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Abstract

Determining forest stand characteristics after thinning, in order to assess the quality of the
work and update the inventory data of the thinned stand, is one of the few forest management
tasks for which an efficient and accurate automation solution has not yet been developed. Cur-
rently, forest stand characteristics are determined by a certified inventory expert using man-
ual instruments such as a range finder, digital or manual calliper, and a Bitterlich gauge.
Manual measurements add a significant cost to forest management, and automating this
process could increase the competitiveness of forest owners in the global timber market, help-
ing reduce human error and providing more detailed information on the condition of stands
and the distribution of trees of different dimensions in a stand.

The aim of the study is to adapt a method developed in Sweden for the automated estimation
of forest stand characteristics after thinning using the HprGallring software to Latvian con-
ditions and to determine accuracy of the modelling-based prediction of stand characteristics.
In the study, the height, number, diameter, and species of individual trees after thinning were
determined using the sample plot method (according to methods applied in forest resources
monitoring) and using photogrammetry as reference data for the study. In some felling areas,
the diameters of all trees were measured before and after felling. The data obtained using dif-
ferent methods were compared with updated stand characteristics in the Forest resource da-
tabase updated by certified inventory experts using plot measurement method.

According to the results of the study, HprGallring can provide the data necessary for updat-
ing the forest inventory database after thinning, but the accuracy of the modelled projections,
as compared to manual measurements, are not yet within the uncertainty range as required
by the forest inventory regulations. The average tree height, as indicated in the State Forest
Register, matches the HprGallring estimates within the regulatory uncertainty limits in 67%
of Scots pine (Pinus sylvestris L.) stands, 65% of Norway spruce (Picea abies (L.) H.Karst.)
stands, and 48% of Birch (Betula sp.) stands. The diameter of an average tree after thinning
estimated by the HprGallring is larger than that according to the manual measurement. The
average diameter estimated using HprGallring in pine stands matches the data in State
Forest Register in 40% of the assessed areas, in 47% for spruce stands, and 35% of birch
stands. The accuracy of the predictions needs to be improved to make HprGallring usable in
forest inventory, but even now it provides valuable spatial information about the distribution
of trees of different dimensions and species within stands, enabling more accurate planning
of management methods and spatial redesigning of the forest compartments.

Keywords: harvesters, forest inventory, StanForD 2010, information system, thinning,
HprGallring

stands and update forest stand characteristics instan-

1. Intr ion : i
troductio taneously during the harvesting process. Kemmerer

Rapid developments in technology encompass the and Labelle (2021) concluded in their review article
forest sector and will, in the foreseeable future, make that there are very few studies where data automati-
it possible to monitor the basal area of remaining cally obtained by harvesters are used in forest inventory.
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Asrecognized and reflected in publications by several
researchers (e.g., Kiljunen 2002, Maltamo et al. 2010,
Siipilehto et al. 2016), the reconstruction of the stand
structure is the first step to ensure the essential link for
the most effective use of the data automatically ob-
tained by the harvester. Harvester data allows the cal-
culation of the total length of the stem between the
stump and the last sawing point, but does not allow
the reconstruction of the entire length of the trunk (Lu
et al. 2018). HprGallring application is one of the few
software aimed to reconstruct a stand inventory data
using harvester production files. The HprGallring soft-
ware was adapted in Sweden as a solution to deter-
mine forest stand characteristics in thinning within
felling areas using harvester production files. The soft-
ware uses harvester production files created according
to the StanForD2010 standard. The software also as-
sesses the quality of the thinning, including the area
of the corridors, compliance with the thinning imple-
mentation from the top or bottom, and the compliance
of the requirement to remaining basal area. The capa-
bilities of the software were demonstrated in Sweden,
mainly in the thinning of coniferous stands, and it was
adapted to Swedish forest management and growth
models and according to mensuration requirements
in Sweden. So, in order to assess whether the software
can be recommended for use in Latvia in line with the
Latvian regulations governing the accuracy of forest
inventory, different methods should be compared for
determining stand characteristics in thinning areas,
including harvester production files, to assess the ac-
curacy and possible reasons for discrepancies.

The stand characteristics can be based on harvester
data and field measurements acquired using mainly
the sample plot approach (Stendahl and Dahlin 2002,
Murphy et al. 2006, Holopainen et al. 2010, Delmaire
and Labelle 2022) and remote sensing based methods
(Rasinméki and Melkas 2005, Holmgren et al. 2012,
Barth and Holmgren 2013). The harvester measure-
ments are automated. The information system of the
harvester records operator’s activities, felling head
and other sensor readings, including the tree species,
diameter, trunk length, harvester location coordinates
and, in modern harvesters, the angle of rotation of the
crane tower relative to the harvester’s longitudinal
axis (Arlinger et al. 2012). For some machines, the dis-
tance of the harvester felling head from the base ma-
chine is also recorded, so the location of every har-
vested tree can be recorded with centimetres accuracy.
The harvester control software constructs the trunk
model using a log length and diameter measurements.
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To implement this function and to improve the
mechanism for automated calculation of stand char-
acteristics, a complete solution for the analysis of pro-
duction files that comply with StanForD2010, the
HprGallring software, was developed. The software
can be integrated into the harvester control system or
other computer, and can reconstruct the stand before
and after thinning using the trunk model, the position
of the felled trees, and other parameters recorded by
the harvester.

The locations of the trees is determined by the
HprGallring using a GPS receiver (Olivera et al. 2016,
Hauglin et al. 2017), a tower turning sensor and arm
position sensors, if available (Olivera and Visser 2014).
The minimum requirement for the machinery is the
ability to record the coordinates of the harvester posi-
tion during the felling of each tree. Using these data,
HprGallring breaks down the stand into 13x13 m sec-
tors and calculates a factor for each sector, which rep-
resents the intensity of the thinning. This indicator can
be calculated if it is known whether the trees were
felled within the strip road or outside it, which is de-
termined using the tower turning angle data, assum-
ing a certain threshold value, at which the felled trees
are within or outside the strip road. If the tower turn-
ing angle is not known, the program makes the as-
sumption based on the proportion of trees. The Swedish
study demonstrated good results, regardless of the
harvester measurement method (Bhuiyan et al. 2016).
Comparing the manually acquired data with the
HprGallring estimate, the study found a systemic bias
of less than 2.2%. The standard deviation for the indi-
cators calculated using HprGallring differed from the
manually obtained data by 4-14%, and in some cases,
by as much as 20%. The study could not identify the
reasons for the difference of up to 20% in some harvest
sites (Koppler 2017).

The HprGallring software can model the basal area
of a stand based on the position of the felled trees;
however, the accuracy of the modelling depends on
the dimensions of the felled trees and their conformity
to the mean tree dimensions of the stand — the smaller
the difference from the average, the more accurate the
result of the modelling (Koppler 2017, Larsson 2017).

Koppler's study describes the differences that arise
in determining the length and area of the strip road.
In some cases errors were found, but these were not
significant. It should be emphasised that the width of
strip road is a fixed value in the HprGallring software,
meaning that the strip road area is mainly determined
by the length and location of the strip road. In Sweden,
(Koppler 2017) the width of the strip road is measured
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using a method similar to the one used in Latvia (AS
»Latvijas valsts mezi« 2008), whereby the total width
is determined by the distance between the dominant
trees on the opposite sides of the strip road. In the
study, the calculation of the width of the strip road is
based on 9 objects, discarding the lowest and highest
values. As a result, the average strip road width is
from 4.8 m to 4.4 m. The smallest value is used as the
default in HprGallring (Képpler 2017).

Another Swedish study compared 12 coastal
stands. Manual measurements were done in 9 stands.
The study demonstrated that data modelled by
HprGallring are significantly different from manually
acquired data in 42% of stands. In four of the 12 stands,
the difference in tree height exceeded 2 m. The study
concluded that the HprGallring needs to be improved
in order to describe the stand characteristics of stands
with a relatively small number of trees. One of the
positive findings of the study was the positive attitude
of operators to use automatic quality control tools (in-
stantaneous determination of remaining basal area
and tree height) in thinning, thus reducing the need to
manually check the remaining basal area with a
Bitterlich gauge or other tools (Burstrom 2016).

The goal of the study is to evaluate the possibility
(accuracy and applicability in different conditions) to
produce harvester data that comply with the
StanForD2010 standard to assess the forest inventory
data using HprGallring software in order to reduce the
amount of work and the costs associated with the
mensuration activities as discussed by Rasinméki and
Melkas (2005) during elaboration of updated forest
inventory data after thinning and to evaluate the pos-
sibility to use HprGallring in the thinning quality con-
trol, to partially or fully replace the manual retrieval
of data by the sample plot method as concluded by
Holmgren et al. (2012).

2. Materials and Methods

2.1 Data Mining

Harvester data processed by the HprGallring were
used for the comparison of stand characteristics, meas-
urements made by certified inventory experts (further
in the text — manual measurements) and photogram-
metric measurements (remote sensing). The harvester
data were collected automatically during thinning.
The data included in the report prepared by the har-
vester were the tree species, diameter and height. Us-
ing the length and diameter data, the harvester control
software constructed a trunk model, but the model
had a negligible effect on the calculation by the Hpr-
Gallring, since the trunk volume was calculated as the
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sum of the volume of the trunk sections (produced
logs). The HprGallring software reconstructed the
stand before and after thinning using the trunk mod-
els, the species composition, and the location of the
trees to be felled. The HprGallring software can be in-
stalled in the harvester control system, providing the
possibility to monitor the quality of the work during
harvesting. To use this feature, the harvester must fell
at least 0.5 ha for training data. The software is able to
track the remaining basal area. It is important that the
felling area is homogeneous and that the rest of the
felling area is not different from the area used for the
training data.

The data provided by the forest owner provides for
the reflection of the main indicators of taxation of the
stands before and after thinning. For the purposes of
the study, the situation before maintenance felling was
characterized and the stand characteristics were up-
dated after thinning (after 2020). Stands representing
seven age groups were selected for the study (Table 1).
Information from 386 stands are used for analysis.
Only felling sites consisting of one compartment are
used in the study.

2.2 Design of Measurement Plots

After the selection of the felling areas, sample plots
were established to determine the stand characteris-
tics and for the calibration tree height models in the
remote sensing projection. The centre of the sample
plot was determined using a Garmin GPS eTrex 30
receiver. The diameter of the trees was measured by
holding a tree calliper in a position relative to the cen-
tre (Fig. 1).

The height of the tree was measured from the root
collar to the top using Vertex 5, with an uncertainty of
#0.5 m. The number of sample plots depends on the
area and the heterogeneity of the stand. At least one
plot per hectare was set up. Exceptions were done in
situations when the stand characteristics of the stand

Table 1 Distribution of felling groups according to stand age

Age, years
Group name

from to
Group 1 10 19
Group 2 20 29
Group 3 30 39
Group 4 40 49
Group 5 50 59
Group 6 60 69
Group 7 70 79
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Fig. 1 Diameter measurements in manual measurement plots

differed significantly within a sub-compartment of
more than 0.5 ha, where additional plots were estab-
lished in those parts of the stand.

The area of the sample plot (SP) is 200 m* (R —7.98 m).
Within SP, trees were measured and broken down by
species —pine, spruce, birch, aspen, black alder, grey
alder, hardwood deciduous species considered sepa-
rately, and softwood deciduous species likewise com-
bined. The diameters were measured at 1.3 m from the
root collar.

2.3 Width of Strip-Road

After thinning, the width of the strip road was de-
termined in a 10 m long strip according to the follow-
ing instructions:

= measure the shortest distance between the axis
of a wheel track in strip-road and the nearest
tree of the stand (Fig. 2, left); then measure the
distance between the middle of the same track
to the nearest tree on the other side of the strip
road, and then add the two measurements to get
the total width (AS »Latvijas valsts meZi« 2008)

= measure the shortest distance between the mid-
dle of the harvesting machine wheel track and
the nearest dominant tree stump in the stand
(Fig. 2, centre). If the distance is less than 1 m,
the width of the strip road is marked as 4 m

= measure the shortest distance between the cen-
tre of the harvesting machine wheel track and
the nearest stump of a dominant tree species

Using Cut-to-Length (CTL) Harvester Production Data in Forest Inventories (277-292)
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Fig. 2 Measuring the width of the strip road

(Fig. 2, right). If the distance is more than 1 me-
tre, then measure the shortest distance between
the centre of the harvesting machine wheel track
and the nearest dominant tree, and measure the
distance from the centre of the same track to the
nearest tree on the other side, adding the two
measurements to get the total width.

2.4 HprGallring Software

The most comprehensive study in Swedish as-
sessed the accuracy of HprGallring in 41 stands. The
study surveyed all trees within at least 1 ha in each
stand. The results showed slight differences between
the harvester data and the manual measurements. The
smallest deviations were found in the basal area and
the diameter of the average tree, while the biggest de-
viations were found for the number of trees. The ac-
curacy of the estimate increases significantly if the
species composition and dimensions of the felled trees
are not significantly different from the stand mean
values (Larsson 2017).

During thinning, the harvester produced a
StanForD2010-compliant production log file (.hpr),
which recorded the coordinates of the trees felled (har-
vester position at the time of felling), the arm turn an-
gle relative to the longitudinal axis of the harvester,
and, less commonly, the angle of the boom of the arm.
In our study, the last feature was not available. The
resulting file was processed in HprGallring to get the
stand characteristics at a sub-compartment level com-
bining areas with similar tree height and dominant
species, which were then manually merged into le-
gally determined compartments. Data processing pro-
cedures were the following:

1. dataimport using »open .hpr file directly« func-
tion

2. in view mode, the software displayed the stand
characteristics, the volume and number of
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harvested trees, the location of the trees felled
and other parameters

3. the imported files could be saved for further
processing

=analysis of the inventory and produced
amount broken down by felling areas using
the »Prognosis data to shape file« function

= analysis of the spatial location of trees using
the »Hpr-file to tex-file« function.

To calculate the stand characteristics at a stand
level (average tree height and diameter, number of
trees and basal area), the spatial point data layer previ-
ously created using HprGallring were imported into
QGIS, where the spatial data layer describing com-
partment borders according to the State Forest
Register was added using the »Join attributes by loca-
tion« function. In each sector, the centre was marked
using the »Centroids« function, which contained basic
information about the plot, with average tree height,
diameter, and stand basal area. At the plot level, the
diameter, height, and basal area were calculated using
the »Point statistics for polygons« function. The cre-
ated layer was exported to the database, and basic

Fig. 3 Location of photogrammetrically surveyed stands
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information from the State Forest Register was added
during the processing.

2.5 Estimation of Tree Height and Number of
Trees Using Photogrammetry

During the study, 57 stands with harvester produc-
tion files located mostly in North-Eastern part of
Latvia (Fig. 3) were photogrammetrically surveyed us-
ing Mavic 2 Zoom drone equipped with a 12MP RGB
camera. Flights took place at an altitude of 100 m; the
flight speed was 3.5 m/s, the frontal overlap of the cap-
tured images was 90%, and the lateral overlap was
80%. To achieve greater accuracy, ground markers
were used, with coordinates determined using the
RTK GPS system. Agisoft Metashape Pro 1.6.3 was
used to process the data and create a photogrammetric
digital suface model (DSM). The resulting surface
models have a horizontal resolution of 0.1 m.

The canopy height model (CHM), which shows
canopy height after thinning (Fig. 4), was created us-
ing digital elevation models (DEM) produced using
LiDAR data stored by the Latvian Geospatial
Information Agency (LGIA).

Croat. j. for. eng. 45(2024)2
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Fig. 4 Example of production of a canopy height model (CHM)

The photogrammetric data analysis revealed a
»tilting« of the CHM produced, as the markers placed
under the tree canopies were sometimes not visible in
the captured images. To prevent the CHM »tilting«,
the raster data layers were overlaid on a 20x20 m grid
and the height of the Earth’s surface was determined
for each cell using the 2™ elevation percentile (Fig. 5).
If the CHM model was correct, the land surface value
was close to 0, while deviations from 0 pointed at inac-
curacies. Next, an elevation mismatch surface was
generated using the cell grid centroids. The interpo-
lated surface was subtracted from the previously gen-
erated CHM, resulting in an updated CHM model.

Individual trees were identified using the method-
ology described in 2017 by Ivanovs et al. 2019. On the
left, Fig. 6 shows the CHM model, and on the right,
the model developed using a neighbour analysis tool,
looking for the maximum CHM values with a radius
of 11 cells. The figure shows the individual trees found
in the area and their photogrammetrically determined
heights. This function was used to identify individual
trees and their height after thinning. To ensure suffi-
cient accuracy, the distance between trees should be
at least 2 m, and accordingly, the method cannot be
applied in young and non-thinned stands.

Using Cut-to-Length (CTL) Harvester Production Data in Forest Inventories (277-292)

CHMm as.l.

I
—

The photogrammetrically retrieved number and
height of trees were compared with the trees meas-
ured manually in the circular sample plots. There are
mutual biases between the manually and photogram-
metrically measured tree coordinates due to the preci-
sion of determining the plots and the fact that the
manually surveyed tree coordinates were determined
relative to the tree trunk, while the photogrammetri-
cally surveyed tree coordinates were determined rela-
tive to tops of trees. A statistical comparison of the
numbers and heights of trees obtained photogram-
metrically versus manually showed no statistically
significant differences between the datasets, and these
data were used for comparison with the HprGallring
prediction and the manual measurement data by the
certified forest inventory experts.

2.6 Data Processing

The tree height control measurements were done
based on the arithmetic mean height equation by T.
Lorey, in which the height of each tree is included
based on its basal area (Liepa 2018)

Y dh
1 2

il o112, 1)

H, = S
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CHMmas.l. Height discrepancy, m

— C—1-0.75--041
126 —3-041--0.16
[ -0.16 - 0.82
i (0.82 - 5.16
516 - 9.72
20 10 0 20 40 80m 20 10 0 20

Fig. 5 Example of correction incanopy height model

Where:
d, d
h a.

Measured data from the sample plots were used to
present the tree diameter calculation curve for each
stand, and the developed equation was used to calcu-
late the diameter based on the remote sensing data
describing the dominant species in the stand and

1658

5 25 0 5 10 20m

Fig. 6 Example of identification of individual trees
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Height discrepancy, m
—
C——11.65761

80m 2010 0 20 40 80m

height of the trees. The study includes a calculation of
individual regression equations for each stand to en-
sure higher precision, while species are not separated
since they cannot be determined in photogrammetric
data.

Data from HprGallring used for the analysis:

= data required for comparison of stand character-
istics before thinning — remaining basal area
(BA_Remain), extracted basal area (BA_Extract),
harvested stock and remaining growing stock of
the stand

= data required for comparing the stand charac-
teristics after thinning — basal area of the remain-
ing stand (BA_Remain), mean diameter of re-
maining trees (Dbw_Remain), mean height of
remaining trees (Hbw_Remain), and remaining
number of trees (Stems_Remain).

The basal area of the stand was calculated accord-
ing Cabinet Regulation No 935 (Ministru kabineta
noteikumi Nr.935, 2012).

To compare the stand inventory data, the harvest-
er predictions and remote sensing-based estimates
(tree height and number of trees) were compared with
manual measurement data acquired according to legal

Croat. j. for. eng. 45(2024)2
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requirements. Descriptive statistics (arithmetic mean,
standard deviation and number of observations) were
used to describe the mean values. For the summary
statistics, the Wilcoxon signed rank test was used to
describe the differences between the traits or sample
sets studied. Spearman's rank correlation test was
used to determine the correlation or relationships,
which was used for the mutual comparison (RMSE) of
the data obtained in Latvia and the sample set used in
similar studies in Sweden

n 2
RMSE = 2i=1 (Xbaze - XGallring ) (2)
n
Where
Xaze manual measurement data
Xcaing ~ HprGallring prediction.

3. Results

3.1 Pre-Processing of Data

HprGallring generated stand inventory data in
13x13 m segments, averaging the stand characteristics
for each segment. It should be noted that, in a situation
where the height of the trees of one part of the stand
or the type of thinning (from below or above) is differ-
ent, the obtained results can also differ significantly.
The example in Fig. 7 shows pine stand where the av-
erage tree height calculated by HprGallring is 19.8 m,
according to the remote sensing data — 24.1 m, and
according to the manual measurement data — 25.0 m.

The difference can be explained by the dilution
method. Specifically, thinning was done from below,
cutting down the thinnest and most stunted trees. As
there was almost no cutting of dominant trees on the
strip road, the harvester software predicted inappro-
priate stand characteristics.

The study also observed differences in areas adja-
cent to the road or between adjacent plots where the
difference in between stands was significant. For ex-
ample, the difference between the remaining tree
height predicted by the harvester and the remote sens-
ing data at the edges of the felling area was significant.
This is due to the influence of the adjacent stands in
cases where the plot boundaries were not precisely
defined; for example, in the lower corner of Fig. 8, the
tree height of 15 m was determined by remote sensing
because the thinned compartment was adjacent to a
young stand with an average tree height of 11 m, re-

Using Cut-to-Length (CTL) Harvester Production Data in Forest Inventories (277-292)

Remote sensing

Fig. 7 Screenshot from QGIS showing tree height

sulting in a decrease in the average tree height in the
studied compartment.

In other cases, significant differences between the
heights predicted by HprGallring and remote sensing
data appeared in larger or smaller openings and in
areas where no trees of dominant species were har-
vested.

3.2 Comparison of Stand Characteristics after
Thinning

The most important indicators included in the
evaluation were the average remaining tree height,
diameter and basal area. The data analysis included
manual measurement at a plot level, HprGallring pro-
jection at felling area level and remote sensing data at
a compartment level. In situations when the thinning
was done in merged compartments, the felling area
was additionally divided into compartments. Data
from 389 objects were used to determine the average
tree height, average diameter and stand cross-section-
al area by manual surveying and HprGallring, while
for 49 objects, data was obtained using remote sensing.

The study found significant differences between

the stand characteristics acquired by manual measure-
ment, remote sensing and HprGallring estimates.

3.3 Differences of Average Tree Height

According to the manual measurement, the aver-
age tree height in the evaluated compartments was
20.5+4.3 m, and according to HprGallring calculations
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Fig. 8 Average height of trees at edges of felling areas

it was 20.3+3.8 m; the difference was significant
(p<0.05). With a 10% error threshold, HprGallring
achieved compliance with manual measurement data
in 64% of the stands, at a 12% error threshold —in 72%
of the stands, and at a 15% error threshold — in 81% of
the stands. The correlation between the manual meas-
urement data and the HprGallring prediction was high,
at=0.84 (p=0.00). Pine stands have the highest correla-
tion coefficient, at 0.86 (p=0.00), spruce stands, 0.71
(p=0.00), and birch stands, 0.61 (p=0.00).

Fig. 9 shows the uncertainty in the mean tree height
values when comparing the manual measurement
data, the HprGallring prediction, and the remote sens-
ing data. With such data dispersion, it was not yet pos-
sible to meet the requirements of the Cabinet
Regulations for determining the average tree height in
stands after thinning based only on the HprGallring or
remote sensing predictions, assuming that manual
measurements were correct.

30

25

20 1

Height of trees, m

Manual HprGallring Remote
measurement sensing

Fig. 9 Mean stand tree height dispersion values
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Table 2 Mean tree height by dominant tree species

Using Cut-to-Length (CTL) Harvester Production Data in Forest Inventories (277-292)

; Mean height (in m) and standard deviation
Species - Number of stands
Manual measurement HprGallring forecast
Spruce 18.7+3.0 182 =27 179
Pine 20.6 = 5.1 19.7 =45 163
Birch 204 +35 188 + 45 40

As the next step, a comparison of tree height de-
pending on the dominant species was carried out to
compare the accuracy of the projection depending on
the dominant tree species. The study found similar
uncertainty rates in pine, spruce and birch stands
(Table 2).

The data dispersion was positive for all tree species
(Fig. 10). This means that the trees felled in thinning
were smaller than the remaining trees, i.e. it was done
»from below«. In pine stands, HprGallring calculated
a smaller height of average remaining tree in 67% of
stands in comparison to manual measurement. Cumu-
lative conformity of the HprGallring based predictions
to the manually determined values at a certain uncer-
tainty range (0-15%) in pine stands:

= exact match in 21% of the stands

= within 10% in 67% of the stands

= within 11% in 68% of the stands

= within 12% in 73% of the stands

= within 15% in 82% of the stands.

In spruce stands, the average tree height predicted
by HprGallring was higher than that in the manual
measurements in 49% of cases. Cumulative distribu-
tion of differences in mean tree height within the value
of uncertainty (0-15%) in spruce stands:

= exact match in 21% of the stands
= within 10% in 65% of the stands
= within 11% in 67% of the stands
= within 12% in 74% of the stands

= within 15% in 82% of the stands.

In birch stands, the average tree height estimated
by HprGalling was higher than that according to the
manual measurement in 65% of stands. An exact
match was in 20% of the stands, within 10% of uncer-
tainty — in 48% of the stands, within 12% of uncer-
tainty —in 53% of the stands and within 15% of uncer-
tainty —in 70% of the stands.

The next stage of the study was to find out wheth-
er stand age had a significant effect on the mean tree

height calculated by HprGallring. A closer match was
found in pine stands. In age groups 2 and 5 (decades),
in more than 70% of the stands the average tree height
calculated by HprGallring conformed to the manual
measurement data; from the sixth age group onwards,
there was a sharp decrease in accuracy. In spruce
stands, most average tree matches were observed in
age groups 4 and 5 (68%), while in the other groups (2,
3, and 5) the match rate did not exceed 53%. In birch
stands, there was a tendency for the accuracy of
HprGallring calculations to increase as the age of the
stand increased.

A comparison of the average tree height indicated
by the manual measurement with the results of the
HprGallring and remote sensing calculations revealed
significant differences in pine stands (Table 3), where-
as spruce stands did not show a significant difference
in average tree height. Birch stands were not included
in the remote sensing study.
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Fig. 10 Average tree height dispersion values by dominant tree
species
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Table 3 Height differences compared to remate sensing data

Database Pine Spruce | Birch

Manual measurement — remote sensing | p=0.00 | p=0.32 | N/A
p=0.00 | p=0.26 | N/A

HprGallring — remote sensing

3.4 Average Tree Diameter in a Stand

According to the manual measurement, the aver-
age value over the whole sample set of data is
20.5+4.3 cm, while according to HprGallring calcula-
tions, itis 20.3£3.8 cm, the difference not being statisti-
cally significant (p=0.57). However, comparison of the
remote sensing-based data with the manual measure-
ment shows a significant difference (p=0.00). It should
be taken into account that the remote sensing tests
estimate diameter-based tree height without taking
tree species into account, so the calculation of the aver-
age tree diameter using remote sensing data may be
less accurate. No significant difference was found be-
tween the average tree diameter determined by re-
mote sensing method and measurements within the
sample plots, meaning that the uncertainty in the re-
motely determined diameter data was likely caused
by the different species composition and diversity of
stand characteristics outside the sample plots. Fig. 11
shows the data dispersion comparing the manual
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Fig. 11 Diameter distribution by tree species
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measurement data extrapolated to a stand level and
the values calculated by HprGallring.

The averages, depending on the method used to
determine the mean tree diameter, are shown in Table
4. The biggest variation was found in pine stands, with
significant differences between the methods (p=0.02),
while in spruce stands there was no statistically sig-
nificant difference between the methods (p=0.60). The
amount of data from birch stands was not sufficient
for the analysis. The correlation between the manual
measurement data extrapolated to a stand level and
the values calculated in HprGallring was 0.78 (p=0.00).
Accuracy was the highest in pine stands: 0.83 (p=0.00),
in spruce stands — 0.69 (p=0.00), and in birch stands —
0.61 (p=0.00).

The variation of average tree diameter was similar
for all species (Fig. 12). The discrepancy in diameter
when using HprGallring was greater than the regula-
tory limit — 1 cm. A comparison of the manual meas-
urement data extrapolated to a stand level and the
average tree diameter predicted by HprGallring re-
vealed compliance within 1 cm range in 47% of the
stands. However, this is only true under assumption
that the manual measurement data provides correct
result at a stand level, which is not the case because of
significant difference between the remote sensing-
based prediction and extrapolation of the sample plot
data to a stand level.

The biggest differences between the manual meas-
urement-based stand inventory data and HprGallring
estimates were found in pine stands. The average tree
diameter calculated by HprGallring is bigger than the
value based on the manual measurement in 58% of the
stands. In 14% of the stands the average tree diameter
matched perfectly; in 40% of the stands there was a
difference of up to 1 cm; in 63% of the stands the dif-
ference was up to 2 cm, and in 80% of the pine stands
the difference was up to 3 cm.

The exact diameter match was not found in any
spruce stand. In 40% of the spruce stands, HprGallring
predicted the average tree diameter, while in the re-
maining 60% of the stands the diameter calculated by
the program was smaller. The average diameter de-
viation comparing the HprGallring based data and
manually measured values in 69% of stands was up to
2 cm and in 86% of stands — up to 3 cm.

According to HprGallring projections, 68% of birch
stands had a smaller average tree diameter in com-
parison to manual measurement, while the remaining
32% of stands had a larger average diameter. In 35%
of the stands, the difference was up to 1 cm; in 55% of
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Table 4 Average tree diameter by tree species

Mean diameter (cm) and standard deviation
Species Number of observations
Manual measurement HprGallring
Spruce 195+ 3.2 19.7 = 3.1 179
Pine 221 +50 210+ 44 163
Birch 18.7 = 3.1 204 +338 40

the stands the difference was up to 2 cm, and in 70%
of the stands the difference was up to 3 cm.

In pine stands, the average tree diameter was the
most accurately determined in age groups 2, 3, and 4
(referred as age decades), where the HprGallring and
manual measurement-based assessment results
matched in 64% of the stands (including the +1 cm
measurement error). However, from age group 5 up-
wards, the accuracy decreased sharply — 35% of the
stands in group 5 and 20% of the stands in group 7 had
an exact match of the HprGallring and the manual
measurement-based data. In spruce stands represent-
ing age groups 2 and 3, exact match was found in 52%,
and from age group 4 upwards the accuracy de-
creased, with 48% matching values in age group 4 and
a 33% match values in age group 6. In birch stands, the
average tree diameter matched exactly in manual
measurement-based inventory and according to
HprGallring projection in 33% of the stands in age
groups 2 and 3, and in 21% of the stands in age group
4 and higher, with a decreasing trend.
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Fig. 12 Variation of diameter of an average tree

Given the differences in the height and diameter,
the basal area determined by the different methods
deviates significantly (p=0.00). The variation in the ba-
sal area depending on the dominant tree species is
shown in Fig. 13.

The remaining basal area after thinning was sig-
nificantly different (p=0.00) comparing the manual
measurement-based data and HprGallring estimates.
The difference was also significant (p=0.00) when
comparing the remaining basal area with the domi-
nant tree species. In terms of age groups, better re-
sults were acquired in pine stands in age groups 2
and 5, and in spruce and birch stands, in age group
5 (Fig. 14).

The deviation of the basal area was negative, mean-
ing that HprGallring predicted smaller basal area than
that in the manual measurement-based inventory
data.
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Fig. 13 Difference in basal area determined using manual measure-
ments and HprGallring estimates, depending on dominant tree spe-
cies
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Fig. 14 Compliance of remaining basal area with regulatory require-
ments, by species and age group

3.5 Comparison of Basal Area and Growing
Stock before Thinning

The difference between the basal area (ba) before
thinning according to the manual measurement-based
inventory and the estimates by HprGallring (ba extract-
ed + ba remaining) was significant (p=0.00), and the ba-
sal area rounded to m* before thinning matched in 10%
of the stands in comparison to manual measurements.
The difference of the growing stock according to
manual measurement-based inventory data and
HprGallring estimates was also significant (p=0.00),
with a mean standard error of +52 m®/ha.

4, Discussion

The results of the calculations were significantly
affected by systemic errors that arise from the manual
measurement-based inventory methods, and due to
the technical limitations of forest machinery. The at-
tention should be paid to the technical condition of the
harvester felling head and the accuracy of the meas-
urement system, by regularly performing assortment
control measurements and calibration of the harvester
felling head (Strandgard 2009, Nieuwenhuis and
Dooley 2006, Leitner et al. 2014). It should also be
noted that factors used to predict bark thickness may
differ between the regions and the factors intergrated
in the HprGallring should be adapted to other regions.
Debarking during harvesting process can also affect
accuracy of the diameter forecast by underestimation

A. Strubergs et al.

of the diameter of trees debarked at stump level. Sup-
plementing the dataset with information from har-
vester calibration data could help to eliminate poten-
tially erroneous measurements, while the errors in the
stand characteristics associated with manual measure-
ments can be reduced by the additional use of remote
sensing data.

Similar studies implemented in Sweden to assess
the compliance of the model with control measure-
ments found a mean squared error of the tree length
to be 5-14% (Larsson 2017), in Latvia, mean squared
error of the tree length is 2% for conifer stands and 3%
for birch stands. The accuracy of the software in cal-
culating the height of an average tree in the remaining
stand is better in Latvia.

In the Swedish studies, according to HprGallring
and field measurement-based data, the mean square
error of the average tree diameter estimates ranged
between 0.7-10% (Larsson 2017), in Latvia, the mean
square error was 2.4% for spruce, 3.0% for pine, and
3.2% for birch. It should be noted that the uncertainty
may be associated not only with the hprGallring esti-
mates, but also with the instrument, method, and
measurement errors in the manual measurement-
based assessment, as already mentioned above.

The study found that the correlation between the
average tree diameter according to the manual meas-
urement data and HprGallring estimates decreased
with the increase of the stand age, regardless of the
dominant tree species. This may be due to differences
in the ratio of the dimensions at a stump level versus
those kept in stands of different ages, due to different
cutting heights for trees of different dimensions, or
changes in the bark thickness factor. Such a discrep-
ancy between manually measured and machine-meas-
ured data related to changes in bark parameters was
also pointed out by Strandgard and Walsh (2012).
However, the study found no patterns that could sys-
tematically improve the accuracy of the diameter
measurements. We realized that the difference increas-
es with the increase of the diameter of extracted trees
so there migt be systematic error associated with re-
calculation of the stump level diameter of a tree to the
breast height diameter of a tree. Thus, in pine stands
with sligtly bigger trees, the error of prediction of the
diameter at the breast height is bigger. We also real-
ized that in Sweden, where the application is elabo-
rated, the diameter of trees at the breast height is cal-
culated from a ground level, and in Latvia — from a
root collar, which may cause additional error. Notably,
the diameter at the breast height does not affect the
accuracy of prediction of the stem volume, since it is
calculated as a sum of of individual measurements.
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Regardless of the dominant tree species, the basal
area of the remaining stand calculated by HprGallring
was smaller than that according to the manual meas-
urement. This might be associated with inaccuracy of
the modelled diameter of the average tree. In the study
in Sweden, the deviation of the basal area was +2.3 m*/ha
(Burstrom 2016), while in our study it was significant-
ly bigger, +3.3 m’/ha (p=0.00). Burstrom (2016) did not
indicate whether the stands surveyed had similar tree
heights and species composition, or these indicators
varied widely from stand to stand, as they did in our
surveys. Similar stand characteristics in the studied
stands may explain the significantly smaller variance
in the study by Burstrom (2016).

5. Conclusions

= Despite the fact that HprGallring reflected the
information obtained by the harvester data
based on the height differences rather than on
compartment boundaries, the resulting spatial
data could be clipped during the post-process-
ing into compartments according to their legal
boundaries, and the stand characteristics could
be summarized within the compartment bound-
aries. The harvester data processing must be car-
ried out at a compartment level, analysing the
datasets by both the dominant tree species and
age, which will generally enable more accurate
calculation of the stand characteristics and iden-
tification of measurement errors.

= The study found that there was a statistically
significant correlation between the manual mea-
surement-based inventory data and tree height
values estimated by HprGallring and the biggest
correlation was found in pine stands.

= The highest accuracy in prediction of tree diam-
eter was found in spruce stands, but the accu-
racy of the estimates by HprGallring deteriorated
with the increase of stand age. This could be
explained by different ratios of tree diameter at
a stump level and at 1.3 m height of the trees
felled, and by different cutting height in older
stands and the mathematical definition of the
zero point in the tree model.

= Differences in the diameter measurements may
be also associated with different approaches ap-
plied. In Latvia, the diameter is measured at 1.3 m
height from the root collar, while in Sweden it is
measured at 1.3 m height from the ground. This
factor may have had a significant effect also on

Using Cut-to-Length (CTL) Harvester Production Data in Forest Inventories (277-292)

basal area and growing stock calculations, espe-
cially in mature stands.

= The forest stand characteristics produced using
HprGallring correlated closely with the manual
measurement and photogrammetric data; how-
ever, the forest stand inventory data calculated
from harvester data are not sufficiently accurate
to comply with the regulatory uncertainty
thresholds in Latvia if manual measurement-
based data are used as a trustable reference for
comparison.

= The accuracy of HprGallring calculations was
strongly influenced by the ratio of the diameter
and species composition of the trees to be felled
and the trees to be kept. The greater the differ-
ences between felled and remaining trees, the
higher uncertainty appeared in the estimates.

= The most important shortcomings in the remote
sensing-based stand inventory characteristics
identified in the study are reduced accuracy in
compartments with complex configurations, ad-
justing to compartments with significantly dif-
ferent tree heights, and the lack of an efficient
method for identifying species in mixed stands.
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