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Abstract

An accurate tree diameter (DBH) measurement is a significant component of forest inven-
tory. This study assessed the reliability of remote dendrometers to measure tree DBH. We
compared direct caliper measurements (reference measurements) to the remote measurements
collected from a laser caliper and a smartphone at 0.5 m, 1 m, and 1.5 m distances from each
tree within three forest types (pine, oak, and poplar forests). In general, all remote dendrom-
eters underestimated the mean diameter compared to direct caliper measurements, regardless
of forest types and distances. We observed that the mean deviation of direct caliper measure-
ment and smartphone measurement at 1.5 m within a pine forest and oak forest were the
lowest (0.3 cm and 0.36 cm, respectively). The deviations between direct caliper measurements
and smartphone measurements at a 0.5 m distance, across forest types, were noticeably larger
compared to others. An ANOVA test was used to determine whether significant deviations
existed between caliper measurements and remote measurements at a specific distance, and
among three different forest types. We rejected the null hypothesis, which suggested that there
were no statistically significant differences (p<0.05) between tree DBH measurements ob-
tained from the direct caliper measurements and indirect measurements (smartphone and
laser caliper) captured at a distance. Then, a post-hoc test was performed to examine which
set of estimated deviations was different from the reference data. The results suggested that
indirect tree DBH measurements using the smartphone app at 1 m and 1.5 m in certain forest
types (pine and oak) were not significantly different from direct tree DBH measurements.
Also, our test results mostly indicated no significant difference within each forest, except for
measurements using the smartphone app at 0.5 m across all forest types when the smartphone
measurements were compared to laser caliper measurements. Although forest characteristics
and measurement distance may play an important role in remote tree DBH measurement
accuracy, the smartphone app may be used as a practical alternative to direct measurement in
measuring the DBH of a tree, which may be a positive development for forestry due to the
increased use of smartphones and the availability of a free measure app.
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1. Introduction

The tree diameter is one of the most important and
commonly measured individual tree attributes. It is
used to determine tree volume, basal area, and other
tree characteristics, which are essential components of
a forest inventory, it helps in developing forest man-
agement and planning options, and it can be of value
in conducting research (Moran and Williams 2002,
Melkas et al. 2008, Liu et al. 2011). In most countries,

diameter-at-breast height (DBH) is the most common
tree diameter measurement. A DBH is described as the
outside bark stem diameter of a tree at a point located
1.30 m above the ground base, on the uphill side of a
tree, except in the United States (1.37 m), and Japan
and Korea (1.2 m) (van Laar and Akga 2007, Kershaw
et al. 2017). Tree DBH can be measured using a num-
ber of different devices, or dendrometers, which can
be divided into two groups: those that contact the stem
physically and those that avoid direct contact and
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facilitate a remote measurement (Ashley and Roger
1969, Clark et al. 2000a, Melkas et al. 2008, Liu et al.
2011). Also, devices can be differentiated based on
cost, accuracy, precision, ease of use (Clark et al. 2000a,
Liu et al. 2011). Direct contact measurement, using
traditional diameter tapes and calipers, is the most
common and preferred method for field measure-
ments due to its accuracy, efficiency, and simplicity
(Clark et al. 2000a, Luoma et al. 2017). Over the last
century, many studies have been conducted to exam-
ine and evaluate the accuracy of different direct con-
tact dendrometers such as the Bitterlich sector fork
(Liu et al. 2011, Weaver et al. 2015), electronic tree mea-
suring fork (Binot et al. 1995), Biltmore stick (Jackson
1911, Moran and Williams 2002), and the Samoan stick
(Dixon 1973). With the exception of calipers and tapes,
the reliability and subjectivity of the other direct con-
tact dendrometers may limit their use in scientific or
large-scale inventory work (Clark et al. 2000a).

Indirect DBH measurements do not require physi-
cal contact with the stem of a tree, and some instru-
ments may be capable of precise measurement from a
remote location through statistical, mathematical, and
optical processes (Celes et al. 2019). In particular, the
development of optical dendrometers pioneered this
change. The reviews by Brickell (1976), Grosenbaugh
(1963), Clark et al. (2000a) provide more detail about
the design, development, evaluation, history, and
guidelines for selecting optical dendrometers. One
type of indirect method, using photogrammetry tech-
niques based on optical and mathematical methods,
has been investigated for use in measuring tree diam-
eters. Marsh (1952) made perhaps the first attempt at
using a conventional camera to estimate tree diame-
ters and suggested that accuracy could be +63.5 mm
and +20.3 mm, respectively, when using oblique and
horizontal photos. Similar studies have described in-
direct methods for measuring upper stem diameters
(Ashley and Roger 1969, Bradshaw 1972, Takahashi et
al. 1997). The result of these studies indicated that the
accuracy of diameters obtained from the photographs
was promising. As technology has evolved, conven-
tional cameras have been replaced by digital cameras
that can produce high-quality images at a low cost,
and may facilitate more accurate and precise results
than film-based camera systems. Also, advances in
digital storage and computing power make it efficient
to store and process a large number of images (Juujarvi
et al. 1998, Dick et al. 2010). Hence, digital cameras
may be cost and time-effective and easy to use com-
pared to conventional cameras (Clarke et al. 1995,
Clark et al. 2000a, Clark et al. 2000b). Some studies
have already tested digital image-based methods for

estimating tree diameters. Juujarvi et al. (1998) pro-
posed a method to estimate tree diameter using digital
cameras, although a calibration plane was needed in
each picture to understand scale. Clark et al. (2000b)
also examined the use of a digital camera to assess oak
tree DBH in winter and indicated that tree diameters
could be estimated from 12 to 15 m +40 mm from a
tree.

The development of laser-based devices has also
enabled indirect measurement of both tree diameters
and heights. Several researchers have tested the ac-
curacy and reliability of the laser-based dendrometers
(e.g., Skovsgaard et al. 1998, Williams et al. 1999,
Kalliovirta et al. 2005, Weaver et al. 2015). Although
the studies suggest that consistent, accurate, and reli-
able results can be obtained from laser-based den-
drometers, it was observed that the distance from the
tree, the time needed for tree measurement, and the
familiarity with devices played significant roles in the
accuracy and reliability of the measurement of tree
DBH. Since previously the distance to a tree was mea-
sured manually, digital cameras have also been inte-
grated with laser instruments. Melkas et al. (2008)
used a laser camera to test the diameter measurements
under forest conditions. The accuracy of the diameter
measurements (standard error) ranged between 5 mm
and 7.6 mm depending on tree species. Vastantra et al.
(2009) compared laser-based field measurements in
obtaining tree-level forest data using three different
methods (Terrestrial Laser Scanner (TLS), Laser-relas-
cope, and laser camera). The laser camera achieved a
low standard error (8.3 mm) in DBH measurements
compared to the other two methods. Some portable
laser scanners, such as backpack LiDAR (Light Detec-
tion and Ranging) (Xie et al. 2019), and handheld laser-
scanning systems (Vatandaslar and Zeybek 2019),
have also been tested to measure tree DBH. These two
new systems can produce reliable and accurate results
in forestry inventory compared to direct measure-
ments, but the stability and the price of the devices
need to be taken into account.

Recently, digital cameras have become embedded
within smartphones, which have become the most
popular and rapidly developing computing device in the
last twenty years. Smartphones are relatively easy to use
and carry in the forest and can provide high-quality im-
ages at a low cost. Images obtained from smartphone
cameras have recently been employed for various mea-
surement purposes, such as estimating the chemical
properties of soil (Aitkenhead et al. 2020) and indoor
navigation and positioning (Yan et al. 2020). Celes et al.
(2019) evaluated indirect measurements of tree dia-
meter using images obtained from a smartphone camera
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Fig. 1 Location of study area and sample plots

(iPhone 4S) and digital camera (Sony CYBER-SHOT
model DSC_HX?7) in the Amazon forest. Two cameras
showed similar performance within a 1 cm confidence
interval. Some applications (apps) that use the smart-
phone camera have been developed to estimate tree
measurements in a forest sample plot or stand. For
instance, the Trestima app interprets images obtained
from the smartphone camera and assesses tree char-
acteristics such as diameter, height, and basal area.
Vastaranta et al. (2015) examined the accuracy of the
Trestima app when used in the boreal forest, and the
error for DBH measurements varied between 5.2% and
11.6% of DBH depending on the tree species, the num-
ber of the images collected, and image shooting loca-
tions. Another study by Siipilentho et al. (2016) com-
pared the accuracy and reliability of the same app for
determining stand-level characteristics within a bo-
real forest to airborne laser scanning methods (ALS)
and a conventional forest measurement process. The
results from the Trestima app produced the most

400 km

5025 0 50 100

accurate and reliable stand characteristics with the
smallest bias. Other similar forestry apps, such as
MOTI, have been developed and tested by researchers
(Molinier et al. 2016, Silva 2018). However, these apps
are often not freely available and are designed for
specific regions or tree species.

Within cellular phones, measurement apps that are
not explicitly designed for forestry uses have been re-
leased continuously, in accordance with advance-
ments in technology. Some of these are freely available
and claim they can easily measure any object. Based
on this new source of technology, this research project
had the objective of evaluating whether a measure-
ment app can feasibly be used as a dendrometer under
forest conditions. Hence, we designed a precision for-
estry study to assess the accuracy of tree DBH mea-
surements obtained using direct contact devices (cali-
pers) and indirect or remote devices (Apple Measure
app (using iPhone X) and laser caliper (Haglof Sweden
— Gator Eyes Laser Pointer)) operated at several
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distances from a tree. We further examined whether
data collected in different forest types might result in
significant differences in tree DBH measurements.

2. Methods

2.1 Study Area

The study area is located in the western Black Sea
Region of Turkey, in the center of Diizce Province
(40°3718” —41°06'58” N and 30°50"14” - 31°51"13" E),
and approximately 230 km east of Istanbul. Diizce
Province is relatively flat and surrounded by moun-
tains. The elevation of the city ranges from 100 m to
1800 m.

For this study, trees were measured in three differ-
ent forest types: pine, poplar, and oak forests. These
forests (Fig. 1) are usually used for field practices by
Diizce University, Faculty of Forestry, even though the
owners are different. The size of the plots was approx-
imately 600 m?, 700 m*, and 590 m* in the pine, oak,
and poplar forests, respectively. The plot in the pine
forest, which belongs to the municipality (planted for
public use), is composed of only maritime pine (Pinus
pinaster) and is placed on a southern aspect with a 25%

Table 1 Characteristics of forest types
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slope and an elevation of 285 m above sea level.
The plot in the oak forest, which is owned by Duzce
University, is comprised of Turkey oak (Quercus cerris).
The average slope and elevation of the plot is 30% and
285 m above sea level, respectively. The poplar plot is
located in a private industrial plantation forest com-
posed of common aspen (Populus tremula L.), on rela-
tively flat topography with a 150 m elevation. Each of
the forest types where these plots were located has
different characteristics (Table 1) that may directly or
indirectly affect the measurements. The different tree
species were selected to assess potential measurement
discrepancies due to differences in bark characteris-
tics, such as color and texture, and the amount of the
light that penetrates each forest as a function of the tree
density and canopy closure (Liu et al. 2001, Moran and
Williams 2002, Weaver et al. 2015).

2.2 Data

In addition to direct measurements of tree DBH
using a caliper, two indirect measurements were made
using a laser caliper and smartphone (Fig. 2). We eval-
uated the iPhone X (Apple Inc.), released in 2017,
which contains a 12-megapixel rear camera system
equipped with dual optical image stabilization and a

Forest type |Approximate age, years| Average height, m | Average diameter, cm| Stem count, trees/ha | Canopy closure, % | Basal area, m%ha
Pine 30 14 25.94 652 73 26.1
Oak 75 15 28.42 570 65 26.4
Poplar 7 18 23.62 900 78 279

| 5N
L

Fig. 2 Remote measurement devices that were used to measure tree diameters in the study
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14.7 cm (5.8 inches) super retina display. Within the
iPhone X, we employed a measurement app that was
released by Apple in 2018. The app can quickly esti-
mate the size of the object, and automatically detect
the dimension of rectangular objects. It also has a
level that can be used to optically straighten a vertical
object or level a flat surface. The app also allows users
to save an image of the measurement with a user-
friendly interface (Fig. 3). In this study, we also evalu-
ated the Haglof Sweden Gator Eyes (Haglof Sweden
AB) laser pointer for indirect tree DBH measurement.

# j’\'

Ala

This laser caliper is useful when there are obstacles
such as water bodies, understory, and windthrow that
make accessing the tree for direct measurement of
DBH difficult. Further, it can allow measurement of
upper stem diameter measurements and allow users
to make tree diameter measurements from a certain
distance (perhaps up to 40 m in daylight).

When collecting data to obtain statistical stability
and assess accuracy and precision, repeated measure-
ments are necessary. In this study, 35 trees were ran-
domly selected within each forest type to be measured.

Fig. 3 The view from smartphone app tree DBH measurement of a poplar tree (left) and a oak tree (right) at different distances
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Before starting the measurements of DBH outside the
bark at 1.30 m above ground, the DBH location was
marked on the trees with masking tape to make sure
that measurements with all devices were made at the
same place. The aim of marking the location of the
measurement is to reduce discrepancies among the
three DBH measurements of trees (Weaver et al. 2015,
Bozi¢ et al. 2020). During the study period, we visited
each tree once to collect all seven diameter measure-
ments. These seven diameter measurements included
six remote measurements using two different devices
(smartphone and laser caliper at distances of 0.5m, 1 m,
1.5 m from each tree) and one direct measurement
(caliper). All measurements were made along a con-
sistent line of sight from each tree. Therefore in each
forest type, we collected 35 measurements of tree DBH
from 7 different perspectives (direct, smartphone at 3
distances, laser caliper at 3 distances), for a total of 245
measurements within each forest type. In total, we col-
lected 735 measurements across all three forest types.
A single person used the laser caliper for laser caliper
measurement and direct measurement (as in Weaver
et al. 2015), and another person used the smartphone.
Therefore, the caliper measurements should not have
been impacted severely by variation in human cogni-
tion and performance, as was noted in Bozi¢ et al.
(2020), since only one person conducted these mea-
surements.

The data collected with the caliper (direct mea-
surement) and laser caliper (indirect measurement)
were recorded to the nearest 0.1 cm. However, the
smartphone measurement app was not able to mea-
sure the diameter to this precision. Thus, data col-
lected with the smartphone were recorded as an inte-
ger to the nearest cm (Fig. 3). The distances from each
tree were measured using a laser device (Leica Disto
D510 (Leica Geosystems AG)). After randomly select-
ing the first tree within each forest type and collecting
the seven diameter measurements, the next sample
tree was selected in a clockwise manner. If a tree was
positioned on a hill, we measured the tree from the
uphill side. The data were collected in the morning
and afternoon for pine, oak, and poplar forest type,
respectively, over three days (between mid-October to
early November 2019 when the trees still have the
leaves). At this specific time of the day, sun rays gener-
ate a consistent line of sight with the trees while col-
lecting data. Even though we did not evaluate the rela-
tion between light conditions and diameter
measurements, we wanted to assess the performance
of iPhone X and laser caliper while capturing the edge
of bright tree stems. Another study (Weaver et al. 2015)
suggested that light conditions were not significantly

correlated with the diameter measurement accuracy
of a laser caliper.

In this study, our primary interest was to evaluate
the difference between the direct caliper measurement
and the remote measurements made with laser caliper
and smartphone at a distance from each tree. Hence,
the direct caliper measurement was used as »true or
reference diameter« to estimate the deviation between
the direct measurement and the remote measurements
made with the laser caliper and smartphone for tree i
at a specific distance d in forest type j (Weaver et al.
2015).

DEV,4 = DBH,;; — DBH,y; (1)
Where:

DEV,y deviation in diameter values from the laser
caliper or smartphone DBH value for tree i at
a specific distance 4 in forest type ;.

DBH,; direct caliper measurement for tree i in forest
typej.

DBH,y represents the laser caliper or smartphone
DBH measurement for tree 7 in forest type j,
obtained at distance d and could either be
smaller or larger than DBH,,.

The deviation between direct caliper measure-
ments and distance d measurements in a forest type j
was expected to be normally distributed around zero,
representing no deviation. However, placing laser
lights precisely on the edge of each tree or capturing
the edge of the tree with the smartphone camera was
not easy due to a combination of bark and light condi-
tions (increase of surface brightness of the bark or
shadow effects within crevasses of the bark).

Analysis of variance (ANOVA) was performed us-
ing SPSS software (IBM Corp. 2013) on the deviation
between caliper measurements and remote measure-
ments to examine the effects of distance, dendrometer
types, and forest types. ANOVA is a well-known and
frequently used method to compare the means of more
than two groups to determine whether at least one
group mean was statistically different from the others
(Moder 2010, Allen 2017). Before performing the statis-
tical test, the assumptions of the ANOVA, which are
the normal distribution of data, independent samples,
and homogeneity of variance, were assessed. Six de-
viations were generated for each forest type (the differ-
ence between caliper and remote measurements
(smartphone and laser caliper)) at a distance. In total,
there were 18 deviations from three different forest
types. Also, a reference deviation was added as zero
for direct caliper measurements of thirty-five trees to
test which measurements have the mean deviation
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Table 2 Mean tree diameter and standard deviation of tree diameters by forest and measurement type

Pine forest Oak forest Poplar forest
Sample measurement
Mean, cm SD*, cm Mean, cm SD*, cm Mean, cm SD*, cm
Caliper—0m 25.13 6.52 27.70 6.43 22.92 5.80
iPhone —0.5m 22.63 5.26 25.60 5.72 20.66 484
iPhone —1m 24.34 5.98 26.66 6.15 21.66 5.21
iPhone — 1.5 m 24.83 6.21 27.34 5.83 21.86 5.42
Laser caliper — 0.5 m 2413 6.72 26.36 6.30 21.66 5.75
Laser caliper—1m 24.09 6.57 26.30 6.34 21.73 5.96
Laser caliper — 1.5 m 24.06 6.64 26.28 6.27 21.55 5.85

*Standard deviation

close to zero (true or reference measurements). Then,
we tested whether each set of laser caliper and smart-
phone measurement deviations for a specific distance
d was normally distributed. According to Kolmogorov-
Smirnov, Shapiro-Wilk, Skewness and Kurtosis tests,
and Histogram and Q-Q plots, sets of deviations for all
cases (18) were normally distributed.

Except for homogeneity of variance, which was de-
termined using Levene statistical test, the results indi-
cated that the equal variance assumption was not met
(p<0.05) (Levene 1960). The two assumptions for the
ANOVA test, normal distribution of data and indepen-
dent samples, were met in our study. However, when
the sample size is large and equal, the validity of the
ANOVA is minimally affected by violations of the as-
sumptions of homogeneity of variance (Moder 2010,
Weinberg and Abramowitz 2016, Allen 2017). Thus, an
ANOVA test was performed in the study to determine
whether the deviations between direct diameter read-
ings from a caliper (a reference or true measurements)
and indirect measurements from two remote den-
drometers (laser caliper and smartphone) at a specific
distance and among three different forest types were
significantly different (p=0.05). If a significant differ-
ence was observed, Dunnett’s C test (Dunnett 1980,
Day and Quinn 1989, Shingala and Rajyaguru 2015)
was performed at p=0.05 level for pairwise compari-
sons between the set of direct diameter measurements
and each of the 18 sets of indirect measurements.

3. Results

The mean DBH measurements within the three for-
est types and the related measurement processes
(Table 2) suggested that tree DBH values measured

using the caliper (direct measurement) were larger
than the measurement of DBH assessed using the two
remote dendrometers regardless of the distance from
a tree. Also, it seems that the average diameter esti-
mated using the smartphone produced values closer
to reference diameter (direct caliper measurement)
when positioned farther away from the tree within
each forest type. On the contrary, the difference be-
tween the mean diameter measured using a laser
caliper and reference diameter tended to increase the
farther one moved away from the tree within each for-
est type, except for the poplar forest. Even though the
size of trees in each forest type was relatively similar,
measurements from the poplar forest exhibit lower
variation than measurements from the pine and oak
forests (Table 2). This trend can be noticed in the direct
measurement (caliper — 0 m), suggesting that tree DBH
values were more similar in the poplar forest than in
the other two study sites. Interestingly, smartphone
measurements always had smaller variations com-
pared to DBH measurements collected with other den-
drometers, across all forest types.

When comparing the deviation in diameters with
the caliper measurements (0 m) within each forest
type, the results indicate that all remote measurements
seem to underestimate tree diameter (Fig. 4). The laser
caliper measurements show a noticeably larger
amount of variation in diameter values than the smart-
phone measurements for individual trees, across all
forest types, in particular measurements in the pine
and oak forests as compared to those in the poplar
forest (Table 2). The deviation values (from the reference
DBH) tend to decrease slightly the farther one moves
away from a tree when using the smartphone. In ad-
dition to this, we observed that the mean deviation of
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direct caliper measurement and smartphone measure-
ment at 1.5 m within the pine forest (Fig. 5) and the
mean deviation of direct caliper measurement and
smartphone measurement at 1.5 m in the oak forests
were the lowest (0.3 cm and 0.36 cm, respectively).
Interestingly, deviations between direct caliper mea-
surements and smartphone measurements at a 0.5 m
distance, across forest types, were noticeably larger
compared to others, and all deviations in the poplar
forest were larger than 1 cm.

The results of ANOVA performed on computed
deviations indicated that there were statistically sig-
nificant differences (p<0.05) between tree DBH mea-
surements obtained from the direct caliper measure-
ments and indirect measurements (smartphone and
laser caliper) captured at a distance. It was assumed
that the deviations between direct and indirect mea-
surements would equal to zero regardless of the dis-
tance and forest type. However, the statistical test re-
sults indicated that at least one set of deviations were
not equal to zero. Thus, we rejected the null hypoth-
esis.

Based on this statistical test result, post-hoc tests
were performed to examine which set of estimated
deviations (difference between direct reference mea-
surements and indirect measurements of the two den-
drometers/distance/forest type sets) was significantly
different from the reference data. According to the
homogeneity of the variance test result (Levene Statis-
tic), an equal variance was not assumed (p<0.05).
Hence, due to the large and equal number of sample
sizes, Dunnett’s C test was performed at p=0.05 level
for pairwise comparisons using the estimated devia-
tion (the difference between reference deviation (zero)
and computed deviations obtained from direct caliper
measurement and two remote dendrometers measure-
ments). When examining the result of Dunnett’'s C
pairwise comparison at a distance within a pine forest,
significant differences were observed between direct
measurements and laser caliper measurements at all
tree distances. However, no significant difference was
observed at 1 m and 1.5 m distances when using the
smartphone. Therefore, mixed results were found
from measurements collected in the pine forest. Also,
tree DBH measurements were compared between the
two indirect dendrometers at all distances using the
deviation as the test statistic. These test results showed
that samples measured using smartphones and laser
calipers at a distance were not significantly different
from each other, except in the case of the samples ob-
tained from the smartphone at a 0.5 m distance.

When examining the difference between direct
measurements and the sets of indirect measurements
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Fig. 4 Box-and-whisker plot of the deviation in tree diameters when
compared to the 0 m (direct) caliper measurements
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Fig. 5 Mean deviation of tree diameters by forest and measurement type. (1 indicates reference deviation zero (0 cm) from direct measure-
ment. 2, 3 and 4 are deviations at 0.5 m, 1 m, and 1.5 m by iPhone in pine forest, respectively. 5, 6, and 7 are deviations at 0.5 m, 1 m, and
1.5 m by laser caliper in pine forest, respectively. 8, 9 and 10 are deviations at 0.5 m, 1 m, and 1.5 m by iPhone in oak forest, respectively.
11,12 and 13 are deviations at 0.5 m, 1 m, and 1.5 m by laser caliper in oak forest, respectively. 14, 15 and 16 are deviations at 0.5 m, 1 m,
and 1.5 m by iPhone in poplar forest, respectively. Finally, 17, 18 and 19 are deviations at 0.5 m, 1 m, and 1.5 m by laser caliper in poplar

forest, respectively.)

within the oak forest, we rejected the null hypotheses
for the samples obtained at all distances when using
the laser caliper and when using the smartphone at a
0.5 m distance. In the case of the pine forest there were
no significant differences between direct caliper mea-
surements and measurements obtained at 1 mand 1.5m
when using the smartphone. In addition, when com-
paring tree diameter measurements obtained from
two remote measurements at a distance, there was no
significant difference between smartphone and laser
caliper within the oak forest.

When examining differences between direct mea-
surements and remote measurements (smartphone
and laser caliper) within the poplar forest, we rejected
the null hypothesis for both remote dendrometers
(smartphone and laser caliper). This suggests that tree
DBH measurements obtained from two remote den-
drometers at a distance (0.5 m, 1 m, and 1.5 m) were
significantly different from the direct measurements.
In comparing the set of tree DBH values between the
two remote dendrometers, we found mixed results.
The tree DBH measurements using the smartphone at
a 0.5 m distance were significantly different from the
tree DBH measurements obtained by the smartphone
at 1.5 m and from the laser caliper at a 1 m distance.
However, all other sets of samples DBH measure-

ments were not significantly different when the de-
viation values were compared.

While assessing differences between forest types,
the deviation between direct and indirect measure-
ments (smartphone and laser caliper) was also used
as the test statistic. Interestingly, when comparing the
deviation values at all distances when using either re-
mote measurement device, there was no significant
difference among the pine, oak, and poplar forest
types. For a given distance from a tree, both devices
tended to behave in a similar manner regardless of the
forest type.

4. Discussion

The study aimed to evaluate the reliability of re-
mote dendrometers for tree DBH measurements, an
essential parameter in forest inventory, used to esti-
mate the economic value of trees, stands, and forests.
From our results, the type of dendrometer selected for
indirect tree DBH measurement can affect the accuracy
of a forest inventory. This is important since, with re-
cent technological development, the forestry field may
be shifting from conventional dendrometers (calipers,
tapes) to new measuring equipment such as laser cali-
pers, digital cameras, and smartphones. The intent of
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this shift is to improve the accuracy of an inventory and
reduce time and cost spent on the data collection pro-
cess. However, the effect of biased estimates of basic
forest measurements on the overall value of a forest
enterprise should be considered in these transitions.

In our study, a direct measurement of tree DBH was
compared with indirect measurements within different
forest types at three different distances. All remote den-
drometer measurements seemed to underestimate the
tree DBH values according to our results. Also, the use
of the smartphone tended to result in a considerably
larger amount of variation across forest types, particu-
larly when used relatively close to a tree (0.5 m), per-
haps due to the perspective observed by the devices.
When using a camera, distances further away from a
tree will allow a better determination of the appropri-
ate sides of a tree on which to determine DBH. As we
showed, the mean tree diameter and the deviation es-
timated from smartphone measurements were often
closer to the mean diameter value of direct caliper mea-
surements and reference deviations (0) when moved
further away from the tree. This finding is in contrast
to the Takahashi et al. (1997) study that indicates that,
when the distance to the tree increases, measurement
error from the camera tends to become larger. How-
ever, the mean tree diameter and the deviation esti-
mated when using the laser caliper produced DBH
values closer to the direct caliper measurements when
used nearer to the trees. Our finding is similar to recent
results of Weaver et al. (2015) study, where a slight
increase in the variation of laser caliper measurement
was found moving farther away from a tree. Some of
the variations in laser caliper measurements might re-
late to human-caused error; the laser caliper requires
more skill and attention to detail than a smartphone.
Some sources of error when using the laser caliper in-
clude not always holding it at the appropriate height,
not pointing precisely to the edge of a tree, or visibility
issues associated with the edge of a tree.

The results of this study indicated there were sig-
nificant differences in tree DBH measured directly us-
ing a caliper and using both laser caliper and smart-
phone at a distance. Our study was conducted in three
different forest types (pine, oak, and poplar forest).
Measured trees in the poplar forest had lighter bark
color and smoother surface compared to the trees in
pine and oak forests. The trees in the oak forest also
had a darker color and rougher structure than the trees
in the other forest types. These conditions may have
affected the ability to point to the edge of a tree with a
laser caliper, and to the ability to capture an image of
the edge of a tree with a smartphone camera. At times,
we observed that the light of the laser caliper could not

be adequately seen, or the edge of a tree could not be
captured appropriately by the smartphone on the
marked tape (which is white and red) due to bright-
ness issues. Hence, during the laser caliper data col-
lection process, we first targeted a part of a tree stem
which was darker than the tape, then moved the laser
positions onto the tape. Although Weaver et al. (2015)
found that there was no significant correlation be-
tween light conditions and the accuracy of DBH mea-
surements determined by a laser caliper, we observed
in our work that very localized light conditions involv-
ing the color and brightness of the bark of trees may
have had an impact on remotely obtained tree diam-
eter measurements. These light conditions are also
related to nearby obstructions and the condition of
each tree (reflectance from the bark). Finally, although
the trees in our study were marked with a tape at the
DBH height, the research site conditions were as real-
isitic as possible. The trade-off between operational
practicality and research rigor is often a struggle, as
research requires methodology that maintains the pre-
cision of the repeatable measurements. Thus marking
the point on each tree where DBH was repeatedly
measured on each tree was important, as noted in
other works (Weaver et al. 2015, Bozi¢ et al. 2020) even
though this is not typical in practice.

We further analyzed whether different forest types
might cause a difference in the measurement of tree
DBH using the same dendrometer at the same dis-
tance. For example, the estimated deviation (direct
caliper measurements smartphone measurement) at
0.5 m in the pine forest was used in the pairwise com-
parison test along with an estimated deviation at 0.5 m
in the oak forest and an estimated deviation at 0.5 m
in the poplar forest. The results showed there was no
significant difference in indirect measurements at any
distance across forest types. However, when the two
remote dendrometers were compared to themselves
(at different measurement distances) and each other
within each forest type, some interesting results were
observed. Samples measured at any distance using the
smartphone or laser caliper were generally not differ-
ent than samples collected by these devices at the same
distance across forest types. Nevertheless, differences
were observed between devices/distances within the
pine and poplar forest types. Like the previous line of
discussion, both distances to tree and bark character-
istics of trees (color, textures) may have a combined
impact on the measurement of tree DBH within and
among the forest types, rather than these acting sepa-
rately (Williams et al. 1999, Clark et al. 2000a).

As one of the dendrometers in the study uses an
image to determine tree DBH measurements, it is
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necessary to take in account the quality of the image,
which is related to technical specifications of the
smartphone camera, and the sharpness of an image.
With a 12-megapixel rear camera system and dual op-
tical image stabilization, the smartphone seems to be
capable of capturing a high-quality image. However,
technology continues to advance, and in the feature,
one should expect even greater quality from these de-
vices. According to results of the pairwise comparison,
we observed that tree DBH measurements using
smartphones at 1 m and 1.5 m distances produced sta-
tistically similar results as direct caliper measurements
in both pine and oak forest. Celes et al. (2019) reported
that using the smartphone camera to measure tree di-
ameter produced similar results as other regular digi-
tal cameras, even though the image quality of a smart-
phone was not as good as one from a conventional
digital camera. With the exception of capturing an
image too close to a tree, our study seems to be consis-
tent with others that have indicated that the use of a
smartphone app in the measurement of tree attributes
may facilitate rapid and adequate measurements with
low error (Vastaranta et al. 2015, Molinier et al. 2016,
Siipilehto et al. 2016).

In general, we observed that remote dendrometers
(smartphone and laser caliper) underestimated the
mean diameter compared to direct caliper measure-
ments. On the other hand, we also noted that indirect
tree DBH measurements using smartphones resulted
in no statistical difference from direct, reference tree
DBH measurements in certain forest types (pine and
oak) and when captured at certain distances from a
tree (1 m and 1.5 m). Further, laser calipers may still
be useful for measuring tree attributes in areas covered
with dense understory, where direct measurement or
images collected by smartphones are not possible. The
results of our study suggest that the use of the smart-
phone app to measure the DBH of a tree may be a
practical alternative to direct measurement, which
may be a positive development for forestry due to the
increase in the use of smartphones and the availability
of a free measure app.

5. Conclusions

The number of smartphone users continues to in-
crease, as does the quality of smartphone technology.
The extensive use of smartphones in our daily lives
has prompted a new area of utilization of technology,
as they are relatively easy to carry and almost always
within reach of people. These technologies have begun
to be integrated into forest inventory processes, so it
isnecessary to make assessments of their accuracy and

precision. In this study, we evaluated the accuracy of
remote dendrometers to measure tree DBH. In par-
ticular, we assessed the concept of using a freely avail-
able smartphone measurement app, which is not de-
signed for forestry applications, as a remote
dendrometer. In general, we found that indirect mea-
surements from remote dendrometers tend to under-
estimate the mean tree DBH regardless of forest type
and distance at which they are used. However, the
most critical findings from the pairwise comparisons
were that tree DBH measurements using the smart-
phone app at 1 m and 1.5 m distances within pine and
oak forests were not significantly different from direct
reference measurements. Also, when comparing the
smartphone measurements to laser caliper measure-
ments, our test results mostly indicated no significant
difference within each forest type, except for measure-
ments using the smartphone app at 0.5 m across forest
types, perhaps due to the perspective of the devices.
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