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Abstract

Accurate assessment of log and stack volumes is essential for predicting product yields and sup-
porting decision-making in the forest industry. Despite the need to understand stack and log
measurement metrics, this remains challenging due to new technological trends, complicated
measurement methods, significant variation between regions, species, products, sizes, and age
classifications, and prevailing misconceptions about measurement units. The main aim of this
study was to compare several currently used log and timber stack volume measurement methods.
Additionally, volume conversion factors from gross stack volume to net solid wood volume were
calculated. To this end, Scots pine (Pinus sylvestris L.) stands were harvested using a John Deere
1170G harvester. The wood was measured using different methods and technology, including
opto-electronic log measurements, manual volumetric timber stack measurements, and photo-
optical stack measurements for sawmill, pallet, and other industrial partners. Conversion factors
were calculated (dividing the solid wood volume under bark by the gross stacked volume over
bark, including air spaces) to convert the gross stack volume into a net or solid wood volume
under bark, which is an important unit for roundwood purchasing. The log measurement results
showed significant differences between the various wood measurement methods across all assort-
ments. In particular, significant differences were observed between harvester and sawmill mea-
surements. Additionally, a comparison between manual sectional stack measurement and truck
load scanning at the sawmill revealed significant differences for the medium-density fibreboard
(MDF) timber assortment. Conversion factors ranged from 0.50 to 0.66, with a mean of 0.596,
lower for LAS 3 m timber and higher for LAK timber. The results will contribute to a better
understanding and general harmonisation of different methods for measuring stacks based on a
series of studies of Scots pine assortments.

Keywords: timber assortments, opto-electronic measurement, conversion factor, stack volume,
truck scanning

1. Introduction

Approximately 1.15 billion hectares of the world’s
forests are managed to produce various timber and
non-timber forest products (FAO 2020). The demand
for wood is increasing in global markets mainly due
to (i) higher consumption of traditional timber prod-
ucts, including boards (ii) the ever-growing global
energy demand, and (iii) the call for a bio-economy
aimed at replacing fossil-based products (Ingrao et al.
2018). Globally, the share of timber products and
wood as a renewable energy source is substantial
(FAO 2020). It is therefore essential to ensure the stabil-

ity of the entire supply chain for forest products and
related industries (Freyburger et al. 2009, Zhang et al.
2020, Nita and Borz 2023). Among the factors related
to the forest wood supply chain, quality and quantity
estimation of logs remains one of the most important
elements. These parameters provide important and
necessary details for all actors along the forest-wood
supply chain — from harvesting to the timber indus-
tries — and are the basis for value creation (Borz and
Proto 2022). Therefore, the assessment of roundwood
quality and quantity, and consequently the ability to
forecast product outputs, is of vital importance to
these sectors (Fonseca 2005). This is particularly rele-
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vant in cases where timber is sold at the forest road-
side, where accurate stack volume measurement di-
rectly influences pricing negotiations and economic
decisions (Purfiirst et al. 2023). The accurate estima-
tion of the volume of roundwood is of great impor-
tance for the timber supply chain. This includes cost
management and other operational factors that are
important for forest owners and managers, companies
harvesting timber, those transporting the product, end
consumers, and wood-processing companies (Moska-
lik et al. 2022).

There are typically two ways of assessing the vol-
ume of roundwood: (1) the weight method and (2) the
volumetric measurement method (de Miguel-Diez et
al. 2023). The latter can be applied per log, per stack,
or per truck. Volumetric measurements are widely
used in Europe (Tomczak et al. 2025). Several studies
have focused on comparing the benefits and limita-
tions of various volumetric assessments, often reveal-
ing uncertainties in these methods (Momo et al. 2018,
Miiller et al. 2019, Gergel et al. 2022). In contrast,
weight measurements are usually more accurate, even
in specific situations when crane scales are used
(Starke and Geiger 2022). Some disadvantages include
the challenge of log weighing in the forest, where most
of the raw material is sourced. This is due to the un-
availability of weighbridges and because the weight
varies significantly due to changes in timber moisture
content across different seasons, and because of dry-
ing between the point of log production in the forest
and production in the mill. On the other hand, with
the help of the volumetric method, it becomes possible
to calculate with higher accuracy at a given cost for the
industrial roundwood (de Miguel-Diez et al. 2023).

In many countries, manual methods are still wide-
ly used for the volumetric measurement of individual
logs and stacks. The reliability of some of these meth-
ods is not so high, and the measured data varies from
operator to operator. In addition, data collection by
manual methods is not reproducible, it is time- and
labour-intensive, and inefficient in most cases (Pasz-
tory et al. 2018). Therefore, integrated methods have
been developed to measure the wood volume, de-
pending on the technical possibilities (Yu et al. 2023).
Over recent decades, various methods, such as opto-
electronic measurement devices (Sladek and Neruda
2007), the photo-optical measurement method
(Berendt et al. 2021), the handheld LiDAR-based mea-
surement method, as well as iPad-LiDAR (Purfiirst et
al. 2023), and even smartphones (Karha et al. 2019),
have been developed for roundwood measurement
and grading (de Miguel-Diez et al. 2022).

Comparison of Timber Measurement Methods and Conversion Factors for Scots Pine (1-XX)

Value creation is closely linked to optimal bucking
(Erber et al. 2021), which maximises the value of a tree
by properly segmenting the stem into assortments (La-
belle and Hufs 2018). Timber assortments are made up
of stem sections with defined dimensions and quality,
which are indicators of the timber value and applica-
tion. A proper evaluation of timber assortments is thus
critical for effective forest management (Marchi et al.
2018), specifically to help forest owners in the manage-
ment of their harvest operations, the development of
the forest wood supply chain, as well as the advance-
ment of strategic forest management (White et al. 2014,
Alvites et al. 2022).

The actual amount of wood is measured as cubic
metres of solid wood and is usually estimated under
bark (,,) (de Miguel-Diez et al. 2023). In some coun-
tries, such as Finland (Haapanen et al. 2016), this vari-
able can also be measured over bark (,;). The solid
wood content does not correspond to the stacked vol-
ume as timber stack includes wood, bark, and the
spaces between logs, which are commonly referred to
as cavities, gaps, or cracks (Smith 1979). Such gaps can
be filled with air or materials like soil, snow, ice,
branches, leaves, and stones. Therefore, the ratio of the
solid wood fluctuates generally between 60% and
70%, influenced by (i) the tree species, (ii) the quality
of timber assortment, (iii) the length of logs, (iv) the
diameter of the logs, and (v) the experience of workers
stacking the logs. For industrial or low-quality assort-
ments, this ratio can be lower than 45%, and in excep-
tional cases, especially for high-quality, uniformly
shaped sawlogs, it can be 80% or more (Fonseca 2005,
de Miguel-Diez et al. 2023). Consequently, this varia-
tion in the gross volume of wood stacks significantly
affects the economic value of stacks. It is common to
convert the gross stack volume to a net volume by us-
ing an appropriate conversion factor (Campu et al.
2015). An example of a conversion factor for 3 m long
logs is 0.6, meaning that one gross stacked cubic metre
over bark is equivalent to 0.6 cubic metres of solid
wood under bark (DFWR and DHWR 2020). How-
ever, it has been shown that sweep and log length in
particular have a strong influence on the conversion
factors and that they should be adapted to the specific
characteristics of the stacks (de Miguel-Diez et al.
2023).

The objectives of this study were to:

= compare the measurement systems on a one-to-

one basis, i.e.,, to compare the harvester mea-

surement with the opto-electronic measurement
at the sawmill

= compare the German manual sectional volumet-
ric measurement method according to the

2

Croat. j. for. eng. 47(2026)1



Comparison of Timber Measurement Methods and Conversion Factors for Scots Pine (1-XX)

F. Berendt et al.

Brandenburg i A
B py % : 3
e '
Y T = : ..
X 1L8 o =
Legend
* | Dossow (Gado area) |
Roads ‘
* | | okes P
| === Brandenburg Rk Ay
| OpenStreetMap (Background) 2010.0 2055407 .. 80km
H N B 2.

Fig. 1 Study area in Brandenburg, Germany, showing as an example for three plots (9, 10, 11) the dedicated landing site (P9, P10, P11)

Framework agreement for the trade in raw tim-
ber in Germany (Rahmenvereinbarung fiir den
Rohholzhandel in Deutschland, RVR) with an
adapted sectional volumetric measurement
method used in practice (RVRprxis), and an
app-based photo-optical system

= compare the manual sectional volumetric mea-
surement method with an electronic measure-
ment system for truck loads for industrial tim-
ber assortments

= derive conversion factors for converting the
gross volumes of timber stacks to the volume of
solid wood under bark.

2. Materials and Methods
2.1 Study Area

Harvesting was carried out in July 2021 using a
John Deere 1170G harvester with an H414 harvester
head and a John Deere 1110E forwarder. The forest
stands dominated by Scots pine (Pinus sylvestris L.)
were located in the administrative district of Prignitz,
north-east Germany, in the area of Gadow (53.08080,
11.62452). An experienced data collector applied all
manual and photo-optical measurement methods con-

sistently throughout the study to reduce human influ-
ence on volume assessment.

The harvester felled and processed trees from elev-
en demarcated forest stands with areas ranging from
1.56 to 6.21 ha (Table 1). The logs were extracted by the
forwarder to the landing site. A distinct landing site
was dedicated for each plot (Fig. 1). The felled trees
were bucked into different assortments: The timber of
highest quality, destined for sawmills, was divided
into assortments of 3 m and 5 m (LAS 3 m; LAS 5 m)
with diameters between 14 and 55 cm. The timber of
lower quality, exhibiting greater numbers of knots and
higher degrees of crookedness, was sold to a pallet and
packaging producer with an assortment length of 2.40
m (LAK) and diameters of 12-55 cm. Industrial wood
assortments were generally of low quality and/or had
smaller top-end diameters. These were destined for
the oriented strand board (OSB) or medium-density
fibreboard (MDF) industry, both with a log length of
3 m. The sorting decision for OSB timber was primar-
ily based on diameter, the knot numbers and/or knot
sizes, while for MDF timber, beginning rot and strong
crookedness were also considered. The diameters of
the OSB logs were 7-55 cm, while those of the MDF
logs were 6-80 cm.
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Table 1 Main characteristics of the study sites

Comparison of Timber Measurement Methods and Conversion Factors for Scots Pine (1-XX)

Forest plot P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

Stand area, ha 6.21 3.12 3.44 4.56 233 1.58 415 4.36 1.83 1.93 1.56

Average stand age, years 83 83 83 69 69 69 62 62 35 112 112
2.2 Measurement Methods sured by the position of feed rollers or by the

Opto-electronic devices (e.g., frame-based laser
scanners such as RemaSawco RS-LogScanner3D, Mi-
crotec LogEye, or Jorg Elektronik JORO-3D) are com-
monly used at sawmills to measure individual logs
following the debarking of stem wood. In contrast,
industrial roundwood, for example, that which is des-
tined for MDF or OSB, is typically measured in stacks
at the forest roadside.

In this study, each stack was measured individually.
Subsequently, the volumes of all stacks were quantified
through two manual and one photo-optical measure-
ment technique at the roadside. At the sawmill, the LAS
and LAK assortments (comprising 12 stacks of LAS 5
m, 8 stacks of LAS 3 m, and 12 stacks of LAK) were
measured individually using an opto-electronic log
measurement system. These systems, commonly used
in sawmills, utilise laser-based profile scanners to cap-
ture the diameter, length, and shape of each debarked
log with high precision, following standard protocols
for calculating volume. Therefore, the two LAS assort-
ments were measured on a different device compared
to the LAK assortment. The industrial wood assort-
ments intended for the production of OSB (11 stacks)
and MDF (13 stacks) were measured in volume.

= Harvester log measurement (harvester): In fully
mechanised forestry operations, the functions of
a harvester head include felling, delimbing, di-
ameter and length measurement, and bucking
(Miettinen et al. 2009). When processing felled
trees, the harvester records the volume of each
delimbed log. Volume calculation is based on the
length measured by the measuring wheel of the
harvester head and the log centre diameter mea-

opening angle of the delimbing knives. With
these measurements and the application of con-
ventional formulae, the volume of the logs can
be calculated (Pasztory et al. 2018). Accuracy in
estimating length and diameter is therefore cru-
cial. In addition, the volume derived from this
method can be used as a benchmark for opto-
electronic measurements in the sawmill (Hohm-
ann et al. 2017). Calibration of the harvester head
was carried out daily in accordance with current
practice in the harvesting company and the
guidelines published by the KWF e.V. (KWF
2010). The unit of volume recorded by the har-
vester in the presented research was cubic me-
tres under bark (m? ;). As the diameter is mea-
sured over bark, the harvester on-board unit
automatically applied the bark reduction factors
from the RVR (DFWR and DHWR 2020)

= Opto-electronic log measurement (sawmill):

One-by-one measurement, commonly used at
the infeed of sawmills, is often considered the
most accurate wood measurement technology
(Knyaz and Maksimov 2014). These systems scan
the shape of the logs and estimate diameter,
length, sweep, and taper with high accuracy.
Volume (in cubic metres under bark (m? ,)) is
measured after mechanical debarking of the logs

=> Manual sectional volumetric measuring method

for stacks (RVR): This method, which meets the
legal requirements for official invoicing in Ger-
many, is described in the German Timber Trade
Framework Agreement (RVR) (DFWR and
DHWR 2020). The volume of the stack is estimat-
ed by multiplying the calculated front and rear

Table 2 The main characteristics of log measurement methods used in this study

Harvester log measurement
(harvester)

Truck load scanning

Manual sectional volumetric measuring method for stacks (RVR)
Adapted sectional volumetric measuring method for stacks

Opto-electronic log measurement |  (truck scanning) (RVRprxis)
(sawmill) Photo-optical stack measurement (FOVEA)
Assortments measured LAS 3 m, LAS 5 m, LAK MDF, 0SB All
Number of stacks 2 56
measured
Measurement Unit mau b. mso.b , stacked mso.b , stacked
4 Croat. j. for. eng. 47(2026)1
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surface areas by the length of the logs (Cremer et
al. 2020, Berendt et al. 2021). The resulting volume
is the gross cubic metre over bark (m’,;, yuded)s
which includes bark, air space, and varying pro-
portions of foreign matter (Smith 1979, Ministry
of Natural Resources and Forestry 2017)

= Adapted sectional volumetric measuring
method for stacks (RVRprxis): In forestry prac-
tice, a modified version of the RVR is often pre-
ferred because it is simple and quick to use. For
example, instead of measuring the height in the
centre of each section, an average height is taken
from the heights to the left and right of the cen-
tre of the section. Heights are measured with a
5 cm resolution, and all values are systemati-
cally rounded down to the nearest 5 cm. The
resulting volume is the gross stacked cubic me-
tre over bark (m’);, .qeq) (Arndt 2022)

= Photo-optical stack measurement (FOVEA):
The app iFovea v 2.5 (palos GmbH, Salzburg,
Austria) (Fig. 2) was employed for the photo-
optical stack volume measurement. To ascertain
the volume of stacks, the operator must take
photographs of the stack front surface in accor-
dance with the instructions provided by the app
(SDP Digitale Produkte GmbH 2020), which are
then automatically stitched together by the app.
In the event of larger stacks, a panorama image
comprising a maximum of 35 photos can be cre-
ated. The stack contour is automatically defined
and post-processed to create an accurate con-
tour definition. The app utilises the manually
measured length of the stack (left to right, fig. 2)
as a spatial reference for calculating the stack
front surface area. Finally, the depth of the stack,
corresponding to the log length, is manually en-
tered to calculate the gross volume in cubic me-
tres stacked over bark (m’,;, .qeq), Which in-
cludes air spaces between the logs.

= Truck load scanning (truck scanning): Laser
scanning technology was employed to estimate
the volume of the truck load. The trucks are di-
rected through a portal (Fig. 3) at a maximum

% -:syzi*e‘* oy

Fig. 2 A wood stack recorded using photo-optical stack measure-
ment application iFovea
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Fig. 3 Truck load scanning portal

speed of 5.0 km/h, while lasers scan the entire
truck load. The software (JORO-volume) analy-
ses the resulting laser-generated scan data to
distinguish the roundwood from the truck and
computes the gross volume of the load in cubic
metres stacked over bark (m’,;, y.qeq), including
the air spaces within the stack.

2.3 Statistical Analysis

The initial data were recorded in standard spread-
sheets and prepared for further processing. Outliers
were identified through visual inspection of boxplots.
These data points were considered anomalies, as mea-
surement errors could not be excluded, and were
therefore excluded prior to analysis to prevent distor-
tion of the statistical results. Specifically, in the LAS 5
m, one stack each for RVR, RVRprxis, and FOVEA was
identified as an outlier. In the MDF assortment, two
outlier values were identified: one for RVR and one for
FOVEA. Furthermore, an outlier value was identified
for RVRprxis in the LAK assortment in section 3.1. In
all other instances, the original datasets were utilised.
Subsequently, a one-way analysis of variance (ANO-
VA) was conducted in Python (within the Jupyter
Notebook environment) using the Statsmodels library
to examine potential differences between methods at
a 0.05 probability level. In addition, the Pandas, Mat-
plotlib, and SciPy libraries were employed to manipu-
late data and generate visual charts.

3. Results
3.1 Comparison of Stack Measurement Methods
for Different Assortments

Overall, and considering the RVR wood stack mea-
surement method, stacks of the timber assortment

Croat. j. for. eng. 47(2026)1
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Table 3 Difference (%) in mean gross volume (M, .qeq) OF stacks

among different stack measurement methods and for various assortments

Assortment RVR vs RVRprxis, % RVR vs FOVEA, % RVRprxis vs FOVEA, %
MDF 2.34 4.86 474
0SB 3.28 4.49 541
LAK 1.27 1.92 0.64
LAS3m 0.74 1.40 0.46
LAS5m 2.49 3.11 0.59
Average deviation, % 2.02 3.16 2.37

LAS 5 m showed the highest mean gross volumes with
81.98232.93 m’ , ,..cear fOllowed by the timber assort-
ments MDF (72.30?34.09 m’ ,, aed), LAK (68.44742.18
M’y sacked)s LAS3m (56.70227.37 M’ ), oea), and OSB
(47.30733.05m° ;. aqeq)- The differences in the average
volume of the stacks per assortment were proven to
be statistically significant (Fig. 4).

Furthermore, the volume of each timber assortment
was evaluated using three different methods (RVR,
RVRprxis, and FOVEA). For each assortment, the re-
sults of the statistical analyses, including parametric
tests such as ANOVA and Welch's ANOVA, as well as
the non-parametric Kruskal-Wallis test, indicated that
there were no significant differences among the three
methods (Fig. 4). This may also be due to the sample
size and standard deviation of the variables. In addi-

tion, the accuracy of the other two methods (RVRprxis
and FOVEA) may also play a role in these results.

A comparison of the stack measurement methods
revealed that the greatest relative difference in the
mean gross volume of stacks was observed between
RVRprxis and FOVEA for the OSB assortment (5.41%).
Conversely, the smallest difference in volume was re-
corded between RVRprxis and FOVEA for the LAS 3
m assortment (0.46%). Concurrently, an examination
of the various assortments revealed a considerable dis-
parity in the volumes assessed by the distinct mea-
surement methods, with a range of 3.28% to 5.41% for
OSB (4.39%). Small volume differences were recorded
for LAS 3 m (0.87%), with a range of between 0.46%
and 1.40%. The results also demonstrated that, in total,
the average deviation between RVR and FOVEA (3.16)
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was higher than that between RVR and RVRprxis
(2.07), as well as between RVRprxis and FOVEA
(2.37%) (Table 3).

3.2 Comparison of Harvester and Sawmill
Measurement Methods for Different
Assortments

A comparison of the solid timber volumes was car-
ried out based on the deviation of the harvester mea-
surement from the sawmill measurement. This was
done to examine the differences across LAK, LAS3 m,
and LAS 5 m assortments (Fig. 5). Results showed that
in LAS 3 m and LAS 5 m, the harvester method under-
estimated the volume. The greatest relative difference
in volume assessed by harvester and sawmill methods
was observed for LAS 5 m (-2.19%?4.67), followed by
LAS3m (-1.67%7?3.79), and LAK (0.75%?5.95) (Fig. 5).

3.3 Comparison of Stack Measurement Methods
(RVR and Truck Scanning) for OSB and MDF

The results for MDF indicate that in the majority of
cases (77%), the gross volume of RVR surpasses that
of the timber truck gate (Fig. 6 and 7). On average, the
RVR volume was 3.41+6.71 m’ ,;, j.cea (3.51%) higher
than the truck scanning volume (Table 4).

In a manner analogous to MDEF, the volumes of the
OSB assortment assessed by RVR were, in the major-
ity of cases (91%), higher than those assessed by truck
scanning. On average, the volumes by RVR were
3.5625.09 M’} qacked (6:42%) higher (Table 4).
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Fig. 5 Boxplot of solid timber volumes under bark (m® ,) assessed
by harvester (black) and sawmill (dark grey) methods
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0SB wood stacks

The results pertaining to OSB indicated that, when
examining small stacks, the volumes of RVR and truck
scanning were comparable. However, for larger stacks
of MDF and OSB, there was an increasing discrepancy
between the two methods, with RVR recording sig-
nificantly higher volumes than truck scanning. In nu-
merical terms, this means that for wood stacks smaller
than 50 m’ ..« the difference between the truck
scanning and RVR measurements was —-0.88% and
2.20% for MDF (n=4) and OSB (11=6), respectively. For
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Table 4 A statistics summary, and paired t-test p-values between volume measurements in 0SB and MDF assortments by RVR and truck

scanning
Assortments Mean of difference, % | Minimum difference, % | Maximum difference, % | SD of difference | P-Value, t-test
0SB, difference 6.42 -3.64 26.63 5.09 0.04
0SB, absolute difference 7.08 1.20 26.63 4.96 0.04
MDF, difference 3.51 -21.34 19.48 6.71 0.09
MDF, absolute difference 9.39 3.44 21.34 4.06 0.09

stacks larger than 50 m3 ,}, y.qeq the volumes measured
by timber truck gate were 5.47% and 11.47% lower
than those measured by the RVR method for MDF
(n=9) and OSB (n=5), respectively (Fig. 6 and Fig. 7).

Furthermore, the results indicated that there was a
statistically significant difference between the vol-
umes measured by RVR and those measured by truck
scanning in the OSB assortment (p-value=0.04). In the
MDF assortment, however, no significant difference
was observed at the 0.05 probability level (p-val-
ue=0.09) (Table 4).

3.4 Conversion Factors for Different Timber
Assortments

In this study, the conversion factors were calcu-
lated with the use of the solid wood volumes under
bark divided by gross stacked volumes over bark and
air spaces. Furthermore, the conversion factors were
evaluated based on the sawmill and harvester meas-
urements, giving timber volume under bark. Both of
these were divided by the manual sectional gross vol-
ume estimated by the RVR method. The results of the
statistical analysis indicated a significant difference
between the conversion factors derived from the har-
vester and sawmill measurements for LAS 3 and 5 m.
However, no significant difference was observed for
LAK (Fig. 8). The average conversion factor across all
three timber assortments was 0.58 for the harvester,
and 0.61 for the sawmill measurements, respectively.
The highest conversion factor using the harvester
measurement was observed for LAK (0.66), and the
lowest was recorded for LAS 3 m (0.50). It was also
evident that in all assortments, the conversion factor
based on the harvester was lower than the sawmill
measurement (Fig. 8).

4, Discussion

4.1 Stack Measurements

In this study, the volumes of wood stacks have
been compared by the RVR and RVRprxis methods,
as well as the FOVEA system for different assortments

. Conversion factors, HR
I Conversion factors, SR

T 1| *
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Conversion factor from gross volume stacked to solid wood content
o o o o o o o o o
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Fig. 8 Conversion factors from gross volume stacked into solid
wood volume using RVR and harvester (dark grey) or sawmill (light
grey) measurements for three timber assortments: LAK, LAS 3 m,
and LAS 5 m (for each assortment, means with different letters
have a significant difference)

located in the northern part of Brandenburg, Germa-
ny. Our findings demonstrated that the use of RVR,
RVRprxis, and FOVEA for the assortments resulted in
no significant differences in volumes (Fig. 4).

This suggests that the accuracy of these methods
can be deemed acceptable on average, although in
single cases the deviation can be quite high. The com-
parability of these methods is not necessarily depen-
dent on the measuring system, but could also be influ-
enced by external factors such as the operator, wood
species, and the size of the wood stack. The results of
our investigations were consistent with Purfiirst et al.
(2023). They indicated that each of the used methods
was appropriate for assessing the total volumes of the
stacks. Nevertheless, they reported that there was a
significant difference among the various methods. For
instance, in their study, the percentage of difference
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between the manual method based on RVR and FO-
VEA was 5.90%. In the present study, the maximum
difference between RVR and FOVEA was 4.86% (in
MDF), while the maximum difference between RVR-
prxis and FOVEA was 5.41% (Fig. 4 and Table 3). How-
ever, Berendt et al. (2021) showed that the photo-opti-
cal gross volume estimate deviated from the manual
estimate by an average of —2.09% for RVRleft and
-3.66% for RVRright, with a deviation of 2.54% be-
tween RVRIeft and RVRright. It is important to note
that in the mentioned study, the stacks included in-
dustrial wood assortments of broadleaved species,
mainly European beech (Fagus sylvatica L.) and Euro-
pean ash (Fraxinus excelsior L.), or a mixture of them.
In another investigation, Tomczak et al. (2024) report-
ed that a significant difference existed between man-
ual section-wise stack volume estimations and photo-
optical methods, including iFovea, Timbeter, and
LogStackPro. They also noted that the variance be-
tween methods was substantial.

4.2 Log Measurements

In the present study, only the front side of the
stacks was measured in all methods, while the RVR
method requires a measurement of both sides of the
stack and calculates based on their average. Therefore,
as an unobstructed view and access are needed, photo-
optical systems frequently face limitations when
measuring the backside of the stack. A large-scale
comparison of the difference in accuracy between
measuring only the log stack front side and measuring
both the front and back sides of the log stack is desir-
able. The various measurement methods applied for
wood stacks have been designed to best meet the spe-
cific criteria. These methods were required to demon-
strate a high level of efficiency while ensuring the ut-
most accuracy. The recorded measurement values
must be comprehensible and verifiable by all individ-
uals engaged in timber processing and sales. Further-
more, the process of timber harvesting, skidding, and
transportation should remain uninterrupted by data
collection, and costs should be minimised wherever
feasible (Pasztory et al. 2018).

Generally, the objective of the sawmilling industry
is to procure the best raw materials efficiently and sus-
tainably, at the lowest possible cost. This necessitates
ensuring that the logs quality and length-diameter
distribution align with product specifications. In prac-
tical terms, the raw materials should originate from
stands that are capable of yielding the desired quality,
and the trees must be cut into pieces based on specific
requirements. Consequently, the objective of the user
is to enhance the net revenue derived from wood-
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based products by maximising the added value of
purchased raw wood materials (Malinen et al. 2006).
The present study examined harvester measurement
systems and the measurement of logs at the sawmill
with the objective of evaluating the solid timber vol-
ume of logs for the sawmilling industry. The results
demonstrated differences of 0.75%, —-1.67%, and
—-2.19% between the harvester and the sawmill meas-
urements based on the sawmilling system for LAK,
LAS 3 m, and LAS 5 m, respectively. One of the pri-
mary contributors to this variation can be attributed
to the conditions under which timber harvesting takes
place. For example, although the calibration of the de-
vices used in the harvester and sawmill was up to date
and performed regularly, minor deviations in record-
ed timber size may still occur due to leeways, environ-
mental factors, or mechanical variations. Furthermore,
itis important to highlight that the harvester measure-
ment was conducted over bark and that the defined
bark factors were subsequently applied to the meas-
ured diameter to calculate the log volume without
bark, acknowledging that bark thickness varies be-
tween logs and tree origin. In comparison, sawmill
measurements were carried out after mechanical de-
barking and are therefore not affected by assumptions
regarding bark thickness. To improve harvester meas-
urement, adapted bark deduction factors or models
should be developed and implemented (Strandgard
and Walsh 2011, Sedmikova et al. 2020), especially for
Scots pine with its varying bark thickness across dif-
ferent stem segments (Wilms et al. 2021).

The accuracy of these two methods has been tested
in several studies. For instance, Hohmann et al. (2017)
reported on the accuracy of the manual measurement
of single logs (which was not tested in this study) and
evaluated the harvester measuring system by compar-
ing the calculated volume with the real volume esti-
mated by the water immersion technique. It is con-
cluded from their results that the trunk values obtained
with the harvester measuring system give a better
estimation of the actual volume of the trunk in com-
parison to the manual estimation. Furthermore, Lowe
et al. (2019) reported that there was a significant dif-
ference in the log volumes estimated by various algo-
rithms employed in the control and information sys-
tems of harvesters. To ensure dependable results from
harvesters, it is essential to conduct routine inspec-
tions of the harvester measuring systems. Neverthe-
less, considerable variation, particularly in length
measurements, can still occur (Hannaske 2016). It is
recommended that regular calibration of the harvester
measuring unit be carried out (Sedmikova et al. 2020)
in order to facilitate the further use of information pro-
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vided by harvesters along the supply chain. However,
to date, these measuring systems have been employed
solely as a source for reference dimensions and as a
control measure. Despite the advanced nature of this
technology, due to regulatory obligations, it lacks
credibility in Germany and various other European
countries. At present, for commercial transactions in
German forestry, only certified opto-electronic meas-
uring devices installed at the entry points of sawmills
are considered valid (Hohmann et al. 2017).

In contrast, in typical timber procurement prac-
tices in Finland, foresters commonly utilise a measure-
ment system that integrates both the sawmill and har-
vester. In the first step, the harvester measures the
timber, and in the next step, the measurement is re-
peated at the sawmill. However, the sawmill measure-
ment technology is more precise and consequently
more reliable. Therefore, the harvester data can be
matched using this method, resulting in deviations of
+4%, which is in accordance with Finnish standards
(Kérha et al. 2019). Harvester measurement systems
are not calibratable according to the National Metrol-
ogy Institute of Germany (PTB, Physikalisch-Tech-
nische Bundesanstalt) and, thus, do not fulfill the legal
requirements for sales purposes and the calculation of
bills in Germany. Timber measurement systems that
are enabled for the German calibration should ensure
the reproducibility and repeatability of measurement
results as well as avoid all possible manipulations of
data and results. However, as shown by a Swedish
study, the use of harvester measuring data within the
timber supply chain may result in:

= more efficient resource use due to increased in-
centives for the purchaser to preserve the value
created and improved control of the supply chain

= asimpler price list which improves the supplier
relationships and increases transparency, and

= “because of the expanded supply chain surplus
and decreased total costs, forest industries
might raise the level of their profitability and
competitiveness” (Eriksson et al. 2023).

4.3 Truck Scanning

A straightforward comparison between RVR and
truck load scanning in truck scanning for MDF and OSB
revealed that in the majority of cases (76.92% and
63.63% of total stacks for MDF and OSB, respectively),
the value for RVR was higher than that for truck scan-
ning. Furthermore, Fig. 6 and Fig. 7 illustrate notable
variations in volume for certain stacks, with percent-
ages of 26.63% and 15.90% for OSB and 16.31% and
13.01% for MDEF. The investigation was conducted in
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authentic, real-world conditions, ensuring that the qual-
ity of log stacks accurately reflected a typical state.
Therefore, in addition to potential discrepancies result-
ing from the precision of the measurement method, this
disparity may also be attributed to the fact that larger
stacks were transported in several different truck loads,
where some logs were part of a non-measured distinct
truck load or remained in the forest. This scenario is
applicable when the RVR exceeds that of the timber
truck load (Acuna and Sosa 2019). Thus, the higher dis-
crepancy with increasing stack volume could also result
from reduced air space within the truck load when
compared to stacks on forest roads. This could explain
the higher volume difference observed for OSB. The
superior log quality, which is characterised by fewer
sweep logs, facilitates more efficient stacking and mi-
nimises air space in the truck load. As was shown, the
difference between various measurement techniques is
highly related to the quality of log stacks. A similar con-
clusion was derived from an earlier study (Berendt et
al. 2021), which revealed that as the quality of log stacks
diminished, there was a corresponding increase in the
range of deviations. To minimise the effect of bark dam-
age and losses related to log manipulation during load-
ing and unloading, the time span between harvest and
haulage has to be kept very short. However, some small
differences in gross volume might also be caused by
differences in the amount of bark.

4.4 Conversion Factors

The conversion factor shows the relationship be-
tween gross volume with bark (the estimated stack)
and the actual wood content in solid form. In this
study, the mean conversion factor using harvester
measurement ranged from 0.57 when considering the
LAS 5 m to 0.59 when considering the LAK, and when
using sawmill measurement, it ranged from 0.59 when
considering the LAS 5 m to 0.62 when considering the
LAS 3 m and LAK. Additionally, the harvester meas-
urement was found to be significantly higher than the
sawmill measurement in both the LAS 5 m and LAS 3
m. Moreover, the greatest degree of variability in the
conversion factor was observed in LAS 3 m (Fig. 8). The
ratio between these elements within the stack typically
varies within a range of 0.50 to 0.80. However, statisti-
cally, the conversion factor, calculated as the ratio of
solid wood volume under bark to gross stacked vol-
ume over bark, including air spaces, must fall between
0 and 1, as the numerator represents a subset of the
total volume measured (Pasztory et al. 2018). A greater
value represents a higher portion of solid wood content
in a cubic metre of stacked material. This result is con-
sistent with the standard conversion factor proposed
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in the RVR document of 0.60 for logs with a length of
3 m (DFWR and DHWR 2020). Van Laar and Akga
(2007) proposed a conversion factor of 0.80 for pulp-
wood under bark (with smaller dimensions of the logs
and considerably higher pack size) and a conversion
factor of 0.70 for firewood over bark.

The variables affecting the conversion factor can be
categorised into three main groups. Firstly, it is neces-
sary to consider the log parameters, which include
midpoint diameter, log length, log preparation, sweep,
taper, ovality, bark presence, bark thickness, and qual-
ity of delimbing. Some factors, like taper and sweep,
generally affect the volume of stacks to a substantial
degree (de Miguel-Diez et al. 2021). Secondly, stack
parameters play a significant role. These encompass
stacking quality, stacking method, re-stacking, the
percentage of butt logs in the stack, the proportion of
stacked logs in different directions, stack height, and
the percentage of tapered and crooked logs in a stack.
Eventually, external variables such as the time, the
proportion of snow and ice in the winter, the presence
of unwanted materials like foreign matter and waste,
and the water percentage, also contribute to the over-
all impact on the conversion factor (de Miguel-Diez et
al. 2023). Consequently, the conversion factor derived
in our study should be regarded as a provisional esti-
mate that must be adjusted to reflect changes in the
characteristics of the stack or log.

Furthermore, the mean conversion factor was ob-
served to decrease with an increase in the length of the
timber assortment. This phenomenon may be attrib-
uted to a number of factors that are mostly less pro-
nounced in shorter logs, including taper, the presence
of buttresses on butt logs, sweep, and higher occur-
rence of crossed logs when they are longer. The influ-
ence of log length on the conversion factors has been
consistently emphasised in numerous studies, with all
of them reporting similar results. For example,
Jodtowski and Witkowska (2019) estimated the con-
version factors for stacked pine and spruce logs in the
range of 3 to 6 m. They reported that in their study,
there was a negative correlation between the length of
logs and the conversion factor. Furthermore, Campu
(2012) examined two and three-metre stacked wood,
particularly spruce pulpwood and firewood, and re-
ported that the conversion factor of the stacked wood
is significantly affected by variables such as the wood
length and diameter, the presence of form defects, and
the arrangement of the wood. The impact of timber
assortment length is notable, as shorter logs tend to
pack more tightly. Consequently, the impact of this
factor arises from factors such as sweep, taper, or pro-
truding branch stubs, which result in the formation of
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larger voids in the stacks as the log length increases.
This is because the effect of log length becomes more
pronounced with increasing log size (de Miguel-Diez
et al. 2023).

5. Conclusions

This study provides a comprehensive comparison
of various log and wood stack volume measurement
methods, focusing on Scots pine. The findings reveal
that, while there are no significant differences in ac-
curacy between RVR, RVRprxis, and FOVEA, further
research is essential to understand the influence fac-
tors for log stack measurement and to compare the
accuracy of stack volume assessment using only front
area measurements versus both front and back area
measurements. Our results indicate that harvester vol-
ume assessments tend to underestimate harvested
volume across all assortments. Therefore, volume
measurement at the saw mill remains the preferred
method. However, harvester volume estimates are still
adequate for planning supply chain processes, and
further efforts to improve their accuracy are warrant-
ed, particularly through more precise bark deduction
models. Truck load scanning, although promising, has
produced inconsistent results compared to the tradi-
tional and established manual sectional volumetric
measuring method. Additionally, conversion factors
between log stack volume and solid volume vary sig-
nificantly with log quality and stack quality. This
study suggests that stacks of short, high-quality logs
tend to have higher conversion factors than those cur-
rently recommended by the RVR or reported in previ-
ous studies. Future research in real forest environ-
ments and using modelling methods is needed to
support ongoing discussions at both the German and
European levels. This will help in developing more
accurate and reliable measurement methods that can
be widely adopted in the forest industry.
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