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Estimating the accuracy of smartphone app-based removal estimates
against actual wood-harvesting data from clear cuttings
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Introduction

Stand-level forest management invento-
ries in Finland are usually implemented by
the utilisation of remotely sensed data, lo-
cal field sample plots, and the k-nearest
neighbour method (Maltamo & Packalén
2014). In management-oriented inventories
of Finnish forests, airborne laser scanning
(ALS) is the main method of information
collection. In all types of ALS-based forest
resource inventories, field training data are
necessary to connect models related to
forest stand attributes, such as timber vol-
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Trestima® is a computer vision-based smartphone application that utilises re-
lascope theory to obtain estimates of forest attributes from smartphone pho-
tographs. The aim of this study was to investigate the accuracy of Trestima es-
timation and evaluate whether it is sufficiently accurate for operational use in
forestry. Our data consisted of 37 forest stands, encompassing 73.5 ha in
southeastern Finland, where Trestima estimates were obtained by forestry
professionals during their work. The results were compared with harvester
data obtained from clear-cut stands. The number of photographs taken per
stand ranged between 1-29 (average: 7.3; standard deviation: 5.0). The total
amount of industrial roundwood harvested from the stands was 21,531 m? and
the average harvest removal per hectare was 282 m®. The accuracy of Trestima
estimation was relatively good when > 10 photographs per stand were taken.
In this case, the root mean square error percent (RMSE%) value associated
with roundwood volume was 17.7%. When the number of photographs per
stand was < 10, the accuracy of Trestima was much weaker (RMSE% 22.7-
55.3%). On average, Trestima underestimated harvested volumes in Scots pine
(Pinus sylvestris L.) stands (Bias% 11.4-89.2), although the bias was smaller
(Bias% -12.7-12.4) with Norway spruce (Picea abies [L.] Karst.) stands. The
Trestima smartphone application is a possible option for traditional field mea-
surements in operational forestry, provided that its usage instructions are
strictly followed, which is not always the case in practice.

Keywords: Forest Inventory, Forest Mensuration, Smartphone, Machine Vision,

Computer Vision, Relascope, Harvester Data

ume, to remotely-sensed metrics (Maltamo
et al. 2019). However, field work is labori-
ous and expensive, and can represent a
substantial part of overall inventory costs.
While wood purchasing organisations and
buyers need pre-harvest information on
tree species-specific log length-top diame-
ter distribution and log quality (Pitkénen et
al. 2021), many studies have shown that the
information gathered with remote sensing
methods has failed to be sufficiently accu-
rate for pre-harvest stand measurements
(Vergara et al. 2015, Haara et al. 2019).

In recent years, other sources of informa-
tion for forest resource inventory have
started to emerge, such as computer vi-
sion-based smartphone applications. The
use of smartphones for forest measure-
ments, in particular, has been studied in-
tensively (Wu et al. 2019, Fan et al. 20203,
Fan et al. 2020b, Marzulli et al. 2020, Tall
2020, Aguilera et al. 2021, Kim et al. 2021,
Pitkdnen et al. 2021) due to the develop-
ment of advanced remote sensors and
computer vision (Wu et al. 2019). Non-con-
tact methods of measuring diameter at
breast height (DBH) can be divided into ac-
tive and passive ranging methods (Liu et al.
2017). Active methods, such as terrestrial
laser scanning (TLS), require special equip-
ment and expertise, which limits their use
in daily practice (Liu et al. 2018), although
lately there have been personal laser scan-
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ning based developments in this area that
have made active methods significantly
cheaper (Gollob et al. 2021, Mokro3 et al.
2021, Tatsumi et al. 2023). In contrast, com-
puter vision technology that relies on pas-
sive imaging has a much lower cost but still
enables extraction of detailed forest stand
information (Huang & Feng 2015, Shi et al.
2017).

Passive smartphone imaging also enables
estimation of distance and object size
through monocular or binocular vision (Sun
et al. 2012, Mei et al. 2017). Early image in-
formation extraction methods were mainly
based on the binocular stereo vision princi-
ple and camera motion information (Ming
et al. 2016, Royden et al. 2016, Alexander et
al. 2017). As such, they required multiple
images to complete the extraction of
depth information. In contrast, monocular
methods do not require strict hardware
conditions or multiple images during image
acquisition (Wu et al. 2019) and monocular
depth information is estimated based on a
single image (Jihua et al. 2018). Smart-
phone apps could bring monocular vision-
based measurement to a wide range of
users.

Trestima® is a commercial app intended
for forest attribute estimation, especially
pre-harvest inventory of marked stands.
Trestima utilises monocular vision in combi-
nation with the classic relascope theory
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(Bitterlich 1984). Stem diameter and tree
height, as well as tree species, are mea-
sured via data that are extracted from pho-
tographs obtained with a smartphone cam-
era on a cloud computing platform (Siipi-
lehto et al. 2016, Trestima 2021). Photo-
graphs are considered as samples from the
targeted forest stand, and the application
guides users to take several photographs
(Pitkénen et al. 2021). In theory, the Tres-
tima measurement is objective as the im-
age analysis is based on computer learning
and the measurer only needs to follow the
instructions provided by the app. More-
over, image capture is also faster than tra-
ditional field mensuration. The Trestima
computer vision-based system has been
developed since 2012 (Rouvinen 2014). It
enables forest resource inventory from
photographs taken in the forest with a
smartphone. These photographs are used
in a manner similar to relascope plots and
serve as selective samples of forest struc-
ture. For the calculation of basal area, the
minimum gauge of the relascope is deter-
mined based on the calibration of the
phone. Segmented trees that are larger
than the minimum gauge are included in
the sample.

A Trestima sample has an approximate
60-70-degree angle of view, depending on
the type of phone used. The angle count
sampling principle in the app uses a dy-
namic basal area factor, whereby a single
tree leads produces a basal area between
0.6-1.4 m? ha' (Vastaranta et al. 2015). The
total basal area is obtained by multiplying
the number of trees by their basal area fac-
tor. Trestima automatically estimates tree
species and calculates forest stand vari-
ables, such as basal area, stem count, vol-
ume, median diameter, and height. Based
on the photograph and camera angle, Tres-
tima reconstructs a 3D-model from the
photograph. Tree diameters estimated
from Trestima photographs are used to
construct a stem diameter distribution.
However, as the software is commercial,
not all technical information related to
Trestima is publicly available. Currently,
Trestima is widely used in operational
forestry in Finland rather than conven-
tional relascopes, especially for pre-harvest
measurement of marked stands. An exam-
ple of a processed Trestima photograph
can be found in Fig. S1 (Supplementary ma-
terial).

To the best of our knowledge, the current
study is the first to compare smartphone
estimations with operational harvester
data and thus differs from earlier Trestima
studies. The benefit of harvester data is
that it covers the whole marked forest
stand. However, combining harvester data
with predictions of forest stand attributes,
such as volume, is difficult, and conse-
quently, previous studies have often failed
to comprehensively use harvester data
(Holopainen et al. 2013). Harvester data are
usually collected for timber-sales transac-
tions and only cover the industrial round-
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wood section (i.e., harvesting volume) of
the stem, and are therefore seldom opti-
mised for research needs (Vdha-Konka et
al. 2020).

Forest inventories typically consider
stand-level means of forest attributes, such
as volume or biomass. However, one of the
main attributes to characterise forest re-
sources is the stem diameter distribution,
which reflects the stand structure at the
tree-level (Maltamo et al. 2019). Diameter
distribution and tree heights are needed
for flexible calculation of forest stand tim-
ber assortments using taper curve models.
Diameter distributions have been an active
research topic both for field inventory and
remote sensing applications (Siipilehto
1999, Shang et al. 2017). For the estimation
of stem distribution, cut-to-length (CTL)
harvester data and ALS data have also
proved useful in many studies (Siipilehto et
al. 2016, Maltamo et al. 2019). However,
there is little information available on the
accuracy of machine vision-based forest in-
ventory systems in the estimation of stem
diameter distributions.

Our objective was to compare harvester-
based timber recoveries with computer vi-
sion-based estimates collected before har-
vesting using Trestima®. The hypothesis
was that the harvester data and the esti-
mated data should match. In the study, we
used operational large-scale wood-harvest-
ing data as the reference and compared
that data to estimates obtained from the
Trestima computer vision-based smart-
phone stand. The most important charac-
teristics compared were total harvest vol-
ume, volume by tree species, and volume
by timber assortments. We also investi-
gated the stem distributions obtained by
the smartphone app before harvesting and
by the harvesters after harvest. We exam-
ined only clear-cut sites in the study. Both
datasets were from operational forestry
and thus were not optimised for scientific
research.

Materials and methods

Harvested data

Most of the 37 harvested stands were lo-
cated in southeastern Finland. Locations of
the clear-cut stands in Finland used in this
study can be found in Fig. S2 (Supplemen-
tary material). We examined clear-cut
stands from which Stora Enso Wood Sup-
ply Finland (WSF) had purchased timber.
The clear-cutting period covered was De-
cember 2018-August 2020. In these data,
forest stand borders were obtained from
the stand databases that existed prior to
harvesting. However, in practice the har-
vested areas can deviate from the nominal
stand borders. After preliminary analysis,
the clear-cut stands that had both Trestima
computer vison-based stand estimates and
geolocated harvesting data available were
selected. For these stands, more accurate
stand delineations were obtained based on
recorded harvester positions (Melkas et al.

2020). After removal of all inconsistencies,
such as area mismatches and poor spatial
equivalence between the actual harvested
stand and the stand where the Trestima es-
timates were obtained, we had 37 clear-cut
stands available for the study. The smallest
area equivalency that was accepted was
30.8%. Total industrial roundwood harvest-
ed from the study stands was 21,531 m?
(solid over bark). The average number of
stems per hectare was 582. Description of
the data used in this study can be found in
Tab. S1and Tab. S2 (see Supplementary ma-
terial).

The harvester data included stems of Nor-
way spruce (Picea abies [L.] Karst.), here-
after spruce, Scots pine (Pinus sylvestris L.),
hereafter pine, as well as silver birch and
downy birch (Betula spp.). Material in the
study site was spruce-dominated with that
species accounting for more than half of
the total removal.

These data were provided in a hpr for-
mat, which is a new StanForD 2010 har-
vester file format that includes the position
of the harvester where it processed the
stem, as well as tree species and dimen-
sions (length, diameter, volume) of each
log cut (Skogforsk 2021). In Finland, har-
vester measurements are the most fre-
quently used method for measuring indus-
trial roundwood (Melkas 2022) as timber-
sales payments for forest owners, for in-
stance, as well as labour fees and harvest-
ing rates for forest machine operators and
entrepreneurs, are based on harvester
measurements. Harvester measurement is
regulated and adjusted by several actions
and decrees in Finland (Decree of the Min-
istry of Agriculture and Forestry — FINLEX
20133, 2013b), including systematic inspec-
tion and validation measurements.

All merchantable stem pieces cut in the
forest stand, except waste pieces of de-
cayed wood and treetops, were included in
the harvester data (Kéarha et al. 2019). Saw-
log lengths were mainly 3.7-5.5 m at 0.3 m
increments. Also, some shorter (3.1 or 3.4
m) and longer (5.8 and 6.1 m) sawlog
lengths were cut. The minimum top diame-
ters of spruce, pine and birch sawlogs were
16, 15 and 17 cm, respectively. Lengths of
the pulpwood poles were 2.7-5.0 m, and
the minimum top diameters of spruce, pine
and birch pulpwood pieces were 7, 6 and 5
cm, respectively.

Trestima® data

The final 37 harvested stands included a
total of 48 forest inventory stands where
Trestima information had been collected,
because neighbouring stands are often
treated as a single unit in harvesting. Area
mismatches between the stand borders
could also occur (see Fig. S3 in Supplemen-
tary material) and in such cases, we inter-
sected the stand polygons and the actual
stand polygon, and estimated the Trestima-
volume of the actual stand as an area-
weighted average of the stands where the
average number of photographs taken
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with Trestima was 7.3 per actual harvested
stand (see Tab. S2 in Supplementary mate-
rial). The number of photographs taken for
each stand varied, so we classified the ob-
served stands by the number of photo-
graphs (three classes). Classification was as
follows: < 3 photographs; 4-9 photographs;
> 10 photographs (Fig. 1left, Fig. 2, Fig. 3).

Statistical analysis

Comparisons of the Trestima and har-
vester measurements were made for total,
tree-species, pulpwood, and sawlog re-
movals (see Tab. S1 and Tab. S2 in Supple-
mentary material). Comparisons of timber
assortments were made for pine, spruce
and birch. Stem distributions were also
formed in 2-cm classes, both for harvesters
and Trestima. These distributions were ex-
amined and compared by stand. We also
performed a closer investigation of the for-
est stands where the error of predictions
was > 100 m* ha". R software was used to
perform statistical analyses.

The root mean square error (RMSE) and
bias values between the harvester data
and the Trestima estimates were calcu-
lated for total harvest volume, tree species
volume and timber assortment volume
(eqgn. 1 and eqn. 3). In addition, the corre-
sponding relative RMSE and bias values
were calculated according to eqn. 2 and
eqn. 4. Finally, the correlation between the
harvester data and Trestima estimates was
determined using the Pearson product-mo-
ment correlation coefficient (r). A p-value
for the average estimated and measured

Fig. 1 — (Left): scatterplot between the
measured removal (by the harvester)
and estimated removal (by Trestima) in
clear cuttings by the class of the num-
ber of Trestima photographs. (Right):
scatterplot between measured removal
(by the harvester) and estimated
removal (by Trestima) in clear cuttings
by the class of the matching area of
Trestima and harvester stands.

Accuracy of smartphone app-based removal estimates from clear cuttings

Tab. 1 - Correlation coefficients (r) and p-values between measured and estimated vol-
umes. P-values were calculated with a non-parametric Wilcoxon test.

Volumes Correlation coefficient p-value
Total volume 0.48 0.10
Pine 0.78 0.01
Spruce 0.80 0.66
Birch 0.70 0.34
Pine sawlog 0.71 0.03
Spruce sawlog 0.72 0.46
Birch sawlog 0.57 0.50
Pine pulpwood 0.83 0.01
Spruce pulpwood 0.62 0.45
Birch pulpwood 0.70 0.01

values was determined using a non-para-
metric Wilcoxon test (Tab. 1).

RMSE = Z (.yobs_ypred)2 (1)
N
RMSE%="M5E 100 2)
Yobs
Bias:z (.yobs_ypred) (3)
N
. Bias
Bias%=——-100
Yobs (4)

where y, is the harvested value, y,.q is the
Trestima predicted value, N is the number

of stands, Y. is the average observed vol-
ume.

For stem distribution, we calculated the
Error Index according to eqn. 5 (Packalén &
Maltamo 2008b), as a variation of Reynolds
et al. (1988) Error Index. The stem distribu-
tions were examined using 2-cm “diame-
ter-DBH” classes.
fi_fi

N

ErrorIndex= z (5)

i=1

where fi is the true harvested stem num-
ber, fi is the Trestima predicted stem num-
ber of all diameter classes, N is the true
harvested stem number of all diameter
classes, and N is the Trestima predicted
stem number of all diameter classes.

Measured removal by harvester (m3 ha’1)
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Fig. 3 - Tree species-specific scatterplots between timber assortment removal (mea-
sured by the harvester) and Trestima estimates in clear-cut forest stands.

Results

Accuracy of Trestima estimates
The correlation coefficient (0.48) be-
tween the harvested and Trestima-esti-

mated volumes was not strong when total
harvest removal was examined (Tab. 1), but
was much stronger with regard to birch,
pine and spruce volumes (0.70, 0.78 and
0.80, respectively). For the volumes of
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Number of pictures

spruce, birch, spruce sawlog, birch sawlog
and spruce pulpwood the p-values of non-
parametric Wilcoxon test were over 0.1, in-
dicating that the averaged estimates from
the harvester and Trestima were not statis-
tically different (see also scatterplots in Fig.
2 and Fig. 3). For total volume, p-value <0.1
indicates a possible difference, but not sta-
tistically significant at the 5% level (see also
scatterplot in Fig. 1). Significant differences
(p-values < 0.05) were observed for pine,
pine sawlog, pine pulpwood and birch
pulpwood volumes (see also scatterplots in
Fig. 2 and Fig. 3).

The accuracy of the Trestima estimates
varied greatly according to the number of
photographs that had been taken in the
forest stand (Tab. 2, see also Fig. 1). The
RMSE value associated with total harvest
volume was 55.3% with the < 3 photo-
graphs per stand class,. 27.7% in the 4-9
class and 17.7% in the > 10 class. The overall
RMSE value was 32.2%. Bias values also de-
creased as the number of photographs in-
creased. The Trestima estimates were
mainly underestimates.

There was no clear decrease in the RMSE
values associated with the Trestima estima-
tion and the accuracy did not improve even
when there was an increase in the inter-
secting area between the Trestima stands
and actual harvested stands. (Tab. 3, see
also Fig. 1). Most of the stands were in the
class where equivalency was > 90%. In that
class, the RMSE value (28.9%) and bias
value (4.4%) were smallest.

The data were spruce-dominated, with
spruce accounting for more than half of to-
tal removals (see Tab. S1in Supplementary
material). The RMSE value associated with
species-level estimations was slightly
greater than the RMSE value associated
with total harvest removal, and ranged
from 46.6% to 257.3% (Tab. 4, see also Fig.
2). Bias values were greater for pine (11.4-
89.2%) than for spruce (-12.7-12.4% — Tab.
4). The bias value for pine was greatest in
the < 3 photograph class (89.2%). As with
total harvest removal, the RMSE and bias
values decreased as the number of photo-
graphs increased.

Greater scattering was evident with re-
gard to the timber assortment data (Fig. 3).
The RMSE values were also greater than
for tree species values, and ranged from
50.1% to 123% (Tab. 5). Both RMSE and bias
values were greater for pine than for
spruce, but this was only observed in the
<3 photograph class. For pine pulpwood,
the bias value was greater than with
sawlogs. For birch, the RMSE% and bias%
values were relatively large, but the re-
movals were also smaller.

Stem diameter distributions

Overall, the Error Index obtained for the
whole study material was 0.40, and was
0.63, 0.40 and 0.28 for the < 3, 4-9 and = 10
classes, respectively. The relationship be-
tween the number of photographs and the
Error Index values is shown in Fig. 4 and in-
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dicates that approximately 10 photographs
were needed to guarantee Error Index val-
ues < 0.4.

Example distributions of the different
photograph classes are presented in Fig. 5.
The smartphone estimates of stem distri-
bution were not realistic in the < 3 class
(Fig. 5). Trees were observed in only a few
diameter classes, which is not realistic, and
the estimates were not continuous, al-
though the harvester-based diameter
range was wide. It was obvious that the
sampling error was high in this case. In the
other two examples (Fig. 5), the smart-
phone estimates were more realistic. The
frequency of diameters was usually overes-
timated in the 12-28 c¢m diameter class,
whereas trees with the smallest and great-
est diameter classes were missing. In the
case of 15 images, the smartphone esti-
mates were able to replicate the slight bi-
modality of the harvester-based tree diam-
eters. Moreover, a number of extra-large
trees were found in the Trestima estimate.

Discussion

In our study, the RMSE value varied con-
siderably depending on the number of pho-
tographs taken in the targeted forest
stands, and the magnitude of the errors
can also be affected by the operators who
acquire the data. When there were > 10
photographs taken in the forest stand, the
RMSE value associated with the Trestima
estimate was 17.7%, which corresponds to
an error of approximately 71 m® per
hectare. The bias was approximately 1.1%,
which would indicate that Trestima slightly
underestimated the removed volume.
These results were more accurate than
those obtained in an earlier study that
compared harvester data with ALS-based
stand information (Vaha-Konka et al. 2020).
However, our study contained additional
sources of errors, such as clear mismatches
between the stand borders described in
Trestima and the boundaries of the har-
vested blocks. Other factors may also have
caused errors. For example, retention trees
and waste pieces of decayed wood were
not included in the harvester data (Karha
et al. 2019), although they are included in
the Trestima-based estimates.

In our study, the RMSE% value was rea-
sonably low when the total harvested vol-
ume was examined, and it would seem
that Trestima estimates are accurate when
an adequate number of photographs are
taken. The problem seems to be in the op-
erational use of Trestima, as service pricing
of the app is based on the number of pho-
tographs taken, which may discourage
users from taking a sufficient number of
photographs. Every photograph is a cost
for the measurer and when the errors were
large, it was possible that the photographs
were only taken as documentation of the
stand, without an intent to properly esti-
mate stand characteristics, such as basal
area. Nonetheless, errors were large in
cases where only one photograph was

iForest 17: 140-147

Accuracy of smartphone app-based removal estimates from clear cuttings

Tab. 2 - Absolute root mean square error (RMSE) and relative (RMSE%) errors and cor-
responding bias values (Bias, Bias%) for total harvest removals by means of volume in
clear cuttings according to the number of Trestima photographs.

Number of RMSE RMSE% Bias Bias% Number of
PlCtureS observations
<3 140.3 55.3 98.8 39.0 6
49 83.7 2.7 12.4 4.1 23
>10 4.3 17.7 2.5 1.1 6

Tab. 3 - Absolute root mean square error (RMSE) and relative (RMSE%) errors and cor-
responding bias values (Bias, Bias%) for total harvest removals in clear cuttings
according to the intersecting area.

Intersecting RMSE RMSE% Bias Bias% Number' of
area (%) observations
< 80 99.0 30.5 29.2 9.0 4
80-90 106.1 37.8 48.7 17.4 11
>90 79.5 28.9 12.0 4.4 20

Tab. 4 - Root mean square error (RMSE) and bias values associated with tree volume

in clear cuttings by tree species (m? ha").

Tree species N;’L‘t':er;:f RMSE RMSE% Bias Bias%
<3 137.4 121.5 90.8 89.2

Pine 4-9 45.2 46.6 16.9 17.5
210 69.9 70.2 11.4 11.4

<3 77.0 55.6 17.1 12.4

Spruce 4-9 80.2 48.6 -10.4 -6.3
>10 55.2 50.5 13.9 12.7

<3 33.1 257.3 -9.4 -72.9

Birch 49 29.9 82.7 15.1 41.7
210 19.0 80.3 4.7 19.8

Tab. 5 - Root mean square error (RMSE) and bias values in clear cuttings by timber

assortment (m?* ha").

Timber Number of RMSE RMSE% Bias Bias%
assortment plCtUreS
. <3 91.9 123.0 66.7 89.2
Pine 4-9 39.9 60.1 8.7 13.1
sawlog
>10 57.2 72.6 14.7 18.7
<3 78.5 72.7 33.4 30.9
spruce 4-9 79.5 65.2 9.5 7.8
sawlog
>10 39.3 50.1 14.9 -19.0
. <3 22.3 687.9 8.2 253.3
Birch 4-9 10.7 104.4 2.4 23.6
sawlog
>10 7.3 102.2 2.1 -30.0
<3 32.9 121.4 24.1 89.0
Pine
4-9 17.2 56.4 8.2 26.9
pulpwood
>10 16.4 79.1 3.3 16.1
<3 24.9 81.6 16.3 -53.3
spruce 4-9 29.8 62.6 4.1 8.6
pulpwood
>10 21.9 71.3 1.0 3.4
<3 1.2 116.7 1.2 123
Birch 49 21.6 89.0 10.1 41.6
pulpwood
>10 14.2 86.0 6.8 41.2
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Fig. 5 - Examples of stem distributions. (Left): stem distribution from the > 10 photograph class (In this example, 15 photographs
were taken in the forest stand). Stem number was 462 as measured by the harvester, and was 395 as estimated by Trestima®. The
Error index was 0.20. (Center): stem distribution from the 4-9 photograph class (In this example, seven photographs were taken in
the forest stand). Stem number was 474 as measured by the harvester and 625 as estimated by Trestima®. The Error index was 0.30.
(Right): stem distribution from the < 3 photograph class (In this example, two photographs were taken in the forest stand). Stem
number was 331 as measured by harvester, and was 343 as estimated by Trestima®. The Error index was 0.53.

taken in the forest stand.

We examined the Trestima photographs
in more detail when the hectare-based to-
tal removal error was = 100 m* ha". The
closer inspection was carried out for 8 ob-
jects. In total, there were 8 harvester
stands and 13 Trestima stands, and the av-
erage number of photographs for these
stands was 5, while 4 of these stands had
only one photograph. Image processing,
including the specification of tree species,
was successful in these stands. Thus, we in-
terpret that the paucity of photographs
produced the large observed difference be-
tween the harvester values and the Tres-
tima estimates. In such cases, the sampling
errors can be large.

Another reason for the differences in tim-
ber assortment volumes is cross-cutting,
which might differ between the Trestima-
based calculation and actual cutting. How-
ever, it must be remembered that cross-
cutting of trees depends strongly on the
desired distribution of different log lengths
and top diameters by the sawmills. The op-
erator of a harvester often uses manual
bucking for pine and automated algo-
rithms for spruce (Kérha et al. 2017). For in-
stance, when the manual bucking (with
pine) percentage is high, the volume of the
sawlog section is smaller and, moreover,
the log percentage is also smaller than that
from automated bucking.

The study provided new information on
the accuracy of Trestima data in opera-
tional use. The main problem was that the
app was not used in the manner recom-
mended to the user. Pitkdnen et al. (2021)
concluded that Trestima can provide rea-
sonably good pre-harvest information
based on simple tools and has no specific
requirements for skills in forest mensura-
tion. The set-up in their study was different
to our study, and the information was de-
rived from operational use in forestry. We
can also conclude that with an adequate
number of photographs, Trestima can pro-
vide reasonably good pre-harvest informa-
tion. Vastaranta et al. (2015) studied basal
area and height mensurations with Tres-
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tima and obtained excellent results, but
the set-up in their study was also different
to our study. Other smartphone studies
have mainly focused on measuring DBH
(Fan et al. 2018, Wu et al. 2019, Woo et al.
2021).

Compared to traditional field measure-
ment, our Trestima results are promising.
Haara & Korhonen (2004) found that the
RMSE value of forest stand volume was
24.8% and 21.4% after reducing the sam-
pling error. In traditional field measure-
ments, the stand is measured by tree spe-
cies and by storey. When predicting total
stand volume, the Trestima application ob-
tained better results when > 10 photo-
graphs were taken. In traditional field mea-
surements, total volume can be underesti-
mated by 1.6% (Haara & Korhonen 2004),
while in our study, Trestima also slightly un-
derestimated harvest removals.

Stem distributions appeared to be fairly
accurate when sufficient (approximately
10) photographs were taken. With a small-
er number of photographs, the stem distri-
butions did not seem to be realistic. Thus,
care must be taken when diameter distri-
butions in a stand structure are analysed
by smartphone applications. Regardless,
this was the first study where diameter dis-
tributions have been examined with both
operational harvester and Trestima data.

Compared to a similar type of ALS-based
forest inventory study (Vdha-Konka et al.
2020), the results for Trestima were also
promising. Vdha-Konka et al. (2020) re-
ported RMSE% values of 26% for total vol-
ume when ALS-based estimates were com-
pared to operational harvesting data, while
with an adequate number of photographs,
the RMSE% value (17.7%) in our study was
better for total volume. Also, when the
RMSE% values associated with timber as-
sortment were examined, our results in the
> 10 photograph class were good when
compared to Vaha-Konka et al. (2020).
Moreover, bias values were also lower in
our study. Otherwise, the results of this
study with regard to volume were similar
to those reported for ALS-based forest in-

ventory studies (Naesset 2002, Packalén &
Maltamo 2008a) where reference values
were based on accurately measured field
sample plots. A study that used terrestrial
laser scanning (Abegg et al. 2023) found
that the Bias% value can be up to 25% for
small trees in volume estimations, but can
be only a few percent for large trees. Per-
sonal laser scanning based methods have
recently been developed for field plot mea-
surements (Gollob et al. 2021), but volume
estimation studies remain scarce.

Conclusions

In an operational context, an inadequate
number of photographs resulted in weak
accuracy in Trestima-based estimation of
forest stand attributes. When at least 10
photographs per stand were taken as in-
structed, the accuracy of the estimation
improved remarkably. Seemingly, Trestima
slightly underestimated the volume of har-
vest removals. Our results showed that
pine volumes were substantially underesti-
mated, while spruce volumes were almost
unbiased. The hypothesis that harvester
data and Trestima estimates obtained be-
fore harvesting are similar was accepted,
provided a sufficient number of photo-
graphs had been taken. From the results,
we can conclude that the Trestima machine
vision-based application is a good solution
for forest inventory purposes.
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