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a b s t r a c t

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
to reconstruct tree rings of cross sections within a 3D root-surface model, which will be the basis for an
upcoming 3D root-development model. A FARO ScanArm was used for the acquisition of the 3D root struc-
ture (Technologies Inc., 2010). Afterwards ring-width data was measured along 4 radii per cross section
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
be replaced by model interpolations.
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. Introduction

Annual rings in trees and shrubs are important archives of past
nvironmental conditions (Schweingruber, 2007). For this, mea-
urements of various ring parameters as ring width or maximum
atewood density are widely used for analyzing, e.g., the growth
ynamics or climate conditions of the past. It is common practice

n dendrochronological studies to take two cores per tree (Speer,
010), which in many cases is sufficient for general analyses or
or detecting the expressed population signal (Wigley et al., 1984).
lthough this method is widely accepted to efficiently represent

he general growth development of the stem, tree-ring structures
re often highly variable within cross sections and along tree stems.
ue to this, analyzing entire cross sections showing the circum-
erence of all tree rings would shed light on the detailed growing
onditions of single tree stems. This is especially true for the
otential analyses of the more complex growth development of

∗ Corresponding author at: Swiss Federal Research Institute WSL, Zürcherstrasse
11, 8903 Birmensdorf, Switzerland. Tel.: +41 447392213; fax: +41 447392215.
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ntire tree-root systems (Danjon and Reubens, 2008; Heuret et al.,
006). Root systems influence the growth of the stem, but it is still
nknown to what extent.

Dendrochronological studies focusing on roots are mostly con-
entrated on single roots, and hence, consider only punctual
nformation related to the heterogeneous architecture of the
ntire coarse-root system. The heterogeneity of root systems is an
xpression of their sensitivity to the growing conditions such as
echanical stresses (Mattheck and Breloer, 1995). Detailed analy-

es of the growth development of an entire root system would help
o identify and understand specific variations and relate these char-
cteristics to the above-ground parts, especially the stems of trees.
ut due to the heterogeneity of root systems, analyzing one or two
adii of single roots is not sufficient for a detailed reconstruction
f their development. Here, the reconstruction of entire ring struc-
ures, which has been a concern in dendrochronology in relation to
tems for some time (Entacher et al., 2007), plays a decisive role.

The approaches and study purposes for reconstructing entire

ree-ring profiles are diverse. Data representing ring area (basal
rea increment), providing a better index of stem wood production
han ring-width data (Le Blanc, 1990), are used for individual tree-
rowth models and yield equations.

y Elsevier GmbH. All rights reserved.
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Skatter (1998) described the outer shape of logs on bark, the out-
rmost ring boundary and the borderline between heartwood and
apwood by using an arbitrary oriented ellipse derived by solving
east square equations. Several other studies have aimed at recon-
tructing either the outer circumference of boles or tree rings by
aking cyclic or elliptical approximations of the rings or bole cir-

umferences (Bindzi et al., 1996; Saint-André, 1998; Skatter, 1998;
katter and Høibø, 1998; Saint-André and Leban, 2000; Ikami et al.,
008).

Linear interpolation between 36 radii was used by Saint-André
nd Leban (2000) to reconstruct the circumference of tree rings.
his interpolation can be seen as a realistic approximation of the
eal tree-ring structures. However, the main drawback is the time
equired for measurements and calculations, especially with an
ncreasing number of cross sections. Nevertheless, the approach

as implemented to reconstruct an entire cross section and to
ecord the entire circumference of the rings. Lewis (1997) sim-
ly used a sonic digitizer to reconstruct the ring’s circumferences.
very 5th ring was digitized, which is also an immense workload
nd might not be applicable on a broader scale.

Overall, tree-ring reconstruction studies including wood asym-
etry and wood properties are difficult to carry out due to the

igh number of radii required to estimate possible eccentricity and
llipticity of rings (Saint-André and Leban, 2000).

More recent studies have used image processing approaches
uch as edge detection algorithms to try to detect ring structures
ithin images of tree cores (Conner et al., 1998, 2000; He et al.,

008) or entire cross sections (Cerda et al., 2007; von Arx and
ietz, 2005). Ring structures have been detected directly from

mages using edge detection algorithms (Soille and Misson, 2001;
aggoune et al., 2005; Cerda et al., 2007). The motivation is mainly
o reduce the amount of work (Laggoune et al., 2005) and to get a
ealistic circumference structure of rings within a cross section.

However, these techniques often contain errors and no truly
utomated techniques exist (Laggoune et al., 2005). Even when
ood results are achieved, there are inherent problems. Typical
roblems (e.g., undetected ring boundaries or false rings) occur
ost likely when rings are narrow and species with low contrast

etween early and late wood are used. Cerda et al. (2007) used an
dge-detection algorithm, which considers the bark shape of the
ross-sectional image as a ring-approximation. The results were
romising and the procedure might be applicable in future works
n a broader scale. Related applications with similar techniques
ere used by Fablet and Le Josse (2005) who detected ring struc-

ures from otolith images of fish to estimate their age.
Further, there have been first attempts to reconstruct auto-

ated tree-ring profiles from computer tomography (CT) images
Entacher et al., 2007; Longuetaud et al., 2007) or magnetic
esonance imaging (MRI) (Morales et al., 2004) using likewise edge-
etection algorithms. There have been also attempts to reconstruct
he circumference of tree rings in 3D (Morales et al., 2004; Laggoune
t al., 2005) from MRI data. Although a 3D reconstruction was
ossible, the technique is limited by the sample size that can be
laced within the device. Therefore, it would be difficult to effec-
ively reconstruct an entire root system. Zu Castell et al. (2005)
pplied volume interpolations of CT images of a tree trunk based
n differences in grey values of the CT images. Some of the typical
roblems occurred, such as the critical regions close to ring bound-
ries. The interpolation was dependent on the distance between
lices and, thus, the number of slices. In some cases an overlay effect
ccurred, creating analyses errors that resulted in double rings or

uplicated artifacts. But this effect could be reduced significantly
y appropriate rotation of the slices.

If the reconstruction of entire ring structures in cross sections
as realized, the resulting ring profiles would allow for more com-
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rehensive analyses of roots and stems. Moreover, for scientists, to
se the basal area increment to predict tree biomass, it is essential
o know the entire structure of a specific ring.

In this study we develop a spatio-temporal 3D root growth
odel for which interpolated rings are crucial. We fully integrate

ntire tree-ring structures into a 3D coarse root model. This will be
he basis for an annually resolved 3D root-growth model enabling
representation of the state of the root system for every year of its
evelopment.

Two data sets are required to fulfill this task: 2D ring-width data
cquired with dendrochronological standard techniques and a 3D
odel of a root acquired via laser scanning (FARO ScanArm).
This paper continues the work presented in Wagner et al. (2010),

here ring-width data of 4 radii of a cross section were integrated
nto a 3D surface model, acquired with a laser scanner at the corre-
ponding positions to those in reality. We now concentrate on (i)
he interpolation of the ring structures between the measured radii
in general 4 per cross section) and their integration into a 3D sur-
ace model of coarse roots, and (ii) the evaluation of the accuracy of
he interpolation algorithm used and the review of its usefulness
s a basis for a 3D root-growth model.

. Methods

The presented approach is based on two independent data sets.
ne is a 3D laser-scan of the root structure and the other is a 2D

ing-width data set representing the annual increment at defined
ross sections. So far we have only used root segments, but our
ntention is to extend the approach to an entire root system. For the
rst interpolations, roots of Scots pine (Pinus sylvestris L.) and com-
on ash (Fraxinus excelsior L.) were used, although the species is

enerally not important as long as annual growth rings are formed.

.1. Laser scanning

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

.2. Ring-width measurements

Before the surface was scanned, the corresponding positions
or ring-width measurements were marked with pins (Bert and
anjon, 2005). Discs were then cut out of the root at this posi-

ion perpendicular to the root axis to analyze the annual growth
f the root segment. Afterwards the discs were sanded to ensure a
lane surface. On each disc, ring widths were measured along four
adii according to standard dendrochronological techniques (Cook
nd Kairiukstis, 1990) using the software WinDENDRO (Regent
nstruments Inc., 2004). In general, the single radii were posi-
ioned perpendicular to each other. However, in some cases it
as not possible due to deformations or cracks, so the angles

ad to be modified. WinDENDRO enables measuring ring-width
ariations based on scanned images of the polished discs gen-
rated by a distortion-free flatbed scanner. The output data of
inDENDRO 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

CS 1
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

CS 2
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

CS 3
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

CS 4
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

t
r
m
(

2

e
m
l
s
t
(
m
A
i
a
c

T
c
t
p
i
w
s
r
m
s
w
2
t
t
1

F
(

CS 5
Measured (O) 0.3182 0.1067
Interpolated (P) 0.3235 0.0828

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

Fritts, 1976).

.3. Reconstructions of tree-ring profiles

The goal of the interpolation procedure was to reconstruct
ntire ring profiles within a 3D root model, this allowed for esti-
ations of ring-width at any point within a cross section and, at a

ater stage, at any point within a 3D model of tree roots. To compute
uch estimations the ring-width data from WinDENDRO needed
o be integrated into the 3D model acquired with laser scanning
Wagner et al., 2010). This presented paper is based on this former

odel and concentrates on the reconstruction of the ring-profiles.

s described in Wagner et al. (2010) an automated procedure to

ntegrate the ring-width data into the 3D model was designed
nd implemented. The state after this integration is schemati-
ally shown in the lower right corner of the model in Fig. 1A.

l
t
r
r

ig. 1. (A) Integrated ring-width data along four radii and state of the model before ring
B) The scan image of the cross section CS 5 (right side) and the corresponding interpolat
0.0154 0.0350 1.1740 30
0.0096 0.0383 1.1416 30

he ring-width measurements were brought back into a spatial
ontext within the 3D model and hence, the corresponding posi-
ions to those in reality. Starting from this model, a new automated
rocedure to reconstruct entire ring structures was designed and

mplemented in MATLAB. This procedure allows retrieving the ring
idth on any arbitrary radius within the cross section. The recon-

truction algorithm considered the outer shape of the 3D model
etrieved via laser scanning as well as the data of the four radii
easured in WinDENDRO. Hence, the input data for the recon-

truction of ring profiles was four ring-width radii per cross section,
hich were already integrated into the 3D model (Wagner et al.,

010) along with the scan data representing the circumference of
he corresponding cross section. The outer shape of each cross sec-
ion was retrieved manually using the software Geomagic Studio
1 and, thus, cut out of the virtual 3D model. The circumference
ikewise consisted of several data points. On this basis we wanted
o compute estimations of the ring-width distances for an arbitrary
adius x (rx) positioned between two input radii for which the actual
ing-width distances were available. As an example, Fig. 2 shows

interpolation were implemented (right side); integrated ring structures (left side).
ed ring structures (left side).
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Fig. 2. Schematic view of the interpol

he approach used for the sector between two input radii, here
eferred to as radius 1 (r1) and radius 2 (r2). The angle between
1 and rx, which is the radius of the new ring, is referred to as
. As a preliminary step, the corresponding intersection point (I)
etween the circumference of the cross section and the line going
hrough the growth center (PI) was calculated starting from r1 in 1◦

teps (Fig. 2), although other arbitrary values for the angular steps
ould be chosen. Therefore, the following distances were computed
Fig. 2):

dIP1; dIP2: Distance between I and the starting point of r1 at
bark side (P1 (P2)), which gives a measure of the
distance of rx from r1 (r2).

dPIP1; dPIP2: Distance between the PI and the P1 (P2).
dPlI: Distance between PI and I.

PlP1
′; dPlP2

′: Distance between PI and P1
′ (P2

′), corresponding to
the distance between PI and the ring on r1 (r2), which
is the next ring boundary to be reconstructed.

dPlPx: Distance between the PI and the point Px on rx

In order to calculate the unknown distance from the center to

x (dPlPx), the following ratios were considered:

atio1 = dPIP ′
1

dPIP1

r

H
e

able 2
rror performance for measured and interpolated tree-ring data (Sum of Square Errors (S

SSE RMSE M

CS 1 0.3306 0.0837 0.
CS 2 0.2941 0.0800 0.
CS 3 0.3343 0.0878 0.
CS 4 0.3518 0.0838 0.
CS 5 0.3437 0.0855 0.
approach including parameters used.

atio2 = dPIP ′
2

dPIP2

atiox = dPIPx

dPII

he ratio1 (ratio2) gave a measure of the distance of a specific
ree ring to the bark with respect to the total length of r1 (r2).
atiox represented the corresponding measure for the same tree
ing, but in reference to rx. Since dPlI was calculated, computing
x directly allowed retrieving an approximation of the distance
PIPx.

Ratiox could be computed considering the available informa-
ion, under the assumption that the closer I is to P1 (P2) the closer
he ratiox should be to ratio1 (ratio2). Therefore, the following
eight w1 was designed:

1 = dIP1

dIP1 + dIP2

ased on this ratiox (see above) can be computed:
atiox = ratio1 · (1 − w1) + ratio2 · w1

ence, if I coincided with P1 then w1 was zero and ratiox would be
qual to ratio1. Alternatively, the higher the distance between I and

SE), the Root Mean Square Error (RMSE) and the Mean Absolute Error (MAE)).

AE Correlation Coeff p-Value

0628 0.9932 1.2311e−011
0610 0.9976 3.8771e−014
0645 0.9952 1.9641e−012
0630 0.9904 8.4893e−011
0614 0.9783 1.0812e−020
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ig. 3. Box plots for ring-width data per year comparing measured to interpolated da
ross sections, starting from the innermost ring (1 = year one, measured ring width

1 (and, thus, the closer the distance of I to P2) became, the lower
he contribution of ratio1 to the value of ratiox and the higher the
orrespondent contribution of ratio2 would become.

.4. Model performance and error computation

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

Equation (1) (ei) calculates the individual model-prediction
rrors, where (Pi; i = 1,2, . . ., n) are the interpolated values and (Oi;

= 1,2, . . ., n) the measured values. The measure of average error
=model performance) is then based on statistical summaries of ei
i = 1,2, . . ., n) being part of SSE (Eq. (2)). Error values are the resid-
als of modelled and true ring-width data. Hence, the RMSE is the

P
i
m

cross sections 1–5. Column numbers do represent the annual rings of the respective
); 1 = year one, interpolated ring width (grey); etc.).

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

i = Pi − Oi (1)

SE =
n∑

i=1

|ei|2 (2)

MSE =
[

n−1
n∑

i=1

|ei|2
]1/2

(3)

AE =
[

n−1
n∑

i=1

|ei|
]

(4)
earson’s correlation was performed to verify the results of the
nterpolation techniques and calculate the correlation between

easured and interpolated data sets (Table 2).
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Fig. 4. The measured tree-ring data are plot

. Results

.1. Interpolation of rings

The interpolation of entire ring structures into the 3D surface
odel of a root segment was successfully implemented using a
eighted interpolation algorithm. Hence, ring data was set into a

patial context (Fig. 1A) corresponding to those in reality. Fig. 1B
hows the respective cross sections with reconstructed ring pro-
les.

.2. Ring-width data

Table 1shows the descriptive statistics for the measured and
he respective interpolated tree-ring data. The results show the
igh variability of the real ring data along a cross section,
hich can be observed in the variance and standard devia-

ion of measured values in Table 1. The variance and standard
eviation of the interpolated ring data of the same cross sec-
ions are comparable to the real measurements (Tables 1 and 2).
his can also be visually observed in the box-plot diagram
Fig. 3). Interestingly, the standard deviation and variance is

enerally higher for the measurements compared to the inter-
olated values (Table 1). The mean ring width per cross section
onforms also between measured and interpolated data. All
alues deviated less than 0.01 mm for all cross sections. Mini-

d
a
5
w

ainst the interpolated ring data for CS 1–5.

um and maximum ring-width was comparable for both data
ets.

.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
orrelation (Table 2). In all sections, the correlation coefficient was
bove 0.9 and p-values were highly significant due to the depen-
ence of data sets. Fig. 4 shows measured and interpolated data
lotted against each other.

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

For a more detailed picture, Fig. 6 focuses on single radii. The
orresponding radii of measured versus interpolated were plotted
gainst each other, but due to the large amount of data, only one
ross section (CS 3) is shown. CS 3 was chosen, because it shows
he biggest MAE among the five sections. Nevertheless, the radii
eries display the same general trend with a relatively small off-
et between curves. An exceptional case was ring 7, where a larger

eviation occurred. In addition, CS 5 demonstrated rare cases of
mplified deviations (Fig. 6). For all that the interpolated of CS
mean series reconstructed the measured series in a convincing
ay.
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Fig. 5. Mean tree-ring series of measured rings (grey) plotted against interpol

. Discussion

The approach presented is able to interpolate the ring structures
etween 4 radii of a cross section in dependence on the ring-width
ata. The reliability of this method to accurately model the reality

s of great interest and should be investigated, since it promises as
aluable tool to support or even replace manual tree-ring measure-
ents on cross sections for more comprehensive analyses. Another
uery posed by this study is whether the interpolations are accu-
ate and affirm basis for ongoing 3D interpolations of an entire 3D
oot-development model.

H
c
a

ing data (dashed, black) of CS 1–5 (x-axis number of years; y-axis ring width).

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

Hence, if the accuracy of the presented data is to be judged, one
hould consider that tree-ring data is inherently highly variable.
herefore, MEA of 0.06 mm seems to be a rather convincing result.

owever, depending on the ring width it can be a quite huge per-
entage of narrow rings. Causes for deviations between measured
nd interpolated data can also be due to measurement error and
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Fig. 6. Measured series (grey) plotted against interpolated series (dashed,

ot just a result of interpolations. Even though tree-ring measure-

ents themselves are highly accurate, deviations can occur from
easurement to measurement and between measurers. In some

ree-ring laboratories ring cores are measured by different per-
ons as a performance control. If deviations above 0.1 mm per ring

t
T
g
r

for single radii (1–36) of CS 3 (x-axis number of years; y-axis ring width).

ccur, data are controlled again (Fritts, 1976). Hence, every devia-

ion below 0.1 mm is accepted as a neglectable measurement error.
he deviations in this study were on average below this range and
iven this the results are considered a reliable approximation of
eality.
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Moreover, mean chronologies of the interpolated data sets
emonstrated accurate reproducibility of measured mean
hronologies (Fig. 4). With respect to radii chronologies, most
esults were also convincing and their curves show the same
rowth patterns, with slight offsets (Fig. 4). However, some of the
adii (e.g., radii of CS 5) showed a stronger deviation resulting
lso in higher deviations of the mean chronology (Fig. 5). Possible
xplanations are (I) extreme differences between inner rings and
he circumference of the section, (II) extremely deformed sections,
r (III) abrupt growth changes between the adjacent radii.

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

As can be seen in Table 1 interpolated ring structures had a gen-
rally lower variance and standard deviation than measured values,
hich can be attributed to the weighted interpolation algorithm

pplied. For a case of abrupt growth changes between measured
adii and therefore, stronger deviations between inner ring struc-
ures and the outer bark shape, the algorithm might not be able
o reconstruct this extreme growth changes in a realistic way
nd smooth the shape. Given this the reconstruction of extreme
eformations (e.g., caused by injuries) with a high accuracy would
enerate a disproportional workload. Since these disturbances are
n general restricted to small areas their reconstruction would not
rovide additional gain for the overall results. In individual cases, it
ight be necessary to measure additional radii on the specific cross

ection and thus, base interpolations on 5 rather than 4 input radii
Wagner et al., 2010). However, in general 4 radii per cross section
as a realistic workload. The results confirm this to be sufficient

or interpolations. For species with an irregular bark, it might be
ecessary to smooth the triangulated surface of the 3D root model

n Geomagic software before interpolating the ring structures.
However, these cases are exceptions and a control function will

e integrated into the program to filter these cases. For a cross
ection where interpolations deviate more than 0.1 mm, a program
rror will occur and a data check is requested.

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

. Conclusion and outlook

The basis for more comprehensive ring-width studies within
root system was successfully implemented due to the success-

ul integration and interpolation of tree-rings into the 3D surface
odel. Interpolations are always approximations to reality. The
esults presented here are promising approximations and within
good prediction range. Therefore, these data are a useful basis for
3D root-growth model, which mark the overall aim of ongoing

tudies. For the finalisation, growth layers, representing the sin-

F
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le growth years of the root between single cross sections, will be
nterpolated in a next step. For every single growth year a closed
urface will be generated, which allows for a 3D reconstruction of
oot development over time, annual biomass acquisition and more
omprehensive ring-width analyses. Hence, the presented results
re the indispensable premise for a 3D root model.

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

For the acquisition of the entire structure of a root system and for
ing measurements of roots, it will always be necessary to excavate
he tree in order to gain root cross sections for ring measurements.
n order to model root structure this is also true for our approach,
ince reliable non-destructive techniques are not yet available for
D acquisition. However, if the presented interpolations are trans-
erred to the above-ground part of a tree on the basis of 4 cores
t will be possible to simulate the interior of trees without cut-
ing the tree down. The aboveground tree shape could be acquired
ith a terrestrial laser scanner in the stand. This will make the pro-

ram a useful tool for volume computations of single trees within
tands, which is an important task for foresters in terms of wood
roductivity and for the acquisition of biomass.
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