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* The idea was to identify the trees removed from the strip roads from the harvester data and
use them as a sample of the initial growing stock of the first thinning stand.

*  The goal was also to estimate the number of stems, basal area and diameter distribution of
the growing stock after thinning.

*  The sampling method based on identifying strip road trees is applicable to monitoring the
density of the remaining growing stock at first thinning stands.

First thinning is an important operation in forest management because it determines the further
growth of the whole stand. Harvester operators open strip roads to the thinning stand and select
which trees are removed and which are left to grow. Modern cut-to-length harvesters produce
precise information about the dimensions and positions of the cut trees. The location of the har-
vester is already commonly recorded to harvester production (hpr) files, according to the StanForD
2010 standard, and recording the position of the harvester head is also becoming more common.
The aim of this study was to develop a method to estimate the stem count and basal area of the
remaining growing stock using this novel harvester data. Precision hpr data from Komatsu har-
vesters and reference field measurements were gathered from seven stands in western Finland in
the summer of 2024. In the method used, the strip road trees were identified and used as samples
representing the initial growing stock. The remaining growing stock was estimated using diameter
distributions, and by subtracting the harvested trees from the initial growing stock. The results
were evaluated using Reynold’s error index, in addition to a visual interpretation of the diameter
distributions with respect to the reference data. We found that the method had the potential to
determine the basal area and diameter distribution of the remaining growing stock. In the future,
this method can be automated, which will allow automated reporting and quality management in
first-thinning operations.
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1 Introduction

In forest management, first thinning is the first commercial harvesting operation after forest regen-
eration. It is crucial for the subsequent forest rotation period, the primary goal typically being to
remove lower-quality trees and leave the ones with the most potential to grow. For example, in
Finland, first thinning is recommended in Scots pine (Pinus sylvestris L., hereafter referred to as
pine), Norway spruce (Picea abies (L.) Karst., hereafter referred to as spruce), and birch (Betula
spp.) forests when the dominant tree heights reach 13—16 m, the recommended density being
700-1300 trees ha™! after thinning (Tapio Oy 2025). In Finland, around 150000 ha of first thin-
nings are harvested annually.

Due to the significance of first thinnings for the future forest development, the quality of
the thinning is essential. One aspect of good thinning quality is ensuring that the variables of the
remaining growing stock after thinning, particularly stand density, basal area per hectare and crown
metrics, comply with general forest management recommendations. Having stand variables avail-
able after the thinning operation enables their use in, for example, self-monitoring of the work and
quality reporting. In this work, growing stock means trees on a stand, which have commercial value.

A common way to describe growing stock is by determining its diameter distribution (Hyink
1983; Kilkki 1989). The diameter distribution involves the number of trees in specific diameter
classes. This distribution is useful for assessing the silvicultural state of a forest because it allows
for calculating the variables of the entire growing stock. Additionally, it facilitates the simulation
of individual tree growth and the estimation of timber assortment volumes (Kangas 2003; Vaha-
Konka et al. 2025).

The diameter distribution can be obtained using various methods. Manual diameter measure-
ments are accurate, but labour-intensive and time-consuming, making them impractical for large
forest areas. Parametric distribution functions, such as the Weibull or beta functions, rely on the
parameter prediction of a theoretical model (Lee 2021). Alternatively, non-parametric methods,
such as a k-nearest-neighbor search from an existing database of forest stands, have been shown
to predict diameter distributions more accurately (Maltamo 1998, 2018; Peuhkurinen 2018).

Obtaining some of the stand variables accurately using remote sensing methods is chal-
lenging. There are several possible manual and automated approaches for performing laser
scanning of forests (Fassnacht et al. 2024; Gollob et al. 2020), but manual alternatives are not
cost-effective for nation-wide scanning. Aerial laser scanning (ALS), which can cover large
areas quickly, has a low temporal resolution and does not penetrate the forest canopy effectively
for example, to directly determine tree diameters (Kangas et al. 2019). Therefore, in ALS, tree
diameters are modeled based on tree heights, and tree variables are currently determined as areal
averages of sample plots. In ALS-based individual tree detection, roughly 80% or less of the trees
are detected, corresponding to the accuracy of the stem count, and the root mean square error
(RMSE) for diameters at breast height (DBH) vary between approximately 10 and 20% (Hyyppa
et al. 2024; Muhojoki et al. 2024).

In Finland, the inventory of growing stock is currently produced by the Finnish Forest Centre
(FFC), which is the authority responsible for collecting data on forest variables, usage, harvesting
results, and forest nature features. Forest resource information is openly and freely accessible at
both the stand and 16 x 16-m-grid level (Finnish Forest Centre 2025a). The FFC’s forest data is
derived from a combination of manual reference sample plot measurements, laser scanning in six-
year cycles, and aerial photography (Finnish Forest Centre 2025b). The accuracy of this information
varies depending on the method.

For ALS, the accuracy requirements for the sample plots specify a maximum RMSE of
15-30% for DBH and 20-45% for basal area and volume. Additionally, for eight out of 10 com-
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partments, the average diameter can vary by a maximum of 3 cm and the total volume by 20%.
In manual reference measurements, the error margin for the total volume of tree stock typically
varies between 15 and 25%. Between laser surveys, only stand-level forest variables are updated
computationally, often using, for example, growth models (FFC 2023a, 2023b).

Although the forest inventory data in Finland is rather advanced, more-accurate information
would improve the quality reporting of thinning operations. The interval between laser surveys
is too long for reporting growing stock variables for self-monitoring purposes, for example. The
forest data includes average forest variables, but diameter distributions are not available. The
accuracy of forest variables is generally lower in younger and mixed forests—that is, forests that
are typically subject to first thinning (FFC 2023b). Therefore, simply determining the remaining
growing stock by subtracting harvested trees from the open forest data before thinning involves
quite large inaccuracies.

As described above, obtaining accurate variables of the growing stock after thinning can be
challenging when using manual or remotely sensed data. An alternative approach is to use the data
that harvesters already measure and record during thinning (Risénen et al. 2019). Harvester data
are recorded in harvester production (hpr) files according to the forest machine StanForD 2010
standard (Skogforsk 2025). These hpr files contain information about harvested trees, including
accurate measurements of their commercial length, diameters, species, and volume.

Modern harvesters can also collect the location data of both the harvester and, in some
cases, the harvester head at the moment of the felling cut. The position of the harvester head in
relation to the harvester can be calculated geometrically using the bearing of the harvester, the
boom angle in relation to the base machine front frame, and the length of the boom, all of which
can be recorded in the hpr files.

The positioning accuracy of harvesters varies, ranging from a few meters up to nine meters
when using a recreational-level Global Navigation Satellite System (GNSS) receiver (Kaartinen et
al. 2015). In addition, the location of modern harvesters equipped with real-time kinematic (RTK)
correction for GNSS positioning can be determined much more precisely, typically within 0.5 m,
under forest canopy (Hannrup and Méller 2022; Cho et al. 2024).

In general, the position of the harvester head can be determined with good accuracy in relation
to the harvester because it is measured using sensors on the boom joints. The boom can typically
extend up to 11 m. Ideally, the position of the harvester head will correspond to the location of the
felled tree. In practice, determining this position requires accounting for the detailed geometry of
the boom and harvester head as well as the radius of the felled tree.

The accuracy of harvester head positioning relative to field references has been investigated
in previous studies and depends strongly on system configuration. In Taipale et al. (2022), where
a recreational-grade GNSS receiver was used on the harvester and the boom length was measured
without sensors on the extension boom, the average position accuracy of the harvester head was
3.9 m. However, achieving this result required numerical filtering of the harvester location and
bearing. By contrast, Hannrup and Moéller (2022) found that a Komatsu harvester head equipped
with RTK-corrected GNSS positioning and a complete measurement of the harvester head position
achieved an accuracy of 0.56 m. Another study with a similar harvester configuration reported an
accuracy of 0.54 m and a standard deviation of 0.41 m when comparing harvester head positions
to reference measurements (Y1a-Pontinen et al. 2025). In addition, Hannrup and Mdller (2025)
examined the accuracy of Ponsse’s RTK-corrected GNSS positioning and reported an accuracy of
0.49 m, with variation ranging between 12 and 90 cm.

In the quality reporting of first thinnings, harvester data can be used to determine the forest
variables of the remaining growing stock after thinning. All the trees on the strip roads have to be
removed to enable harvesting with forest machines. The method relies on identifying all the trees
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removed from the strip roads using the harvester head position to estimate the initial growing stock
before thinning. The remaining growing stock is then estimated by subtracting all the cut trees from
the initial growing stock. Because the area of the opened strip roads is typically approximately
20% of the total harvested area, the removed trees provide a reasonably representative sample.
The accuracy of the method depends on correctly identifying the strip road trees and their precise
growing area.

Skogforsk has developed and tested the method described above (Bhuiyan et al. 2016), with
the basal area weighted diameter being estimated based on the strip road trees. In this method, the
strip road tree selection was performed using hpr data, based on the harvester boom angle. Trees
felled within a boom angle of £30° are classified as strip road trees. In Bhuiyan et al. (2016),
83% of manually recorded strip road trees were correctly identified in the hpr data. In addition,
the identified strip road trees had a smaller average diameter than the average diameter in the
stand. Because boom length measurements were not employed, some trees felled outside the strip
road area may have been misclassified, and some trees within the strip road area may have been
excluded. Including boom length measurements would be expected to improve the accuracy of
the method.

To address the discrepancy in estimated stem counts, Skogforsk’s method was refined
(Hannrup et al. 2015). In the refined method, the stem count was corrected using a thinning
quotient, which is a scaling factor between the diameter of the basal area weighted mean tree
and the basal area weighted mean diameter. Thinning quotients for different tree species are
determined using existing stand data from forest owner companies, which is obtained via laser
scanning. By applying this correction to determine the variables of the remaining growing stock
from hpr data, the systematic deviation (i.e., bias) in estimated measurement area -wise stem
counts and basal areas was reduced to less than 2.2%. The standard deviation of the measurement
area -wise basal area estimates after first thinning was 2.2 m? ha™! (13%), with deviations for
individual stands ranging between approximately +5 m? ha~! (Hannrup et al. 2015). The refined
method calculates the results, when the hpr file is input into the program code during the thinning
operation. Harvester operators have found this method useful because it reduces the number of
stands where thinning was overly strong with respect to the recommended thinning guidelines
(Burstrom 2016).

The approach described above relates to determining the variables of the remaining grow-
ing stock after the thinning operation has been completed. However, from a quality perspective,
harvester data is most beneficial in ensuring that the recommended thinning intensity has been
achieved during the operation. Providing real-time assistance for harvester operators is a long-
term goal in developing automated methods based on harvester data (Lindroos et al. 2015; Lopatin
et al. 2023). This can be achieved by giving harvester operators information about the remaining
growing stock during the thinning operation. Accurate data on harvester head positions allows
provision of the information needed for such a detailed, real-time follow-up of the stand variables
while the thinning operation is ongoing. Therefore, it is important to first manage the stand-level
estimation after thinning to then be able to shift toward the real-time estimation.

The objective of this study was to estimate the remaining stem count, diameter distribution,
and average basal area of a thinned stand using only hpr files after first-thinning operations. The
strip road trees were identified using boom angle and length and then using these as samples of the
initial growing stock. The diameter distributions after thinning were then estimated and compared
to reference measurements, and the basal arcas were calculated.
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2 Material and methods
2.1 Harvester data

The harvester hpr data were from first-thinning cuttings in the municipalities of Sastamala and Teuva
in western Finland from seven separate stands, each representing thinning operations in managed
forests. The cuttings were performed in January—July 2024 by two Komatsu 901XC-6 harvesters
with C93 harvester head and an 11m boom reach. The hpr files contained the accurate location and
bearing of the harvester, the boom angle and length, and the tree species and dimensions of each
felled tree. The accurate locations of the harvesters were determined using the Komatsu MaxiFleet
Precision feature, which uses the Global Navigation Satellite System (GNSS), and RTK correc-
tion. The RTK correction requires reference points where correction signal is received and virtual
reference station service where correction is computed (Kaartinen et al. 2024).

The tree-wise coordinates of the harvester and the parameters of the harvester boom were
recorded every time the felling cut was made. The data were extracted from the hpr files and inserted
into a relational database. The data were then exported into the Geographical Information System
program QGIS 3.28.9 (QGIS Development Team 2025). The harvester data were originally recorded
in the WGS84 (EPSG:4326) coordinate system and were then reprojected into ETRS-TM35FIN
(EPSG:3067) in QGIS.

The strip road network lengths were calculated using the method developed by Metsdteho
Oy (Ovaskainen and Riekki 2022), in which the locations of the harvester base machine were used
to generate the computational strip road network. The geographical locations of the harvester head,
representing the locations of the harvested trees, were calculated directly based on the harvester’s
geometry, using the harvester’s location and the position of the boom in relation to the harvester.

The DBHs of the harvested trees were calculated from the log diameters measured by the
harvester. In the harvester measurements, the diameter representing the DBH was commonly
measured at a constant height of 120 cm from the felling cut, instead of 130 cm from the ground.
This originates from assuming that the height of the felled tree’s stump is 10 cm. In cases where
the stump was more than 10 cm tall, the diameter would be too small because it would have been
measured above the correct breast height. For each tree, the diameters were transformed into
ideal taper curves using Metséteho’s in-house tool (Supplementary file S1, available at https://doi.
org/10.14214/s£.25014), which uses least-squares fitting and the model from Laasasenaho (1982).
The total height of each tree was estimated during the fitting process. The DBH of the stem from
the ground was calculated from the fitted taper curve.

2.2 Measurement areas and field reference data

In the harvested first-thinning stands, measurement areas of approximately 1 ha were established in
QGIS program. Measurement areas were used both to estimate the variables of the remaining trees
from harvester data and to perform reference measurements of the remaining trees at the site. The
objective for each area was to provide a representative sample of the stand and include a balanced
strip road layout with more than two parallel strip roads. The borders of the areas were delineated
to obtain a relatively straightforward strip road network rather than a highly curved one (Fig. 1).
A straightforward strip road network had direct strip roads to the same main direction over the mea-
surement area, whereas a curvy strip road network involved more crossings and turns. In addition,
felled trees were required on both sides of the strip roads at approximately crane-length distance.

The tree-wise field reference data were collected at the measurement areas during the
summer of 2024, a few months after the thinning operations. For all measurement areas every tree
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Fig. 1. On the left, an example of a straightforward and on the right, an example of a curvy strip road network
on the measurement area.

with a DBH of over 45 mm, the DBH was measured with measuring scissors, the tree species was
identified, and the position was recorded by placing a measuring stick at the base of the tree. The
tree position information was not used in this study, except for ensuring that the tree was located
within the measurement area. Each measured tree was also classified as normal, dead, wounded,
snapped, or multi-topped. The stand variables of the measurement areas are presented in Table 1.

The position data were measured using a Trimble R12i GNSS receiver and Trimble Access
field measuring software (Trimble, Sunnyvale, CA, USA). The measurement uncertainty of the
receiver was limited to 0.05 m both horizontally and vertically. The GNSS receiver was mounted
at a height of 1.5 m on top of a mapping stick. Real-time kinematic positioning and an inertial
measurement unit were used in determining the position. The RTK corrections were obtained
through Trimble’s network service.

Additionally, the locations of the strip roads were recorded from each measurement area
by walking along the strip roads’ middle lines with the same GNSS receiver. It is noteworthy that
these location data were not used in estimating the growing stock, but only in alternative approach

Table 1. Stand variables from the measurement areas. These include the total length of the strip road per
hectare after thinning, main tree species, and shape description of the strip road network.

Measurement Area, Municipality Strip road density, Main tree species  Strip road network shape
area ID ha m ha™!

A 0.7 Teuva 589 Spruce Curvy

B 1.2 Sastamala 610 Pine Straightforward

C 1.0 Sastamala 522 Pine Curvy

D 1.0 Teuva 533 Pine Straightforward

E 0.9 Sastamala 488 Pine Curvy

F 1.2 Teuva 436 Pine Straightforward

G 0.8 Teuva 536 Pine Straightforward
Mean 1.0 531
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for validating the main results. Using the strip road lines’ geographical locations, the specific strip
road width and the tree location information in the hpr file, a tree data could be extracted from the
hpr file to calculate reference values (Supp. file S2, available at https://doi.org/10.14214/sf.25014).

2.3 Strip road trees

The strip road trees were defined as those trees cut in front of the harvester from a zone of har-
vester’s width. The method to extract strip road trees from the hpr file was solely based on the
boom angle and length in relation to the harvester front frame at the moment of felling cut. The
geographical locations of the harvester or the manually field-recorded strip roads were not used
in identifying the strip road trees.

To identify the strip road trees, transverse distances to the left or right in relation to the
middle line of the harvester front frame were calculated for all harvester head locations. Here, it
was assumed that the middle line of the harvester front frame corresponded to the middle line of
the strip road on the measurement area, in other words the harvester was assumed to drive in the
middle of the strip road. The strip road trees were extracted from each hpr file corresponding to
the specific measurement area.

When compiling a distance distribution, the strip road trees were expected to peak symmet-
rically at the center of the distribution. The width of the Komatsu harvesters used in this study was
approximately 2.8 m (Komatsu 2024). When using tracks on the harvester, the width increased
to 3.0 m. Additionally, the harvester head position was assumed to correspond to the center point
of the harvested tree. In those cases where trees were growing at the edges of the harvester track
zone, the center point of a tree could lie outside the zone, while the cross-section of the tree could
lie partly inside the zone. In practice, such trees would be classified as strip road trees by taking
the radii of the edge trees into account in determining the zone width. Therefore, a zone width of
3.2 m was used for the strip road identification using the positions of the harvester head (Fig. 2a).

Fig. 2. a) [llustration showing identification of the strip road trees. Here, x1 is the width of the harvester
(2.8 m) and x2 is the width of the strip road zone (3.2 m). b) Illustration showing how asymmetry in
the Komatsu harvester affects the boom angle. The angles o, § and y show the angle between the boom
and the middle line of the harvester’s front frame and demonstrate how this angle changes when the
harvester’s head is moved in relation to the middle line of the harvester.
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By analyzing the distance distribution of all the cut trees, a sideways bias in the peak of the
distribution was recognized. In Komatsu harvesters, the boom is placed on the right side of the
cabin, and this asymmetry affected the tree positions relative to the harvester by causing a small,
but systematic, bias. When the tree was directly in front of the harvester at the middle line, the
recorded boom angle was not zero because the boom had to have been turned to the left (Fig. 2b).
The bias increased the closer the tree was to the harvester. This bias was corrected using Eq. 1.

d,
BoomAngleCorr = BoomAngle + arcsin (—tj ) @
BoomExtension

where BoomAngleCorr is the corrected angle of the boom at the moment of felling cut, BoomAngle
is the angle of the boom at the moment of felling cut, d, is the transverse distance of the boom
base from the middle line of the harvester, and BoomExtension is the length of the boom at the
moment of felling cut.

Here, d,= 0.4 m was used. The corrected distance distribution of the felled trees (Fig. 3) was
practically symmetrical with respect to the middle line of the harvester. Due to the bias correction,
the geographical locations of the harvester head had to be re-determined.

The strip road trees were then identified based on the corrected distance values. The zone
width used in the identification was 3.2 m, which corresponds to the width of the harvester, the
harvester tracks, and the tree diameters at the edge of the strip road zone (Fig. 3). The distance
distribution accords with this width because the number of felled trees decreased substantially
when the distance exceeded 1.6 m from the middle line of the harvester (Fig. 3).
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Fig. 3. Distance distribution of all harvested stems, showing the distance from the middle line of the
harvester. Substantially higher frequency close to the middle line of the harvester demonstrates our
method to identify strip road trees.
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2.4 Diameter distributions

After identifying the strip road trees, as described above, the diameter distributions for estimat-
ing the remaining growing stock were compiled. The remaining growing stock was estimated by
assuming that the strip road trees represented the initial growing stock of the whole measurement
area before the thinning operation. Then, all the harvested trees were subtracted from the assumed
initial growing stock (Fig. 4). All these calculations were performed using hectare-wise diameter
distributions with 10-mm classes of DBHs. Only those trees with DBHs of at least 70 mm were
included in the diameter distributions.

The diameter distributions for both the strip road trees and all the harvested trees were
compiled separately. The diameter distribution of the initial growing stock was calculated from
the distribution of the strip road trees by hectare-wise scaling with the area of the strip road. This
area required information on the strip road length and was calculated from the computed strip road
network. Hence, multiplying the strip road length by the strip road width (a width of 2.9 m was
used) resulted in the area of the strip road. The width was selected so that the number of trees per
hectare corresponded to the reference values.

All the harvested trees data included both the strip road trees and the trees that were har-
vested from the area between the strip roads. Similarly to the above, the diameter distribution of
all the harvested trees was scaled hectare-wise by the area of the measurement area because all the
harvested trees were removed from the area of the whole measurement area.

The reference data for the initial growing stock was compiled by adding all harvested trees
and measured standing trees together to form one dataset. The reference diameter distribution of
the initial growing stock before the operation was formed as explained above, using the whole
measurement area in hectare-wise scaling. The geographical locations of the harvester head were
needed to identify all the harvested trees located within the area of the measurement area.

The first analysis of the diameter distributions was to compare the initial growing stock
determined from the strip road trees with the corresponding reference growing stock. The second
analysis was to compare the estimated diameter distribution of the remaining growing stock with
the distribution of measured reference trees after thinning. In the estimation of the distribution of

Identify the strip road trees
by using the boom parameters
within the measurement area

Form the diameter distributions

+ Initial growing stock
+ Harvested growing stock

Determine those HPR trees
that were harvested within the
measurement area

y

Compute strip roads and their

locations (HPR)

total length from the harvester |

I

Scale the diameter distributions

to hectare-wise growing stocks
- Initial growing stock
- Harvested growing stock

Determine the width of the
strip road and calculate
the area of the strip roads
within the measurement area

I

Subtract the hectare-wise
harvested growing stock from
the hectare-wise initial growing
stock

Hectare-wise growing
stock of the

| measurement area after

thinning

Fig. 4. The workflow of the estimation method outlines the calculation steps of diameter distributions and to estimate

hectare-wise growing stock after thinning.
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the remaining growing stock, the distribution of all harvested trees was subtracted from the esti-
mated distribution of the initial growing stock in each class. If the class-wise subtraction resulted
in a value less than zero, a zero value was used.

The hectare-wise stem count and basal area were calculated for each dataset and for each
measurement area. The stem count was calculated by adding the numbers of observations in each
diameter class. In calculating the basal area, the diameter of each tree in each diameter class was
estimated to be the mean value of the class. For example, in the 150-160 mm diameter class, the
diameter of all the trees was estimated as 155 mm. The measurement area -wise basal area was
then calculated by adding all the diameter-class-wise basal areas together.

Statistical tests, like Kolmogorov-Smirnov test (Kolmogorov 1933; Massey 1951) in a
comparison of diameter distributions, were considered, but the results were not interpreted further
since the statistical tests are not always reasonable for large sample sizes. With large datasets, even
minor differences between distributions become statistically significant, which consistently leads
to rejection of the null hypothesis without providing meaningful information about the practical
relevance of the differences (Eriksson and Lindroos, 2014). Therefore, to compare the estimated and
reference distributions, Reynold’s error index, R, (Reynolds et al. 1988) was calculated using Eq. 2.

Rg =0 8n%n =, )

where 7 is the index of the diameter class, N is the index of the largest diameter class in the data-
sets, g, is the basal area of the diameter class 7, x,, is the stem count of the diameter class n of the
estimated distribution, and y,, is the stem count of the diameter class » of the reference distribution.
In interpreting Reynold’s error index, lower values represent a good fit of the similarity of distribu-
tions. An absolute value of the difference of each class is weighted by the basal area, which reflects
the correspondence of the distributions, especially at large diameters. Therefore, differences in large
diameters affect the value of Reynold’s error index more than differences in smaller diameters.

2.5 Estimation of uncertainties

The uncertainties of the hectare-wise stem count and basal area were evaluated by using the propaga-
tion of uncertainties (Taylor 1982). The main sources of the measurement uncertainties considered
in this analysis were the uncertainties of the GNSS position of the trees before thinning, and the
uncertainties of the stem diameters. The position uncertainty of the trees affected the stem count,
since near the boundaries of the measurement areas the stems within area can be incorrectly laying
outside, or vice versa. The position uncertainty was mainly governed by the GNSS positioning inac-
curacy of the hpr stems — the uncertainties of the field recorded positions with high accuracy GNSS
receiver were small in comparison to those of the hpr stems. It is noteworthy, that the uncertainty
of the GNSS positions of the stems does not affect the identification of the strip road trees, which
was done only based on the boom parameters in relation to the harvester. The uncertainties of the
boom length and angle were assumed small with respect to the other uncertainties.

The effect of the uncertainty of the stem positions on the hectare-wise stem count before
thinning, 4N, was taken into account by calculating the relative area of the zone of uncertainty
around the measurement area. The area of the measurement area 4 was assumed constant. Then,
the uncertainty of the stem count was calculated from Eq. 3, which was derived by using the
propagation of uncertainties:

AN =Nxwy, xLyg/A, 3)

10
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where N is the number of stems of hpr data within the measurement area, w,, = 0.54 m is the width
of the zone of uncertainty, which was the mean accuracy of the hpr stems when compared to the
field references (Y14-Pontinen et al. 2025), and L, is the perimeter of the measurement area. This
uncertainty 4N was further propagated for the classes of the diameter distributions AN, by their
relative proportions.

Regarding the uncertainties of the stem diameter, they were assumed to originate mainly
from two separate sources. Firstly, the taper curve fitting caused uncertainties to the fitted DBH
values, denoted as Ad,. Despite being overall rather small, they were included into this analysis,
because the diameter-wise standard deviations of the fitted taper curves were available from the
validation of the fitting results (Suppl. file S1). Secondly, in compiling the diameter distributions,
the diameters were divided into 10-mm classes, and the middle points of the classes were used
in further calculations. For example, all trees of the class 110—120 mm were assumed to have a
diameter of 115 mm. This caused a rounding error between —5 to +5 mm, and within one class
the diameters were assumed to be uniformly distributed. Therefore, the standard deviation of
rounding is Ad, = 5 mm/ 3 for each diameter class. The direct measurement uncertainties of
the diameters by harvester and field recording were assumed small in comparison to the uncer-
tainties described above.

In calculating the basal area, both the uncertainties of the stem counts and the diameters
were taken into account by the propagation of uncertainties. The total basal area g;,, is summed
from the diameter-class wise basal areas, presented using variables d,, and N, in Eq. 4:

T
8ot :Z,I,V_l(zdrngnj~ (4)

Calculating first-order expansion of Taylor series of g, gives Eq. 5:

N 0810 0g10
8ot zznzl(gn,o +[ 6]\t7nt x N, |+ ac;nt xdy, |1, (®)

where g, is constant. Then, the uncertainty of the basal area 4g,,, is obtained from the variance
(4g10:)?, assuming that the diameter class -wise variables d, and N, are independent (Egs. 6-8):

og : og :

Agior = |2V ©LX AN, | +| 2L x Ad, 6

ot anl[( T ad (6)
v ((7 2 . 2

= Aot = [0 Zd,, x AN, | + Ed,,xN,,xAd,, (7

where Ad,, = \/(Adf,n ) +(Ad, ). ®)
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3 Results

The estimates and references for the hectare-wise stem count and basal area before thinning are
presented in Table 2. The estimated stem count before thinning varied between the measurement
areas. In five measurement areas, the estimated stem count was higher than the reference stem count,
with the relative differences ranging between 2 and 14%. However, the numerical results indicate
that the relative basal area differences were consistently lower than the stem count differences.

The relative differences between the estimated and reference stem counts after thinning
varied substantially, ranging from approximately —24 to +30% (Table 3). However, the estimated
stem counts differed similarly before and after thinning, except in measurement area E, where the
estimated difference in the stem count before thinning was 1.7% higher, becoming measurably
lower (-9.9%) after thinning compared to the references. For all measurement areas, substantial
differences were calculated for basal area after thinning. The estimated basal areas varied from
approximately —29 to +13% compared to the reference values.

The field-recorded middle lines of the strip roads enabled validation of the results. A buffer
zone 3.2 m wide was established around the field-recorded strip road lines in order to calculate
the hectare-wise stem count and basal area. The results are shown in Suppl. file S2: Tables B1 and
B2. The results of the uncertainty analysis for estimated stem counts and basal areas are presented
in Suppl. file S2: Tables B3 and B4.

Table 2. Description of measurement areas before first thinning. The table contains measurement areas, their strip road
densities and the numerically estimated stem counts and basal areas based on our method. In addition, reference values
are shown, as well as their relative differences.

Measurement Estimated stem count, Reference stem count,  Diff-% Estimated basal area, Reference basal area, Diff-%

area ID N ha! N ha! m? ha! m? ha!

A 1596 1641 -2.7 22.0 24 .4 -10.0
B 1369 1203 13.8 17.4 16.2 7.5
C 1749 1671 4.7 24.1 24.9 -3.2
D 1586 1602 -1.0 22.0 24 .4 -9.6
E 1399 1376 1.7 224 24.1 -7.0
F 1500 1363 10.1 22.2 22.0 0.9
G 2016 1771 13.8 27.1 26.6 1.7
Mean 1602 1518 5.5 22.5 23.2 -33

Table 3. Description of numerical results of measurement areas after first thinning. Estimated stem counts, basal areas
based on our method presented earlier in this paper. In addition, reference values, and their relative differences are
shown.

Measurement  Estimated stem count, Reference stem count,  Diff-% Estimated basal area, Reference basal area, Diff-%

area ID N ha! N ha! m? ha! m? ha!

A 770 1016 -24.2 12.6 17.8 -29.1
B 720 552 30.4 10.3 9.1 13.1
C 860 797 7.9 13.4 14.4 -7.0
D 729 809 -9.9 12.8 16.0 -21.9
E 758 841 -9.9 13.4 16.7 -19.9
F 859 733 17.2 14.5 14.4 1.0
G 1103 1023 7.8 16.5 19.4 -15.0
Mean 828 824 0.5 13.3 15.4 136
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A numerical interpretation of the diameter distributions was performed using Reynold’s error
index. As a statistical goodness-of-fit test, the smaller the number, the better the result. Depending
on the measurement area, the error index was, on average, 8.5 before thinning and 9.3 after thin-
ning, varying between approximately 5.2 and 9.4. The most accurate result was from measurement
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Fig. 5a. Illustration of estimated and reference diameter distributions with uncertainties before and after thinning of
measurement areas A—D. Reynold’s error index and visual interpretation indicates that estimated and reference distri-
butions differ only a little. Abbreviation DBH means diameter at breast height.
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area B, where the numerical differences between the stem counts and basal areas were relatively
high (Table 3). The overall results indicate that the estimated and reference distributions differed
only marginally, as reflected by REI values consistently below 10 across all measurement areas.

Based on a visual interpretation, the estimated distributions before the operation fit well for
all measurement areas. However, there were noteworthy divergences in some classes. For instance,
some of the estimated bars are prominently higher than the reference bars in measurement area
A. Consequently, the stem count estimate before the operation is slightly higher in the overall
statistics (Table 2).

A visual interpretation of the diameter distribution after thinning (Figs. 5a and 5b) revealed
that large diameters were underestimated in objects A and D. Additionally, all distributions after
thinning generally had one peak. For the estimated distribution, the peak was usually closer to
100 mm, whereas for the reference distribution, the peak was around 150 mm. With the numerical
results (Tables 2 and 3), even though the stem counts were similar, the reference basal areas were
larger because the observations emphasized larger stems.
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Fig. 5b. Illustration of estimated and reference diameter distributions with uncertainties before and after thinning of
measurement areas E-G. Reynold’s error index and visual interpretation indicates that estimated and reference distri-
butions differ only a little. Abbreviation DBH means diameter at breast height.
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4 Discussion

The objectives of this study were to estimate the remaining stem count, diameter distribution, and
average basal area of a thinned stand using only data in hpr file after the first thinning operation.
In principle, the method had a very clear fundamental setup. The harvested trees from strip roads
provide valuable information about the forest before thinning and the quality of operations after
thinning. The success of the method relied on the correct detection of the strip road trees, as rep-
resentative of the entire tree stock before thinning. When identifying the strip road trees, the aim
is to collect an optimal sample that is as large as possible, while ensuring it consists only of trees
that were within the strip road zone with a very high degree of confidence.

To achieve this, the identification width must be narrower than the actual strip road width
that was opened in the forest during the cutting. In Finland, the recommended width of opened
strip roads is under 4.6 m on mineral soils and under 5.1 m on peatlands (Tapio Oy 2025). It is
also important to note that the width of an opened strip road in the forest is measured differently
from the zone width used in this study. The opened strip road in the forest is measured from the
remaining strip road edge trees, whereas the zone width in this study was determined based on
the felled trees.

In this study, a zone width of 3.2 m was used to identify the strip road trees. This choice was
justified because it was based on the width of the harvester. In general, machine model, machine
equipment, stand characteristics and harvesting instructions affect also the width parameter. These
must be considered stand-wise. Analysis of the harvester data also supported the use of this width
(Fig. 3).

Overall, regarding the accuracy of the tree variables before thinning, the harvester data
provides accurate information on the cut trees at first thinning, since the measuring accuracy of
the harvesters is under frequent monitoring and the harvester volume measurements are used as
the basis of payment in Finland (Puutavaranmittauksen neuvottelukunta 2018). Numerically fit-
ting the taper curves (Laasasenaho 1982) is considered the best practice for obtaining stem-wise
estimates of DBH and tree height (Suppl. file S1).

The global positioning accuracy of the harvesters has improved considerably due to RTK
correction. Together with the parameters of the harvester’s boom position, recorded in the hpr
files, the global position of the harvester head can be determined, in practice, to an accuracy
level of 0.5 m (Hannrup and Moéller 2022; Yla-Pontinen et al. 2025). However, the global
accuracy is judged to have only a minor effect on the accuracy of these results because it is
only relevant in locating the cut hpr trees in the measurement area to obtain reference data on
the growing stock before thinning. The accuracy required in this study to identify the strip road
trees, based on the boom length and angle, was very high, and some uncertainties remain when
using only hpr data.

The geometry of the harvester including the asymmetrical boom attachment caused a bias
in the distance distribution of the cut trees. Correcting this bias improved identification of the cor-
rect strip road trees. However, the exact position of the harvester head was not available because
the rotation angle of the harvester head and the distance between the rotator and the base of the
harvester head are currently not recorded in hpr files. Therefore, these details remained unknown
when determining the positions of the cut trees. The typical distance between the rotator and the
base of the harvester head frame is approximately 15 cm, which can cause inaccuracies in identify-
ing strip road trees. Because of this, at the edge of the sampling zone, either some non-strip road
trees may have been included, or some strip road trees excluded from the sample. This distance
has been included in the uncertainty analysis via the uncertainty of the GNSS positioning of the
harvester data.
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The stem counts and basal areas varied substantially between the measurement areas. The
estimation of stem counts before thinning was notably accurate for certain measurement areas,
with three out of seven measurement areas having the stem counts differ by less than 3% from
the reference stem counts. In three other measurement areas, the estimated stem counts differed
by approximately 5—14%, which is also considered a good result. However, the basal area was
consistently underestimated compared to the reference. In all measurement areas, the relative dif-
ference in basal area was systematically lower, regardless of the stem count. The largest relative
difference was —10%. This discrepancy can be attributed to an unequal diameter distribution, as
visually noted. Strip road trees, as a sample, are also biased towards smaller trees, leading to an
underestimation of larger trees in the reference data.

Considering the growing stock after thinning, the results varied. In five out of seven
measurement areas, the stem count estimates differed by approximately 7-15% compared to the
reference values, while in two measurement areas, the difference was as high as 31%. For basal
area after thinning, the same trend was observed as before the operation, the basal area estimates
being notably lower, regardless of the stem count. The results of the validation and the uncertainty
analysis ( B) indicate that the identification of the strip road trees and the measurement uncertain-
ties are not the main reasons behind the variation of the results. Therefore, there are other factors
affecting the results.

In Finland, in a first-thinning stand, the strip roads are opened systematically at 20-m spac-
ings throughout the stand on the decision of the harvester operator. This spacing is maintained
almost entirely independently of the trees ahead of the harvester. Only physical obstacles, such as
large stones, may force the operator to deviate from the 20-m spacing.

However, it cannot be fully excluded that a harvester operator might favor certain factors
in aligning the strip road. When opening a strip road, the harvester operator will consider tree
size, quality, and location, natural gaps in the stand, tree density, terrain elevation, obstacles, and
other relevant factors (Karhi et al. 2021). The largest and healthiest trees and trees with the most
potential are left to grow. If the strip roads are made through clusters of smaller trees, these will
be overemphasized in the diameter distributions. Conversely, if the strip roads go through natural
openings, the tree stock volume may be underestimated. The impacts of terrain were observed, with
measurement areas with regularly spaced, straight strip roads yielding substantially better results
than those where the strip roads curved more and had more crossings. To address this possible
source of uncertainty of aligning strip roads through statistically non-representative locations in
the measurement area, more information of the initial growing stock would be needed. This topic
requires further study.

One important source of uncertainty in the results was the determination of the effective area
of the strip road. Because the strip roads cover a relatively small area of the measurement area,
small differences in their area can have a major impact on the final estimates. Turns and crossings
in the strip road networks affect the area of the strip road. Therefore, strip road samples might ben-
efit from partitioning — for instance, excluding crossings and other irregular parts of the network.

The stem count estimates were more accurate than the basal area estimates. The estimated
and reference diameter distributions were very similar (Figs. 5a and 5b), and the Reynold’s error
index (1988) being under 10% indicates the same was true for all measurement areas. A visual
inspection of the distributions resulted in the same conclusion.

Despite the overall similarity in distributions, some differences remained. The estimated
distributions tended to emphasize smaller diameters, which considerably affected the basal area,
even though the stem count was similar (Tables 2 and 3). When calculating the stem count by
subtracting all the harvested trees from the estimated initial diameter distribution, negative values
could occur in some diameter classes if more trees were harvested than initially estimated. In addi-
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tion, the number of estimated stems in larger-diameter classes (over 200 mm) was generally low.
Therefore, replacing the negative diameter distribution values with zero could potentially empha-
size the difference in the results of the basal area because the basal area is calculated quadratically
from the diameter, increasing the difference at larger diameters. Furthermore, noteworthy peaks
in individual diameter classes, such as in measurement areas A and E, may have had a notable
effect on the overall results.

One possible explanation for the differences in the diameter distributions was also the number
of small trees cut from the strip road versus from the areas between the strip roads. Typically, all
the trees are cut from the strip road, even the small ones, whereas some small trees may be left to
grow between the strip roads due to the efficiency of the harvesting work. Leaving some small tree
clusters benefits game and biodiversity, for example. In addition, using 10-mm classes in diameter
distributions is more sensitive to the details than using 20-mm classes, that are also used in the
literature (Maltamo et al. 2019).

While the method developed in this study is promising for estimating diameter distributions
after first-thinning operations, there are still challenges to address. The underestimation of larger
trees and the variability in the results after thinning highlight the need for further refinements to
the method. To improve the correspondence between diameter distributions, the application of
parametric diameter distributions, such as a Weibull or beta distribution, might smooth out the
effects of peaks in individual diameter classes. The positioning accuracy of the harvester head is
also expected to improve and become more common in the near future, when harvester manufac-
turers implement measurement techniques involving the boom and harvester head rotation angle.

In comparison to the Skogforsk method (Hannrup et al. 2015; Bhuiyan et al. 2016), more-ac-
curate input data was used because the boom length including measured boom extension was
utilised. The finding of strip road trees having smaller diameters than the rest of the stand’s grow-
ing stock were repeated (Bhuiyan et al. 2016). The main difference between this and Skogforsk’s
method was the use of foreknown stand data in the latter—such data was not used in this study.
Due to this, the results of basal areas after thinning were, on average, slightly biased downward.
However, the results from stands with a regular strip road network indicate that the current method
can, in such cases, provide quite accurate stem count and basal area estimates of the growing stock
after thinning. Notably, the standard deviation in the measurement area -wise basal area was 1.8
m? ha~!, which is slightly lower than that reported by Hannrup et al. (2015). The largest difference
in basal area was 5.2 m? ha! in a measurement area with curvy strip roads with crossings in the
middle. On the other hand, when the Skogforsk’s method was tested in Latvia, the estimated diam-
eters of trees after thinning were larger than the manually measured reference diameters (Strubergs
et al. 2017). This supports the deduction of the other factors behind the measurement area -wise
variation of the results.

Overall, methods based on harvester data have good potential for large-scale use. The method
presented in this study could be completely automated with some further study of the details and
the establishment of an operational level. Modern harvesters collect a lot of accurate data on a daily
basis that is directly applicable in automated methods. Harvester data is, as such, crucial for report-
ing the quality of thinning operations in forests after thinning. By combining automated methods
with harvester data, objective quality assessments can be conducted efficiently at a national level.

Real-time quality management during thinning operations would also become accessible
with harvester data. By applying the current approach to parts of a stand’s strip road network, and
potentially complementing this with prior forest information, the remaining growing stock can be
estimated while the thinning is in progress in the stand. In addition, up-to-date forest information
can be obtained from harvester data, improving the accuracy and update interval of open forest
information.
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5 Conclusions

In this study, a method for estimating tree stem counts and basal areas in stands after the first
thinning was introduced. The method is based on the recorded parameters of the harvester boom
in harvester hpr files. Currently, Komatsu precision harvesters are recording such data during
cutting operations. In the studied method, the strip road trees were identified and used as a sample
representative of the initial growing stock, while the remaining growing stock was estimated using
diameter distributions. It was found that this method has potential for determining the variables of
the remaining growing stock solely from the hpr files in first thinnings. However, further research
is needed on the effect of strip road alignment on the selection of strip road trees. As a real-time
system, it would also be suitable for the harvester operator’s on-site monitoring of thinning intensity.
With further development, this method will be able to provide also large-scale automated reporting
and thinning quality management.
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