity line,

Method Mean Relative Error (%) RMSE (kg) Relative RMSE (%) CCC
Real Twig (TreeQSM v2.4.1) -0.268 32.236 6.367 0.996
TreeQSMv2.4.1 60.877 543.207 107.291 0.645

Table 2.5 Accuracy statistics for the European ash trees.
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2.3.

3 Validation of Real Twig for Sessile Oak Trees

Compared to the Harvard and European ash trees, the Real Twig results were far less

precise for the Sessile oak trees, with a CCC value of 0.897. However, the Real Twig results

were still drastically more accurate than TreeQSM v2.4.1, with the latter having a CCC value of

only 0.173. Real Twig was able to improve the accuracy of nearly all the trees, with most of

them falling within + 10% of the reference mass after correction (Fig. 2.4). TreeQSM had an

MRE of 74.7% on average, with a RMSE of 78.7%, while Real Twig had an MRE of -1.5% on

average, with an RMSE of 9.2% (Table 2.6). Both TreeQSM and Real Twig were unbiased, with

little correlation between mass overestimation and tree size, over the size range of these trees.
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Figure 2.4 Twelve Sessile oak trees with mass estimates from TreeQSM and Real Twig. The

horizontal dashed lines are the + 10% error lines. The solid black line is the identity line.

Method Mean Relative Error (%) RMSE (kg) Relative RMSE (%) CCC
Real Twig (TreeQSM v2.4.1) -1.576 44.687 9.249 0.897
TreeQSMv2.4.1 74.753 380.232 78.696 0.173

Table 2.6 Accuracy statistics for the Sessile oak trees.

35



2.3.4 Validation of Real Twig for Large Tropical Trees

The large tropical trees showed an overall error difference between TreeQSM and Real
Twig that was lower than that seen for the other data sets (Fig. 2.5). In both cases, the total mass
estimates are roughly parallel to the reference line, but TreeQSM v2.4.1 generally overestimated
total mass, while Real Twig generally underestimated the total mass, with MRE% values of 18%
and -6.5%, respectively (Table 2.7). For TreeQSM, the RMSE% and CCC values are 17 and
0.973, respectively, while Real Twig has RMSE% and CCC values of 4.7 and 0.998,
respectively. However, Real Twig increased the precision of the total mass estimates, with an

absolute bias reduced by three-fold compared to the current, best-available correction for

TreeQSM (Fig. 2.5 & Table 2.7).
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A Inga alba (Sw.) Willd. +  Trattinnickia burserifolia Mart.

Figure 2.5 Four large tropical trees with mass estimates from TreeQSM and Real Twig. The

horizontal dashed lines are the £ 10% error lines. The solid black line is the identity line.

Method Mean Relative Error (%) RMSE (kg) Relative RMSE (%) CCC
Real Twig (TreeQSM v2.4 1) -6.505 430915 4728 0.998
TreeQSM v2.4.1 18.114 1554.169 17.052 0.973

Table 2.7 Accuracy statistics for the large tropical trees.
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2.3.5 Overall Performance of Real Twig for All Study Trees

When all the study trees are combined, Real Twig greatly outperforms TreeQSM v2.4.1,
the current best algorithm. TreeQSM consistently overestimates total mass over a wide range of
tree sizes, while Real Twig showed highly accurate mass estimates (Table 2.8, Fig. 2.6). For
TreeQSM, the RMSE% and CCC values were 48.7% and 0.982, respectively, while Real Twig
had RMSE% and CCC values of 10.5% and 0.999, respectively. Looking at all trees together
(Figure 2.6), we can see that Real Twig’s error correction exponentially decreases compared to
TreeQSM v2.4.1 as the size of the trees increases, because there is a smaller proportion of total
mass in small branches. One of the smallest trees in the study had a %MRE of greater than
400%, which was corrected to a little over 10% error with the Real Twig method (Fig. 2.6). On

the other hand, all the study trees had %MRE >10% when not corrected with the Real Twig

method.
Method Mean Relative Error (%) RMSE (kg) Relative RMSE (%) CCC
Real Twig (TreeQSM v2.4.1) -1.190 138.783 10.528 0.999
TreeQSM v2.4.1 76.754 641.746 48.683 0.982

Table 2.8 Accuracy statistics across all trees in the study.
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Figure 2.6 Mean relative error (%) of total aboveground biomass estimated from QSM-
generated volumes, using two different approaches, applied to trees of different size (stem
diameter at breast height, DBH, cm) from different data sets (symbols).

2.4 Discussion
2.4.1 Improved Tree Volume and Biomass Estimation from QSMs with Real Twig

TLS has emerged as a legitimate, non-destructive way to estimate total tree above ground
woody biomass or volume with a reasonable degree of precision and accuracy, as many studies
have now demonstrated (Arseniou et al., 2023; Calders et al., 2015b; Demol et al., 2022a;
Gonzalez de Tanago et al., 2018; Lau et al., 2019; Momo Takoudjou et al., 2018). However,
Demol et al. (2022b) recently cautioned that significant volume overestimations will likely be a
problem until advances in understanding of laser scanning best practices, data processing, and
QSM software can solve the problem of overestimation of smaller portions of the tree (i.e., small
branches and twigs). This study shows that the Real Twig method can greatly improve the

precision and accuracy of tree volume and biomass estimation, by dramatically improving the
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volume estimates of smaller portions of trees modeled with a QSM, in this case TreeQSM. Out
of the 41 trees of different species, obtained from the multiple, independent data sets examined,
every tree showed a large increase in mass accuracy and precision, with most falling within our
target goal of + 10% of the reference mass and total mass errors as low as 0.04%. By contrast,
the current version of TreeQSM (v2.4.1) with the most advanced cylinder fitting and
segmentation routine always produced mass estimates greater than 10% of the reference values
from destructive sampling, with some small trees exceeding > 400% overestimation.

The Real Twig method was successful because it improves upon previous approaches to
deal with the small branch overestimation issue. We were not satisfied with the practice of not
attempting to model smaller parts of the tree, by discarding branches below a given diameter
threshold. Our results show that this could only be a viable solution when trees are very large
(Fig. 2.6) and smaller branches and twigs are not a significant component of total mass and is an
incomplete solution in any event. Such an approach also does not allow for estimating the
volume or mass of smaller trees, composed of smaller parts. Since planting new trees is a
significant strategy within forest carbon offset projects that help remove carbon dioxide from the
atmosphere to mitigate climate change (Nilsson & Schopfhauser, 1995; Pacala & Socolow,
2004), it is important to be able to estimate the change in tree biomass over time for younger,
faster-growing trees (McMahon et al., 2010; Yang et al., 2023).

A major improvement with Real Twig is the rescaling of every cylinder in the tree by
incorporating ideas from the local tapering approach of Raumonen et al. (2013) and the existence
of a whole-tree allometry from Hackenberg et al. (2015a). While Real Twig does not assume that
every part of a tree has the same allometry, it remodels different parts of the tree to be realistic,

by modeling every path in the tree and averaging across paths, allowing local corrections in the
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allometry of individual parts of the tree to be connected to the architecture of the whole tree.

Another major innovation was recognizing that it is not only possible, but likely, that
none of the cylinders in the smaller parts of a tree will be correctly modeled by the QSM. The
allometric modeling approach of Hackenberg et al. (2015a) uses the whole population of
cylinders to fit an allometric model to determine outliers and correct them. But, if the QSM data
does not contain many correctly modeled small cylinders, then coefficients of the model fit to the
raw data will be biased, specifically toward overestimation of small parts of the tree. Our
solution was to measure actual twig diameters for the species of interest, or to use published
values, to force the taper model to taper to the appropriate twig size and rescale the taper of each
branch path to be realistic.
2.4.2 Differences in Volume Estimation Between Different Versions of TreeQSM

There were large differences in the two versions of TreeQSM software used to generate
tree volume (and mass) estimates in this study, with and without the Real Twig correction. This
is the first study to show such large version differences, and an important finding, because the
same data could produce very different estimates of tree volume and biomass. This would be
particularly problematic if changes in forest volume or biomass over time were computed with
different versions of the software. It is also notable that the difference between the different
versions of TreeQSM is reduced when the Real Twig correction method is applied. Examining
these differences helped us to better understand the results of the study and potential
improvements to TreeQSM, other QSM methods, and Real Twig.

Our analysis suggests that TreeQSM has evolved toward an improved ability to
reconstruct branches and correctly represent the tree’s topology in later versions, with the

consequence of exacerbating the small branch overestimation problem inherent to the input point
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cloud (Fig. 2.7). The oldest version of TreeQSM (v2.0) does not successfully reconstruct the
higher order branches of the input point cloud and has visible issues with branch topology,
leading to branch volume omission. Version 2.3.x improves the branching topology and
reconstructs more, higher-order branches, leading to a more realistic QSM, and therefore more
branch volume. Finally, version 2.4.x reconstructs even more higher order branches and
improves on the tree topology, but has a more relaxed taper constraint, leading to a substantial
increase in high order branch volume.

TreeQSM version 2.4.x overestimates total tree volume because it fits better to the input
point cloud, finding more branches and providing a more realistic topology of the tree, at the
expense of including point cloud related errors, such as beam divergence, wind noise, and co-
registration errors, while older versions (2.0 — 2.3.x) omit branches and have a strictly enforced
taper, regardless of the underlying point cloud data, leading to volume omission (Pasi
Raumonen, personal communication, June 13, 2023). This explains why post-processing tree
point clouds after the initial registration can reduce QSM volume overestimation when wind and
occlusion errors are not factors (Demo et al., 2022b; Wilkes et al., 2021). Additionally,
TreeQSM v2.3.x reconstructs fewer branches than v2.4.x, and the branches that are reconstructed
are around 10% shorter than v2.4.x (Pasi Raumonen, personal communication, June 13, 2023).
This means that earlier versions of TreeQSM could have produced seemingly more accurate
estimates of tree volume and biomass, due to compensating errors (i.e., omitting small branches
that are actually present in the real tree), while overestimating the volume of smaller branches
that are included. Because the smaller twigs are missing, the path lengths are reduced, and
smaller branches abruptly end before reaching actual twigs, but are modeled as twigs in the

QSM. This is a likely explanation for the significant (-9%) average underestimation of branch
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biomass when Real Twig was applied to TreeQSM v2.3.x (Table 2.3). This is also a likely
explanation of the results of previous validation studies using older versions of TreeQSM, with
an overestimation bias of 9.68% to 21% (Calders et al., 2015b; Demol et al., 2021b) compared to
more recent studies that found tree volumes more than doubled in their overestimation at 52%,
with most of the error occurring in the small branches when using TreeQSM v2.4.x (Demol et

al., 2022b).
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TreeQSM v2.0 TreeQSM v2.3.0

TreeQSM v2.4.1 Real Twig

Figure 2.7 Top-down view of a northern red oak from Harvard Forest showing the difference in
tapering, topology, branch connectivity, and cylinder radii between different versions of
TreeQSM and Real Twig. The QSM cylinders colored in black are overlaid on top of the input
point cloud colored in light gray. All QSMs have the same input parameters as possible between
the different versions and have the same input point cloud. The Real Twig QSM uses the raw

cylinder fits from the v2.4.1 show here.
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2.4.3 Implications of Size-Dependent Error in Tree Volume and Biomass Estimation with QSM
Based Approaches

Our results clearly show that the relative error in AGB estimated from QSMs can be very
high for small trees, which are composed of only small parts, without the Real Twig correction.
We also showed that this error declines asymptotically toward smaller and smaller estimation
errors, when applied to trees of increasing size (Fig. 2.6). By contrast, (Calders et al., 2015b)
reported that error in AGB estimates from QSMs were independent of DBH. We suspect that our
results differ from theirs because they examined error over a more limited size range of trees
from about 10 to 65 cm DBH, whereas we included much smaller and much larger trees. Other
studies validating TLS with destructive sampling reference also show that for larger trees (>1500
kg) TLS mass is closer to the reference destructive mass, and vice versa for smaller trees (<1500
kg) (Burt et al., 2021; Calders et al., 2015b; Demol et al., 2021b; Demol et al., 2022b;
Hackenberg et al., 2015b; Momo Takoudjou et al., 2018). We believe the source of this pattern
lies in the proportion of twigs and small branches in a tree. The larger the tree’s total volume, the
less twig volume contributes to total tree volume. In contrast, the smaller the tree’s total volume,
the more twigs and small branches contribute to the total tree volume.

Twig size also plays a role, as the smaller the actual twig diameter, the harder it is for
TLS to accurately resolve, leading to oversized twigs in point clouds and QSMs. In the case of
large tropical trees, most of their mass is in the main stem and large branches, while their twigs
are stout with diameters approaching 1 cm (Table 2.3). This is an ideal situation for TLS, where
most twigs can be captured, and their volume contributes little to the total tree volume. This
explains the pattern in our own results, where total mass overestimation systematically decreases

as total mass increases (Fig. 2.6).
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This issue of size-dependence in the success of AGB estimation with TLS and QSMs has
important implications for choosing how to obtain data for building allometric equations to
predict AGB from DBH. Databases of destructive sampling measurements of AGB are often
missing large trees (Weiskittel et al., 2015) because of the difficulty in finding, or justifying the
felling of, very large trees. Our results show that the best case for obtaining good estimates with
QSM-based estimation approaches may be for large trees. By contrast, it is very easy and cost
efficient to destructively sample small trees, which represent the worst-case scenario for QSM-
based estimation approaches. Our results show that carbon sequestration could be drastically
overestimated if QSM-based approaches were employed without correction with a method such
as Real Twig. In general, QSM-based solutions for estimating mass of volume of small trees and
small parts of trees need more scrutiny.

2.4.4 Considerations for Improved Tree Volume and Biomass Estimation from QSMs

Our Real Twig method can correct QSM volume overestimation in small branches and
twigs, resulting in dramatic increases in accuracy of branch and total tree volume and mass
estimation from TLS-QSM-based approaches. For the best total tree volume estimates, we
recommend starting with the highest possible quality point cloud. ‘Quality’ is a subjective term,
but for this purpose, we refer to quality as the best topological representation of the tree with
minimal occlusion and a well-defined woody skeleton. We recommend, if possible, using point
clouds in the “leaf-off” condition to achieve this. Burt et al. (2021) showed that removing the
leaves from a “leaf-on” point cloud is a necessity for accurate AGB estimates, otherwise AGB
will be overestimated upwards of 40%. This is because leaves can be included in what are

modeled as twigs in the point cloud, magnifying the overestimation error.
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Our results showed a lower level of accuracy improvements from Real Twig for large
tropical trees, which could have been the result of removing leaf points from point clouds (these
were the only trees we examined that were scanned in a ‘leaf-on’ condition). Arseniou et al.
(2021a) showed that artificial leaf removal from point clouds with the TLSeparation algorithm
(Vicari et al., 2019) can result in the accidental removal of twigs and small, higher-order
branches. So, it is possible that some of the underestimation of total tropical tree biomass by Real
Twig came from assuming that the twigs were slightly larger parent branches, because the actual
twigs were removed by the leaf removal algorithm. This error could be even larger if Real Twig
is applied to QSMs constructed from point clouds of smaller trees with their leaf points removed.
To minimize this problem, we recommend using Real Twig with TreeQSM v2.4.1, as it
reconstructs more high-order branch cylinders from the point cloud, and when corrected with
Real Twig, gives the most realistic models of the trees (see Figs. 2.2 & 2.6). We also recommend
visually inspecting each optimal QSM against its input point cloud to ensure the QSM with the
best topology is selected.

It is important to understand that Real Twig was trained only with realistic twig diameter
measurements and not with actual measurements along the main stem and branches of the trees.
As a result, what our method determines to be a good or bad cylinder fit may occasionally
exclude correctly modeled cylinders, especially in smaller diameter branches, which could lead
to overaggressive tapering in smaller parts of the tree. Our method could also artificially increase
the diameter of branch bases, especially if the branch base cylinder was determined to be a poor
fit. This is a side effect of using growth length as the radius predictor variable in the GAM, as
every time there is a fork in a tree, the growth length of a cylinder decreases. Without enough

well-fit cylinders with similar growth lengths, the GAM predicts the radius based on the closest
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well-fit cylinders, which could inflate the branch base, and decrease the smaller branches, as the
closest well-fit cylinder for small branches is the measured twig diameter. This could create a
path that is inflated at the path base and too narrow as growth length decreases. These small
errors could cancel out and still yield accurate branch volumes, but at the expense of correctness
of path tapering relative to the real tree. As a general principle, the best total tree volume
estimates will have QSMs that are visually close to the actual tree, with the input parameters
determined either visually or automatically (Calders et al., 2015a). Regarding input parameters,
we recommend using a semi-automated approach, where the starting input parameters are chosen
automatically, before being manually reduced gradually, until the maximum amount of small
branch detail is achieved while still maintaining proper topology.

Another consideration is the accuracy and generality of tree density estimates, which
convert QSM volumes to tree mass. While we were able to generate precise and accurate
estimates of total tree mass with only main stem density values from the public datasets, we had
the lowest total mass estimate error when we used tree-specific main stem and branch densities
(i.e., the Harvard data). Using separate tree-specific main stem and branch densities is important
for the accurate conversion of volume to woody mass, because there can be a large density
variation within a tree between its main stem and branch components (Demol et al., 2021a;
Disney et al., 2018; MacFarlane, 2020). If the main stem and branch density are not equal, using
the incorrect density for either may lead to systematic bias when converting to total tree mass
even if the total tree volume from the QSM is correct. Another little-discussed issue is bark
density, as TLS scans the tree’s outside bark volume, and bark differs in density from wood and
occupies a variable portion of total tree volume (Neumann & Lawes, 2021). Future validation

studies should consider how to accurately separate wood and bark components of volume or both
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branches and stem and include detailed measurements of both wood and bark density of stems
and branches.

Finally, our results show that Real Twig can overcome well known deficiencies in both
time-of-flight and phase-shift sensor technologies and their ability to resolve fine details in trees,
such as beam divergence and co-registration errors. However, the end goal is not merely to
correct known errors, but to better understand the errors inherent to specific TLS sensors and
mitigate them as much as possible in the field, by matching the appropriate sensor and
parameters to the trees being scanned. While studies have investigated some of these sensor
deficiencies and their effect on QSMs, they do so with only one sensor and fixed sets of input
parameters (Morhart et al., 2024; Wilkes et al., 2021). Future studies should consider multiple
laser scanning sensor technologies, with varying input parameters, such as the effect of angular
resolution and distance or scan numbers, on trees in situ and controlled environments, relating
the results back to the species’ measured twig diameter, and Real Twig’s ability to overcome
these deficiencies. Until TLS sensor technology can resolve these fine details efficiently and
accurately, Real Twig or similar corrections must serve as the final step in the data processing
pipeline to ensure precise and accurate metrics from QSMs.

2.5 Conclusion

We see three next steps for further calibration and validation of the Real Twig method.
First, more intelligent cylinder radii and broken branch filters need to be developed. The filters
should identify good and bad fit cylinders based on their taper within the QSM itself, their
growth length or relative position in the tree or path, and their relationship to the measured twig
diameter. The filter should be dynamic, retaining more small cylinders for higher quality QSMs,

and fewer small cylinders for lesser quality QSMs. Identifying correctly modeled cylinders will
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allow for better modeling between different tree growth forms, especially excurrent growth
forms that retain multiple broken lower branches. Future work will focus on testing Real Twig
for a broader range of species and tree architectures, especially excurrent growth forms, such as
those for pines, which have whorls of branches attached to a dominant main stem, and more
abrupt tapering along paths. Here, we only look at tree species with a deliquescent branching
architecture.

Second, the method relies on having measured twig diameters for a specific tree species.
While reviewing the literature of this paper and searching for already published data sets, we
were surprised how few studies of trees and forests have included measurements of tree twigs.
Thus, the twig measurements published here add much needed data to fill this data gap.
Collaboration in the research community is needed to measure more twig diameters across
different countries and tree species. While our results show a genus-average twig diameter is a
reasonable substitute for a specific species’ twig diameter, if the genus average is not available,
or the species is unknown, the twig diameter will be uncertain. Given the time it takes to measure
a few twigs on a tree, we recommend tree-specific measurements on every tree scanned, unless
time or cost prohibitive. These measurements will not only improve the accessibility of Real
Twig but will also provide valuable reference data for future tree modeling using remote sensing
data.

Finally, work is underway to allow Real Twig to be updated to support other QSM
modeling programs to help make accurate and precise tree volume estimates more accessible to
the remote sensing community. The Real Twig method currently supports the cylinder-based
approaches of TreeQSM (Raumonen et al., 2013) and SimpleForest (Hackenberg et al., 2014),

but the method can be implemented for any geometric primitive based approach that provides
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information on parent-child relationships.
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CHAPTER 3

RTWIG: AN R PACKAGE TO CORRECT OVERESTIMATED SMALL BRANCHES
AND TWIGS IN QUANTITATIVE STRUCTURE MODELS OF TREES
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Abstract

Quantitative structure models (QSM) provide detailed topological cylinder models of
trees, built off point clouds of trees. QSMs allow for efficient estimation of total tree volume
without the need for destructively sampled reference measurements. QSMs also measure aspects
of trees that were traditionally impossible to measure (such as total tree surface area). However,
QSM modeling software severely overestimates the volume of small branches and twigs due to
technological limitations of current laser scanning sensors. Here, we present an R package,
rTwig, to correct branch volume overestimation in QSMs with the Real Twig method. We also
include a novel database of twig diameter measurements for a wide range of tree genera and
species. rTwig creates QSMs with realistic branch tapering, constrained by the species’ actual
twig measurement, and generates accurate tree volume estimates. rTwig also contains a
collection of tools for QSM manipulation and visualization seamlessly compatible with the R
ecosystem.
3.1 Introduction

Over the past decade, terrestrial laser scanning (TLS) has become an efficient method to
estimate total tree volume non-destructively (Arseniou et al., 2023; Calders et al., 2015; Demol
et al., 2022a; Disney et al., 2018; Holopainen et al., 2012; Stovall et al., 2017). Using TLS, trees
are captured as a point cloud, three-dimensional coordinates in space co-registered from multiple
scan locations into a local coordinate system, measuring parts of trees at a specific point in time
that are difficult or impossible to capture without harvesting the tree (Calders et al., 2020).
Technical biases and limitations inherent to different laser scanning sensors are well
documented, making TLS less susceptible to human measurement error compared to traditional

ground-based measurements, by representing the tree holistically with millions of unique data
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points (Calders et al., 2018, 2020). TLS now allows for previously impossible-to-obtain
measurements, such as the surface area of all branches (Arseniou et al., 2021).

However, TLS struggles to accurately resolve small branches and twigs < 5-7 cm in
diameter in a tree, due to the following limitations in current TLS sensors (Abegg et al., 2017;
Demol et al., 2022b; Disney et al., 2018; Wilkes et al., 2017, 2021):

1. Beam exit diameter and divergence: the widening of the initial laser beam footprint with
increasing distance from the sensor.

2. Occlusion: anterior objects preventing the laser pulse from hitting posterior objects,
creating gaps in the final point cloud.

3. Wind: the movement of branches and twigs creating misalignment between parts of the
tree as they sway back and forth.

4. Co-registration errors: the inability of registration software to perfectly align multiple
scans.

From the point cloud, total tree volume can be estimated with quantitative structure
models (QSM), which fit cylinders to the point cloud to represent the tree’s topology (Fan et al.,
2020; Hackenberg et al., 2015a; Raumonen et al., 2013), from which tree-specific structural
metrics, such as total volume, can be easily extracted from the topologically connected network
of cylinders (Akerblom et al., 2017; Arseniou et al., 2021; Terryn et al., 2020).

Once the total volume of a tree is known from its QSM, above ground biomass (AGB)
can be estimated non-destructively by multiplying the QSM volume by measured or published
wood density values (Arseniou et al., 2023). QSM stem and branch volumes can then be
compared to reference measurements to evaluate their accuracy for biomass modeling. While
QSMs can show good agreement with their reference destructive sampling data (Arseniou et al.,
2023; Burt et al., 2021; Calders et al., 2015; Demol et al., 2021b; Momo Takoudjou et al., 2018),

the volume estimates from QSMs are limited by their input point cloud data. Current QSM
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software programs reconstruct cylinders from the point cloud directly, including all the point
cloud issues, often doubling the volume of twigs and small branch cylinders (Demol et al.,
2021a; Demol et al., 2022b; Hackenberg et al., 2015b; Wilkes et al., 2021).

There are three distinct methods to reduce volume overestimation in QSMs. The first
method is to remove all branches with a base cylinder diameter < 5-7 cm and only model the
larger parts of the tree (Demol et al., 2021a; Gonzalez de Tanago et al., 2018). Omitting all the
small branches is not suitable for extracting whole-tree metrics. The next method is an allometric
correction. In this method, a mathematical function is fit to all QSM cylinders using an
independent predictor variable; cylinder radii that fall outside a defined confidence interval are
assumed to be overestimated and are resized to the predicted value (Hackenberg et al., 2015a;
Hackenberg & Bontemps, 2023). This approach reduces volume overestimation but assumes the
allometry of the tree is always identical in all parts of the tree. If parts of the tree deviate from
this fixed allometry, cylinder radii are dramatically increased or decreased, which does not
reflect the real taper within the tree. The final method employed by Raumonen et al. (2013) and
Wilkes et al. (2021) uses individual branch cylinder radii to adjust the taper of each branch by
constraining cylinders in each branch to be smaller than those in their parent branches, combined
with a parabolic model forcing the branch to taper towards a fixed minimum constraint. This
approach is data driven and logical assuming a perfect input point cloud, but it can resize
cylinder radii that do not need correction and inflate the radii of small branches and twigs.

To overcome the small branch overestimation problem in QSMs, we developed rTwig, a
software package built for the R environment (R Core Team, 2024). rTwig corrects every
overestimated cylinder in a QSM using the method we call “Real Twig”. Real Twig identifies

every path in a QSM, from the base of the main stem to each twig tip and fits a general additive
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taper model to every path in the tree’s QSM path network. Real Twig realistically constrains the
model by tapering each path to end in a twig the size of measured twig diameters for a given
species. A novel data base of twig diameter measurements for common North American tree
genera and species is also included in the package to make these measurements immediately
accessible to the user. The result is a QSM that is visually realistic, has precise estimates of total
tree volume for all parts of the tree, and retains the tree’s proper allometry. rTwig is optimized
for all major platforms (Windows, MacOS, and Linux) and supports popular QSM software
packages, including TreeQSM (Raumonen et al., 2013) and SimpleForest (Hackenberg et al.,
2015a).
3.2 Methods
3.2.1 Software Design

We designed rTwig to be compatible with both base R (R Core Team, 2024) and popular
data analysis packages such as the Tidyverse (Wickham et al., 2019). Due to non-linear scaling
of file size and computation costs needed to process QSMs of different sized trees, rTwig was
written with efficiency and performance in mind. All rTwig functions are written using base R or
with the tidytable package (Fairbanks, 2024), which provides Tidyverse syntax with the
performance gains of the data.table package (Barrett et al., 2024). Importing a QSM made with
TreeQSM in MATLAB (MathWorks, 2022) is done with the rmatio (Widgren & Hulbert, 2023)
and R.matlab (Bengtsson, 2022) packages. QSM path analysis is done with the igraph package
(Csardi et al., 2023). Efficient general additive modeling (GAM) is carried out using the cobs
package (Ng & Maechler, 2022). Parallel processing is handled by the future package
(Bengtsson, 2021). By default, multisession parallel backend is used for all platforms, but

efficient multicore forking is also available for MacOS and Linux systems. Point cloud and QSM
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cylinder visualization is implemented with the rgl package (Murdoch & Adler, 2024). Finally,
QSM mesh exporting is done with the Morpho (Schlager, 2017) package.
3.2.2 Real Twig Method

Real Twig was designed to deal with the small branch radii overestimation problem in
QSMs. Real Twig is distinct from traditional QSM branch tapering methods by using parts of a
QSM that are well modeled, such as large branches, and using them to improve poorly modeled
parts, such as small branches and twigs (see example in Fig. 3.1). Real Twig models every path
ina QSM. A path starts at the base of the tree and ends at a twig, with the total number of paths
being equal to the number of twigs in the QSM. Real Twig fits a monotonic generalized additive
model (GAM) to cylinders along the path, incorporating species-specific twig measurements
(described in the next section) and existing path allometry to correct the poorly modeled portions
of the QSM (Fig. 3.1, a & d). The method forces the paths to end in a realistically sized twig and
models the rest of the branch path behind it to taper branches realistically (Fig. 3.1, ¢ & f). A

detailed description of the Real Twig method can be found in Morales & MacFarlane (2024).
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Figure 3.1 Differences in QSM cylinder sizes for a Juglans nigra (black walnut) tree and a

showcase of the visualization tools of rTwig. a. is the unmodified, raw cylinder fits
(UnmodRadius), b. is parabolic QSM tapering from TreeQSM (OldRadius), and c. is the Real
Twig method (radius). d., e., and f. show a section of twigs overlaid on top of the input point

cloud (pink) for each method. All panels were plotted with the plot_gsm() function.
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3.2.3 Twig Database

Real Twig requires an input of the average twig size for a tree species to force the paths
to end in realistically sized twigs. Twig characteristics are highly species and genus dependent
(Fig. 3.2) and are unable to be accurately measured from point clouds due to the issues discussed
in the introduction.

Twig measurements were generally lacking in published literature, so we created our own
database of twig diameters, which is included in rTwig. The information contained in the
database is shown in Table 3.1. A detailed description of our methods for measuring twigs can be
found in Morales & MacFarlane (2024).

The twig database can be accessed by calling twigs once the rTwig library has been
loaded, or rTwig::twigs, if just the twig database is desired from the package. See Table 3.1 for
the components of the twig database. In addition to species specific twig measurements, we also
include a genus average twig measurement, with a row labeled Genus spp. under the

scientific.name column.

Column Name Description

scientific.name The tree’s specific epithet

radius.mm The average twig radius in millimeters

n The total number of measurement samples
min The smallest twig radius measurement
max The largest twig radius measurement

std The standard deviation

cv The coefficient of variation

Table 3.1 Description of the twig database.
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Abies

Acer q
Aesculus 1
Betula q
Carya
Cercis 1
Cladrastis 1
Cornus
Crataegus
Fagus {
Fraxinus 4
Gleditsia 4
Gymnocladus
Gymnopodium 4
Juglans
Laguncularia
Larix 1
Liriodendron 4
Magnolia 4
Malus
Metasequoia
Nyssa {
Ostrya
Phellodendron 1
Picea 4
Pinus 1
Platanus 4
Populus 1
Prunus 1
Quercus
Rhizophora 4
Thuja 4

Tilia 4

Tsuga q
Ulmus

|'¢ I "’U’ T' ”f '“

Twig Diameter (mm)

Figure 3.2 Measured twig diameter measurements across different tree genera showcasing twig
diameter variability in the twigs database in rTwig. The black bar is the mean twig diameter in
millimeters, while the line width and thickness show the distribution of diameters in millimeters.

The colors represent the different genera shown on the y-axis.
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3.3 rTwig Features and Example Tree

Users can install the initial public release version of rTwig from CRAN (v1.0.2, April
2024), or can install the latest development version from GitHub
(https://github.com/aidanmorales/rTwig). Table 3.2 lists all the functions available in rTwig
v1.0.2. A conceptual processing workflow with rTwig is shown in Figure 3.3. Figure 3.1 shows
the QSM corrected with the Real Twig method and a closeup of the twig cylinders plotted
against the input point cloud. To better understand and visualize the use of rTwig an example
QSM Juglans nigra (black walnut) tree and example processing workflow with real data, code,
and outputs is shown in Figure 3.4. Additional examples on how to use each function, function
input parameters, vignettes, and package changelogs are available on our website

(https://aidanmorales.github.io/rTwig/).

Function Description

import_gsm Imports a QSM created by TreeQSM (.mat extension)

update_cylinders Standardizes cylinder relationships and calculates new variables
correct_radii Models QSM paths and corrects cylinder radii overestimation
gsm_summary Generates a summary of QSM diameter, height, volume, and surface area
smooth_gsm Connects QSM cylinders end-to-end to smooth visualization

plot_gsm Plots and individual QSM and (optionally) input point cloud

plot_stand Plots multiple QSMs in the same plot and (optionally) their input point clouds
export_mesh Exports a QSM as a mesh object (.ply extension)

export_mat Exports a QSM (.mat extension) to be use in TreeQSM

box_dimension Calculates and visualizes the structural complexity of a point cloud

Table 3.2 List of functions available in rTwig.
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Figure 3.3 Schematic of an rTwig workflow. Each box represents the four main steps of

processing a QSM produced with either TreeQSM or SimpleForest.
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3.3.1 Importing a QSM

All rTwig functions operate on the QSM cylinder data, so importing the QSM cylinders
into the R environment is the first step. The importing process changes depending on the
software used to generate the QSM (Fig. 3.3). If the QSM output is in a standard format with
delimiter-separated values, such as comma-separated values with SimpleForest QSMs, the user
can import the QSM into R with their preferred function. If TreeQSM is used, the QSM isin a
proprietary MATLAB (MathWorks, 2022) format. The import_gsm() function can be used to
read in QSMs from TreeQSM. The user must specify the arguments of file (path to the QSM file)
and version (version of TreeQSM). By default, version automatically detects the correct version
for all publicly available versions of TreeQSM. However, the user can specify version = “2.0” if
v2.0 of TreeQSM was used. In our example workflow (Fig. 3.4) we pass the QSM file
(BW13.mat) as a string into the file parameter of import_gsm(). It is important to note that
import_gsm() imports the six outputs of TreeQSM as an R list object. The QSM cylinder data is
stored in the list object as an R data.frame with the name cylinder, which can be accessed with
the extraction operator (e.g., gsm$cylinder, assuming the QSM is saved as an object called gsm).
If we look at the output of import_gsm(), we see that the QSM is a list with six distinct elements,
including our cylinder data.frame (Fig. 3.4).
3.3.2 Updating QSM Cylinder Data

Given the differences in how QSM data is stored between different QSM software, the
QSM structure must be standardized to ensure the Real Twig method is consistent between all
QSMs. We accomplished this with the update_cylinders() function. This function ensures
consistent QSM topology (e.g., cylinder 1Ds, and branch ordering) and calculates new QSM

variables if they are not already present. If TreeQSM is used, four new variables growth length,
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reverse branch order, segment ID, and parent segment 1D, are calculated to match the outputs of
SimpleForest. In our example workflow (Fig. 3.4), all we need to do is pass the cylinder
data.frame into the cylinder parameter of the update cylinders() function to ensure the QSM is
in the proper structure. Updating the cylinders is a requirement to use any of the rTwig QSM
functions and should always be done after importing a QSM into the R environment.

3.3.3 Correcting QSM Cylinder Radii

A species-specific twig radius is required to correct overestimated QSM cylinder radii of
any given species using the Real Twig method. If the user has not measured a twig diameter,
they can check the twig data base built into rTwig for their specific species (database described
earlier). In our example, we extract the average twig radius for Juglans nigra (black walnut) by
specifying the scientific.name in the twigs data base, which is 2.58 millimeters (Fig. 3.4). If the
species is not present in the twigs data base, the genus radius average can serve as a substitute
until a twig can be measured.

Once the twig diameter is known, the cylinder radii can be corrected using the
correct_radii() function. The inputs are cylinder (the cylinder data.frame) and radius (the twig
radius in millimeters), which in our example is 2.58 millimeters (Fig. 3.4). The final
correct_radii() function parameter is backend. By default, backend is set to “multisession”,
which is a parallel backend compatible with all platforms. If a Linux or MacOS system is used,
backend can be set to “multicore” for less parallel overhead. If the user does not want to use
parallel processing, or the overhead is greater than the processing time, backend can be set to
“sequential”.

After running correct_radii(), there are three radii columns in the cylinder data.frame to

choose from. UnmodRadius is the QSM cylinder radii without any modifications and is what the
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Real Twig method uses by default. OldRadius the is QSM cylinder radii after any modifications
made by the QSM software. Finally, radius is the QSM cylinder radii after being corrected with
the Real Twig method. All three types of radii are visualized using our example Juglans nigra
(black walnut) tree in Fig. 3.1.
3.3.4. QSM Summary

After correcting the radii, we can look at the QSM summary statistics with the
gsm_summary() function. There are three input parameters for gsm_summary(). The first is
cylinder (the cylinder data.frame). The second is radius, which defaults to “modified” (the radii
after the Real Twig correction). Additional radius parameters are ”old” (OldRadius) and
“unmodified” (UnmodRadius). The final input parameter is triangulation, which replaces the
cylinder volume in the main stem up to the first branch with volume from a triangular mesh of
the main stem, which only applies to QSMs made with TreeQSM. triangulation defaults to
FALSE, but the user can supply the triangulation list imported with the import_gsm() function.
In our Juglans nigra (black walnut) example (Fig. 3.4), we summarized the QSM statistics
before and after running the Real Twig method. Before running Real Twig, the total tree volume
was 2439 liters, and the total branch volume 1400 liters. After running Real Twig, the total tree
volume was 1693 liters, and the total branch volume 649 liters. This is a 30.6% reduction in total
tree volume, with nearly all the volume reduction occurring in the branches. This volume
reduction is visualized in Fig. 3.1.
3.3.5 QSM Visualization and Export

rTwig also includes three functions for QSM visualization, and one function for
exporting. All four of these functions take the cylinder data.frame as the main parameter in the

cylinder input parameter. Additional input parameters are described in detail in the package
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documentation and example vignettes. smooth_gsm() ensures all cylinder endpoints are
connected to improve visualization. Only TreeQSM is supported, as SimpleForest cylinder
endpoints are already connected. plot_gsm() plots a single QSM, while plot_stand() plots
multiple QSMs together in the same plot. Finally, export_mat() exports a QSM to the proprietary

MATLAB format for use with TreeQSM.

library(rTwig)

twigs[twigs$scientific.name == "Juglans nigra", ]

## # A data frame: 1 x 7

##  scientific.name radius.mm n  min max std cv
## * <chr> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl>
## 1 Juglans nigra 2.58 38 1.78 3.56 ©.48 9.19

gsm <- import_gsm(file = "BW13.mat")

summary (qgsm)

#i# Length Class Mode
## cylinder 17 data.frame list
## branch 1e data.frame list
## treedata 83 -none- list
## rundata 45 data.frame list
## pmdistance 21 -none- list
## triangulation @ -none- list

gsm$cylinder <- update cylinders(cylinder = gsm$cylinder)
gsm$cylinder <- correct_radii(cylinder = gsm$cylinder, twigRad = 2.58)

gsm_summary (cylinder = gsm$cylinder, radius = "old")[[2]]

## # A tidytable: 1 x 8

##  QSM.dbh.cm QSM.ht.m Stem.vol.L Branch.vel.L Tot.vol.L Stem.sa.m2 Branch.sa.m2
H#i# <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl>
## 1 42.1 17.7 1839. 1400. 2439. 13.0 148.
## # i 1 more variable: Tot.sa.m2 <dbl>

qsm_summary (cylinder = gsm$cylinder, radius = "modified”)[[2]]

## # A tidytable: 1 x 8

##  QSM.dbh.cm QSM.ht.m Stem.vol.L Branch.vel.L Tot.vol.L Stem.sa.m2 Branch.sa.m2
H## <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl>
## 1 42.1 17.7 1e44. 649. 1693. 12.9 64.9
## # i 1 more variable: Tot.sa.m2 <dbl>

Figure 3.4 A typical rTwig workflow using a Juglans nigra (black walnut) tree generated with
TreeQSM.

71



3.4 Limitations of rTwig

Our Real Twig method can correct QSM volume overestimation in small branches and
twigs but makes several assumptions about cylinder fits and branch tapering. These assumptions
generate precise and accurate estimates of total tree volume (Morales & MacFarlane, 2024) but
may not always reflect the real taper within branches or main stem of a tree, depending on the
quality of the input data.

Our method was trained with twig diameter measurements and does not incorporate
measurements along the main stem or branches. As a result, what our method determines to be a
good or bad cylinder fit may resize correct parts of the tree, especially in smaller diameter
branches, leading to overaggressive tapering in smaller parts of the tree. Our method may also
slightly increase the diameter of branch bases, especially if the branch base cylinder was
determined to be a poor fit. Without enough good fit cylinders along the path, the GAM predicts
the radius based on the closest good fit cylinders, which can inflate the branch base, and decrease
the smaller branches, as the closest good fit cylinder for small branches is the measured twig
diameter. These two assumptions create a branch taper that can be slightly inflated at the base
and slightly too small towards the twig tip. These small errors cancel out and yield accurate
branch volumes at the expense of the true taper. The greater the proportion of smaller branches a
tree has the more apparent this becomes.

Based on internal testing of our method, this mainly affects excurrent growth forms with
strong apical dominance. For such trees with abrupt changes in diameter along a path, some
small branch cylinders may be labeled as bad fits. In contrast, decurrent growth forms without
strong apical dominance have a more gradual drop in growth length between branches, with

fewer small branch cylinders labeled as bad fits. Additionally, high-quality leaf-off conifer data
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sets with a range of species and sizes are not currently available for reference volume and
biomass measurements. As a result, the current QSM correction functions in rTwig are best
suited for decurrent growth forms and may underestimate small branch volume for trees with
excurrent growth forms,
3.5 Summary

QSMs are a valuable tool to measure attributes of trees non-destructively and
wholistically describe tree topology. We developed rTwig to improve and correct the widespread
volume overestimation problem in QSMs, especially in small branches and twigs. rTwig not only
corrects QSM volume overestimation, but it also provides a unique set of tools to analyze QSMs
within the R ecosystem. We plan to improve the functionality of rTwig going forward and
expand support for other QSM generation software. We also encourage users to submit bug
reports, general contributions, and feature requests to our GitHub page
(https://github.com/aidanmorales/rTwig/issues).
3.6 Software and Data Availability

Name of Software: rTwig

Package Developers: Aidan Morales, David W. MacFarlane

Type of Software: R package

First Available: 2024

Program Languages: R

Cost: Free

License: GPL 3

CRAN Repository https://cran.r-project.org/web/packages/r Twig/index.html

GitHub Repository: https://github.com/aidanmorales/rTwig
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Install from CRAN: install.packages(‘‘rTwig’’)
Install Development Version: devtools::install_github("aidanmorales/rTwig")

Contact Information: Michigan State University, Forest Measurements and Modeling
Lab, Department of Forestry, East Lansing, MI, USA
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CHAPTER 4

SUMMARY AND RECOMMENDATIONS
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4.1 Summary of Research

Our Real Twig method enables precise and accurate estimates of total tree volume and
biomass from quantitative structure models (QSM) when species-specific twig diameters are
supplied. QSMs corrected with our Real Twig method are visually realistic across a range of tree
species (Fig. 2.1b, 2.1e, 2.1h, Fig. 3.1c). Furthermore, we tested our Real Twig method against
high-quality reference destructive sampling data and point cloud data of various quality,
collected with both time-of-flight (TOF) and phase-shift (PS) laser scanning sensors. Across our
41 study trees, we found that our Real Twig method consistently produced total tree QSM
volumes and mass within + 10% of the reference data. Based on these results, we are confident
that Real Twig can produce precise and accurate estimates of total tree volume without the need
for reference destructive sampling data. However, careful judgment is required to generate
topologically correct input point clouds and QSMs for the best possible results using Real Twig.

We found that QSM small branch and twig volume overestimation depends on two main
factors. First, volume overestimation is directly proportional to the size of the tree, the total
number of twigs in a tree, and the species-specific twig diameter (Table 2.3, Fig. 2.6). The larger
the species-specific twig diameter, the less the twig is affected by wind noise, beam divergence,
and co-registration errors, leading to lower QSM volume overestimation, with the converse being
true for trees with smaller twig diameters. Similarly, the topology of the QSM has a significant
effect on volume overestimation or underestimation of small branches and twigs (Fig. 2.7). If the
QSM fails to reconstruct large portions of small branches and twigs from a point cloud or does
not reconstruct cylinders all the way to the end of the twig, compensatory errors and volume

omission may mask small branch volume overestimation.
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These findings agree with and provide a new explanation for the varying results of
previous QSM volume validation studies. Species-specific twig diameters can explain QSM
volume overestimation between different species with everything else held constant. For
example, Demol et al. (2021) found that European larch (Larix decidua), which has an average
twig diameter around one millimeter (Fig. 3.2), had QSM volumes over double that of the
reference data, while European beech and European ash (Fagus sylvatica, Fraxinus excelsior)
with larger twig diameters (Fig. 3.2) had less than 39% volume overestimation. Similarly,
different QSM software versions can drastically affect volume estimates. Using TreeQSM v2.4
on two different European ash trees, Demol et al. (2022) found QSM volume was overestimated
by 45% on average, compared to an average overestimation of 38% using TreeQSM v2.3, when
scanned and destructively sampled following the same protocol on 15 different European ash
trees (Demol et al., 2021). Finally, the size of the tree and twig diameter can explain the relative
amount of QSM volume overestimation. For example, the four large tropical trees (Burt et al.,
2021) showed the lowest overall error without Real Twig applied and have large twig diameters
~1 cm in size, while the smallest red maple from Harvard Forest had > 400% total mass
overestimation and has twig diameters ~5 times smaller than the tropical trees (Table 2.3, Fig.
2.6).

4.2 Recommendations
4.2.1 Twig Measurements

Given the importance of twig diameter measurements for correcting QSM volume
overestimation, we have the following recommendations for measuring twig diameters for
different species. First, we recommend collecting a minimum of 30 twig diameters for each tree

species to ensure tree-to-tree variation is sufficiently captured. Samples should be collected from

81



individual trees of various sizes whenever possible. As Wilkes et al. (2021) suggested, we also
recommend collecting a maximum of <5 twigs from an individual tree to ensure that no
individual can bias the species-specific average twig diameter. If a tree is destructively sampled
for mass validation, we recommend collecting < 5 twig measurements from each branch coming
off the main stem. If the same species is present or has been introduced across continents, we
recommend collecting additional twig measurements to assess whether twig diameters vary by
species across wide geographic ranges.

We also recommend measuring twig diameters during the dormant season when possible.
In temperate climates, this is between late fall and early spring, when deciduous trees have lost
their leaves, but before their buds begin to break. In tropical and subtropical climates this may
occur during the dry or rainy season depending on the species. Measuring twigs during the
dormant season ensures that we capture the twig after it has finished growing for the season and
do not underestimate its diameter by measuring the region of active twig growth.

If not cost or time prohibited, we also recommend collecting additional ecological data
related to the twig diameter, such as tree form, leaf morphology, position in the canopy, relative
position of the measured twig in the canopy, and diameter measurements for a subset of branches
to compare to the QSM. These variables would enhance a twig measurements data set beyond
simple diameter measurements, and provide the scientific community with a novel, rich data set
to better understand the role of twigs within individual trees, different species, and their response
to different environmental conditions. This data would also be invaluable for benchmarking

improvements in TLS sensor technology and QSM topology over time.
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4.2.2 TLS Sensor Characteristics and Twigs

QSMs and their ability to accurately resolve fine branching structures can only be as
good as their input point cloud data. If the input point cloud does not represent the tree well, the
QSM cannot model the tree well. Consequently, the effectiveness of our Real Twig method to
correct QSM branch taper is also dependent on point cloud quality. Therefore, we strongly
recommend using the twig diameter of a tree as the focus for TLS data collection and matching
the TLS sensor to the site conditions and desired goals.

The first consideration is the type of TLS sensor and its characteristics used to collect the
point cloud data, with phase-shift (PS) and time-of-flight (TOF) being the two main sensors used
in forestry applications. The ability of TOF sensors to emit discreet laser pulses with high signal-
to-noise ratios and multiple returns per pulse over hundreds of meters (in the case of the Riegl
VZ series), gives TOF a distinct advantage over PS scanners, with limited ranges, single returns,
and low signal-to-noise ratios, especially around the edges of objects (Calders et al., 2020).
However, PS scanners have much lower beam divergence, smaller exit beam diameters, lower
ranging error, and faster data acquisition rates than TOF sensors, making them more suitable for
resolving fine details within 100 meters with higher accuracy (Suchocki, 2020). Considering
these sensor specific characteristics against known twig diameters helps to explain the small
branch overestimation in point clouds. The ranging error (the measured distance versus the true
distance from the sensor) for typical PS sensors is + 2 mm, and + 5 mm for TOF sensors
(Suchocki, 2020), which is larger than most twig diameters (Fig. 3.2). As Stovall et al. (2023)
showed, lower ranging errors and exit beam diameters dramatically increase a sensor’s ability to
accurately resolve small parts of a tree. Until the ranging error is less than the twig diameter,

current TLS sensors will always overestimate the width of twigs in point clouds.
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4.2.3 Angular Resolution and Twigs

The angular resolution of the scanner, the angle in degrees between subsequent vertical
scan lines, is perhaps more important than the ranging error, as ranging error only occurs when a
laser pulse intercepts an object and can record a return. If the angular resolution of the scanner is
wider than the twig diameter at a given distance, and any part of the beam footprint does not
intercept the twig, no point will be recorded for the twig. However, if a laser pulse intercepts a
twig, but the center of the laser pulse does not fully contain the twig, the recorded data will have
a weak signal with low accuracy and inflate the twig diameter even further (Wilkes et al., 2021).
This effect is most noticeable on small diameter parts of a tree, but it occurs to varying degrees
whenever the laser footprint is wider than the part of the tree it intersects.

Over the past decade of TLS forestry campaigns, an angular resolution of 0.04° — 0.06°
with a spacing of 10 meters between subsequent scans has been widely used to balance scan
number and post-processing time versus data acquisition rate and data quality (Wilkes et al.,
2017). However, if we consider angular resolution against the twig diameter, too high of an
angular resolution quickly degrades the point cloud quality as distance from the scanner
increases. Morhart et al. (2024) demonstrated this problem well; using a Riegl-VZ 400i with an
angular resolution of 0.04° to scan branches in a controlled environment, the spacing between
each laser pulse was 3 millimeters when the scanner was placed 5 meters away from the branch,
and 1.4 centimeters when the scanner was placed 20 meters away from the branch, with point
cloud and QSM quality quickly degrading as distance from the scanner increased. Given a
typical twig diameter (Table 3.2) and a typical twig height above the ground 20 meters from the
scanner, with an angular resolution of 0.04°, the point spacing (~ 1 centimeter) is much larger

than the twig diameter depending on the sensor specific beam divergence characteristics. The
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points that are captured are unlikely to have the center of the laser pulse intercept a twig directly,
leading to poor point cloud accuracy. However, the relationship between angular resolution and
point spacing is linear at any given distance (assuming a fixed angle of incidence), so halving the
angular resolution doubles the point spacing, and vice versa. Lowering the angular resolution
ensures more laser pulse centroids directly intercept the tree at any given distance, leading to
increased point cloud accuracy for smaller parts of the tree at the expense of oversampling larger
portions of the tree.

Based on our results using Real Twig, we found that lower angular resolutions
significantly improve both the twigs in the point cloud and the QSM. For example, the tree
shown in Fig. 3.1 was scanned with a Faro Focus3D X 330 scanner with angular resolutions
between 0.009° and 0.018° as part of a 20 x 60 meter plot of 50 trees following the protocol
described in Wilkes et al. (2017). As shown in Fig. 3.1, the resulting point cloud and QSM
replicate the branching structure and twigs well. We believe that the tradeoff of increased storage
space and scan time with lower angular resolutions is worth the better point cloud and QSM
quality.

4.2.4 Final Recommendations and Future Work

Our Real Twig method corrects QSM volume overestimation, and our twig diameter
measurements provide new insights into TLS data collection of trees. To ensure the best possible
results with Real Twig, we recommend collecting species-specific twig diameter measurements
and the highest quality point cloud with twigs resolved as finely as possible. Until a satisfactory
way to filter phase-shift sensor noise exists, we recommend using time-of-flight sensors, due to
their superior signal-to-noise ratio and ability to record multiple returns with high accuracy,

which is especially important for collecting data in complex or leaf-on forest conditions. We
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recommend optimizing the angular resolution of the scanner to fully contain points along the
twig depending on the height of the canopy and the diameter of the twig. Finally, we recommend
carefully selecting input parameters and inspecting the final QSM, to ensure the topology of the
QSM best represents the real tree.

We see three main objectives for future work. First, future studies should compare
multiple laser scanning sensors and their ability to resolve twigs and small branches. These
studies should compare time-of-flight and phase-shift sensors across different distances and
angular resolutions versus manual small branch measurements to quantify sensor-specific small
branch overestimation. Second, they should consider how much sensor-specific small branch and
twig overestimation Real Twig can correct from the QSM, including a sensitivity analysis using
the full range of species-specific twig diameters. Finally, the results of these studies can be used
to improve the Real Twig method even further, ensuring precise and accurate branch tapering
across a range of laser scanning sensors and tree species. Work is underway with the rTwig
package to not only support more QSM software, but also rewrite core functions using Rcpp,
(Eddelbuettel & Balamuta, 2018), a high performance C++ backend for R. A better
understanding of laser scanning sensors, small branch and twig measurements, and high
performance software, will not only improve non-destructive tree measurements, but also deepen

our understanding of real trees.
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