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ring-width measurements at any point within the modeled 
tree stem, which present great potential for complex growth 
analyses. Stem volume, estimated with a bole volume func-
tion, deviated between − 1.65 and 1.9% from our model for 
four out of five trees. For the fifth tree deviations of 13% 
were observed. The agreement between the function and 
our model demonstrates the robustness of the presented 
approach.
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Introduction

Forests provide crucial ecological and socio-economic func-
tions and play a key role in the global carbon cycle (Dixon 
et al. 1994; Führer 2000; Gooddale et al. 2002; Dobbs et al. 
2011; Miura et al. 2015). Information on tree biomass and 
volume is needed for sustainable forest management and 
to understand and quantify nutrient flows in ecosystems 
(Zianis et al. 2005). Precise data on tree volume, increment 
and growth development at the national level can allow for 
efficient forest management and controlling (Kleinn 2002) 
and in turn enables reliable quantification of  CO2 seques-
tration at a broader scale. Thus, models providing reliable 
biomass or volume estimates at a national scale are needed. 
So far techniques to assess forest biomass have mainly been 
based on allometric equations (Fehrmann and Kleinn 2006). 
These formulas rely on the indirect relationship between tree 
attributes such as diameter at breast height (dbh), tree height 
and volume (Zianis et al. 2005; Calders et al. 2015). Allo-
metric equations are usually site specific, species specific 
or only representative for certain diameter classes, and thus 
not applicable at a broader scale (Muukkonen 2007; Liang 
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Abstract Reliable carbon pools data are needed to quan-
tify the carbon stored in ecosystems and for effective forest 
management. Terrestrial laser scanning allows researchers 
to quickly acquire data about forest structure and to derive 
tree parameters and volume data automatically. However, 
accurate models of the development of tree volume over 
time are still lacking. In contrast to terrestrial laser scan-
ning, tree-ring data show the annual growth development 
of trees, but do not contain information about tree volume. 
The fusion of terrestrial laser scanning and tree-ring data 
may, therefore, lead to reliable stem development data, and 
thus annually resolved models of volume increment of trees. 
The aim of this study is to combine these data and apply a 
root-development model to the aboveground part of trees. 
Three spruce trees (Picea abies) and two firs (Abies alba) 
which were part of a long-term forest monitoring survey 
were scanned using a terrestrial 3D-laser-scanner. Combin-
ing these data with tree-ring measurements, we were able 
to reconstruct stem volume at an annual resolution. Results 
provide robust annually resolved volume data along with 
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et al. 2014). Although the volume estimates based on dbh 
generally lead to larger errors compared to those also meas-
uring tree height or an diameter at other heights (Kaufmann 
2001; Dassot et al. 2011; Liang et al. 2014), in many forest 
inventories only the dbh is assessed, to reduce the workload 
(Köhl 2001; Liang et al. 2014).

Terrestrial laser scanning (TLS) is a new technique that 
has gained popularity since the beginning of the twenty-
first century (Maas et al. 2008; Kankare et al. 2014). TLS 
can assess detailed information of several trees in a short 
period of time and is regularly applied in forestry (Das-
sot et al. 2011, 2012; Srinivasan et al. 2015; Seidel et al. 
2011; Calders et al. 2015). Although point cloud process-
ing might be time consuming (Brenner 2007), TLS is an 
effective tool to assess tree architecture and stand struc-
ture. It enables direct estimates of individual tree volume 
(Calders et al. 2015), allows for the extraction of typical 
terrestrial inventory parameters such as tree height and 
dbh (Dassot et al. 2011; Kankare et al. 2014) and for mod-
elling the 3D-structure of trees. Using diameter approxi-
mation techniques of fitting b-splines or circles to the point 
clouds (Pfeifer and Winterhalder 2004; Bienert et al. 2006; 
Wang et al. 2017), it is possible to measure the diame-
ter at different heights (Pfeifer and Winterhalder 2004; 
Kankare et al. 2014). The tree surface characteristics can 
also be approximated either manually or automated for 
individual trees, tree parts (roots/branches) or entire stands 
(Raumonen et al. 2013, 2015) by triangulating the point 
cloud to a closed surface (meshing/triangulation) (Aschoff 
et al. 2004; Wagner et al. 2011a), by fitting cylinders to 
the point clouds (Pfeifer and Winterhalder 2004; Othm-
ani et al. 2011; Ǻkerblom et al. 2012; Raumonen et al. 
2013; Hackenberg et al. 2014, 2015b) or by transferring 
the point clouds into voxel models (Lefsky and McHale 
2008). Although scans seem to depict the stand in a real-
istic way, scanner data also deviate from reality. Some 
typical error sources such as registration errors, occlusion 
effects and the assessment of small artifacts due to the 
scanning accuracy itself occur (Pfeifer and Winterhalder 
2004; Kankare et al. 2013; Raumonen et al. 2013; Liang 
et al. 2014; Calders et al. 2015). Usually, laser scanning 
data slightly overestimate diameters and volume (Hen-
ning and Radtke 2006). A registration error of 1 cm can 
potentially lead to a volumetric overestimation of 8.8% 
(Burt et al. 2013). The strong effect of small differences in 
dbh determination on volumetric data illustrates the need 
for an additional parameter to validate scanner data. Fur-
thermore, most methods only represent a current state of 
trees and do not show volume development over time and 
hence, the annual volume increment of trees. Only one 
study we know of used volume data derived from crown 
shapes assessed by airborne laser scanning and combined 
them with ecosystem modeling approaches to estimate 

annual wood increment on the basis of forest net primary 
production, carbon stem allocation ratios, the volume bio-
mass expansion factor, and the basic wood density (Bottai 
et al. 2013). However, the growth development of trees 
in 3D for comprehensive growth analyses is still lacking 
full understanding of carbon sequestration and allocation 
within trees. Currently, to assess volume changes from 
laser scans, stands need to be frequently scanned (Liang 
et al. 2012; Sheppard et al. 2017), which limits the time 
period over which volume development can be assessed.

In contrast, tree-ring data show the annual development 
of tree increment over time, but lack additional infor-
mation about tree ring and volume evolution in a three 
dimensional manner. Some approaches to estimate tree 
volume based on tree-ring data exist. For instance, Babst 
et al. (2014) first reconstructed the historic diameters and 
then applied allometric equations to derive annual growth 
increment. However, their approach does not show the 
development of tree volume increment in 3 dimensions. 
Moreover, they still rely on species-specific allometric 
equations. Others developed growth and volume equa-
tions based on tree-ring analysis for teak (Perez 2008) or 
derived tree height curves from tree-ring data (Carmean 
1972). None of them provides detailed 3D growth informa-
tion. The combination of highly accurate tree-ring width 
data and point-cloud data from terrestrial laser scanning 
fills this research gap and allows for a robust 3D recon-
struction of annually resolved volume and allocation pat-
terns. While tree-ring data contain growth information 
with an accuracy of 1/100 mm and an annual resolution 
TLS data provide a 3D model representing the surface and 
structure of trees at a certain point in time.

Wagner et  al. (2011a) proposed for the first time a 
model that combines both highly accurate tree-ring 
width data and 3D point-cloud data from terrestrial laser 
scanning. They applied their model to the belowground 
part of trees and demonstrated that it is a robust method 
for 3D-modeling of tree-root systems, but it was never 
applied to the aboveground part of trees. For roots, the 
model showed an overestimation of 3.5–6.6% compared to 
reality and was expected to be more accurate for simpler 
shapes such as tree stems (Wagner et al. 2011a). A spatio-
temporal context is needed for tree stem modelling, which 
is species independent.

Therefore, the aims of this study are as follows:

1. To apply the coarse-root model developed by Wagner 
et al. (2011a) to the aboveground part of five trees and to 
reconstruct the annual volume increment in combination 
with tree ring-width data.

2. To compare the total stem volume derived by the model 
with volumetric equations used in the Swiss National 
Forest Inventory (NFI).
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Materials and methods

Study site

Long-term sample-plot inventory has been carried out by 
the NFI in the forest of Bremgarten, Switzerland in the 
years 1971, 1986, 1996 and 2011 according to the method of 
Schmid-Haas and Werner (1969). Two stands were selected 
from this long-term sample-plot inventory one dominated 
by Spruce (Picea abies (L.) Karst.), and a second dominated 
by Fir (Abies alba Mill.) mixed with larch (Larix decidua 
Mill.). Five individual trees, three Spruce and two Fir trees, 
situated within the two sample plots were selected for the 
investigation. The samples were also assessed during the 
long-term sample-plot inventory.

Terrestrial laser scanning

The stands were scanned in autumn 2011 following the 
growing season. Scanning targets were distributed in the for-
est stands covering the inventory plots for later registration 
of the individual scans. Both plots (radius of 12.5 m) were 
scanned with a terrestrial laser scanner (Leica ScanStation 
C10). The scanner assesses the aboveground structure of 
trees with a laser footprint. The surface of trees is repre-
sented by individual points in a Cartesian coordinate system 

(xyz) (Fig. 1). The Leica ScanStation C10 scans with a reso-
lution of up to 50,000 points/s. The spot size is 4.5 mm Full 
width at the half-height-based and 7 mm Gaussian-based. 
The minimum spacing is < 1 mm (Leica Geosystems AG 
Heerbrugg, Switzerland). The scanning resolution for this 
study was 5 mm point distance per 10 m distance. On aver-
age the distance between scanner and the individual trees 
was 7.5 m. Thus, the average point distance for the single 
scans of this study was 3.5 mm. This resolution was used for 
all scans. The scanner was positioned on a tripod to assess 
360° scenes. To minimize occlusion effects, multiple scans 
were taken to assess the full 3D tree structure and the laser 
scanner shifted 4–5 times on each plot. In this way, each tree 
was covered from at least four sides. The single scans were 
geo-referenced using the Cyclone software (Fig. 1; Leica 
Geosystems, version 7.3.3). Point clouds of individual trees 
were later manually extracted from their surroundings and 
transferred into the software Geomagic (Geomagic Studio, 
2011, http://www.geomagic.com). After scanning, the trees 
were harvested and cut into segments to allow for the sub-
sequent ring-width measurements.

To reconstruct the annual volume of trees three input data 
sets are needed from Geomagic: (1) the 3D structure of the 
tree stem; (2) the cross sections of the 3D stem representing 
the outer shape of the real cross sections at which the tree-
ring data were measured; and (3) two points representing 

Fig. 1  The point cloud data assessed with a terrestrial laser scanner a 
point cloud of a single 360° scan (average no. of points: 13,500,000) 
b close up of a single scan with one of the reference targets in the 

center c multiple scans (4–5) referenced with the Cyclone software d 
individual tree manually separated from the stand data (average no of 
points: 3,900,000)

http://www.geomagic.com
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the starting points of the two first measured tree-ring radii 
per cross section on the stem surface (Wagner et al. 2011a, 
b; Santini and Wagner 2010). All these data were saved in 
ASCII format containing the Cartesian XYZ coordinates of 
these points.

Erroneous points were removed from the laser point 
clouds using cutting tools and additional filters provided 
by Geomagic. Branches were manually removed from the 
scan. Due to the dense canopy of conifers the laser could 
not assess the upper stem completely, and thus data points 
are missing from the upper part of the stem. To approximate 
the stem shape at the upper part of the stem, cylinders or 
cones were manually fitted to the point cloud. Afterwards, 
the distortion free point cloud was triangulated and trans-
ferred into a 3D mesh surface model (Remondino 2003). The 
results were manually checked and—if necessary—filters 
(mesh doctor) and curvature based filling were applied using 
Geomagic. As a second data set, the circumferences of the 
cross sections were extracted. Using the curve extraction 
function in Geomagic 2011 cross sections were cut out of the 
model exactly at the position where the respective stem cross 
sections were taken in reality. The resulting digital cross 
sections are line segments and were again transferred into 
a point file (.xyz). From these points representing the outer 
shape of the cross section two points were extracted repre-
senting the starting point of the measured tree-ring radii and 
also saved as .xyz files. The mesh was retransferred into an 
ordered point cloud as required by the 3D modeling tool of 
Wagner et al. (2011a).

Tree‑ring data

Cross sections were cut in a perpendicular angle from the 
stem. From the base up to a height of 16 m a section was 
taken every 4 m, above this height towards the top every 
2 m. The lowest and highest measured cross sections for 
each tree are given in Table 2. The disks were sanded, pol-
ished and then scanned with a distortion-free flatbed scan-
ner. Ring-width measurements were realized on the resulting 
digital images along four radii per disk according to standard 
dendrochronology techniques (Cook and Kairiukstis 1990) 
using WinDENDRO software (Regent Instruments Canada 

Inc. 2009). In general, radii were measured at a 90° angle to 
each other, but in cases of cracks or deformations the angle 
was adapted. Data were saved as .txt files containing the 
ring widths in mm with an accuracy of 1/100 mm (Regent 
Instruments Canada Inc. 2009).

3D stem reconstruction

The input data for the 3D root model programmed in MAT-
LAB by Wagner et al. (2011a) are the WinDENDRO files 
(.txt) and the Geomagic data sets [the outer shape of the trees 
(.xyz) as described above, the circumference of the cross 
sections (.xyz) and the starting points of the radii (.xyz)].

A weighted interpolation algorithm is used to compute 
cross sections at any point within the model to obtain growth 
layers. In a first step the model integrates the measured tree-
ring radii into the 3D point cloud of the stem using the two 
starting points of the first measured radii on the stem surface 
as reference points. Using trigonometry the four input radii 
are reconstructed on the cross sections of the 3D tree model 
(as generated in Geomagic). From the tree-ring measurements 
the overall lengths of the input radii are known. In combina-
tion with the starting points of the first two input radii, enough 
parameters are known to reconstruct the four radii into the 
model. Due to the known offset of the 3D surface model, 
which is slightly larger than the actual tree stems, an algorithm 
centers the complex of the four radii within the model. Other-
wise a one-sided bias would occur. In this way, the offset can 
be excluded later without biasing the volume reconstructions. 
Thus, the offset is not affecting the accuracy of the ring-width 
data. Thereafter, the 2D tree-ring profiles are interpolated in 
RootLAB on the input cross sections between the measured 
radii. A weighted interpolation algorithm is used. Radii are 
calculated with a resolution of 1° on a polar grid centered at 
the pith, but the angle can individually be adjusted. Thus, 356 
new radii are interpolated between the four input radii. For 
each radius the point of intersection with the circumference 
of the cross section is calculated, given the distance between 
the pith and the circumference. This distance later accounts 
for the individual shape of the tree stem as this distance varies 
along the circumference. To reconstruct the ring widths for 
the new radii, ratios for all the input radii are calculated giv-
ing a measure for the distances of a specific ring border to the 
bark with respect to the total length of the radius. The closer 
a new calculated radius is to one of the input radii the more 
weight is put on the corresponding ring width and thus, the 
ratio of the closer input radius This weighted approach allows 
for a highly precise approximation of ring profiles (details in 
Wagner et al. 2011b). At this point the tree-ring profiles of the 
input cross sections are fully reconstructed (Fig. 2d—the red 
cross sections). Thereafter, the annual growth layers are inter-
polated in 3D. For this calculation, a correspondence between 
two adjacent input cross sections is required. Several anchor 

Fig. 2  Modeling procedure exemplarily shown for one Spruce stem a 
point cloud of a Spruce assessed by a terrestrial laser scanner b trian-
gulated surface model of the tree stem generated in Geomagic studio 
c stem cross sections cut perpendicular to the tree stem and sanded 
for tree-ring measurements d the Matlab model combines tree-ring 
information with the outer shaper of the Geomagic surface model 
and interpolates cross sections at any point within the 3D model e by 
default 4 additional cross sections are interpolated between two input 
cross sections f example of interpolated cross section g example of 
interpolated 3D growth layer for one segment; Numbers shown in 
d–g represent Cartesian coordinates in meters

◂
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points are calculated between two adjacent cross sections and 
also with the 3D stem model. To this end, a plane is calculated 
passing through the pith of two adjacent input cross sections 
and the intersection point of the first input radius with the cir-
cumference of the first cross section. The intersection point of 
the plane with the circumference of the second cross section 
is now referred to as radius one from cross section two. In the 
following, the plane rotates with a resolution of 1°, recomput-
ing the tree rings on cross section two as described before, 
resulting in the same polar grid. In this way, radius one of cross 
section one corresponds directly to radius one of cross section 
two and so on. This is done for all adjacent cross sections. 
In a next step new cross sections are required between the 
input cross sections. By default four cross sections are evenly 
distributed between each set of input cross sections, but the 
number can be enhanced depending on the complexity and 
curvature of the stem. As the input cross sections are not truly 
parallel, the orientation of the new cross sections is set to be a 
weighted average between the orientations of the two adjacent 
cross sections. To calculate the ring profiles on the new cross 
sections the growth center (pith of each cross section) is cal-
culated as an anchor point for later tree-ring reconstructions. 
Again it is approximated by calculating the radii lengths as a 
weighted average considering the corresponding radii lengths 
at the input cross sections with respect to the relative distance 
of the new cross section to the two input cross sections. The 
growth center is finally approximated as the average of all 
these distances and the new pith is used as the center of the 
polar grid for the new reconstructions. Again, the closer one of 
the new calculated cross sections is to the input cross sections, 
the greater the tree-ring width of the input cross sections is 
weighted for the corresponding growth year [see Wagner et al. 
(2011a, b) and Santini and Wagner (2010) for details]. At this 
point the new cross sections are fully reconstructed (Fig. 2d, e) 
and growth layers can be computed between the cross sections 
(Fig. 2g). The volume of the individual growth layers is now 
calculated for single sectors and then summed for the entire 
tree. These sectors are geometric bodies. In general a prism is 
calculated, with a trapezoid base area only for the sectors of 
the first growth ring. Thus, these sectors are limited by two 
adjacent cross sections, two neighboring radii with an angle of 
1° at the pith and two successive growth-ring borders. Later all 
sectors for a corresponding growth year are summed up. Due 
to the small angle of 1° between radii the volume error seems 
to be negligible and a convenient approximation. Thus, the 
output data of the model are the annual tree-ring data at any 
point within the modelled tree stem and the annually-resolved 

volume data. Figure 2 exemplifies the single steps of the work-
flow including the modeling procedure for one tree stem. The 
relevant parameters for the final modeling of the two Fir trees 
and the three Spruce trees such as dbh and height are listed 
in Table 2.

Volume equations

Over bark bole volume function

The over bark volume function of the NFI, which is based on 
the tree structure parameters tree height, and two diameters at 
1.3 and 7 m height, was used for the validation of our model. 
Species-specific allometric equations for bole volume includ-
ing bark (Eqs. 1, 2) were derived together with seven other 
equations following assessment of more than 38,000 trees 
in the framework of the NFI. Additionally, 500 trees of dif-
ferent species with extreme parameter ratios were measured 
(Kaufmann 2001). As precise data are required for large-scale 
inventories there is a need to measure all the parameters for at 
least some trees (Kaufmann 2001). 

where: Y: bole volume including bark, D1.3: diameter at 
breast height in meters, D7: diameter at 7 m height in meters, 
H: tree height in meters.

The coefficients of the bole volume function are listed in 
Table 1.

Results

The application of the root-growth model originally developed 
for coarse roots, to the aboveground parts of trees was possible 
without modifications for stems. Combining the ring-width 
measurements and the TLS data allowed for a detailed analysis 
of the annual ring and volume development of all five trees 
(Fig. 3).

Although the overall dimensions of the sample trees 
were comparable (despite dbh of F1; see Table 2), the two 
fir trees (F1, F2) were more than 100 years old, while the 
spruce trees (Sp1–Sp3) were less than 50 years of age. 
When combining the tree-ring data with the 3D model, 

(1)
Spruce: Y = b0 + b1 × d

2
7
H + b2 × d

2
1.3

+ b3 × d
3
7
+ b4 × H

(2)
Fir ∶ Y = b0 + b1 × d

2
7
H + b2 × d1.3 + b3 × d

2
1.3

+ b4 × d
3
1.3

× H + b5 × H
4

Table 1  Coefficients of 
the bole volume function 
(Kaufmann 2001)

Species b0 b1 b2 b3 b4 b5

Spruce 0.029504 0.46756 2.43885 − 5.74664 − 0.001826
Fir 0.039594 0.35832 − 0.39142 3.75195 − 0.013314 1.62E−07
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there were also differences in volume accumulation in 
spruce and fir. Focusing on the total stem volume, there 
is a clear difference between the species (Fig. 4). Vol-
ume accumulation in spruce reached around 1 m3 within 
40 years, while the fir trees reached this volume after 
60 years (F1) and 100 years (F2), respectively (Fig. 4). 

For the last decade, there was a clear decrease in ring 
width in fir, which was also visible to a lesser extent in 
the spruce trees. Despite the declining ring width the 
cumulated volume increased for all trees. When plotting 
the annual volume and ring-width increment (Fig. 3), 
both show a decline, although it is less pronounced for 

Fig. 3  Annual tree-ring width plotted against annual volume accumulation of two Firs and three spruces
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volume increment. The annual volume increment of F2 
even increases in the last decade (Fig. 3). Forest inventory 
data indicate that the growing conditions were different 
between the firs and the spruces. The firs grew by natural 
regeneration on a site initially planted with larches follow-
ing clear cut. Due to competition with the older larches 
their juvenile growth was slow but following harvest of the 
dominant larches in 1960, F1 experienced a growth release 
becoming dominant growing without competition. The 
growth decline starting in the 1990s cannot be explained 
by competition. The second fir (F2) growing at the same 
site was further dominated by larches and firs and never 
became dominant. The differences are very well expressed 
in the growth patterns.

The spruce site on the other hand was cleared due a storm 
in 1967 and then afforested by spruce, most likely with a 
high stand density (distances 1 × 1 m). The stand was regu-
larly thinned. The inventory data show that the samples trees 
always belonged to the dominant canopy class, which also 
explains why they were initially able to grow comparatively 
quickly. In any case, Sp1–3 were always in competition with 
surrounding trees to a lesser or greater degree. Sp1 and Sp3 
accumulated volume faster than Sp2. Clearly, Sp3 experi-
enced less competition than Sp1 and Sp2. However, the com-
petition experienced by Sp1 and Sp2 seem to be comparable. 
Further conclusions on whether the differences are caused 
by the forked structure of Sp2 or their different competitive 
abilities cannot be drawn from the data.

Figure  5 shows the height development of all trees. 
While all Spruces reached a height of about 20 m after 20 
growth years the Firs only reached this height after between 
40 and 45 growth years (Fig. 5). The comparison with the 
Swiss NFI data showed that the bole volume function of the 
NFI agreed with our model for 4 out of 5 trees with model 
deviations between − 1.65 and 1.9%. For the fifth tree (F2, 
Table 3) a volume difference of − 13% was observed. As 
an additional validation step for this particular tree (F2) we 
computed the truncated cone volume for all its stem seg-
ments and summed them. The sum of the truncated cone 
volume deviated by only 3.59% from our model. The laser 

scans in our study overestimated tree volume by 11.27, 
12.11, 12.74, 13.17, 13.90% when considered alone without 
the tree-ring information.

Discussion

The 3D model was applied to the aboveground part of trees 
and allowed for successful reconstructed of the annual and 
total stem volume of five trees. We reconstructed reliable 
data describing annual volume development of trees in com-
bination with ring-width data for tree stems. This model 
allows for complex growth development analyses, which 
represents a significant progress over 3D models that can 
only capture stem volume for a specific moment in time 
(Dassot et al. 2012; Burt et al. 2013; Kankare et al. 2014; 
Calders et al. 2015). Moreover, until now TLS stem volume 
was reconstructed with errors ranging from − 7.85% (Hack-
enberg et al. 2015a, b) to 15.3% (Kankare et al. 2013) for 
solid stem wood, and 22.1% root mean-square error (RMSE) 
for saw wood, 110% RMSE for pulp wood (Kankare et al. 
2014), and 8% for total tree above ground volume (Hacken-
berg et al. 2015b). Most of these models overestimate the 
actual stem volume. For volumes directly derived from the 
dbh measured from TLS data, which is a method commonly 
used in practice, this overestimation seems to be caused 
by the fact that small variations of the dbh result in large 
variations in the volume determination. According to Burt 
et al. (2013) registration errors of 1 cm resulted in an 8.8% 
volumetric overestimation of the stem. The laser scans in 
our study also overestimated tree volume by 11–14% when 
considered alone without the tree-ring information.

We expected that the combination of laser scans and 
high precision tree-ring data would be able to compensate 
for the known overestimation of the terrestrial laser scans 
and minimize the estimation error of laser scans. The 
model was previously calibrated and validated for coarse 
roots. Although these roots did not have simple, more or 
less round shapes as most tree stems do, the overestima-
tion of 3.5–6.6% determined for these roots (Wagner et al. 

Table 2  Tree characteristics

d1.3 diameter at 1.30 height, CS cross section, ID identity
*Forked stem from ~ 15 m height towards top

TreeID Species Total tree CS (lowest) CS (highest)

d1.3 (cm) Height (m) Ø (cm) Height (m) Ø (cm) Height (m)

F1 Abies alba 63 34.44 60.43 0.77 15.03 32.1
F2 Abies alba 37 32.19 36.12 0.25 7.85 27.05
Sp1 Picea abies 33 30.38 38.62 0.9 7.15 27.73
Sp2* Picea abies 28 27.79 31.51 0.67 (a) 7.78 23.67

(b) 8.22
Sp3 Picea abies 37 29.39 47.88 0.1 8.92 24.88
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2011a) are below most of the estimation errors from pre-
vious studies time (Dassot et al. 2012; Burt et al. 2013; 
Kankare et al. 2013, 2014; Calders et al. 2015; Hackenberg 
et al. 2015b). The model might, therefore, be expected 
to be even more accurate for simpler shapes such as tree 
stems (Wagner et al. 2011b). The bole volume functions 
of the NFI may provide additional information about the 
accuracy of our model as an additional diameter at 7 m 

height is measured, which is in general more precise than 
those functions relying on only DBH measures (Kauf-
mann 2001; Dassot et al. 2011; Liang et al. 2014). As the 
bole volume function widely agreed with our model with 
deviations between 0.4 and 1.91% for four trees it strength-
ens the robustness of our model. Only for tree F2 bigger 
deviations of − 13.4% occurred (see Table 3). However, 
as the sum of the truncated cone volume for the same tree 

Fig. 4  Annual tree-ring width plotted against the accumulated volume development of two Firs and three spruces
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deviated by only 3.59% from our model it also strengthens 
our model.

The advantage of our model is that it relies not only on the 
laser scans or inventory parameters such as dbh or height, 
but also combines them with high precision tree-ring data. 
Thus, overestimation of volume due to scanning or registra-
tion errors does not bias the results of our model. Overesti-
mated volume is directly excluded from volume calculations 
and as such does not affect the annually resolved volume 
data (Wagner et al. 2011a). In addition, our model takes the 
unique shapes of trees into account as trees are often not cen-
tric. A cylindrical fit may not always be a proper approxima-
tion, particularly for the lower part of a stem which contain 
a higher proportion of woody biomass (Calders et al. 2015). 
Using geometrical objects, the shape of a tree can only be 
approximated and abrupt diameter changes or anomalies 
cannot be properly assessed (Eysn et al. 2013). For the lower 
6 meters of stems, volume differences between meshing and 
cylinder fitting ranged between − 3.6 and 5.5% (Dassot et al. 
2012). Due to occlusion effects we also fitted cylinders to 
the upper part of the stems, but preserved the more variable 
part of the stem, which partly explains the robustness of our 

model. To a certain extent our model also accounts for stem 
sweep as the orientation of the interpolated cross sections 
are always calculated as a weighted average between the 
orientations of the two adjacent cross sections. In addition, 
the number of calculated cross sections between the interpo-
lated cross sections can be enhanced in highly variable stem 
sections (Wagner et al. 2011a). However, if the stem shape 
is highly variable between two cross sections the model may 
deviate significantly from actual stem volume.

All volume models and carbon assessment approaches are 
subject to trade off between accuracy and workload. How-
ever, parameter reduction is only a feasible instrument if it is 
not at the expense of accuracy. Therefore, an accurate recon-
struction of growth development is needed to verify allomet-
ric equations. Destructive sampling is generally required to 
calibrate allometric biomass models (Calders et al. 2015). 
Although laser scanning assesses in a short period of time 
point clouds of entire stands the workload of generating an 
error free surface model from laser scans is still time con-
suming. We have observed that the engineering software for 
point clouds improved significantly during the last years and 
thus, workload will be successively reduced for our model. 

Fig. 5  Annual height development of the five modeled trees per year and growth year

Table 3  Bole volumes 
of RootLAB and the Bole 
volume functions with volume 
deviations between the 3D 
model and the functions

a Input parameters (h, d1.3, d7)
b Forked stem

Tree ID Volume in (m³) Deviation RootLAB with 
Bole volume function in (%)

Overbark Bole vol-
ume  functiona

3D model 3D model + stump

F1 3.87 3.26 3.92 1.24
F2 1.54 1.32 1.33 − 13.40
Sp1 1.35 1.20 1.36 1.91
Sp2b 0.83 0.77 0.81 − 1.65
Sp3 1.19 1.05 1.18 − 0.40
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Several researchers have already automatically extracted the 
circumference of tree sections for dbh computations or total 
tree stems (Raumonen et al. 2013, 2015; Srinivasan et al. 
2015) which may also reduce the workload of our model in 
future. In addition, open-source software solutions for point-
cloud processing have entered the market, such as Meshlab 
(Cignoni et al. 2008) and CloudCompare (Girardeau-Mon-
taut 2016), which are reducing the expenses for laser scan-
ning and open the technique to a broader audience. Some 
open-source software have been developed specifically for 
tree reconstructions and forestry applications (Computree, 
Simple tree, 3dforest; Othmani et al. 2011; Hackenberg et al. 
2015b; Trochta et al. 2017), but so far none combines these 
data with annual growth information. A disadvantage of our 
model remains the destructiveness of the approach. How-
ever, we believe that we first need reliable data to recon-
struct the annual volume of a tree in a robust way to later be 
able to derive and validate good approximation methods. A 
step towards limiting the workload and destructiveness of 
our method would be reducing the number of tree-ring data 
required using tree cores only. One of the major challenges 
in this approach would be including height development in 
a realistic way.

Conclusions

We show that an existing 3D root volume model is applica-
ble to the aboveground part of trees. The model reconstructs 
the volumetric stem development of trees over time at an 
annual resolution. As our model combines laser scanning 
data with highly accurate tree-ring data and it compen-
sates for overestimations of laser scans. This allows for a 
highly precise reconstruction of annually resolved volume 
data of the stem and also for roots and branches. An addi-
tional advantage of our model is that it is species and site 
independent. The application to all woody parts allows for 
complex allocation patterns within a tree. A disadvantage is 
still the destructiveness and the time demanding reconstruc-
tion of the point clouds. However, work towards automated 
reconstruction of stems from laser point clouds is already 
in progress.
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