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Abstract 

Terrestrial laser scanning (TLS) provides detailed three-dimensional representation of the surrounding forest 

structure. However, due to close-range hemispherical scanning geometry the ability of TLS technique to 

comprehensively characterize the upper parts of forest canopy is often limited. To overcome challenges in 

upper canopy characterization, TLS point cloud were complemented with a point cloud acquired from above 

the canopy using UAV photogrammetry. The use UAV point cloud data was considered feasible especially in 

tree segmentation. With multi-sensoral approach 98.8% of all the 2102 Scots pine trees on the 27 sample plots 

were automatically detected. Root-mean-square-error (RMSE) in tree height estimates was 1.47 m (7.4%) with 

0.33 m (1.7%) of underestimation. Plot-level forest inventory attributes were estimated with a relative RMSE 

less than 5.5% with the multi-sensoral approach. The results showed that in managed Scots pine forests the 

multi-scan TLS captures also the upper parts of the forest canopy and improvement in tree height 

measurement accuracy was obtained with the use of photogrammetric UAV point clouds. The RMSE in basal 

area-weighted mean height improved 34% (from 0.88 m to 0.58 m) and the bias improved 40% (from -0.75 m 

to -0.45 m) when UAV data was utilized. However, in this case the accuracy of TLS measurement was already 

high. In single-species, single-layer forest conditions, multi-sensoral approach generated benefits especially 

for forest height characterization. However, characterization of complex forest structures may benefit even 

more from point clouds that have been collected using sensors with different measurement geometries. 
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INTRODUCTION 

Terrestrial laser scanning (TLS) provides detailed three-dimensional (3D) representation of the surrounding 

forest structure enabling automated characterization of trees and tree communities (Dassot et al. 2011, 

Newnham et al. 2015, Liang et al. 2016). Compared to the conventional forest inventory methods, the use of 

TLS point clouds enable non-destructive approaches to estimate stem profile and volume (Liang et al. 2012, 

Olofsson et al. 2014, Saarinen et al. 2017) and to characterize branching structure of trees (Raumonen et al. 

2013, Pyörälä et al. 2018) which further improves the tree biomass modelling (Kankare et al. 2013, Calders et 

al. 2015). However, due to the close-range hemispherical scanning geometry, the ability of TLS technique to 

comprehensively characterize the upper parts of forest canopy is often limited (Schneider et al. 2019). 

Therefore, a several meters of error in TLS-based tree height estimates are common (Liang et al. 2018). 

Furthermore, errors in tree height estimates lead to erroneous stem volume and mean tree height estimates 

as well. To overcome the challenges with upper canopy characterization, TLS data could be complemented 

with a point cloud acquired from above the forest canopy (Wang et al. 2019). While better digitizing the upper 

canopy structure for more reliable tree height measurement, the multi-sensoral approach could also enable 

improved tree segmentation and more accurate point cloud-based estimates for plot-level forest inventory 

attributes. 
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During the recent years, the use of unmanned aerial vehicles (UAV) has become a feasible option for small-

scale forest monitoring (Wallace et al. 2016, Guerra-Hernández et al. 2018). Applying image processing 

techniques such as Structure from Motion approach for generating point clouds from overlapping images 

(Westoby et al. 2012), detailed 3D information on forest canopy structure can be acquired even using a 

consumer-grade UAV equipped with an RGB camera (Alonzo et al. 2018). With high temporal resolution in 

data acquisition, UAV photogrammetry is expected to suit for complementing multi-scan TLS data in forest 

monitoring applications. The objective of this study is to investigate the feasibility of combining 

photogrammetric UAV and TLS point clouds to improve the accuracy of detecting trees, measuring tree height 

and estimating plot-level forest inventory attributes on managed boreal forest stands. 

MATERIALS AND METHODS 

Study materials 

The study materials consist of ground truth data and multi-sensoral point cloud data collected from 27 sample 

plots (900-1200m2) located in two study sites in Southern Finland: Vilppula (62°02'N 24°29'E) and Padasjoki 

(61°21'N 25°06'E). The sample plots represent managed, even-aged Scots Pine (Pinus sylvestris L.) stands 

where the stand basal area ranges between 13.3 m2/ha and 43.3 m2/ha indicating large variation in stand 

density. The ground truth data comprises of 2102 Scots pine trees that were measured in the field using 

conventional field inventory methods. The plot-level forest inventory attributes were computed according to the 

procedure presented in Yrttimaa et al. (2019a). 

The multi-sensoral point cloud data consists of TLS point clouds and photogrammetric UAV point clouds. The 

TLS data were collected using Faro Focus 3D phase-shift scanner with a multi-scan setup where hemispherical 

point clouds were acquired from eight scanning locations evenly distributed on each sample plot. Artificial 

reference targets were used to register and merge the individual point clouds together following the co-

registration principle presented in e.g. Yrttimaa et al. (2019b). The UAV point clouds were acquired using 

Gryphon Dynamics quadcopter equipped with two Sony A7R II digital cameras mounted on +15° and -15° 

zenith angles. With a flying altitude of 140 m and flying speed of 5 m/s a total of 1916 images were captured 

resulting of 1.6 cm ground sampling distance and 93 % forward and 75 % side overlaps. Eight ground control 

points (GCPs) were precisely measured for each study site. Photogrammetric processing was carried out using 

Agisoft Metashape Professional software (Agisoft 2019), following similar processing workflow as presented 

in Viljanen et al. (2018). In bundle adjustment the root-mean-square-errors (RMSE) of 0.29-1.75 cm were 

recorded for the X-, Y- and Z-coordinates. As a result, dense UAV point clouds were obtained with a 

reprojection error of 0.65-0.70 pixels, point cloud resolution of 3.11-3.53 cm/pixel, and a point density of 804-

1030 points/m2 depending on study site. 

Point cloud processing methods 

A modified version of the point cloud processing method presented in Yrttimaa et al. (2019a) was used in this 

study (Fig. 1). First, the TLS and UAV point clouds were normalized separately using LAStools software 

(Isenburg 2017) and a publicly available 2 m x 2 m digital terrain model (DTM) with an expected vertical 

accuracy of 30 cm (National Land Survey of Finland). The normalized datasets were then registered and 

merged using 3D rigid transformation where the transformation matrix was computed based on the coordinates 

of tie points manually extracted for each sample plot. 

Canopy height model (CHM) with a 20 cm resolution was generated from the UAV point cloud. Preliminary 

tree segmentation was then conducted using Variable Window Filter algorithm (Popescu & Wynne 2004) to 

detect the tree top positions, and Marker-Controlled Watershed Segmentation (Meyer & Beucher 1990) to 

eventually segment the tree crowns. The combined TLS-UAV-point cloud was then split according to the 

extracted crown segments, and cylindrical point cloud structures were searched and classified as stem points. 

Stem properties and sample plot metrics were finally estimated using the procedure presented in Yrttimaa et 

al. (2019a). 
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Accuracy evaluation 

Performance of the multi-sensoral approach to estimate the tree height and forest inventory attributes was 

evaluated by comparing the point cloud-derived estimates with the field-measured ones and by using bias and 

root-mean-square-error (RMSE) as accuracy measures. Tree detection accuracy was evaluated by computing 

how large a part of the field-measured trees were automatically detected from the point cloud. 

 

Fig. 1. Outline of the point cloud processing method: (a) TLS and UAV point cloud registration, (b) tree 

segmentation, (c) point cloud classification, and (d) tree attribute extraction.  

RESULTS 

Out of the total number of 2102 Scots pine trees, 2076 (98.8%) were automatically detected from the point 

clouds using the multi-sensoral approach. The stem volume of the detected trees accounted for 99.5% of the 

stem volume of all the trees. On average the tree height was underestimated by 0.33 m (1.7%) and RMSE in 

the tree height measurements was 1.47 m (7.4%) with our multi-sensoral approach. The accuracy was slightly 

decreased when the measurements were only based on TLS data, as the tree height was underestimated by 

0.65 m with an RMSE of 1.64 m. Relative RMSEs of < 5.5% were recorded for all the forest inventory attributes 

when using the multi-sensoral approach (Table 1). Total volume was overestimated while the other attributes 

were underestimated. Erroneous tree height measurements seemed to compensate at the plot level as the 

basal area-weighted mean height was estimated more accurately than the individual tree heights. The use of 

TLS data only resulted in small but not relevant decrease in accuracy when estimating, Hg and V. 

Table 1. Accuracy of the estimated plot-level forest inventory attributes, such as basal area-weighted mean 

diameter (Dg), basal area-weighted mean height (Hg), stem number (S), basal area (G) and stem volume (V) 

using multi-sensoral approach. Negative bias denotes underestimation.  

 TLS + UAV TLS 

Forest inventory attribute Bias RMSE Bias RMSE 

Dg (cm) -0.23 (-1.0%) 0.33 (1.5%) -0.23 (-1.0%) 0.33 (1.5%) 

Hg (m) -0.45 (-2.2%) 0.58 (2.8%) -0.75 (-3.6%) 0.88 (4.3%) 

S (n/ha) -14.18 (-2.0%) 34.22 (4.8%) -14.18 (-2.0%) 34.22 (4.8%) 

G (m2/ha) -0.59 (-2.5%) 0.78 (3.3%) -0.59 (-2.5%) 0.78 (3.3%) 

V (m3/ha) 4.97 (2.1%) 12.81 (5.4%) 0.82 (0.4%) 14.55 (6.2%) 

CONCLUSIONS 

The use of point cloud-based forest inventory approach with multi-sensoral dataset consisting of 

photogrammetric UAV and multi-scan TLS point clouds succeeded in detecting almost all the trees on the 

sample plots while providing reliable estimates for the plot-level forest inventory attributes. The results showed 

that in managed Scots pine forests the multi-scan TLS captures also the upper parts of the forest canopy and 

improvement in tree height measurement accuracy was obtained with the use of photogrammetric UAV point 

clouds. The RMSE in basal area-weighted mean height improved 34% (from 0.88 m to 0.58 m) and the bias 

improved 40% (from -0.75 m to -0.45 m) when UAV data was utilized. However, in this case the accuracy of 

TLS measurement was already high. In single-species, single-layer forest conditions, multi-sensoral approach 

generated benefits especially for forest height characterization. However, characterization of complex forest 

structures may benefit even more from point clouds that have been collected using sensors with different 

measurement geometries. 
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