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Ring width of a given year can be highly variable throughout the cross section of a stem. This is especially
true for roots. Therefore, the entire circumference of tree rings is often needed for studies focusing on
specific reactions of individual trees on certain environmental conditions. Also, ring reconstructions are
of interest for biomass calculations estimated by the cross-sectional area. The aim of the study is thus

Keywords: ) to reconstruct tree rings of cross sections within a 3D root-surface model, which will be the basis for an
Laser scanning upcoming 3D root-development model. A FARO ScanArm was used for the acquisition of the 3D root struc-
ii?r?g;lmg ture (Technologies Inc., 2010). Afterwards ring-width data was measured along 4 radii per cross section
Biomass and the resulting ring boundaries were integrated into the 3D root model. A weighted interpolation algo-

rithm was used to reconstruct entire ring-width profiles of the cross sections. The algorithm considered
the ring-width variations of the adjacent radii as well as the outer shape of the cross section. Hence, the
intention was to estimate ring width around the root circumference using ring widths measured along 4
radii and the surface dimensions of roots. Interpolated ring-width data was compared to the measured
tree-ring data as a control for the developed interpolation algorithm. Comparisons between modelled and
empirical values showed a mean absolute error of about 0.06 mm deviation, and with a few exceptions
the growth patterns could be accurately simulated. This has permitted additional radii measurements to

Ring boundaries

be replaced by model interpolations.
© 2011 Istituto Italiano di Dendrocronologia. Published by Elsevier GmbH. All rights reserved.

1. Introduction

Annual rings in trees and shrubs are important archives of past
environmental conditions (Schweingruber, 2007). For this, mea-
surements of various ring parameters as ring width or maximum
latewood density are widely used for analyzing, e.g., the growth
dynamics or climate conditions of the past. It is common practice
in dendrochronological studies to take two cores per tree (Speer,
2010), which in many cases is sufficient for general analyses or
for detecting the expressed population signal (Wigley et al., 1984).
Although this method is widely accepted to efficiently represent
the general growth development of the stem, tree-ring structures
are often highly variable within cross sections and along tree stems.
Due to this, analyzing entire cross sections showing the circum-
ference of all tree rings would shed light on the detailed growing
conditions of single tree stems. This is especially true for the
potential analyses of the more complex growth development of
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entire tree-root systems (Danjon and Reubens, 2008; Heuret et al.,
2006). Root systems influence the growth of the stem, but it is still
unknown to what extent.

Dendrochronological studies focusing on roots are mostly con-
centrated on single roots, and hence, consider only punctual
information related to the heterogeneous architecture of the
entire coarse-root system. The heterogeneity of root systems is an
expression of their sensitivity to the growing conditions such as
mechanical stresses (Mattheck and Breloer, 1995). Detailed analy-
ses of the growth development of an entire root system would help
to identify and understand specific variations and relate these char-
acteristics to the above-ground parts, especially the stems of trees.
But due to the heterogeneity of root systems, analyzing one or two
radii of single roots is not sufficient for a detailed reconstruction
of their development. Here, the reconstruction of entire ring struc-
tures, which has been a concern in dendrochronology in relation to
stems for some time (Entacher et al., 2007), plays a decisive role.

The approaches and study purposes for reconstructing entire
tree-ring profiles are diverse. Data representing ring area (basal
area increment), providing a better index of stem wood production
than ring-width data (Le Blanc, 1990), are used for individual tree-
growth models and yield equations.
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Skatter (1998) described the outer shape of logs on bark, the out-
ermost ring boundary and the borderline between heartwood and
sapwood by using an arbitrary oriented ellipse derived by solving
least square equations. Several other studies have aimed at recon-
structing either the outer circumference of boles or tree rings by
making cyclic or elliptical approximations of the rings or bole cir-
cumferences (Bindzi et al., 1996; Saint-André, 1998; Skatter, 1998;
Skatter and Heibg, 1998; Saint-André and Leban, 2000; Ikami et al.,
2008).

Linear interpolation between 36 radii was used by Saint-André
and Leban (2000) to reconstruct the circumference of tree rings.
This interpolation can be seen as a realistic approximation of the
real tree-ring structures. However, the main drawback is the time
required for measurements and calculations, especially with an
increasing number of cross sections. Nevertheless, the approach
was implemented to reconstruct an entire cross section and to
record the entire circumference of the rings. Lewis (1997) sim-
ply used a sonic digitizer to reconstruct the ring’s circumferences.
Every 5th ring was digitized, which is also an immense workload
and might not be applicable on a broader scale.

Overall, tree-ring reconstruction studies including wood asym-
metry and wood properties are difficult to carry out due to the
high number of radii required to estimate possible eccentricity and
ellipticity of rings (Saint-André and Leban, 2000).

More recent studies have used image processing approaches
such as edge detection algorithms to try to detect ring structures
within images of tree cores (Conner et al., 1998, 2000; He et al.,
2008) or entire cross sections (Cerda et al., 2007; von Arx and
Dietz, 2005). Ring structures have been detected directly from
images using edge detection algorithms (Soille and Misson, 2001;
Laggoune et al., 2005; Cerda et al., 2007). The motivation is mainly
to reduce the amount of work (Laggoune et al., 2005) and to get a
realistic circumference structure of rings within a cross section.

However, these techniques often contain errors and no truly
automated techniques exist (Laggoune et al., 2005). Even when
good results are achieved, there are inherent problems. Typical
problems (e.g., undetected ring boundaries or false rings) occur
most likely when rings are narrow and species with low contrast
between early and late wood are used. Cerda et al. (2007) used an
edge-detection algorithm, which considers the bark shape of the
cross-sectional image as a ring-approximation. The results were
promising and the procedure might be applicable in future works
on a broader scale. Related applications with similar techniques
were used by Fablet and Le Josse (2005) who detected ring struc-
tures from otolith images of fish to estimate their age.

Further, there have been first attempts to reconstruct auto-
mated tree-ring profiles from computer tomography (CT) images
(Entacher et al., 2007; Longuetaud et al.,, 2007) or magnetic
resonance imaging (MRI) (Morales et al., 2004) using likewise edge-
detection algorithms. There have been also attempts to reconstruct
the circumference of tree rings in 3D (Morales et al., 2004; Laggoune
et al,, 2005) from MRI data. Although a 3D reconstruction was
possible, the technique is limited by the sample size that can be
placed within the device. Therefore, it would be difficult to effec-
tively reconstruct an entire root system. Zu Castell et al. (2005)
applied volume interpolations of CT images of a tree trunk based
on differences in grey values of the CT images. Some of the typical
problems occurred, such as the critical regions close to ring bound-
aries. The interpolation was dependent on the distance between
slices and, thus, the number of slices. In some cases an overlay effect
occurred, creating analyses errors that resulted in double rings or
duplicated artifacts. But this effect could be reduced significantly
by appropriate rotation of the slices.

If the reconstruction of entire ring structures in cross sections
was realized, the resulting ring profiles would allow for more com-

prehensive analyses of roots and stems. Moreover, for scientists, to
use the basal area increment to predict tree biomass, it is essential
to know the entire structure of a specific ring.

In this study we develop a spatio-temporal 3D root growth
model for which interpolated rings are crucial. We fully integrate
entire tree-ring structures into a 3D coarse root model. This will be
the basis for an annually resolved 3D root-growth model enabling
a representation of the state of the root system for every year of its
development.

Two data sets are required to fulfill this task: 2D ring-width data
acquired with dendrochronological standard techniques and a 3D
model of a root acquired via laser scanning (FARO ScanArm).

This paper continues the work presented in Wagner et al.(2010),
where ring-width data of 4 radii of a cross section were integrated
into a 3D surface model, acquired with a laser scanner at the corre-
sponding positions to those in reality. We now concentrate on (i)
the interpolation of the ring structures between the measured radii
(in general 4 per cross section) and their integration into a 3D sur-
face model of coarse roots, and (ii) the evaluation of the accuracy of
the interpolation algorithm used and the review of its usefulness
as a basis for a 3D root-growth model.

2. Methods

The presented approach is based on two independent data sets.
One is a 3D laser-scan of the root structure and the other is a 2D
ring-width data set representing the annual increment at defined
cross sections. So far we have only used root segments, but our
intention is to extend the approach to an entire root system. For the
first interpolations, roots of Scots pine (Pinus sylvestris L.) and com-
mon ash (Fraxinus excelsior L.) were used, although the species is
generally not important as long as annual growth rings are formed.

2.1. Laser scanning

In order to acquire the outer shape of a root segment, the struc-
ture of the root segment was acquired with the Faro laser ScanArm
(FARO Technologies Inc., 2010). For this study, the scan device was
equipped with a FARO laser line probe projecting the laser beam
as a line on the surface of any object (Wagner et al., 2010). While
emitting the beam line, an integrated camera takes a picture of
the shape and the exact position of the line on the surface of the
scanned object registering x/y/z-coordinates along the line (FARO
Technologies Inc., 2010). Hence, the Faro scanning technique can
be described as distance determination by optical triangulation.
Resulting point clouds are cleared from noise and triangulated as
described in Wagner et al. (2010).

2.2. Ring-width measurements

Before the surface was scanned, the corresponding positions
for ring-width measurements were marked with pins (Bert and
Danjon, 2005). Discs were then cut out of the root at this posi-
tion perpendicular to the root axis to analyze the annual growth
of the root segment. Afterwards the discs were sanded to ensure a
plane surface. On each disc, ring widths were measured along four
radii according to standard dendrochronological techniques (Cook
and Kairiukstis, 1990) using the software WinDENDRO (Regent
Instruments Inc., 2004). In general, the single radii were posi-
tioned perpendicular to each other. However, in some cases it
was not possible due to deformations or cracks, so the angles
had to be modified. WinDENDRO enables measuring ring-width
variations based on scanned images of the polished discs gen-
erated by a distortion-free flatbed scanner. The output data of
WinDENDRO were measured distances (ring widths) provided as
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Table 1
Comparison of the descriptive statistics for measured and interpolated ring-width data (CS 1-5: cross sections 1-5).
Mean (mm) Stand Dev (mm) Variance Min (mm) Max (mm) No rings
CS1
Measured (O) 0.7756 0.1364 0.0264 0.2690 1.9030 13
Interpolated (P) 0.7774 0.1016 0.0142 0.2960 1.7669 13
CS2
Measured (O) 0.7269 0.1300 0.0255 0.2760 1.9410 13
Interpolated (P) 0.7211 0.0960 0.0141 0.3331 1.7116 13
CS3
Measured (O) 0.7036 0.1912 0.0469 0.2100 1.6130 13
Interpolated (P) 0.7013 0.1753 0.0413 0.2845 1.7825 13
CS4
Measured (O) 0.6489 0.1408 0.0265 0.1940 1.9900 13
Interpolated (P) 0.6527 0.1046 0.0158 0.2024 1.8310 13
CS5
Measured (O) 0.3182 0.1067 0.0154 0.0350 1.1740 30
Interpolated (P) 0.3235 0.0828 0.0096 0.0383 1.1416 30

text files. Descriptive statistics (Table 1) such as mean annual
ring width, variance, standard deviation, minimum and maxi-
mum ring width were calculated to describe the tree-ring data
(Fritts, 1976).

2.3. Reconstructions of tree-ring profiles

The goal of the interpolation procedure was to reconstruct
entire ring profiles within a 3D root model, this allowed for esti-
mations of ring-width at any point within a cross section and, at a
later stage, at any point within a 3D model of tree roots. To compute
such estimations the ring-width data from WinDENDRO needed
to be integrated into the 3D model acquired with laser scanning
(Wagner et al., 2010). This presented paper is based on this former
model and concentrates on the reconstruction of the ring-profiles.
As described in Wagner et al. (2010) an automated procedure to
integrate the ring-width data into the 3D model was designed
and implemented. The state after this integration is schemati-
cally shown in the lower right corner of the model in Fig. 1A.

The ring-width measurements were brought back into a spatial
context within the 3D model and hence, the corresponding posi-
tions to those in reality. Starting from this model, a new automated
procedure to reconstruct entire ring structures was designed and
implemented in MATLAB. This procedure allows retrieving the ring
width on any arbitrary radius within the cross section. The recon-
struction algorithm considered the outer shape of the 3D model
retrieved via laser scanning as well as the data of the four radii
measured in WinDENDRO. Hence, the input data for the recon-
struction of ring profiles was four ring-width radii per cross section,
which were already integrated into the 3D model (Wagner et al.,
2010) along with the scan data representing the circumference of
the corresponding cross section. The outer shape of each cross sec-
tion was retrieved manually using the software Geomagic Studio
11 and, thus, cut out of the virtual 3D model. The circumference
likewise consisted of several data points. On this basis we wanted
to compute estimations of the ring-width distances for an arbitrary
radius x (ry) positioned between two input radii for which the actual
ring-width distances were available. As an example, Fig. 2 shows

Fig. 1. (A) Integrated ring-width data along four radii and state of the model before ring interpolation were implemented (right side); integrated ring structures (left side).
(B) The scan image of the cross section CS 5 (right side) and the corresponding interpolated ring structures (left side).
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P1

T dipy

Signatures:

P1-2 = Starting point of total radius (incl. bark)

P1-2" = Next ring boundary used for reconstruction H

Pi = Center of growth (central cylinder)
1.1, = Length of respective total radius

= Border of bark (circumference of disc)
= Annual ring width
o = Distance bark - outermost ring
o——— = Position and length of total radius

= tree-ring boundary

Fig. 2. Schematic view of the interpolation approach including parameters used.

the approach used for the sector between two input radii, here
referred to as radius 1 (ry) and radius 2 (r2). The angle between
ry and ry, which is the radius of the new ring, is referred to as
«. As a preliminary step, the corresponding intersection point (I)
between the circumference of the cross section and the line going
through the growth center (P;) was calculated starting from r; in 1°
steps (Fig. 2), although other arbitrary values for the angular steps
could be chosen. Therefore, the following distances were computed
(Fig. 2):

dIP;; dIP,: Distance between I and the starting point of rq at
bark side (P (P;)), which gives a measure of the
distance of rx from ry (12).

dP;Py; dP,P,: Distance between the P; and the Py (P;).
dPyI: Distance between P; and .
dP\P1’"; dP\P,’: Distance between P; and Py’ (P,’), corresponding to
the distance between P;and the ring on rq (1), which
is the next ring boundary to be reconstructed.
dP,Py: Distance between the P; and the point Py on ry

In order to calculate the unknown distance from the center to

Px (dP,Px), the following ratios were considered:

_ dpp,
ratiop = Wl’z
ratioy = d;I’)PI"

I

The ratio; (ratio,) gave a measure of the distance of a specific
tree ring to the bark with respect to the total length of r; (ry).
ratioy represented the corresponding measure for the same tree
ring, but in reference to ry. Since dP|I was calculated, computing
ry directly allowed retrieving an approximation of the distance
dPPy.

Ratiox could be computed considering the available informa-
tion, under the assumption that the closer I is to P (P,) the closer
the ratiox should be to ratio; (ratio,). Therefore, the following
weight wy was designed:

e dIPr
1= dIP, + dIp,

Based on this ratioy (see above) can be computed:

ratioy = ratioq - (1 — wq) + ratio, - wy

/ . . . . .
ratio = dPiPy Hence, if I coincided with P; then w; was zero and ratioy would be
dPP, equal toratio;. Alternatively, the higher the distance between I and
Table 2
Error performance for measured and interpolated tree-ring data (Sum of Square Errors (SSE), the Root Mean Square Error (RMSE) and the Mean Absolute Error (MAE)).
SSE RMSE MAE Correlation Coeff p-Value
CS1 0.3306 0.0837 0.0628 0.9932 1.2311e-011
CS2 0.2941 0.0800 0.0610 0.9976 3.8771e-014
CS3 0.3343 0.0878 0.0645 0.9952 1.9641e-012
CS4 0.3518 0.0838 0.0630 0.9904 8.4893e—-011
CS5 0.3437 0.0855 0.0614 0.9783 1.0812e-020
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Fig. 3. Box plots for ring-width data per year comparing measured to interpolated data for cross sections 1-5. Column numbers do represent the annual rings of the respective
cross sections, starting from the innermost ring (1 =year one, measured ring width (black); 1=year one, interpolated ring width (grey); etc.).

P; (and, thus, the closer the distance of I to P,) became, the lower
the contribution of ratio; to the value of ratioy and the higher the
correspondent contribution of ratio, would become.

2.4. Model performance and error computation

As a control for the accuracy of the resulting interpolated rings,
32 additional radii were measured on each cross section. Starting
at one of the four main radii, every 10° a new radius was measured
using WinDENDRO software resulting in a total of 36 measured
radii per section. A separate MATLAB program was written to cal-
culate 32 congruent radii every 10th degree, i.e. being calculated
on the same position as the measured ones based on the interpo-
lated ring data between the four main radii. To finally define the
error values for each single interpolated ring, several error predic-
tors were calculated. Among them are the Sum of Square Errors
(SSE), the Root Mean Square Error (RMSE) and the Mean Absolute
Error (MAE).

Equation (1) (e;) calculates the individual model-prediction
errors, where (P;;i=1,2, ..., n) are the interpolated values and (0;;
i=1,2, ..., n) the measured values. The measure of average error
(=model performance) is then based on statistical summaries of e;
(i=1,2,...,n)being part of SSE (Eq. (2)). Error values are the resid-
uals of modelled and true ring-width data. Hence, the RMSE is the

standard deviation of the error values of ring-width data of the
cross sections. Since Willmott and Matsuura (2005), among others,
stated that SSE and RMSE alone might not be reliable predictors for
the average error, the mean absolute error (MAE) was additionally
calculated (Eq. (4)).

e;=PF -0 (1)
n
SSE = Z|ei\2 (2)
i=1
n 1/2
RMSE = n‘lz|ei\2 3)

MAE =

Y e (4)
i=1

Pearson’s correlation was performed to verify the results of the
interpolation techniques and calculate the correlation between
measured and interpolated data sets (Table 2).
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Fig. 4. The measured tree-ring data are plotted against the interpolated ring data for CS 1-5.

3. Results
3.1. Interpolation of rings

The interpolation of entire ring structures into the 3D surface
model of a root segment was successfully implemented using a
weighted interpolation algorithm. Hence, ring data was set into a
spatial context (Fig. 1A) corresponding to those in reality. Fig. 1B
shows the respective cross sections with reconstructed ring pro-
files.

3.2. Ring-width data

Table 1shows the descriptive statistics for the measured and
the respective interpolated tree-ring data. The results show the
high variability of the real ring data along a cross section,
which can be observed in the variance and standard devia-
tion of measured values in Table 1. The variance and standard
deviation of the interpolated ring data of the same cross sec-
tions are comparable to the real measurements (Tables 1 and 2).
This can also be visually observed in the box-plot diagram
(Fig. 3). Interestingly, the standard deviation and variance is
generally higher for the measurements compared to the inter-
polated values (Table 1). The mean ring width per cross section
conforms also between measured and interpolated data. All
values deviated less than 0.01 mm for all cross sections. Mini-

mum and maximum ring-width was comparable for both data
sets.

3.3. Measure of interpolation performance

MAE (Mean absolute error) was about 0.06 mm for all sections
(Table 2). The agreement of data sets was verified by using Pearson’s
correlation (Table 2). In all sections, the correlation coefficient was
above 0.9 and p-values were highly significant due to the depen-
dence of data sets. Fig. 4 shows measured and interpolated data
plotted against each other.

In Fig. 5, mean ring-width series of the 36 measured radii per
cross section were plotted against the mean series of the 36 inter-
polated radii. The corresponding curves showed the same course,
although a slight offset occurs in some cases.

For a more detailed picture, Fig. 6 focuses on single radii. The
corresponding radii of measured versus interpolated were plotted
against each other, but due to the large amount of data, only one
cross section (CS 3) is shown. CS 3 was chosen, because it shows
the biggest MAE among the five sections. Nevertheless, the radii
series display the same general trend with a relatively small off-
set between curves. An exceptional case was ring 7, where a larger
deviation occurred. In addition, CS 5 demonstrated rare cases of
amplified deviations (Fig. 6). For all that the interpolated of CS
5 mean series reconstructed the measured series in a convincing
way.
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4. Discussion

The approach presented is able to interpolate the ring structures
between 4 radii of a cross section in dependence on the ring-width
data. The reliability of this method to accurately model the reality
is of great interest and should be investigated, since it promises as
valuable tool to support or even replace manual tree-ring measure-
ments on cross sections for more comprehensive analyses. Another
query posed by this study is whether the interpolations are accu-
rate and affirm basis for ongoing 3D interpolations of an entire 3D
root-development model.

As expressed in the variance and standard deviation of Table 1
and the box plots (Fig. 3), ring-width variations were evidently high
throughout cross sections. This was true in terms of year to year
variability, as well as for the ring-width variation within a specific
year along the cross section (Fig. 3).

Hence, if the accuracy of the presented data is to be judged, one
should consider that tree-ring data is inherently highly variable.
Therefore, MEA of 0.06 mm seems to be a rather convincing result.
However, depending on the ring width it can be a quite huge per-
centage of narrow rings. Causes for deviations between measured
and interpolated data can also be due to measurement error and
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Fig. 6. Measured series (grey) plotted against interpolated series (dashed, black) for single radii (1-36) of CS 3 (x-axis number of years; y-axis ring width).

not just a result of interpolations. Even though tree-ring measure-
ments themselves are highly accurate, deviations can occur from
measurement to measurement and between measurers. In some
tree-ring laboratories ring cores are measured by different per-
sons as a performance control. If deviations above 0.1 mm per ring

occur, data are controlled again (Fritts, 1976). Hence, every devia-
tion below 0.1 mm is accepted as a neglectable measurement error.
The deviations in this study were on average below this range and
given this the results are considered a reliable approximation of
reality.



B. Wagner et al. / Dendrochronologia 29 (2011) 201-210 209

Moreover, mean chronologies of the interpolated data sets
demonstrated accurate reproducibility of measured mean
chronologies (Fig. 4). With respect to radii chronologies, most
results were also convincing and their curves show the same
growth patterns, with slight offsets (Fig. 4). However, some of the
radii (e.g., radii of CS 5) showed a stronger deviation resulting
also in higher deviations of the mean chronology (Fig. 5). Possible
explanations are (I) extreme differences between inner rings and
the circumference of the section, (II) extremely deformed sections,
or (III) abrupt growth changes between the adjacent radii.

Cerda et al. (2007) made the assumption that all rings can be
obtained by scaling the shape of the bark. If the bark represents the
shape of the outer ring accurately approximations are considered
good, which is confirmed by their results. However, shapes within
the section can vary significantly from the outer shape of the bark,
and generated problems for Cerda et al. (2007). If higher devia-
tions occur, the inclusion of the ring-width data is able to partially
compensate for deviations due to shape. Thus, the weighted inter-
polation algorithm presented in this study used both data sets, the
outer shape of the section and the variation of the 4 radii. In doing
so, the deviations were compensated for. In general, this seems to
allow for reliable reconstructions of the rings.

As can be seen in Table 1 interpolated ring structures had a gen-
erally lower variance and standard deviation than measured values,
which can be attributed to the weighted interpolation algorithm
applied. For a case of abrupt growth changes between measured
radii and therefore, stronger deviations between inner ring struc-
tures and the outer bark shape, the algorithm might not be able
to reconstruct this extreme growth changes in a realistic way
and smooth the shape. Given this the reconstruction of extreme
deformations (e.g., caused by injuries) with a high accuracy would
generate a disproportional workload. Since these disturbances are
in general restricted to small areas their reconstruction would not
provide additional gain for the overall results. In individual cases, it
might be necessary to measure additional radii on the specific cross
section and thus, base interpolations on 5 rather than 4 input radii
(Wagner et al., 2010). However, in general 4 radii per cross section
was a realistic workload. The results confirm this to be sufficient
for interpolations. For species with an irregular bark, it might be
necessary to smooth the triangulated surface of the 3D root model
in Geomagic software before interpolating the ring structures.

However, these cases are exceptions and a control function will
be integrated into the program to filter these cases. For a cross
section where interpolations deviate more than 0.1 mm, a program
error will occur and a data check is requested.

Although cross section 5 was quite deformed (Fig. 1B), it was
possible to interpolate the ring structures with a MAE of 0.0614 and
the mean chronologies showed a common pattern. Hence, these
results highlight the successful implementation of the algorithm
and thus we are convinced that a reliable base was implemented for
3D interpolations. However, if specific reactions of trees are to be
analyzed, some curves should be taken with caution and additional
analyses might be needed.

5. Conclusion and outlook

The basis for more comprehensive ring-width studies within
a root system was successfully implemented due to the success-
ful integration and interpolation of tree-rings into the 3D surface
model. Interpolations are always approximations to reality. The
results presented here are promising approximations and within
a good prediction range. Therefore, these data are a useful basis for
a 3D root-growth model, which mark the overall aim of ongoing
studies. For the finalisation, growth layers, representing the sin-

gle growth years of the root between single cross sections, will be
interpolated in a next step. For every single growth year a closed
surface will be generated, which allows for a 3D reconstruction of
root development over time, annual biomass acquisition and more
comprehensive ring-width analyses. Hence, the presented results
are the indispensable premise for a 3D root model.

Automatic detection of ring structures might be a future task
and computer scientists are already working to improve these tech-
niques. So far the programs available on the market are not reliable
enough, which makes manual measurement necessary. However,
if reliable techniques become available, the presented model can
be adapted. In the future, image analyses approaches might reach
a stage where ring structures can be automatically detected inde-
pendently of species without problems. However, so far this stage
has not yet been reached, and hence still a close collaboration
between image analyses and application experts is required (Soille
and Misson, 2001).

For the acquisition of the entire structure of aroot system and for
ring measurements of roots, it will always be necessary to excavate
the tree in order to gain root cross sections for ring measurements.
In order to model root structure this is also true for our approach,
since reliable non-destructive techniques are not yet available for
3D acquisition. However, if the presented interpolations are trans-
ferred to the above-ground part of a tree on the basis of 4 cores
it will be possible to simulate the interior of trees without cut-
ting the tree down. The aboveground tree shape could be acquired
with a terrestrial laser scanner in the stand. This will make the pro-
gram a useful tool for volume computations of single trees within
stands, which is an important task for foresters in terms of wood
productivity and for the acquisition of biomass.
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