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Abstract Tree height is one of the key parameters in forest plantations that plays a 
crucial role in estimation of above-ground biomass (AGB) of trees and stands. The 
parameter may be obtained by different methods from airborne remotely sensed datasets 
such shadow length of each tree individual or crown height models (CHMs). However, 
tree height estimation based on shadow length might be biased considering diverse 
topography of forest sites. Therefore, this study aims to develop a reliable method to 
estimate tree height in a plantation forest using shadow length on UAV imagery. First, 
heights of 151 pine (Pinus eldarica) trees were precisely measured in Pardisan Park, 
North Khorasan province, Iran. Additionally, a collection of images was captured by a 
Phantom 4Pro UAV in order to illustrate the study area. Then, two different approaches 
were considered to estimate the height of trees. In the first approach, tree heights were 
estimated based on shadow length on the UAV orthomosaic and correcting the effect 
of slope. The second approach considered the UAV-based CHM and height estimation 
using CHM segmentation and local maximum filtering. The results showed that tree 
heights estimated by the first approach were not significantly different from the in-
situ data (p=0.298). Furthermore, the heights estimated by the slope corrected shadow 
length showed higher precision compared to the heights estimated by the shadow length 
without slope correction (Relative root mean squared error, RRMSE 5.6% and 8.2% 
respectively). However, the heights obtained from the first approach were less precise 
than the second approach (RRMSE 5.6% and 4.2% respectively). In general, it was 
concluded that height estimation of pine trees based on shadow length after correction 
of slope effects can be considered as a reliable approach, although CHM is more 
efficient in estimating the tree heights. The findings of this study are applicable for 
height estimation of pine trees within plantation forests on UAV imagery.
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Introduction

Plantation forests are man-made forests that 
provide valuable commercial, recreational 
and environmental services that are helpful 
in reducing pressure on natural forests and 
preserving significant species (Navarro et al. 
2020, Zhu et al. 2020). Additionally, these 
forests play a crucial role in reducing global 
climate change and its effects, maintaining 
biodiversity, water and soil resources (Suzuki 
et al. 2006, Zhou & Zhang 2020). According to 
the recent report of the Food and Agriculture 
Organization of the United Nations (FAO), 
the worldwide area of plantation forests is 
292 million hectares in 2020, of which almost 
one million hectares of them are located in 
Iran (FAO, 2020). Considering the important 
roles of plantation forests and the ever-
increasing development of their extent, their 
effective management has now become more 
imperative than in the past, and requires access 
to quantitative and qualitative information. 
This information helps managers and planners 
in formulating policies and plans. One of the 
required pieces of information is accurate 
and effective measurements of quantitative 
parameters such as height and diameter at 
breast height (DBH), especially at single tree 
levels (Thu Moe & Owari 2020).
 One of the quantitative characteristics of 
trees is total height, which is very important 
from various aspects such as estimating 
above-ground biomass (AGB) in plantation 
forests. Furthermore, tree height is important 
for ecological and commercial reasons, and 
indicates the production capacity of habitat of 
critical species (Grote et al. 2016, Krause et al. 
2019). Tree height is also a key parameter for 
calculating growth, volume and soil fertility 
(Guo et al. 2021, Kargar & Sohrabi 2019) and 
plays a crucial role in evaluating the economic 
value of a plantation forest stands (Moe et 
al. 2020). Monitoring tree height dynamics 
on monthly and annual temporal scales is 
important for the calibration and validation of 

growth models (Dempewolf et al. 2017, Puliti 
et al. 2020), management and studies of forest 
ecology and biophysical processes (Onishi 
& Ise 2021, Onishi et al. 2022). Accurate 
assessment of tree height might improve 
modeling efficiency of biophysical properties 
at single tree- and stand levels (Dempewolf et 
al. 2017).
 In general, there are direct and indirect 
methods for tree height measurement (Tian 
et al. 2019, Hartley et al. 2020). In direct 
measurement of tree height, tools such as 
forester’s stick (Gyawali et al. 2022) and total 
station mapping cameras (Yao et al. 2022) are 
common. In indirect measurements, methods 
such as allometric equations (Barbosa et 
al. 2019) and application of shadow length 
and trigonometric relationships on remote 
sensing data are frequently used in the 
literature (Safonova et al. 2021). Despite 
diverse available field methods, direct in-
situ measurement of tree height is associated 
with difficulties in addition to cost and time 
consumption. Overall, accuracy and precision 
of field-based height measurements are 
significantly influenced by direct vision of top 
of a tree which needs multiple displacements 
to find an appropriate location of a landmark 
and necessity of in-person reference (Bragg, 
2014, Apostol et al. 2016). Therefore, it seems 
necessary to have access to methods that can 
determine height of trees quickly, accurately 
and cheaply. Additionally, such methods 
are essential in plantation forests since 
forest managers tend to access quantitative 
information at single tree levels.
 An increased accessibility to images with 
very high spatial resolution (VHR) now exists 
along with the rapid development of remote 
sensing instruments such as satellites, digital 
sensors and cameras such as UltraCam and 
Unmanned aerial vehicles (UAV) cameras. 
Compared to images with medium and low 
spatial resolutions, VHR images have a 
greater ability to reveal terrestrial phenomena 
with more details, thus these images have 
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been widely used in quantitative assessment 
of natural and plantation forests (Kislov et al. 
2020), particularly over small spatial scales. 
UAVs are amongst the common cost-effective 
platforms used by both scientists and managers 
in the last decade (Chadwick et al. 2020, Vélez 
et al. 2022a). Considering the overlapping of 
sequential UAV images, point clouds with 
different point densities can be obtained from 
the images. A Digital Surface Model (DSM) 
and a Digital Terrain Model (DTM) can be 
consequently produced by classification of 
points into ground and non-ground points. The 
subtraction of DSM and DTM results in Crown 
Height Model (CHM). The efficiency of CHM 
in estimating the height of single trees has been 
confirmed in different ecosystems including 
coniferous forests (Paneque-Gálvez et al. 2014, 
Gülci 2019). However, point clouds with high 
point density and the resulting CHM are not 
available in all VHR remote sensing datasets 
such as VHR satellite images, as it may not be 
possible to use CHM for tree height estimation. 
Furthermore, point clouds produced from RGB 
images might significantly be influenced by 
different parameters such as quality of camera, 
overlapping rate of sequential images, limitation 
of software and algorithms. CHMs constructed 
based on such point clouds are not applicable to 
height estimation within all forest ecosystems as 
previous studies (Erfanifard et al. 2019, Selim 
et al. 2020; Safonova et al. 2021) measured 
tree heights on UAV images. Therefore, it 
is necessary to develop methods that can be 
directly used on VHR images obtained from 
airborne platforms such as UVAs.
 Shadow length on RGB images has been 
successfully used to estimate height of single 
trees in the literature. For instance, Safonova 
et al. (2021) also estimated the height of olive 
trees in southern Spain using shadow length on 
color UAV images. Selim et al. (2020) measured 
the height of urban trees with shadow length on 
UAV images in Antalya, Turkey. Furthermore, 
Rezayan and Erfanifard (2016) modeled the 
height of coppice oak trees in a part of the Zagros 

oak forests of in western Iran using shadow 
length on UltraCam aerial images. Application 
of shadow length on VHR imagery such as UAV 
images in estimating height of single trees has 
been confirmed in previous studies in almost 
flat areas, although it has been less noticed that 
accuracy and precision of tree height estimation 
using shadow length may be influenced by 
topography in mountainous areas. Therefore, it 
is necessary to consider slope of tree location as 
it leads in extending its shadow and potentially 
affects tree height measurement using shadow 
length. Otherwise, height of trees based on 
shadow length may be over- or underestimated 
compared to the true values.
 In line with previous studies, our research 
evaluates the efficiency of shadow length on 
VHR images in height estimation of single 
trees in a plantation forest. Theoretically, 
length of tree shadows is influenced by the 
terrain topography so that for a tree with a 
certain height, the length of shadow is longer 
on downward slopes. However, on upward 
slopes the shadow length appears shorter 
than it should be. Correction of slope effects 
on shadow length may improve the accuracy 
of height estimation on remotely sensed data. 
Therefore, the main goal of this study is to 
investigate the effect of the slope on height 
estimation of single trees using shadow length 
on UAV-based VHR images. In addition, the 
height obtained by correcting the effect of slope 
on the shadow length is compared with the 
height obtained from CHM and the true height 
value obtained from the field data. The findings 
of this study will show how accurate it is to 
estimate tree height on VHR RGB images and 
will reveal if it is necessary to correct the effect 
of slope on shadow length in measuring height 
of trees in mountainous plantation forests.

Materials and Methods

Study area

The study area is located in a part of Pardisan 
Park in the east of Bojnord city in North 
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Khorasan province in northeastern Iran (37° 
57’ 28’’ N and 57° 49’ 25’’ E). The region is 
cold and semi-arid based on Köppen’s climate 
classification (Roshani et al. 2021) and has 
lowlands and relatively high elevation changes 
with a general east-west slope and an average 
height of 1080 m above sea level. The area is 
covered by pine trees (P. eldarica (Medw.) 
Silba, syn. P. brutia Ten. var. eldarica Medw.) 
with a distance of approximately 3 m, which 
were planted in 2004 and 2010. The 6-year 
interval between the plantations has brought variety 
in size of trees. According to the meteorological 
statistics of Bojnord Airport station (the closest 
station to the studied area) in a period of 10 years 
(2011-2021), the air temperature fluctuates from a 
minimum of -10 °C in the middle of January to 
a maximum of 42 °C in August. The average 
annual rainfall of the region is 260 mm and the 
average annual temperature is 15 °C. 

In-situ data collection

Although the area of the park is about 351 ha, 
from which approximately 21 ha is covered 
by plantation stands of pure pine trees. Due to 
the restrictions in issuing permits for the UAV 
flight in the region, only 14 ha were surveyed. 
The Digital Terrain Model (DTM) of the study 

area showed that the topography has many 
slopes and the range of elevation changes is 
from 1036.5 to 1111.9 m (Fig. 1).
 According to the objectives of the research, 
all 151 pine trees spatially distributed on 
gentle and steep slopes in the study area were 
recorded and their heights were measured 
within five days of field work. The selected 
pine trees were from different DBH classes 
to reliably test the hypotheses of the present 
study. The spatial locations of single trees were 
first recorded using Raymand iRoG3B dual-
frequency global positioning system under 
the National Shamim System (proprietary 
integrated positioning network) with a planar 
accuracy of 0.45 cm and a height accuracy of 
0.80 cm. In order to correctly and uniformly 
map trees in the range of planar and height 
accuracies, the allowed range of accuracy 
(planar accuracy less than 0.50 cm and height 

accuracy less than 1.0 cm) was defined in 
the used device to record the position of the 
tree outside the defined range. Additionally, 
by activating the tilt sensor of the device, the 
correct position of each tree was carefully 
recorded so that any human error caused by 
the device not being leveled by the operator 
at the time of observation was removed. Then 

Figure 1 The location of 151 pine trees (red dots) on the Digital Terrain Model (DTM) with a spatial resolution of 2 cm in a 
part of Pardisan Park (black dot), Nort Khorasan province (grey polygon), Iran.
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the heights of the trees were measured with a 
Leica TS02 total station camera with a nominal 
accuracy of 7 seconds and recorded in the 
sampling forms considered as the ground truth 
in this study.

Aerial data collection

Phantom 4 Pro UAV was used to collect 
imagery at the study site. The UAV has a 
three-axis gimbal to prevent any vibration 
and create a proper balance of the camera in 
different image capture missions in a way that 
prevents the capture of images with a lot of 
tilt. In this study, the images were collected 
according to the type of topography at a height 
of 40 m (Seifert et al. 2019) and vertically with 
a longitudinal and transverse overlap of 80 
and 40 percent (Dandois et al. 2015, Surový 
et al. 2018). All images were then visually 
checked for blurring and light scattering at 
image edges. In addition, gentle wind with a 
speed of less than one knot and clear weather 
were considered in the selection of the flight 
day. The general specifications of the camera 
used and the captured digital aerial images are 
summarized in Table 1.

 The images were acquired on March 4, 
2021 at 14:30 local time (UTC Time: 11:00 
AM) and a total of 952 standard and checked 
images were captured to cover the study area. 
Fourteen ground control points (GCPs) were 
used to geo-reference the images and obtain 
their mosaic. In the selection of GCPs, issues 
such as the appropriate distance from each 
other, dispersion in the studied area along 

with durability and appropriate visibility from 
different directions of image capture were 
considered. In order to avoid some errors, 
including stretching during imaging, a speed of 
about 4 m/s was used to automatically guide 
the UAV (Tu et al. 2020).

Image preprocessing

The captured images were examined separately 
in order to remove them from the work 
process if they were blurred, tilted more than 
allowed, or had a strong influence of sunlight. 
A three-dimensional model was derived by 
the remaining images using the structure from 
motion (SfM: Structure from motion) algorithm 
(Wallace et al. 2016; Sangjan et al. 2022) in 
Python. In the next step, the point cloud was 
prepared in high density mode (1.27 points per 
square centimeter). Median filter was used on 
the dense point cloud to reduce noise so as not 
to cause disturbances or errors in processing 
(Deluzet et al. 2022).

Tree height estimation 

Three heights were estimated for each tree in 
addition to the height measured in the field, 

i.e., the height from CHM 
(HCHM), the height from the 
shadow length without slope 
correction (HShad_Uncorr) and 
the height from the shadow 
length after slope correction 
(HShad_Corr). The HCHM, 
HShad_Uncorr and HShad_Corr were 
compared with the heights 
measured in field.
  In order to estimate the 

HCHM, the digital surface model (DSM) and 
digital terrain model (DTM) of the study 
area were constructed using Inverse Distance 
Weighting (IDW) interpolation applied on the 
filtered point clouds (Pádua et al. 2019). Then 
CHM (Eq. 1) was withe Ground Sampling 
Distance (GSD) of 2 cm as

CHM=DSM-DTM                      (1)

Table 1 The specifications of the drone camera used and the digital aerial images captured 
in the present study (www.dji.com website, access date: March 1, 2021)

Camera manufacturer DJI Format JPG
Camera model FC6310 Color composite RGB
Focal length 24 mm Saturation Normal mode
Size 5472×3448 Pixels Sharpness Normal mode
Volume 20 Mpixel Contrast Normal mode
Shutter speed 1/160 s Drone speed 4 m/s
Horizontal resolution 72 dpi Tilt sensor Active
Vertical resolution 72 dpi GNSS GPS/GLONASS
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 The Marker-Controlled Watershed (MCW) 
algorithm was used to segment the CHM 
on which the heights of 151 pine trees were 
identified (Hernandez et al. 2016) using 
Python. The MCW is a non-linear algorithm 
that is mainly used for segmentation of CHMs 
in the literature (Huang et al., 2018). First, the 
top of the crowns of pine trees in the study area 
was determined by using a local maximum 
filter (Local maximum: LM). Since the control 
points were the crown tops of pine trees, the 
area marked around each point is a decreasing 
gradient and represents the area of the tree 
crown (Azizi & Miraki 2022). The crown tops 
of the pine trees detected with the LM filter on 
the CHM were used to determine the height of 
each tree.
 With the continuous movement of the earth 
around the sun, the shadow locations change 
continuously, i.e. it is not possible to instantly 
measure the shadows of the entire area on UAV 
images, especially for very large areas. Trees 
with the shortest flight time were selected, in 
other words, the flight path was designed to be 
longer (Liu et al. 2017). For effective extraction 
of tree canopies on the UAV imagery, the VIgreen 
index (Eq. 2) was used (Costa et al. 2020).

 VIgreen=(green-red)/(green+red)        (2)

 In the next step, multiscale segmentation was 
performed on the image of VIgreen index. In the 
segmentation process, according to the shape of 
the shadow of the pine trees and the conditions of 
the study area; appropriate coefficients for optimal 
segmentation parameters were selected by trial 
and error (Scale Parameter=30, Shape=0.1, 
Compactness=0.4 per pixel unit) and 0.33 was 
used as the threshold for shadow detection. The 
bounding box surrounded each shadow segment 
was obtained for each tree shadow (Vélez et al. 
2022b). By calculating the distance from the top 
of the crown shadow on the ground to the top 
of the crown of the pine trees (identified with 
the LM filter on the CHM) according to the 
bounding box enclosing each tree shadow, the 
shadow length (D) was obtained for each tree.  

The general principles of calculating the second 
height for each tree (H) using the shadow length 
is the product of the shadow length and the 
tangent of the solar altitude angle (Solar Altitude: 
λ) (Eq. 3) (Safonova et al. 2021). According to 
the location of the study area and the date and 
time of imaging, the value of the elevation angle 
of the sun was 32.8° (https://www.suncalc.org).

 H=D × tanλ          (3)

 The surface of the earth often has a diverse 
topography. This diversity in the shape of 
the earth is not the same in all locations 
(Ozdemir2008). Therefore, considering the 
spatial location of a tree individual, it might 
have three types of shadows. In the first case, 
the shadow is placed on a positive (uphill) 
slope (AB in Fig. 2a), which means the length 
of the shadow is less than usual (compared 
to the ground with a zero degree slope) (AC 
in Fig. 2a). In the second case, the length of 
the shadow is placed on a ground with zero 
slope (AB in Fig. 2b). Although this condition 
happens very rarely, it is considered as one 
of the most important conditions because it 
is the geometric and measurement basis for 
other conditions. In the third case, the shadow 
is formed on the negative (downward) slope 
(AB in Fig. 2c). In this case, the length of the 
shadow is longer than usual (ground with zero 
degree slope) (AG Fig. 2c). Correcting the 
slope in the first and third cases can bring the 
shadow length closer to the real value of the 
shadow on the ground with zero slope, and 
the height of the tree obtained based on the 
corrected shadow length will be closer to the 
real value.
 In this study, the height difference between 
the center of each tree (the same tip of the 
crown of the trees identified with the LM 
filter on CHM, A in Fig. 2) and the shadow 
tip (B in Fig. 2) on DTM were used. If this 
height difference was negative, Fig. 2a and 
if this height difference was positive, Fig. 2c 
were considered. According to trigonometric 
relationships, two methods for determining the 
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exact length of the shadow were proposed here, 
which are summarized in Table 2. According to 
the suggested relationships in Table 2, the third 

height was estimated for a and c in Fig. 2. The 
flowchart of present study was provided in Fig. 3.

Figure 2 Three states of tree shadows on the ground: positive slope (uphill) (a), zero slope (hypothetical state) (b), negative 
slope (downhill) (c). H is the height of the tree, D (AB) is the length of the formed shadow, BE is the height 
difference between the tip of the shadow and the base line.

Assessment of accuracy and precision

The accuracy of the heights of pine trees 
estimated by the shadow length on the UAV 
RGB images and cloud points was investigated 
by a suitable statistical test to compare estimated 
values with the true values. First, the normality 
of the data was checked with the Kolmogorov-
Smirnov test, and if it was normal, the paired 
t-test was used, and otherwise, the Wilcoxon 
test was used. Also, the one-to-one graph of real 
and estimated values in two methods and their 
correlation coefficient were evaluated. Then, 
the one-to-one graph and the coefficient of 
determination of the fitted line were evaluated. 
The accuracy of the results were evaluated by 

Relative Root Mean Squared Error (RRMSE) 
(Eq. 4), Model Efficiency (ME) (Eq. 5) and Bias 
Score (BS) (Eq. 6).
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Table 2 Proposed method for estimating height with 
corrected shadow length based on trigonometric 
relationships

β = 180° - (λ+90°)

Fig. 2a
EC = (sin β × BE)/sin λ
AE = √(D2 - EB2 )
AC = AE + EC
H = tan λ × AC
H = tan λ × D Fig. 2b
T = 180° - (λ+90°) Fig. 2c
GE = (sinT × BE)/sin λ
AE = √(D2 - EB2 )
AG = AE - GE
H = tan λ × AG

Figure 3 Flowchart of the present study.
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where yi is the true height, ŷi is the estimated 
height, n is the number of samples and ȳ is the 
average of the real data. 
 In equation 4, the closer the RRMSE value 
is to zero, the more efficient the method is. In 
Eq. 5, the value of ME=1 indicates the good 
efficiency of the method. On the other hand, a 
negative value means rejecting the effectiveness 
of the method. In Eq. 6, a BS value greater 
than one indicates a higher estimate than the 
actual value, and if this parameter is less than 
one, it indicates a lower estimate of the height 
compared to its actual value (Hao et al. 2021).

Results

Fig. 4 shows that the distribution of DBH 
(p=0.738) and height (p=0.416) of the sample 
trees were not significantly different from 
the normal distribution. Although the only 
parameter needed in this study was the height 
of pine trees, but the distribution of DBH in 
addition to height indicated that sample trees 
were well distributed in all size classes. The 
size distribution of the sample trees, ranging 
from 0.5 m to 11.2 m in height (average: 6.3 m, 
coefficient of variation: 38.6%), and from 1 cm 
to 62 cm in diameter at breast height (DBH) 
(average: 36.5 cm, coefficient of variation: 
29.9%), illustrates that the sample trees were 
not confined to a single size class. Instead, they 
were well-distributed across a broad range, 
encompassing both small and large trees grown 

in the study area (Table 3). 
 Fig. 5 shows the map of the crown and 
shadow of pine trees on the UAV RGB images. 
Thanks to very high spatial resolution of the 
UAV orthomosaic (i.e., 2 cm), the crowns 
and shadows of all tree individuals were 
precisely delineated within the study site. The 
crowns and shadows of three sample trees are 
illustrated in Fig. 5 for visual interpretation 
of the results. In order to determine the exact 
length of the crown shadows, the bounding box 
enclosing each shadow was obtained and the 
length of the rectangle plus the distance from 
the center of the crown to its lower width was 
considered as the length of the shadow (Fig. 
5). In addition, the difference in the height of 
the center of the tree crown and the top of the 
shadow was the basis of the slope correction of 
shadow length as explained in Fig. 2.
 Table 3 shows the results of estimating the 
height of 151 pine trees by three methods. 
Comparing the estimated height with the in-
situ height of the trees showed that the amount 
of height estimated by corrected shadow length 
(HShad_Corr) was closer to the height obtained 
from the field measurement, which was 
considered as the true values, compared to the 
estimated height with the uncorrected shadow 
length (HShad_Uncorr). Moreover, the statistical 
test confirmed that there was no significant 
difference between the estimated heights 
with corrected shadow length and the true 

Figure 4 Frequency distribution of height (right) and diameter at breast (left) of 151 pine trees in the study area.

Dan
Highlight

Dan
Highlight

Dan
Highlight

Dan
Highlight



11

Hosingholizade et al. Height estimation of pine (Pinus eldarica)...

heights (p=0.298). However, this difference 
was significant in the case of estimated height 
with uncorrected shadow length (HShad_Uncorr) 
(p<0.05). Additionally, the HCHM was not 
significantly different from the true height 
values (p=0.478). 
 In addition to accuracy assessment of the 
results, the precision evaluation also showed 
that the height estimated with the corrected 
shadow length showed less RRMSE (5.6% 
and 8.2% respectively), BS (0.41% and 0.33% 
respectively) and ME (respectively 0.74 and 
0.68) compared to the height estimated by 
uncorrected shadow length. Furthermore, the 
HCHM had less RRMSE (4.2%), BS (0.01) 
and higher ME (0.98) compared to the HShad_Corr. 
In general, the results showed that based on 
the mentioned indices, the HShad_Corr exhibited 
higher accuracy and precision compared to the 
height obtained without correcting the slope of 
the shadow length. However, the accuracy of 
the HCHM was higher than that of obtained from 
the UAV RGB images.

 The results of Kolmogorov-Smirnov test 
showed that the HShad_Corr (p=0.519), HShad_Uncorr 
(p=0.661) and the HCHM (p=0.351) had a normal 
distribution. Pearson's correlation coefficient 
also showed a significant correlation (at the 5% 
level) between the true height of the trees with 
the HShad_Uncorr (0.84, p<0.05), HShad_Corr (0.96, 
p<0.05). p) and HCHM (0.99, p>0.05). Fig. 6 
illustrates the correlations of true height values 
with HShad_Uncorr, HShad_Corr and HCHM.

Discussion

In the present study, we used UAV RGB data 
to improve height estimation of pine trees 
within a mountainous plantation forest. Our 
main objective included estimation of tree 
height based on shadow length that the effect 
of slope on it was corrected. We compared 
the height obtained from in-situ measurement 
with the height estimated on UAV orthomosaic 
using shadow length and UAV-based CHM in 
order to evaluate the efficiency of the proposed 
approach for height estimation of trees on RGB 

Figure 5 Crown and shadow map of 151 pine trees in the study area, as an example, three tree crowns and their shadows are 
shown on the orthomosaic of the area. The red rectangle is the bounding box surrounding each tree shadow, which 
was used to measure the length of the shadow.
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images. In general, our findings agree with the 
rich literature supporting the application of 
UAV datasets in estimation of tree quantitative 
attributes such height (Paneque-Gálvez et 
al. 2014, Gülci 2019, Safonova et al. 2021). 
Several works have been focused on height 
estimation on UAV RGB imagery (Selim 
et al. 2020, Safonova et al. 2021), however, 
topographic characteristics of forest stands and 
their effects on shadow length of trees have 
less been considered in height estimation on 
remotely sensed VHR datasets. The present 
study can be considered a step forward in 
estimating tree height on UAV VHR imagery 
based on shadow length. 
 In line with previous researches (Birdal 
et al. 2017, Lawrence et al. 2022), our study 
considered tree samples with an appropriate 
range of size. As shown in Fig. 3, the selected 
pine trees within the study area followed normal 
distribution indicating that the trees were not 
limited to a specific size class. Therefore, the 
findings may be more reliable comparing to 

studies that focus on samples with limited size 
range. As reported by Abdullahzadeh et al. 
(2003), size of pine trees planted in Lavizan 
Park, Tehran, Iran, varied from height of 1.7 
m (with DBH of 5 cm) to a height of 12.5 m 
(with DBH of 34 cm). Additionally, Kiani 
and Madadi (2021) found that pine trees in 
Sorkhehesar Park exhibited height of 2.5 m 
(with DBH of 5.7 cm) to 18.7 m (with DBH 
of 41.4 cm). Our results indicated that height 
(DBH) of pine trees within Pardisan Park 
ranged from 0.5 m (1.0 cm) to 11.2 m (62.0 
cm) indicating the establishment of young 
trees and higher growth rate considering the 
DBH. However, future studies may explore the 
probable reasons of such observations within 
the parks.
 We could accurately delineate shadow of 
each tree individual on the UAV orthomosaic 
due to very high spatial resolution (i.e., 2 cm) 
of the data. Furthermore, the spatial location of 
trees and the type of slope they are located were 
identified because of access to the DTM of the 

Figure 6 One-to-one diagram of true height of 151 pine trees with estimated height from uncorrected shadow (a), 
corrected shadow (b) and crown height model (CHM) (c). R2 is the coefficient of explanation of the fitted 
line (red dashed line) to the data.

Table 3 A summary of the statistical characteristics of the height of 151 pine trees estimated on UAV data (tmeasure unit: 
meters).

Parameter Minimum Maximum Mean Standard deviation Coefficient of variation (%)

True height 0.5 11.2 6.3 2.4 38.6

Height from uncorrected 
shadow

0.8 13.4 7.0* 2.7 39.2

Height from corrected 
shadow

0.7 12.4 6.6ns 2.6 38.0

Height from CHM 0.7 11.2 6.5ns 2.5 37.6
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study site. Therefore, this study could test the 
hypothesis primarily made, i.e., the effect of 
slope correction of height estimation of trees 
using shadow length. As previous studies 
emphasized (Selim et al. 2020, Safonova et al. 
2021), the use of shadow length to determine 
the height of trees on aerial images can only 
be used in ecosystems where trees are far 
apart. The approach may be also considered 
in open plantation forests (such as the study 
area of the current research) and arid and 
semi-arid woodlands, e.g., the Zagros forests, 
western Iran (Rezayan & Erfanifard, 2016). 
This is worth mentioning that the methodology 
is applicable to forest stands with specific 
conditions and need RGB images and DTM 
with very high spatial resolutions. 
 In our study, the crowns and shadows of trees 
were mapped using segmentation method on 
the VIgreen index image with high accuracy. 
However, deep learning algorithms (such 
as convolutional neural network or CNN) 
(Safonova et al. 2021) may also be considered 
in future studies to identify tree crowns and 
shadows. Moreover, the MCW algorithm was 
used for CHM segmentation, the efficiency 
of which has been confirmed in previous 
studies (Erfanifard & Kraszewski 2021; Chen 
et al. 2021). The use of MCW in the present 
study is in accordance with previous studies. 
The efficiency of the algorithm in identifying 
pine trees has also been confirmed in previous 
studies (Kim et al. 2010, McMahon 2019). It 
should be noted that the results of the present 
study in height estimation on CHM are in 
line with the achievements of Castilla et al. 
(2020) and Li et al. (2022), who pointed out 
that the segmentation of UAV-based CHM is 
efficient in estimating the height of pine trees 
(Pinus banksiana) specially for young planted 
individuals.
 In a recent study by Rezayan and Erfanifard 
(2016), the height of 162 Persian oak trees 
located in the Zagros semi-arid woodlands, 
western Iran, were calculated using tree shadow. 
The correlation coefficient of estimated values 

and the true in-situ values was 0.85, which was 
less compared to the correlation coefficient 
between the true height and HShad_Corr (0.96) in 
the present study. The woodlands are mostly 
distributed on mountainous areas; therefore, 
application of shadow length with slope 
correction may improve height estimation. The 
hypothesis may be addressed in futures works.
The proposed approach for height estimation of 
pine trees on UAV RGB imagery is important. 
First, it is not always possible to prepare dense 
point clouds and accurate CHM in some VHR 
data, despite access to CHM from UAV data. 
Second, some researchers prefer to use shadow 
length on UAV color images to estimate 
tree height (Selim et al. 2020, Safonova et 
al. 2021, Vélez et al. 2022b). Therefore, it 
seems necessary to develop reliable methods 
in addition to height estimation methods on 
CHM. 
 In previous studies (Selim et al. 2020, 
Safonova et al. 2021), height of trees were 
estimated using the length of the shadow on 
UAV RGB images. As mentioned earlier, 
the effect of slope on shadow length was not 
necessary to be considered in previous studies 
since most of the study sites in flat agricultural 
plots were almost plain with no or little slope 
changes. However, there are natural and 
man-made forests located on steep slopes of 
mountainous areas. Therefore, our findings 
provides deeper insights for managers of 
plantation forests wishing to integrate remotely 
sensed datasets collected by UAV into their 
management activities and strategies. First, 
there are significant achievements to be gained 
from the implementation of UAV datasets 
into collection of information necessary in 
sustainable management. The estimation of 
tree biophysical properties such as height and 
crown attributes is significantly time efficient 
compared to field measurements. Second, view 
from top provided by VHR remotely sensed 
data provide opportunities to estimate some 
properties with higher accuracies compared to 
in-situ measurements. Height, for instance, is 
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one of the properties hard to measure especially 
for old large trees. Third, as the heights obtained 
from field and UAV were not significantly 
different, these results suggest the efficiency 
of the proposed approach in this study. Finally, 
there are some points highlighted through this 
study relating to height estimation in UAV-
based CHM and image segmentation. For 
example, tree heights estimated from the CHM 
were closely related to field measurements 
indicating the reliability of the approach as 
shown by previous works (Paneque-Gálvez et 
al. 2014, Gülci 2019). In line with the findings 
of the present study, Krause et al. (2019), for 
example, estimated the height of 251 planted 
pine trees (Pinus sylverstris) on UAV-based 
CHM with a correlation coefficient of 0.99. 
According to these results, it is possible to 
emphasize the efficiency of CHM in estimating 
height of pine trees and recommend the 
approach for estimating height of trees in areas 
where CHM is available or shadow length 
cannot be recognized because of high tree 
density. 

Conclusions

The present study aimed to estimate height 
of pine single trees based on slope corrected 
shadow length on UAV imagery. Estimation 
of tree height using shadow length has been 
widely applied in the literature; however, less 
attention has been paid to the effect of slope 
on the shadow length in mountainous areas that 
may influence the accuracy and precision of 
height estimation. Therefore, the present study 
proposed a novel approach to estimate the 
height of single pine trees in a plantation forest 
using shadow length on UAV RGB images. In 
general, the findings of the research showed 
that correction of slope in determination 
of shadow length on UAV RGB imagery 
significantly improved height estimation. The 
estimated heights with the corrected shadow 
length had no significant difference from the 
true values (p=0.298) with more accuracy than 
the estimated height without correcting the 
effect of slope on the shadow length. However, 
the estimated height with corrected shadow 

length was less accurate than the estimated 
height on CHM (RRMSE 5.6% and 4.2%, 
respectively). Finally, it can be concluded 
that it is necessary to correct the slope effect 
in estimating height of trees using the shadow 
length in mountainous areas. Additionally, it is 
acknowledged that if applicable, CHM is more 
reliable that UAV RGB images for estimating 
height of single trees.
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