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Abstract. Rinnamang S, Sirirueang K, Supavetch S, Meunpong P. 2020. Estimation of aboveground biomass using aerial
photogrammetry from unmanned aerial vehicles in teak (Tectona grandis) plantation in Thailand. Biodiversitas 21: 2369-2376.
Thailand is one of the best teak planting locations in the world. Teak (Tectona grandis Linn.f.) is one of the most species planting and a
significant source of high-value timber in Thailand. For plantation management, biomass is one of the important factors while
determining the production of a plantation and also for sustainable forest management. Unmanned Aerial Vehicles (UAV) have the
ability to produce 3D RGB digital images which can be used to study the plantation characteristics. This study aimed to use aerial
images and photogrammetry techniques derived from unmanned aerial vehicles (UAV) to estimate teak biomass in Thong Pha Phum
plantation, Kanchanaburi Province, Thailand. We conducted our study on 15-and 36-year-old teak stands, and compared the tree
dimension between data obtained from field measurement and that from aerial images and photogrammetry techniques. In the 15-year-
old stand, the average tree height estimated from the UAV and ground-truthing were 12.34 and 13.06 m, respectively. In the 36-year-old
stand, the average tree height from the UAV and ground-truthing were 28.87 and 29.39 m, respectively. We found that in both stands,
the difference between data generated from the UAV and ground-truthing data was not significant (p-value = 0.07 and 0.306,
respectively). There was also a strong correspondence between tree height estimated from the UAV and that measured on the ground
which is indicated by the high R? (i.e. 0.70 and 0.64 for the 15-and 36-year-old stands, respectively). Using UAV generated data, the
total biomass of 15-and 36-year-old stands was estimated to be around 42.07 t ha! and 67.13 t ha, respectively. The overall results

suggest that UAV can be used as an effective tool to survey and monitor stand’s productivity in teak plantation.
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INTRODUCTION

Forest inventory is an important process to collect
information that can be used in planning and management
operations for sustainable utilization of forest resources
(Otero et al. 2018). Above-ground biomass is one of the
most common parameters used to measure forest
production and through which, the volume and carbon
stock of the stand can be estimated (Somogyi et al. 2006).
Forest stand biomass can be calculated by using allometric
equations and dimensions of trees, such as the diameter and
total height (Edson and Wing 2011, Durkaya et al. 2013).
However, manual measurement of the tree dimensions can
be arduous and time-consuming, with some areas being
difficult to access (Navarro et al. 2019). Therefore, remote
sensing (RS) techniques such as satellite imagery, LiDAR,
or aerial photogrammetry have been developed to estimate
the forest biomass (Jayathunga et al. 2018).

Recently, Unmanned Aerial Vehicle (UAV) technology
has been widely used for studying the forest structure
(Aicardi et al. 2017, Addo et al. 2017, Shahbazi et al.
2014). UAV photogrammetry can provide high-resolution
digital images at local scales. The advantages of UAV are
low-cost, surveying large areas while saving time, and

ability to access areas that may be hard to survey (Tang and
Shao 2015, Webster et al. 2018). Digital photogrammetry
generated from UAV imagery can provide 3D data, which
can be used to measure tree height data. This data can be
used in the estimation of forest production parameters, such
as volume, biomass, and carbon stocks (Lim et al. 2015,
Lisein et al. 2013, Zarco-Tejada et al. 2014). Using UAV
imagery, tree height estimates can be derived from a
canopy height model (CHM) by subtracting a digital terrain
model (DTM) from a digital surface model (DSM)
(Panagiotidis et al. 2017).

Teak (Tectona grandis Linn.f.) is a light-demanding
species with a rounded crown, large leaf, and long clear
bole, and it is able to resist fire (Koonkhunthod et al. 2007,
Meunpong 2012). It is an important commercial tree with
highly valued timber (Warner et al. 2017). Teak has
various types of utilization depending on log size and tree
age. The rotation length of teak plantation in Thailand is 30
years with 183.75 m® ha? timber volume (Royal Forest
Department 2010).

In Thailand, teak has been planted extensively in the
Northern and Western regions of the country. The Forest
Industry Organization (FIO) is a government state
enterprise belonging to the Thai Ministry of Natural
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Resources and Environment (MNRE). Throughout
Thailand, FIO has 245 plantations (184,000 ha) dominated
by teak (80,000 ha) and fast-growing exotic species such as
Eucalyptus spp. One of the aims of FIO is to issue standard
certification for sustainable forest management practices
(Forest Industry Organization 2016). In 2018, teak
harvesting area of FIO was 4,924 ha and gained US$16.72
million from 67,495 m? timber production (Forest Industry
Organization 2018a). FIO’s tree census was done every
year in 0.15 ha (3 plots of 0.05 ha circular plot) per age
class. Therefore, data acquired from small areas of census
plots were converted to inaccurate total timber production.
Furthermore, many errors of data will occur with unskilled
staff. Moreover, the forest inventory of FIO proceeded by
local officers take a lot of time and spend a lot of budgets.
The objective of this study was to quantify teak biomass
using UAV imagery and photogrammetry processes.

Sampling Sites
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MATERIALS AND METHODS

Study area

The study area is located in the Thong Pha Phum
plantation in Kanchanaburi Province, Thailand (Figure 1).
The plantation belongs to the FIO, which has been planting
trees to be used in timber production since 1978. This
extensively managed plantation is one of the largest
plantations in the Western region, and was, therefore, a
suitable area for such a study. The plantation area is
dominated by teak stands, covering an area of 2,372 ha or
71% of the total area. The elevation of the plantation is
around 400 m asl (above sea level) with the annual rainfall
ranges between 1,600 and 2,000 mm year?!. This area
originally was a mixed deciduous forest, and thus bamboo
is also found in the plantation (Forest Industry
Organization 2018b).
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Figure 1. Map of study area in the Thong Pha Phum plantation
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Data acquisition

We selected 2 stands of different ages: i.e. 15-year-old
stand (148 ha in total) with the thinning cut for timber
production, and 36-year-old stand (90 ha in total) for the
final harvest. All the trees were planted at a spacing of 4 m
x4 m for profitability and efficiency of the management of
the teak plantation at sites of medium and poorer quality
(Noda and Himmapan 2014). In Thailand, very few studies
on forest inventory and timber production by using UAV.
Therefore, this present study tries to develop the guidelines
for estimating teak yields by using data acquired from
UAV. The results can be used for plantation management
of FIO at acceptable cost. The number of sample plots was
determined as 0.5 percent of total production area in each
stand, and the plots were randomly located (Viriyabuncha
et al. 2001). Each plot had a size of 40 m x 40 m, it resulted
in 5 and 3 of sample plots at the 15-and 36-year-old stand,
respectively. The coordinates of these plots were recorded
at each corner of each plot by using a Garmin ETREX
Vista Cx handheld GPS. All the trees in sample plots were
measured for their diameter at breast height (DBH) using a
diameter tape (Lufkin Executive Thin line), total height
using a digital altimeter (Haglof Vertex Laser Geo), and the
coordinates of each tree using a handheld GPS. Aerial
images were taken by using a DJI Phantom 4 Pro multi-
rotor UAV with a 20M pixel CMOS sensor and RGB
camera. The altitude of each flight was set between 100
and 170 m, depending on the height of the trees. The front
overlap was set to be 80% of an image and 70% of side
overlap using Pix4D Capture software (Thomkrajang
2017).

Data processing

Aerial images were processed by using the Pix4D
software to create a DSM, DTM, and an Ortho-image for
quantifying the tree height (Lim et al. 2015; Zainuddin et
al. 2016). Thereafter, an Ortho-image was used to position
the center of the crown by using photogrammetry processes
in Python language. In the Ortho-images, the natural-color
imagery was blurred for smoothing the edge of each pixel
and reducing some noise or reducing the effect of oddly
colored dots in the images caused by small branches and
their shadows within the crown (Pitkdnen et al. 2004).
After that, the colored images were converted into gray-
scale images by subtracting the green and red bands from
the RGB image. Threshold values were determined for
changing the gray image into a binary image where white
represented the tree crown and black pixels represented the
ground. We used watershed-segmentation algorithm to
delineate a tree crown boundary in the binary image for
separating individual tree crowns (Kaartinen et al. 2012).
After the tree crown boundaries were constructed, the
contour lines were established through the image moment
algorithm to calculate the center and radius of each tree
canopy. Thereafter, the individual radius of a given canopy
was represented as the number of pixels. Crown cover of
each tree was calculated by multiplying the number of
pixels with the Ground Sampling Distance (GSD). Tree
height was derived from the CHM. CHM was calculated by
subtracting the DSM from the DTM by using Quantum
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GIS (Khosravipour et al. 2015; Mohan et al. 2017). Tree
heights were calculated from the raster layer which used
the highest pixel values within a polygonal vector layer of
the crown by Zonal Statistics plugin in QGIS (Panagiotidis
et al. 2017).

Ground truthing of DBH, total height, DBH-height
frequencies, tree density (tree ha), and stem basal area (m?
hal) was calculated by using the inventory data from
sampling plots. Linear regression analysis was used to
determine the relationship between tree height obtained
from ground truth and photogrammetry. Tree height was
then used as a prediction variable to calculate the DBH of
each tree detected in Ortho-image by using a non-linear
regression model to determine the relationship between
total height and DBH from ground-truthing data. Finally,
the individual total height and DBH derived from the
regression model were used to calculate the Above Ground
Biomass (AGB), which was estimated based on the
allometric equations reported by Diloksumpun et al.
(2011), who studied the same plantation area (Table 1).
The wvarious steps and processes undertaken in the
estimation are shown in Figure 2.

RESULTS AND DISCUSSION

Stand characteristics of the 15-and 36-year-old teak stands

The 36-year-old teak stand had a larger variation in the
DBH and height compared to the 15-year-old stand (Figure
3) due to differences in growth rate of individual trees
remaining in the mature stand. In addition, this plantation
used a selective thinning by removing all small trees which
resulted in uncertain tree growth pattern of remaining stand
(Pe’rez and Kanninen 2005). Moreover, the variations in
diameter and height of teak depend on-site quality
(Koonkhunthod et al. 2007). Our results showed that that
the 15-year-old teak stand had a higher density of trees
when compared to the 36-year-stand. However, the basal
area of the older stand was larger than the younger stand
(Table 2). Difference in tree density was found when
compared to Diloksumpun et al. (2011) who studied in a
similar area (Table 2) using difference plot size (60 m x 60
m). A similar result was reported by Thongfak (2012), who
also studied such stands in Thong Pha Phum plantation and
found that when teak stand became mature, the stand
density was decreased and the tree became larger relative
to the younger stands.

Table 1. Allometric equations for the estimation of teak biomass
in Thong Pha Phum plantation, Kanchanaburi Province (n = 21)
(Diloksumpun et al. 2011).

Tree part Equation R?

Stem 0.0201 (DBH? Hp) 09781 0.9946
Leave 0.004 (DBH? Ht) 08916 0.8271
Branch 0.0047 (DBH? Ht) 08876 0.6911
Total 0.0251 (DBH? Ht)?9%! 0.9937

Note: DBH = Diameter at breast height (cm), Ht = Total height of
tree (m)
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Figure 2. Workflow implemented in this study representing the analysis and output

Ortho-images and tree height of 15-and 36-year-old
teak plantation

We acquired 370 images at the 15-year-old stand with a
2 cm GSD and 741 images at the 36-year-old stand with a 5
cm GSD. For each stand, an RGB ortho-image was
generated by using the Pix4D software to identify
individual trees in each sampling plot and in the whole
area. The Ortho-image was then converted into blur-gray
image, binary image, and a segmentation process,
respectively, to separate each tree crown (Figure 4). The
accuracy of successfully identifying trees using
photogrammetry processes of Ortho-image was 92% and
83% for the 15-and 36-year-old stands, respectively. The
stand with homogeneous trees and sparsely distributed
trees provided a higher level of tree detection. Grznarova et
al. (2019) found a detection rate of 95 % in coniferous trees
and 71% in deciduous trees using Watershed Segmentation
method. For our results, trees with double main canopies,
small replanted trees, and trees that occurred in the shadow
of canopy of adjacent taller trees could not be detected.

The total tree height was compared between the
ground-truthing and photogrammetry data. For this study,
we considered only those trees which occurred both in
UAV images and trees found in the study plots. In the 15-
year-old stand, the average total height from ground-
truthing was 13.06 m (7.57-17.70 m) compared to 12.34 m
(8.34-16.71 m) from the photogrammetry techniques.
However, there was no significant difference (p-value =
0.07) between both data sets. In the 36-year-old stand, the
average tree height was 29.39 m (25.47-32.70 m) and 28.87
m (24.01-32.08 m) as obtained from the ground-truthing
and photogrammetry, respectively. There was a non-
significant difference (p-value = 0.31) between these data
sets. However, the total height from ground-truthing
seemed to be higher than the data derived from the UAV

images (Figure 5) because of the uncertainty in DTM due
to highly dense crown and bamboo clumps. The dense
canopy has limitations to identify the ground points for
adequate quality DTM creating in the forest stands
(Grznéarova et al. 2019, Zarco-Tejada et al. 2014). Other
studies by Otero et al. (2018) in mangrove forest found a
significant difference of 1.3 m when comparing the height
between the ground-truthing and the CHM data when
considered only the trees from the upper canopy in the
productive zone of the mangrove forest. The tree height
estimate tends to overestimation due to the inconsistency
and inaccuracy of using the instrument when measuring the
tree height (i.e. Haga Altimeter), and because of the
creation of CHM that was the acceptable error of estimates
from the UAV (Otero et al. 2018).

A linear regression model was constructed to determine
the relationship between tree height derived from
photogrammetry (h) and ground truth data (h’) of the 15-
and 36-year-old stand. Figure 6 shows that a better
correspondence was found between h and h’ in the 15-year-
old stand compared to the older stand. Panagiotidis et al.
(2017) found a strong relationship between the UAV
estimated and the field measured tree heights with ranges
of R? 0.72-0.75 in a temperate forest in the Czech
Republic. Anyway, mature trees had the ranges of variation
between the estimated height from UAV and ground truth
data wider than the younger trees.

Teak biomass estimation

The DBH and total height of trees estimated from
ground-truthing were fitted using non-linear regression
models and then were used to estimate the standing
biomass. In the 15-year-old plot, a clear trend with a higher
correlation coefficient (R> = 0.62) was obtained when
compared to the older stand (R? = 0.52) (Figure 7). All tree
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heights in each study area derived from UAV images were
used for determining the diameter of each tree. After that,
DBH and height were used as parameters in biomass
equation (Diloksumpun et al. 2011). The total biomass of
15-and 36-year-old stand based on the UAV data was 42.07
and 67.13 t ha?, respectively. On the other hand, derived
from ground-truthing data, the total biomass of the 15-year-
old was 41.50 t ha™ and 84.28 t ha™ in the 36-year-old,
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respectively. The number of identified trees and tree
heights through photogrammetry processes greatly affected
the biomass estimation in both stands. Therefore, some
other tree species were added to the results due to unclear
objects and inaccurate species identification. In the 15-
year-old stand, the other species (e.g. bamboo) which
higher of total height than teak were removed before teak
biomass estimation.

36 year old
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DBH frequency of the 15- (left) and 36-year-old (right) stands

Figure 4. Photogrammetry processes: A. Ortho-image; B. Single band image; C. Binary image; D. Delineation crown of teak image;

and E. Center position and canopy cover
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Table 2. Tree density, tree height, DBH, basal area and teak biomass (t ha™) of 15 and 36 years stand in this study and other studies

Stand Ground truth data Total biomass
age Treedensity Treeheight DBH (cm) Basalarea Total biomass base on UAV data References
(year)  (tha™) (m) (m? ha™) (tha™) (t ha™)
15 455 13.1+£0.3 17.2+0.6 10.5 41.50 42.07 This study
614 17.9 17.27 - 81.32 - (Diloksumpun et al. 2011)
120 29.4+£04 41.4+13 16.3 84.28 67.13 This study
36 252 14.14+1.68 28.42+2.56 - 73.57 - (Kongmeesup and

Boonyanuphap 2019)
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However, the teak biomass in the 15-year-old stand was
lower than that reported by Diloksumpun et al. (2011) who
also studied the 15-year-old stand in the same study site.
Kongmeesup and Boonyanuphap (2019) reported the
comparable results of total biomass from a 36-year-old
stand in the lower northern part of Thailand (Table 2).
Although, the size of tree of that report was slightly
different from our study, the tree density was significantly
different. Therefore, the total biomass of both sites was
comparable. The difference in tree size could be due to
difference in site quality in each stand. The area of our
study had higher annual rainfall than the lower northern
part of Thailand (1748.8 mm year), which would affect
the growth rate of teak. However, in general, an increasing
trend of biomass with age, tree density, site quality, and
also tree size has been reported (Chaturvedi and
Raghubanshi 2015, Perez and Kanninen 2003).
Uncertainty in data collection also resulted in a higher error
of biomass, for example, manual Haga altimeter is likely to
produce higher error than digital altimeter (Otero et al.
2018).

From our point of view, UAV was able to obtain
rapidly and accurately the vegetation structure data and
explore the whole area of the production area in the
plantation. The rotary-wing UAV had the ability for take-
off and landing vertically, so the user can operate within a
smaller vicinity. The photogrammetry process can be used
to estimate the biomass of teak automatically which can
save time and cost also, facilitating more frequent
monitoring at each age stand. On the other hand, UAV
imagery did not include ground control point (GCP) data,
which is used to correct the errors related to coordinate
location of each tree. The tree location acquired from
handheld GPS was difficult to match with the location of
the same tree derived from UAV images. This issue can be
solved by using GPS receiver running in RTK (real-time
kinematic) mode or the azimuth-distance from the

reference point to specify tree location (Zarco-Tejada et al.
2014, Grznérova et al. 2019). Lastly, for better results,
aerial photography should be done in different seasons, for
e.g. during dry season, to detect terrain and in rainy season,
to detect the full leaf canopy. Furthermore, flight plans
should have the GCP to increase the global accuracy of
drone maps.

In conclusion, this study attempted to estimate the teak
biomass using high-resolution imagery from UAV with
photogrammetry processes. The RGB imageries derived
from UAV with flight altitude of 100 m for the 15-year-old
stand and 170 m for the 36-year-old stand resulted in
sufficiently high-resolution images (GSD 2 and 3 cm,
respectively) and could be used to generate a digital surface
model (DSM) and digital terrain model (DTM) to construct
the canopy height model (CHM). Tree height estimation
from CHM was a close correspondence with ground truth
data. The Ortho-images were used to detect all trees
coordinates. Such photogrammetry techniques had more
accuracy in identifying trees in younger stand (92%)
compared to the mature stand (83%). The tree height and
biomass estimated from the UAV data showed more
accurate results when compared to the results from field
data. Furthermore, the use of rotary-wing UAV with
photogrammetry processing is continuously increasing and
developing. This technique can be flexible, low cost, and
acquire acceptable error data. Therefore, UAV has the
potential to acquire data that can be used for assessing
forest production instead of traditional ground surveying.
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