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Abstract

Dead wood is a key forest structural component for maintaining biodiversity and storing carbon.
Despite its important role in a forest ecosystem, quantifying dead wood alongside standing trees has
often neglected when investigating the feasibility of terrestrial laser scanning (TLS) in forest
inventories. The objective of this study was therefore to develop an automatic method for detecting
and characterizing downed dead wood with a diameter exceeding 5 cm using multi-scan TLS data.
The developed four-stage algorithm included 1) RANSAC-cylinder filtering, 2) point cloud
rasterization, 3) raster image segmentation, and 4) dead wood trunk positioning. For each detected
trunk, geometry-related quality attributes such as dimensions and volume were automatically
determined from the point cloud. For method development and validation, reference data were
collected from 20 sample plots representing diverse southern boreal forest conditions. Using the
developed method, the downed dead wood trunks were detected with an overall completeness of 33%
and correctness of 76%. Up to 92% of the downed dead wood volume were detected at plot level with
mean value of 68%. We were able to improve the detection accuracy of individual trunks with visual
interpretation of the point cloud, in which case the overall completeness was increased to 72% with
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mean proportion of detected dead wood volume of 83%. Downed dead wood volume was
automatically estimated with an RMSE of 15.0 m*/ha (59.3%), which was reduced to 6,4 m’/ha
(25.3%) as visual interpretation was utilized to aid the trunk detection. The reliability of TLS-based
dead wood mapping was found to increase as the dimensions of dead wood trunks increased. Dense
vegetation caused occlusion and reduced the trunk detection accuracy. Therefore, when collecting the
data, attention must be paid to the point cloud quality. Nevertheless, the results of this study
strengthen the feasibility of TLS-based approaches in mapping biodiversity indicators by
demonstrating an improved performance in quantifying ecologically most valuable downed dead
wood in diverse forest conditions.
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1. INTRODUCTION

Dead wood, or coarse woody debris (CWD), including standing and downed dead trees, woody
debris, and stumps, is an important structural component in boreal forest ecosystems as it maintains
the forest biodiversity and stores carbon decades after the tree death has occurred (Franklin et al.
1987; Krankina, Harmon 1995; Harmon, Sexton 1996; Esseen et al. 1997). The abundance of CWD
is considered to be an indicator of forest biodiversity, since many threatened species are dependent
on decaying wood as a habitat (Harmon et al. 1986; Esseen et al. 1997; Siitonen 2001). Most often,
these species are specialized in CWD with certain properties (i.e., tree species, stage of decay, water
content, size and orientation) (Jonsell, Weslien 2003; Simil4 et al. 2003; Tikkanen et al. 2006). Being
a dynamic pool for carbon, CWD has a major role in the circulation of carbon and nutrients (Harmon
et al. 1986; Franklin et al. 1987; Russell et al. 2015). The proportion of carbon stored in CWD in a
forest can be substantial depending on the disturbance history and the maturity of the forest (Krankina,
Harmon 1995). When assessing carbon stores and fluxes in a forest ecosystem, it is essential to also
include carbon stored in CWD. This requires quantifying the CWD which has traditionally based on
field inventory (see Russell et al. 2015). Complementary approaches for CWD mapping using optical
remote sensing (e.g., Butler, Schlapfer 2004; Pasher, King 2009) as well as airborne laser scanning
(ALS) (Pesonen et al. 2008; Lindberg et al. 2013; Nystrom et al. 2014; Tanhuanpéa et al. 2015) have
been introduced. Still, field inventory with traditional forest mensuration tools have been required
when detailed information on dead wood dynamics is needed.

During the last decade, the high potential of terrestrial laser scanning (TLS) in acquiring dense point
clouds for characterizing forest structure has been noticed (Dassot et al. 2011; Newnham et al. 2015;
Liang et al. 2016; Liang et al. 2018). TLS provides a detailed three-dimensional description of the
surroundings of the scanner enabling versatile measurements from single trees and tree communities
with a millimetre-level of detail. Developments in scanner technology, as well as advances in
computational performance and data storing capacity have awoken the growing interest for the use of
TLS-based approaches in forest inventory applications (Liang et al. 2016; White et al. 2016). Previous
studies have proven TLS-based methods to be feasible for detecting most of the trees as well as
providing information on tree attributes, such as tree height and diameter at breast height (DBH) (e.g.
Maas et al. 2008; Liang, Hyyppa 2013; Heinzel, Huber 2016; Korén et al. 2017; Cabo et al. 2018). A
major advantage of TLS is the ability to non-destructively estimate some of the important tree
attributes (e.g., stem curve and volume) that have been challenging to be determined accurately using
the conventional field inventory methods (Liang et al. 2014a; Olofsson, Holmgren 2016; Sun et al.
2016; Saarinen et al. 2017). In addition, tree biomass can be modelled with improved accuracy as the
stem and large part of the branches can be measured from the TLS data (Kankare et al. 2013; Seidel
et al. 2013; Ishak et al. 2015; Calders et al. 2015; Stovall et al. 2017). To emphasize the versatility of
the use of TLS in forest applications, TLS has also been used in analysing timber quality (Kankare et
al. 2014; Pyorala et al. 2018) and canopy structure (e.g. Henning, Radtke 2006; Fleck et al. 2007,



Danson et al. 2014). State-of-the-art methodologies in detecting and characterizing trees using TLS
data were recently investigated in an international benchmarking study, in which 18 different
algorithms were compared in varying southern boreal forest conditions (Liang et al. 2018). The study
revealed that challenges still exist, especially in tree detection and tree height estimation. The use of
TLS in sample plot measurements is also restricted due to the lack of methods for automatic tree
species recognition, which has been investigated less frequently (Liang et al. 2016; Akerblom et al.
2017).

The main driver in developing new TLS-based methods has been the utilization of point clouds to
complement or even replace the conventional field inventory methods. The experience gained from
the past studies, the international benchmarking by Liang et al. (2018), as well as the discussion on
the best practices in TLS data acquisition by Wilkes et al. (2017), for example, have been significant
milestones towards operational applicability of TLS-based methods. In addition to attributes of
standing trees, TLS technology should be suitable for characterizing the forests through topography,
low vegetation and downed trees as well. However, the priority in studies regarding the use of TLS
for forest characterization has been the retrieval of the attributes of the living standing trees, while
less effort has been put in detecting other ecologically valuable structures, such as CWD (see Marchi
et al. 2018). Polewski et al. (2017), on the other hand, recently introduced the first attempt to map
downed trees automatically from TLS point clouds by applying a statistical cylinder detection
framework. According to Polewski et al. (2017), it seems that the use of TLS-based approach in
mapping downed trees is feasible at least in relatively sparse forests with fallen trees large in diameter.
Putman and Popescu (2018) estimated the volume of standing dead trees using TLS data but, as stated
in Polewski et al. (2017), the conditions for tree detection and presumably also for diameter
measurement, for example, are more challenging for downed trees than for standing trees. Thus, a
knowledge gap regarding the feasibility of TLS-based approaches to provide information on dead
wood quality attributes such as dimensions still exists and currently limits the use of TLS for
comprehensive characterization of forests.

The objective of this study was to develop a method for detecting and characterizing downed dead
wood using point clouds from multi-scan TLS data. In this study, downed dead wood is defined as
stems or part of the stems that have fallen on the forest floor because of natural disturbance or
harvesting, hereafter denoted as downed dead wood or dead wood trunks. In the developed method,
the dead wood trunks are detected based on their geometric properties. The dead wood trunks are
delineated from the point clouds for measuring trunk dimensions and for deriving the quantity and
quality of downed dead wood on a sample plot. The quantity of dead wood is measured as the total
volume of dead wood and the number of dead wood trunks on a sample plot. Dead wood quality is
described through attributes related to the trunk dimensions that are expected to be measurable from
TLS point clouds. The performance of the TLS-based approach is examined on 20 sample plots
representing diverse southern boreal forest conditions. The study aims to strengthen the feasibility of
TLS-based approach in dead wood mapping expanding the applicability of dense point clouds in
forest inventories.

2. MATERIALS AND METHODS

2.1 Study materials

2.1.1 Study area

The study area is located in Evo, southern Finland (Figure 1), where the forests are dominated by
Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) H. Karst.) and birch (Betula L. sp).
The forests in the area are characterized by a mixture of managed and natural forests including both
homogeneous and heterogeneous stands with varying growth stages.
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Figure 1. Map of the study area and the locations of the sample plots.

2.1.2 Sample plot characteristics

The method development in this study was based on TLS data collected from 20 sample plots (32 m
X 32 m in size) in autumn 2017. The sample plots were selected from a group of 91 sample plots
which were established in 2014 to cover the structural variation of forests in the study area (for more
details, see Yu et al. 2015). TLS data were available from these sample plots enabling virtual revisit
to the study site for assessing the abundance of downed dead wood which was the main criterion
determining the sample plot selection. Standing trees on the sample plots with a DBH exceeding 5
cm had been measured in the field in summer 2014. Tree species, DBH, height, stem volume and
location had been determined for each tree. DBH was measured with steel callipers, and height was
derived using electronic clinometer. DBH and height were then used to estimate the stem volume
with species-specific volume equations (Laasasenaho 1982). Location of each tree was derived by
either detecting the tree from the TLS point cloud or by determining the location in the field with
respect to the known locations of the detected trees. Finally, stand attributes describing the forest
structure at stand-level were calculated based on individual tree attributes.

The sample plots were located in both managed and natural forests with Lorey’s mean height, basal-
area weighted mean diameter, basal area, volume, and stem number varying between 18.7-31.3 m,
19.0-42.7 cm, 15.2-42.9 m?/ha, 177.7-507.7 m*/ha, and 324-2041 n/ha, respectively (Table 1). For
each sample plot, dominant tree species was defined by the species with largest basal area. Norway
spruce was the dominant tree species for 16 sample plots, Scots pine for two sample plots, Downy
birch (Betula pubescens L.) for one sample plot, and Siberian larch (Larix sibirica Ldb.) for one
sample plot.

Table 1. Variation of forest structural attributes on the sample plots (n = 20) used for method
development. Dg = basal area weighted mean diameter, Hg = Lorey’s mean height, G = basal area,
V = stem volume, S = stem density, based on field measurements in summer 2014.

Dg (¢cm) Hg (m) G (m%ha) V (m?/ha) S (n/ha)
min 19.0 18.7 15.2 177.7 342
mean 31.6 25.0 29.9 341.7 728
max 42.7 313 42.9 507.7 2041
standard deviation 7.4 4.1 6.9 102.9 392




2.1.3 Terrestrial laser scanning data acquisition

TLS data were collected in leaf-off conditions in early November 2017, using Leica HDS6000 phase-
shift scanner (Leica Geosystems, Heerbrugg, Switzerland). The scanning was conducted with high
power setting, providing a point cloud with point spacing of 6.3 mm and point density of
approximately 25 000 points/m? at 10 m distance from the scanner. The data were collected using a
multi-scan approach with five scanning positions for each plot. The first scanning position was
located at the plot centre, while the remaining four scanning positions were placed around the first
one in quadrant directions in order to cover the entire plot. The point clouds were then registered and
combined using spherical reference targets attached to the trees with steel plates and magnets.
Depending on the vegetation density, the number of reference targets used for point cloud registration
was from five to six targets per plot. All the reference targets were visible from the plot centre, and
at least three of them from all other scanning positions. In this way, the point clouds from each
scanning location could be combined. The exact location of each reference target was measured using
a total station and ground control points. The locations were used in transforming the combined point
clouds into global coordinate system.

TLS data acquisition was followed by point cloud registration and filtering. The registration was
conducted using Z + F LaserControl software (Zoller + Frohlich GmbH, Wangen im Allgéu,
Germany). First, the reference targets were visually detected and identified from the point cloud.
Then, spherical objects of equal size to the reference targets were fitted to the points representing the
reference targets. Using the fitted spherical objects, 3D-transformation between the point clouds (i.e.,
point cloud rotation and translation with respect to the centre plot scan) were calculated. As a result,
the point clouds could be combined at plot-level with a mean accuracy of 1.7 mm. In addition, mixed
pixels (i.e., points that occur when the laser beam intersects two surfaces within a certain distance
apart, resulting an inaccurate range measurement) were filtered to remove noise from the point cloud.
Depending on the forest structure, the number of points in a point cloud representing an entire sample
plot varied between 104 million to 150 million.

2.1.4 Reference measurements on downed dead wood

Quantity and quality of downed dead wood was measured in the field using steel callipers and a
measuring tape to assess the accuracy of the TLS-based method for detecting dead wood. All downed
dead wood trunks with a diameter exceeding 5 cm at the middle of the trunk were measured in the
field and included in the field reference. For each trunk, tree species, bark coverage and stage of decay
were determined based on field instructions for Finnish National Forest Inventory (Finnish Forest
Research Institute 2009). The trunk was classified into five bark cover percentage classes based on
ocular estimation. The stage of decay was determined based on how much the blade of a knife
penetrated the wood: the depth of the penetration indicated how far the decay had proceeded.
Additionally, dimensions of the trunk were measured using a measuring tape and steel callipers. The
length and diameters were measured for each trunk. The diameters were measured at the butt-end,
the top-end, and from the middle of the trunk, as well as at two-meter intervals, beginning from the
butt-end of the trunk (Figure 2). Diameter in the middle of the trunk, i.e., the mid-diameter, was also
considered as one of the attributes defining the quality of dead wood. Trunk dimensions were then
utilized to estimate the trunk volume. The volume was calculated using the Huber formula (Equation
1) by dividing the trunk in sections and summing up the volume estimates of the trunk sections:
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