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Abstract
Details about the spatiotemporal development of root systems and their influence on ring-width
variations in tree stems are still unknown. Furthermore, their size, spread and architecture play an
important role in studying tree stability and their stabilizing effect on slopes. A major problem in
this regard is the detailed 3D-data acquisition and modeling of its complex structure. The appli -
cation of a laser scanner is a step towards the solution of this problem. Scanning the root system
of a mature spruce tree facilitated creating a 3D scatter-plot of the root structure (resolution: 
2 mm). The subsequent modeling of the structure allowed an automated replication of the coarse
root structure down to a size of 0.5 cm of single roots. The resulting model of the root system 
facilitates cutting the roots for ring-width analysis while tagging the sample points in the model as
a base for the further analysis of the root system’s development.

Keywords: tree stability, 3D-laser scanning, root system architecture, dendrogeomorphology

1 Introduction

Research on tree stability involves the study of specific tree parameters such as tree and
stem height, crown area and wood properties, as well as the effect of stand density and soil
properties. These site specific properties are in most cases crucial for the development of the
root system, and thus for tree anchorage (PELTOLA et al. 2000). Although tree stability
depends on many factors, the anchorage of the tree plays an important role. Even if a tree
has an optimized design concerning the shape of the stem and crown, and ideal wood prop-
erties, a poor shape of the root system will nevertheless cause instability (PETTY and
WORRELL 1981). The development of root systems and the spread and density of single
coarse and fine roots not only affect tree stability, but are also crucial in stabilizing slopes
(ROEHRING et al. 2003) or riverbanks (SIMON and COLLISON 2002). Thus analyzing the
architecture of root systems, even if not in situ, will provide more information about tree
anchorage and slope stabilisation. It will also help to explain the influence of the root system
on ring-width variations in tree stems.

Tree-ring research has been used to reconstruct climate changes over past millennia, but
it has to deal with multifaceted problems. Explained variances of regression models calibrating
tree-ring variations with climate data are mostly in a range of 60 to 70 %. This means a con-
siderable portion of tree growth variation is caused by other ecological factors that are
unexplained. This unexplained portion, the so-called data noise, and the resulting variability
make future research in this field difficult. To date, little work has been done on analyzing
the role of root systems in tree growth.
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The development of a root system is controlled by various factors, whereas mechanical
controls have equal, or sometimes even less priority than others. The controlling factors are
determined by the main functions of a root system, which are anchorage, the absorption of
water and nutrients, and the transport of these substances to the stem (SITTE et al. 2002).
Roots tend to specialize according to such site-specific environmental factors as availability
of nutrients or mechanical stresses, resulting in the dominance of one of the main functions
in single roots. As a consequence, the spread of root systems is rarely symmetric and single
roots show variations in their structure.

Ring-width measurements and analysis of anatomical variations are techniques to reveal
the development and mechanical properties of single roots in a given section (GÄRTNER

et al. 2001; GÄRTNER 2007), but this has never been done for a whole root system. Although
at least ring-width measurements could easily be realized for samples of all single roots in a
system, there is no possibility to reconstruct their exact position within the system. To analyze
the complex development of an entire root system, the properties of these sections need to
be attributed to their positions within the system. Due to the complexity of bifurcations
within a root system, this mapping, and especially its analysis, is highly complicated and in
most cases impossible (GÄRTNER and BRÄKER 2004). Consequently, for a detailed analysis
of a whole root system, a high-resolution model of the root structure is needed. The major
problem for root system analysis is not the time-consuming exposure of the roots, but the
detailed, three-dimensional recording of the root system’s structure.

The use of GPR-Systems (Ground Penetrating Radar) was tested as a tool to view the
root distribution of unexposed root systems, but this technique is limited to the upper layer
(~30 cm) of dry, electrically resistive soils (DOOLITTLE et al. 2002) and is generally only
applicable for an overall biomass estimation (BUTNOR et al. 2003). The adoption of X-ray
computed tomography is more promising (PIERRET et al. 1999, 2003), but still does not 
provide a survey of the complete root systems of mature trees. Thus the exposure of the root
systems is inevitable. An existing tool to optain data about the architecture of exposed root
systems involves 3D digitizing the root architecture to capture its geometry and topology
(DANJON et al. 1999). A point-by-point exploration by means of a 3D-digitizer enables 
measurement and representation of root lengths and bifurcations in three-dimensional
space (SINOQUET and RIVET 1997). Although even the wind firmness of trees can be analyzed
with this technique (DANJON et al. 2005), for a more detailed analysis of a tree’s total root
structure, including its growth development based on tree-ring analysis, the digitizing com-
plexity would be too large.

Laser scanners, which have mostly been used in Geosciences to generate digital terrain
models (PETZOLD et al. 1999), permit the measurement of the surface area of objects in
three dimensions at high resolution. Consequently, three dimensional 1:1 replications of the
scanned objects can be generated using specialized software.

At the Swiss Federal Research Institute WSL, a ground-based 3D-laser scanner was used
in a feasibility study for the first time to generate a three-dimensional replication of an
exposed coarse root system of a mature spruce tree. The study was accomplished to test the
feasibility of the scanning procedure for a realistic 3D replication of coarse root systems as a
basis for the future analysis of root system development by adding ring-width information.
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2 Material and methods

2.1 Data acquisition

The scanning procedure was carried out using a Cyrax HDS2500 scan device which has a
maximum 40° × 40° field-of-view, a single-point range accuracy of +/– 4mm, angular accuracies
of +/– 60 micro-radians, and a beam spot size of 6 mm from 0–50 m range. The minimum 
vertical and horizontal point-to-point measurement spacing is 0.25 mm referred to a distance
of 50 m (max. range 100 m). Selected measurement areas are scanned by 1000 points/column
and 2000 points/row as a maximum. The resulting data file contains 2 million data points
(x/y/z-coordinates).

One precondition for the laser scanning procedure is that all the scanned surfaces need to
be visible from the direction of the scanner. No areas behind visible surfaces will yield any
data, according to the so-called shadowing effect (Fig. 1). To counteract this effect, irregular
shaped three-dimensional objects need to be scanned from various positions to obtain the
whole structure.

The root systems were manually excavated and cleaned using a pressure washer.
Although some of the smaller roots (approx. 1 mm) were damaged, the roots of interest 
(> 0.5 cm) remained intact. Before starting to scan a whole root system, several tests had to
be conducted to identify the most effective form of data acquisition. The work started on a
smaller part of the root system of a mature beech, which has been excavated for root bio-
mass analysis (GÄRTNER and BRÄKER 2004). It consisted of two main roots (length: 1.3 m),
with hundreds of small lateral roots, many of them showing anastomosis. A rather dense 
network containing fine roots even smaller than 0.5 cm was chosen to identify problems
resulting from shadowing effects expected because many of the single roots within the com-
plex system mutually masked each other (SINOQUET and RIVET 1997). The shadowing
effects caused by the principles of the laser and by the complex structure of root systems are
illustrated in Figure 2.

Fig. 1. Principle of data acquisition by the laser beam and shadowing effect caused by obstacles between
laser and object. a) Sphere to be scanned; b) Scan image of the sphere (scan view) and c) seen from the
top, showing the measurement range (40°) and the shadowing effect of the scanner.
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Single scans from only two directions would be enough to represent simple three-dimen-
sional structures such as tubes, but would obviously be insufficient to represent complex
root systems. Even four scan directions, basically eliminating shadowing effects caused by
the laser beam, were insufficient to reduce the masking effects of the single roots to an
acceptable level (GÄRTNER and DENIER 2006). To solve this problem, pointer lamps were
placed around the root system to find the best positions for the scanner to reduce shadowing
effects to a minimum.

In a second experiment, an exposed root system of an eighty-year-old spruce tree (Picea
abies (L.) Karst), cut off at the stem base, was placed upside down in the laboratory for defi-
nite measurement. The minimum size of the remaining fine roots was about 1 mm. The root
system was approximately 2.5 m wide with a depth of 1.8 m. To ensure correct orientation of
each single scan, four stages with fixed points were placed around the root system. Four
poles ensured the accurate positioning of each scan image, while creating the three-dimen-
sional scatter-plot by combining the individual scenes. For the relative orientation of the
scenes, at least three of the poles needed to be visible in each scan. The root system was
scanned from 16 different directions with a resolution of 1000 points/column and 1000
points/row resulting in scenes containing 1 million data points (x/y/z-coordinates). Point-to-
point measurement spacing was set to 2 mm to simplify the data processing and to accelerate
the scanning procedure of the individual scenes for this preliminary study.

2.2 Processing of three-dimensional scanner data

The scanner detects all surfaces within its 40° × 40° field-of-view, which means each resulting
scene includes unnecessary data point areas (cf. Fig. 2). Hence, the first step in data processing
was to extract the area representing the root system and the poles from the entire scatter-
plot of the area. All non-target areas were cut out of the scenes using Cyclone 4.1 software,

Fig. 2. Perspective view of the scatter-plot resulting from one scan. White areas within the scan range
represent the shadowing effects caused by the laser scanner and the masking of roots, resulting in no
data. Black arrow: Scan view direction.
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which was also used as the software interface for operating the laser scanner. The resulting
scenes of the root system were then combined in a three-dimensional scatter-plot representing
the entire root system. The Cyclone software provides a set of tools for aligning point clouds
captured from different scanning positions and enables geo-referencing of the scan data. It is
also able to align overlapping areas of point clouds.

2.3 Development of a three-dimensional body

The scatter-plot reproduces the structure of the root system in high resolution. The resulting
data-set facilitates the accurate determination of the length or diameter of single roots by
manually linking data points, e.g. at bifurcations or at the upper and lower side of a mapped
root. Nevertheless, it cannot yet be regarded as a real three-dimensional replication of the
root system because it is not possible to easily acquire volumetric information even from
single roots. For this reason, the data points representing x/y/z-coordinates of the root sur-
face need to be interconnected to create a continuous surface finally leading to the detailed
structure.

Two strategies were subsequently tested to create a 3D-surface replication:
– The first strategy was to use the applications of Cyclone software and AutoCAD systems.

Because of the highly complex structure of the root system, horizontal slices were cut out
of the scatter-plot. The data-slice sets were then exported via DXF (Drawing Exchange
Format) and imported into the CAD (Computer Aided Design) environment. The data
points representing the surfaces of the root system within each slice were then digitized
(mostly manually) to create volumetric structures. The Cyclone CloudWorx application
contains additional tools for viewing and working with slices of point cloud data to speed
up the 2D drawing and modeling of cylinders from point clouds in the CAD environment.

– The second strategy was to realize a mainly automated generation of a 3D model rep -
resenting the entire root system without cutting the scatter-plot into slices and keeping
the manual digitizing work to a minimum. This strategy was tested by exporting the data
of the complete data-set from Cyclone as a x/y/z-file to the commercial Geomagic Studio
software (Raindrop Geomagic, Inc.), created for automated reverse engineering. The sur-
face area calculation is realized by mathematically “wrapping” a polygonal surface
around the point cloud data of the scatter-plot (wrap triangulation) and curvature-based
hole filling for shadowing effects possibly occurring in the x/y/z-data file.

3 Results

3.1 Acquisition of the three-dimensional root structure

Scanning procedure
Each individual scan took 15 to 20 minutes. In total, the scanning lasted about five hours. It
took approximately three hours to move the scanner 16 times to acquire all data needed to
avoid shadowing effects and to finally represent the complete surface of the root system.
According to the tests using pointer lamps to find the best positions for the scanner 10 scan
positions would have been sufficient to minimize shadowing effects. The additional six scan
directions ensured the generation of an optimized data-set representing the entire visible
surface of the root system. The procedure of combining the scenes to a three-dimensional
scatter-plot of the entire root system consisting of approximately 10 million x/y/z-coordinates
(Fig. 3) took about one to two hours.
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3.2 Generating a three-dimensional model of the root system

Data adaptation using Microstation or AutoCAD
In the early stages of data analysis, it seemed as if at least a basic automated processing of a
continuous three-dimensional body using Microstation or AutoCAD would be impracti -
cable. The complexity of the root structure represented in the scatter-plot necessitated an
enormous amount of manual digitizing work comparable to that needed for testing during
photogrammetry procedures.

The use of horizontal data slices proved to be the only reliable way of data processing in
Microstation or AutoCAD. The results of the test run showed that slices with a mean thick-
ness of 10 cm are best to process areas representing many single roots. 

The advantage of this process is that manual digitizing work is reduced compared to pro-
cessing the whole structure. The section planes are detected and filled automatically.
However, the more complex exterior has to be defined and filled mostly through manual
digitizing work. This procedure could provide a possibility to create a volumetric model of
the root system. Volumetric data are provided in a tabular form for each slice.

Regardless of the feasibility of this procedure, the complexity of the manual digitizing
work is still too high for a reasonable and economically feasible processing of three-dimen-
sional structures such as a root system.

An additional possibility for simplifying the data processing was the usage of single section
planes and thickness of the slices as basic values to create simple three-dimensional bodies
(Fig. 4). This procedure allows the creation of a simplified three-dimensional model of the
root system, although the manual digitizing work remains complex and calculations of the
volume are only approximations. Even if this procedure is valid for estimating the biomass,
the replication of the structure is too approximate for the desired future analysis of growth
development.

Fig. 3. Three-dimensional scatter-plot of the spruce root system
composed of 16 single scans. View from three different angles,
each scene consisting of approx. 10 million x/y/z-coordinates.
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Data adaptation using wrap triangulation
Making use of the high resolution data generated by the laser scanner, a three-dimensional
body was created using the Geomagic Studio Software. The volumetric model of the root
system was processed by automated wrap triangulation of the x/y/z-coordinate scatter-plot
points. The huge data-set produced by the scanner allows for a realistic mapping of the root-
surface structure (Fig. 5).

The resulting 3D-replication shown in Figure 5 was generated without any manual adjust-
ments on an ordinary personal computer. The surface structure of the coarse roots is rep -
resented in yellow and grey. The blue areas display the reflections of the surfaces of fine
roots (< 3 mm), which were not modeled automatically in an accurate way and would there-
fore need to be analyzed further. Nevertheless, the model accurately represents the shape
geometry of the coarse roots and even displays some details of the bark.

To examine the accuracy of the model, the volumes of identical parts of the modeled and
the real root system were analyzed and then compared. Parts of the root system were digitally
separated within the model, and individual sections of coarse roots were removed (Fig. 6).
The cut surfaces were then closed again to enable the automated calculation of the section’s
volume. In addition, the respective section was then cut out of the real root system and its
volume was measured by the water displacement method in a special cylinder. The result of
this test shows that the modeled volume is in the range of 5 % lower than the real volume
measured by the water displacement method (Fig. 7).

Fig. 4. Illustration of composed 3D-slices of the root system (Microstation). The single volumetric bodies
were created by using the plane section area and the height of the section. Single bodies are then 
combined to represent the whole system or special parts of interest. (Source: GÄRTNER and DENIER

2006)
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Fig. 7. Example of a root segment cut out of the real root system and its equivalent taken from the
model showing the measured and calculated volumes.

Fig. 5. Illustration of the three dimensional volumetric model of the root system from two different view
points. The model was generated without any manual corrections or additional digitizing work. Yellow
surfaces represent parts of the system, which were detected as a closed volumetric model of coarse roots
(> 0.5 cm). Areas displayed in blue represent reflections of the surrounding fine roots, which were not
automatically detected as closed structures. These areas need to be further analyzed, with the inclusion
of fine root modeling.

Fig. 6. Illustration of a separated section of the root model to select and tag individual sections of the
root (white arrow, left). A detailed selection of coarse roots is achieved by zooming into the area of
interest and then defining and tagging the part of the real root that will be cut out for further analysis of,
e.g. ring-width variations (black lines, right).
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4 Discussion

The use of a high-resolution laser scanner offers unique opportunities for the representation
of complex three-dimensional structures such as root systems. At the beginning of the 
scanning procedure, it was expected that the procedure itself would be the crucial point in
the feasibility study. However, initial shadowing-effect problems were easily handled by
carefully selecting suitable viewpoints of the single shots to minimize areas showing no data.
Moreover, the quality of surface representation can be enhanced by using more sophisticated
scanners with a 360° angle of beam spread and a higher point to point resolution. The resulting
scatter-plots can easily be processed to represent the complete root system in a three-dimen-
sional space. This was realized by using the Geomagic Studio software, which facilitated for
the first time the processing of a realistic three-dimensional model of a complex root-system
structure. The ability of a curvature-based closure of existing small data gaps in the superficial
structure of the scatter-plot allows the processing of a closed, volumetric model of the whole
structure representing real dimensions.

Within this data-set, dimensions (thickness, length) of single roots and numbers of bifur-
cations can be extracted manually, which is comparable to 3D-digitizing (SINOQUET and
RIVET 1997). However, the model has strengths which can be exploited in terms of a com-
prehensive analysis of the root system’s growth development. The real root dimensions can
be obtained from any section of the model. Consequently, it provides a far more comprehen-
sive and efficient database than any other method of data capturing and processing currently
available (DANJON et al. 1999). Hence, the presentation of the root system in composed
three-dimensional slices is also regarded as comparable or even superior to other methods
mentioned above. Even though the data processing is easy and provides a good overview of
the structure, the manual digitizing work involved in producing the slices would be too time-
consuming to use the full potential of the high-resolution data generated by the scanner.

The differences occurring in the measured and calculated volume of the root segments
are mainly caused by: i) the triangulation method resulting in a flattening of the surface
structure between the single data points (max. distance 2 mm); and ii) by differences which
occur while cutting out the real and the respective modeled root segment. This deviation
does affect the volume – and with this the biomass calculation for the root segments, and
needs to be improved in the future. However, this has no effect on the envisaged analysis of
the root system development. The outermost structure of the roots represented by the
model is given by the bark surrounding the wood cylinder of the roots. This bark layer is to
be seen as a buffer for the effective implementation of ring-width variation data “inside” the
modeled structure of the root system. To realize this, samples can be taken from any section
of the root system and the respective positions can be tagged in the model (Fig. 8). The 1:1
replication of the root system will always ensure an accurate allocation of the samples and
the respective annual ring-width information.

Although this study only focused on modeling coarse roots down to 0.5 cm thickness, it
has demonstrated a high potential for more detailed representations of fine roots. The
robustness of the software allows the processing of data of even higher resolution than a
point to point distance of 2 mm. In this context, future work will concentrate on the im -
plementation of ring-width data at the given sections and the interpolation of this information
to the areas between the measured sections to realize a detailed reconstruction of the
growth development of the root system.

Our results indicate the potential of using a laser-scanning device to create a realistic
three-dimensional model of a complex root system. This model can be used as a basis for
various further analyses such as ecosystem biomass calculations by just using the modeled
root volume and including data from complex dendroecological investigations on root-
system development and tree stability. In addition, data capture for representing the above-
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ground structure of a tree and modeling its stem and branches, although not demonstrated
here, is relatively easy compared to the complex structure of the root system. Combined
modeling of above- and belowground structures of trees would be an important step towards
detailed whole-tree analysis in tree-ring research and many other fields of application 
(Fig. 9). The new laser scanner model is a most valuable technique, especially applicable 
in studies of tree stability, for which better knowledge about tree anchorage is a crucial
requirement.

Fig. 9. Diagram of current (a) and potential (b) knowledge about a root system. a) The annual develop-
ment of root systems is currently more or less a black box; b) Using the model as a base, the annual
development of single root segments (e.g., growth rate, root elongation) can be revealed and applied to
whole tree analysis.

Fig. 8. Illustration of the desired implementation of real root data (ring-width variations and their
spread within the section) to the model of the root system.
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