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Abstract  
Background and Objectives: Estimating forest tree structural attributes such as height and diameter at breast height (DBH) 

is crucial for understanding the structure and management of forest resources. One important method for estimating these 

parameters is the individual tree detection (ITD) method using appropriate remote sensing data, such as airborne LiDAR data. 

However, it should be noted that different ITD methods have various limitations and capabilities and react differently to 

changes in forest tree species and the vertical structure of the canopy. 

Methodology: This study presents a hybrid individual tree detection method that combines raster-based and point-based 

methods in a multi-scale framework to identify single trees from LiDAR data. In this method, tree crown scale levels are 

obtained from morphological filters in the canopy height model (CHM). Segmentation is then performed using a multi-scale 

method, and the results are merged. To better separate adjacent and understory trees, the point cloud inside the segments is 

analyzed using the probability density function, and tree crown segments are modified. After detecting single trees, DBH and 

height parameters were estimated using ground control data and extracted features from LiDAR data with machine learning 

algorithms, including random forest (RF), support vector machine (SVM), and cubist (CB), in the form of 10-fold nested cross-

validation (10-fold NCV). The Boruta feature selection algorithm was used to identify the most important metrics based on the 

LiDAR point cloud, which played an effective role in improving the performance of machine learning algorithms. Due to 

limited access to LiDAR and ground data from Iran’s forests, this study uses the NEWFOR single tree detection benchmark 

dataset, collected from forests of the Alpine region with a combination of different tree species and vertical canopy structures. 
Results: Although understory trees cannot be extracted with the same accuracy as overstory trees, the results of this study 

showed that, on average, the developed multi-scale individual tree detection (MSITD) method detected 89% of the tree crowns 

in the highest height layer and the highest number of small overstory trees with a detection rate of 48% in the lowest height 

layer (2-5 meters). The analysis of the machine learning algorithms’ results in estimating forest structural attributes showed 

that, despite slight differences in performance, the SVM algorithm performed better than the RF and CB algorithms in 

estimating both height and DBH attributes. For the height attribute, the mean values of RMSE, rRMSE, and R2 in the SVM 

algorithm were 1.75 m, 9%, and 0.85, respectively. For the DBH attribute, the values obtained for RMSE, rRMSE, and R2 

were 4.74 cm, 19%, and 0.78, respectively. 

Conclusion: The evaluation of the results showed that the methods presented in this study for identifying single trees and 

estimating forest tree structural attributes have high potential for practical applications. 
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Table 1. General characteristics of the study areas and LiDAR data  

Area ID Area name 
Airborne LiDAR data  Mean tree 

height (m)  

Mean diameter 

(cm)  
Main tree species  Forest type  

Sensor Point densiy 

1  Saint-Agnan Riegl LMS-Q560  13  17.1  30.1  Fir, beech ML/M 

2  Cotolivier  Optech ALTM 3100  12  18.1  25.8  
Scots pine, larch, 

spruce 
ML/C 

3  Cotolivier  Optech ALTM 3100  11  16.5  29.7  Scots pine, larch SL/C 

4  Pellizzano  Riegl LMS-Q680i  95  13.7  16.7  
Larch, spruce, fir, 

sycamore, poplar 
ML/M 

5  Pellizzano  Riegl LMS-Q680i  121  25.6  40.9  Spruce, larch, fir SL/C 

6  Asiago  Optech ALTM 3100  11  16.9 23.7  Spruce, fir, beech ML/M 

7  Asiago  Optech ALTM 3100  11  13.9  16  Spruce, fir, beech ML/M 

8  Asiago  Optech ALTM 3100  10  23.6  29.5 Spruce, fir, beech SL/M 
SL/C: Single-Layered Coniferous forest; SL/M: Single-Layered Mixed forest; ML/C: Multi-Layered Coniferous forest; ML/M: Multi-Layered Mixed forest. 
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Figure 1. Location of the eight study areas  
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Figure 2. Workflow of the methodology  
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segmentation map of the single trees crown by merging the tree crown segments at three scale levels  

  

 �� $��I
�� � @�"�" 	�� (V�� ����#��$!# @  ����)

 ��%����<�� @UJK!� 	  �"B ? @��S.�
��$!#  �%���� � 

 @� e"*� ��lidR  ��'�����6� R �"$�����5�� $!# 	 �	�� 

CHM E)�.� !#  @�]� �@UJK!�  !"4�� ̀ �"]� yJ� @� �� 	

!#.  �  ��
C�� F��# yJ� ��$��!�� @  @"X# F*# � i�

5�� .5������ �@UJK��[�� 	 yJ� @� �� ��
C�� �#��

 |��  � x��
� �3_�� `�"]�i��  '�d�� !#!�  @�]� �

��
C�� [�� F���  !"4������#. !U  @(S�� ��	��  Ohc� 

��X�  � @UJK	�� 
C�� [�� ��[��B
��$!#�  g�]� � � ��!�R

�� ��G��  x��� @UJK ��.�E
S� �4�%_ N ��  � !# �"4��?

 �� ��
C�� [��^�*#�  ������# &����!#e��
� . ���� �� 

B�� 5K�"P 3�5C��  � <�� MSITD  ��5��  @]J��

 �� ���U4�J�.�!G 2  .5�� $!# @\��� F*# ��4 � e��
�

3� P"B�� <�� x��� ��
C��MSITD  �� ��B  ��

 @]J��5 [��B
�� ��
C�� .5�� $!# $��� ���� �  $!#

�����	  .5�� $!# $��� ���E� W(
B� e��
� @0��]� �"�

 ��� a�  ��X� @UJK!� 	  ������!��  �� $��I
�� @� N ��

.�E
S� �4�%_  �"4��? �� Fc�S e��
� ��X�  QX�]�!�_"�� �

 	��������� 	��X�� 5B������#  .5�� $!#��E���p  @�

 F*# ��4 ��� ����$ 5�� $!#�  ��
C��	����  @� ��

 '�d�� @UJK 3�$!#!��� �� a�  �4�%_ N �� �  g�]� � � �"4��?

.�E
S�  	����!G �%�!*� ��$!#!�� .  

 .�!G o �J�2  @]J�� �� 3� ��352  NG�� 5C��

 i
���%4� x��� ��"��@U����@
6� MSITD �281  5C��

����#�� !# . ��!U� &�� ��251  5C��@ ��p  �y"Vc101 

 	�JC) !�� ������# 5C��Omission � (30  �"� 5C��

 ������# $�X
#�$!#!��  	�JC)Commission .(@ (���p �

 ��!U� ��1060  �� ��"�� $��� �� ��G�� NG�� 5C��5�� 

W(
B� @]J��� 935 @���  i
���%4� x���MSITD  ������#

5�� $!#.  ��!U� &�� ��793  5C��@ ��p y"Vc  ������#

!�!# �267 !�� ������# 5C��!� )19/25  � (!c��142 

 ������# $�X
#� �"� 5C��$!#!�� )19/15 .(!c��



126                                                                                                     ;��� 3�7�	1�	��	 �89  :���� <�� 2� �	 ���� ��(=�3�> ?�@=�3... 

 

 

  
 �' 4-  (\K�)i��� �	�  ��K�����U (d) &�J89 5��(�C��	  2� �	 ��(=�3MSITD  ��8�% X� ��<	 �35�N . @=�3 �1 �	���j���

���1��   k��%�� &  (e)�1 g�h3� ��B% @=�3��  L�N  X��J89 3
)l	C��	   CX�1��� (3)�1 P��(-� �K��Y k	�� �	 ��B% @=�3  

Figure 4. (a) LiDAR point cloud, (b) Tree segmentation results of the MSITD method levels in part of study area 

#5. Matching of three reference and detected trees, (c) Three merged neighboring trees before segmentation 

refinement, and (d) separating the three neighboring trees with probability density function  
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Table 2. Performance evaluation of the MSITD method at the study areas  
Area ID  

(Forest type) 

Nr. Ref. 

trees 

Nr. Det. 

trees  TP FP  FN  Com% Om%  r  p  F 
RMS_H 

(m)  
RMS_V 

(m)  
 )ML/M(1  352  281 251 30 101 10.68 28.69 0.71 0.89 0.79 1.91 1.63 

 )ML/C(2  22 28 19 9 3 32.14 13.64 0.86 0.68 0.76 1.79 1.35 

 )SL/C(3  49 45 41 4 8 8.89 16.33 0.84 0.91 0.87 1.61 1.01 

 )ML/M(4  47 43 37 6 10 13.95 21.28 0.79 0.86 0.82 1.65 1.03 

 )SL/C(5  235 210 205 5 30 2.38 12.77 0.87 0.98 0.92 1.52 0.95  
 )ML/M(6  169 139 99 40 70 28.78 41.42 0.59 0.71 0.64  1.75 1.36 

 )ML/M(7  107 92 73 19 34 20.65 31.78 0.68 0.79 0.73 1.91 1.08 

 )SL/M(8  79 97 68 29 11 29.9 13.92 0.86 0.7 0.77 1.83 1.12 

Overall  1060 935  793 142 267 15.19 25.19 0.75 0.85 0.79 1.76 1.22  
SL/C: Single-Layered Coniferous forest; SL/M: Single-Layered Mixed forest; ML/C: Multi-Layered Coniferous forest; ML/M: Multi-Layered Mixed forest. 
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Table 3. LiDAR-derived features for each single tree  
Definition  Metric  Definition  Metric 

Maximum height  zmax Cumulative percentage of return in the 2th layer  zpcum2 

Mean height  zmean  Cumulative percentage of return in the 3th layer  zpcum3 

Standard deviation of height distribution  zsd  Cumulative percentage of return in the 4th layer  zpcum4 

Skewness of height distribution  zskew  Cumulative percentage of return in the 5th layer  zpcum5 

Kurtosis of height distribution  zkurt  Cumulative percentage of return in the 6th layer  zpcum6 

Entropy of height distribution  zentropy  Cumulative percentage of return in the 7th layer  zpcum7 

Percentage of returns above zmean  pzabomean Cumulative percentage of return in the 8th layer  zpcum8 

Percentage of returns above 2  pzabove2  Cumulative percentage of return in the 9th layer  zpcum9  

5th percentile of height distribution  zq5  percentage 1th returns  P1th  

10th percentile of height distribution  zq10  percentage 2th returns  P2th  

20th percentile of height distribution  zq20  percentage 3th returns  P3th 

30th percentile of height distribution  zq30  maximum eigen value  eigen_largest  

40th percentile of height distribution  zq40  mean eigen value  eigen_medium 

50th percentile of height distribution  zq50  minimum eigen value  eigen_smallest 

60th percentile of height distribution  zq60  Surface curvature  curvature  

70th percentile of height distribution  zq70  Eigenvalues linearity  linearity  

80th percentile of height distribution  zq80  Eigenvalues planarity  planarity 

90th percentile of height distribution  zq90  Eigenvalues sphericity  sphericity 

95th percentile of height distribution  zq95  Eigenvalues anisotropy  anisotropy 

Cumulative percentage of return in the 1th layer  zpcum1 Eigenvalues horizontality  horizontality  
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Table 4. Performance evaluation of the ML algorithms for height and DBH estimation for all study areas 

Evaluation metric  Height (m) DBH (cm) 

RF  SVM  CB RF SVM CB 

RMSE  2.12  1.75  1.95 4.94 4.74 5.04 

rRMSE (%) 12 9  11 20  19 20 
2R 0.79 0.85 0.81 0.73  0.78 0.75  

@ (���p ����%4��i
�� &"#�� 	�"Z��� 	$��I
�� ����� 

 � H�I��� ����]� ���?�  �� �� �4�XK F �K e��
�DBH  � 

 �� $��I
��$����� ��!�R 	!���� @\���.  e��
�@ 5��$!�? 

����$!���  ���?�  �� <�� @� &�� �\�G ��"0  T�6h
C�

@AB���� � H�I��� 	DBH  .5��@
X4�  i
���%4�SVM 

 � ��� ���� �� ��*(E) &��
� �� a� �?� ��%4��i
�� 	CB 

 �RF  .!�
6�Z ���KoXp�   .�!G4  ���?�  ��@AB�� 

H�I����  &"%��"�RMSE �rRMSE  �2R  ��@E� ���� op��� 

 i
���%4� 	��  @U4�J�SVM @ Q"���  �  � �� 75/1  ��
�9 

 � !c��85/0  &"  ��G�� T��I� @_�Z� .!��� 

��%4��i
�� 	�f�����  ���?�  ��DBH F �K@G��  �!���X�

 ��� i
���%4�SVM  ���?�  �� �� ��*(E) &��
� DBH 

 &"%��"� .5#��RMSE �rRMSE  �2R  ����%4��i
 SVM 

 ���?�  	�� DBH  ��@E�  ���U4�J� op���@ Q"���  �  � �� 

74/4 �
��� ��
�19  � !c��78/0 @ !�? 5��.  

  

���  

()�id�  Q���� ��*(E)��%4��i
�� P"B�� 	

3�5C�� @\���$!# ���*(E) ��X�   �� 5K� 	�]��� �!����6 

 ���?� @AB����	  $���E� F%�G ��
C�� 	��
C������ 

@G�� ���%�����  .5�� $�� �� ����� �"��� � <��

MSITD @  ����)�3 <�� ���"X� �� 	 P"B�� 

3���
C�� $��� ����	 ��!�R @\��� .!#  �  i
���%4� &��

 Q"���<���� � @����
�� 	��X� @J]�� �  3� ��^�_���_ 

 5K� ����6� QX� ���"]�!�_B��"P 3�
C����  ��

@�R � W(
B� �)�I��� 	��@ u�AC  &���� ^�*#�

 F%�G W(
B� H���� �� ��
C��!# &�� e��
� .�����  ����

 @� ���<�� @U����@
6� MSITD  ��op��� (%�G�  �W(
B�

$�h)�   P"B��89  @�R &���R�  �� ��
C�� [�� !c��

 ��)�I��� "�
��& 3_�� ��
C�� ��!U� &����  q�� �  ��

 P"B��48  �� !c����"�&���& ) �)�I��� @�R e�� �� ��

 e��
� .5�� $��� P"B�� (�
������	�� �%��  ���� �"�

!����  �� &���� ̂ �*#� ��
C�� ������# @�[���� i���
� 	

!�_ �@�R� <�� �� ��� �� ����� �4�_ 	��ITD  	�� 

 ���?� @AB����	  F%�G ��
C�� �E�5�� )Eysn et 

al., 2015; Wang et al., 2016( .B�� q��"P i� 

<����	 ITD �� 	 
C�� &���� ^�*#� ����!S	 � @ �& 

4�"F  @� 5��a4��	�� 4"�� ��!V�	  ��&���� ^�*#� 

@ F"4� #�� ��!0��� �
C�� ���  ^�*#�Q4�d  a*U��

��!��#  � �@"
���]� i����g�  ��!�R �
#��� i� 5�� 

)Kaartinen et al., 2012; Sparks et al., 2022( .�� 	 

� @  &
C�����& @  �4�_(E) T��c�� ��%4��i
����  @�

��
X��  ]�!�_ ��
C��"��� !�
0�� ���� � @G���$� 

���%����� @
6�Z ���K!�� )Koch et al., 2006; Jing et 

al., 2012(.  

oXp�  e��
�� ��%4��i
 MSITD  ��F%�G��	 

�����|�  3�@ �*#� )SL/C op���) ( $��E#@�  �e��( 

�]� ���@0 F%�G �  ) @ �*#�!�_ @
B"�?ML/M op���) (



 ��� ����� �	
��  ���� ������� ���� �����32  ���� 2                                                                                                                            131  

 

 

 $��E#3� ����_ ��#  �5I�(� �
�  ��*(E)	 ��5#. 

 e��
������	�� �� ���� �"� &"�"� [��B
�� @� !��

F%�G �� ��
C��F%�G) $��� [�� ��
C�� �  	�� 	��

�����|�  3� 5K� (@ �*#�	���� �4�S�� �!���� &�� @�

��� F%�G 	��  	��@
B"�? @ �*#�!�_ @��Z �  W(
B� 	��

[�� @� ��
C�� �  	��F*#	��  @�R!�_ � if���� �W(
B�

!�����  � 5B��4�_�� 5�� )Eysn et al., 2015; Dong 

et al., 2018; Wang et al., 2023( H���� &�� F"4� .@  

 F*#�"D"$!��  [�� �� ��
C��&�� |�  @  5X0�

�����|�  ���  @� ���Z '�d�� QX�@UJK	��  ��
C�� [��

�� &���� ^�*#� � ���� ��#)Wang et al., 2016; 

Sparks et al., 2022( op��� ������ &�� �� . ���_ ��e�� 

 �� @J]� i���� &��
�" @
#��!�� )95  ��121  �� @J]�

(N ���
�. �6�p��� &��
�"   @]J�� @  g� �� P"B�� q��

e�� 5��  ��
C�� ������# �� @J]� i���� ���� �j� �%��"  @�

 <�� � MSITD  �� �C�  �� .5�������	��  �"� &"�"�

5�� $!# <���Z g�]� i���� @� �j{�"� 	����  ������ � 

<���� 	��
X��  ) ���� g�]�� �Wang et al., 2016.(  

 &"  ��G�� T��I� @_�Z���%4��i
�� &"#�� 	�"Z��� 	

 � H�I��� ���?�  ��DBH F �K@G��  �!���X� ��� i
���%4�

SVM 	�
�  ��*(E)  &�� ���?�  �� ��@AB���� ��� ���� .

 &"%��"�RMSE �rRMSE  �2R  ��@E� ���� op���  @U4�J�

 i
���%4� 	�� SVM  ���?�  ��@AB��  H�I���@ Q"��� 

 �  � �� 75/1  ��
�9 !c��  �85/0  @AB�� 	��  �DBH 

@ Q"���  �  � �� 74/4 �
��� ��
�19 !c��  �78/0 !���  .

 ������� Seyed Mousavi ) ����*E� �2019(�  &��
� 

 !c�� �  �)��A� �XA) @*X# i
���%4� @  g� �� @"
�

 �JC T�U �� &"%��"� �=G�  ��"U� t��V��T��I��� @ Q"��� 

 � �� 39/13  � !c��71/1 � ���?�  �� �
� � H�I��24/22 

 � !c��2/9 
�����
�  	�� DBH  .�� Khorami  �

) ����*E�2014 (�  �"�  @��Z �� H�I��� ���?�  5C��

&�� ����]� �Q4�d ^�*#� �� |� RMSE  �rRMSE  ��

@ Q"���  � �� 67/1  � �
��#  !c��.!���� <���Z  ��!]�

 &�� �
�"  ����� �� ����"U��"��� @  $��!��Z"�	  ��
C��

 � @��Z��	  � W(
B��"�  ��R�@��	  �)�I��� W(
B�

��� ���Z .i��"� ����� e��
� �  �
��� ���Malek  �

) ����*E�2019 	��  (���?�   �JK�� �� "@�  � <����	 

SVM  �RF�  <�� �\�G ��"0  	��� SVM )RMSE 

 � �� 87/4 �
����
�( !���� <���Z ��.  

������� <���� ���?�  �� ����I
� &"#�� 	�"Z��� 	

��Z����	 $!# $��I
�� F%�G ��
C�� 	��
C��.!��  &�� ��

��"�� <��	�� o"E) 	�"Z���  t�p �����%����� ���� 

� @G���$� @
6�Z ���K!�� )Garcia-Gutierrez et al., 

2015; Zhang et al., 2019( .����&��� �� �����"� ��# @�

 �������	�� ?�$!�� <�� 	�"Z��� 	��o"E)  	�� 

���?�  @AB��F%�G 	��
C�� 	��  @(EG ���	$��� 

&"�� yJ� 	R�  ���"�� @���  ���� iS � yJ� ��

3� @0��]� � � ����� 5C��!��#&"�DE� .� �� �����"���# 

@�  @  5X0�NEG��?$��� 	F%�G �� N��G 	�� � ����� 	��

$��"�i
���%4� 	��� 	��$��I
�� ����  	��  ����� &�� ��

 '�!K� ���� FC�� �(E) 	���� �����#.  

  

 ���������  

�����Z!�0 @4�]� ���# ��$m��� 	 ���]"]V� NEWFOR 
 @�@)�E� $���  P"B��3�5C�� ��"U�  ��@ ��f��  �]���

 �� $��I
�� e���� �	����6 !�!G ��!�R  N ��� 5���!� ��
 ��"
C� �� F%�G���%�����  ���K$���!���  �*�� �����!K �

��!��� .  
  

129  



130                                                                                                     ;��� 3�7�	1�	��	 �89  :���� <�� 2� �	 ���� ��(=�3�> ?�@=�3... 

 

������ ��� ��� �  
- Chave, J., Andalo, C., Brown, S., Cairns, M.A., Chambers, J.Q., 

Eamus, D., ... and Yamakura, T., 2005. Tree allometry and 

improved estimation of carbon stocks and balance in tropical 

forests. Oecologia, 145: 87-99.  

- Chicco, D., Matthijs, J.W. and Giuseppe, J., 2021. The 

coefficient of determination R-squared is more informative 

than SMAPE, MAE, MAPE, MSE and RMSE in regression 

analysis evaluation. PeerJ Computer Science, 7: e623.  

- Corte, A.P.D., Souza, D.V., Rex, F.E., Sanquetta, C.R., Mohan, 

M., Silva, CA., ... and Broadbent, E.N., 2020. Forest inventory 

with high-density UAV-Lidar: Machine learning approaches 

for predicting individual tree attributes. Computers and 

Electronics in Agriculture, 179: 105815.  

- Evans, J.S. and Hudak, A.T., 2007. A multiscale curvature 

algorithm for classifying discrete return LiDAR in forested 

environments. IEEE Transactions on Geoscience and Remote 

Sensing, 45: 1029-1038.  

- Eysn, L., Hollaus, M., Lindberg, E., Berger, F., Monnet, J.M., 

Dalponte, M., ... and Pfeifer, N., 2015. A benchmark of Lidar-

based single tree detection methods using heterogeneous forest 

data from the Alpine Space. Forests, 6: 1721-1747.  

- Frénay, B., Doquire, G. and Verleysen, M., 2013. Is mutual 

information adequate for feature selection in regression? 

Neural Networks, 48: 1-7.  
- Garcia-Gutierrez, J., Martinez-Alvarez, F., Troncoso, A. and 

Riquelme, J.C., 2015. A comparison of machine learning 

regression techniques for LiDAR-derived estimation of forest 

variables. Neurocomputing, 167: 24-31.  

- Ghaderi, P., Mohammadi, J., Shataee, S., Rahmani, R. and 

Kariminejad, N., 2023. Efficiency of nonlinear mixed-effects 

model in determining height-diameter equations of velvet 

maple and ironwood trees. Iranian Journal of Forest, 14(4): 

473-485 (In Persian with English Summary). 

- Hui, Z., Jin, S., Xia, Y., Nie, Y., Xie, X. and Li, N., 2021. A mean 

shift segmentation morphological filter for airborne LiDAR 

DTM extraction under forest canopy. Optics & Laser 

Technology, 136: 106728.  

- Hyyppä, J., Holopainen, M. and Olsson, H., 2012. Laser scanning 

in forests. Remote Sensing, 4: 2919-2922. 

- Jakubowski, M.K., Li, W., Guo, Q. and Kelly, M., 2013. 

Delineating individual trees from lidar data: a comparison of 

vector- and raster-based segmentation approaches. Remote 

Sensing, 5: 4163-4186.  

- Jing, L., Hu, B., Li, J. and Noland, T., 2012. Automated 

delineation of individual tree crowns from lidar data by multi-

scale analysis and segmentation. Photogrammetric 

Engineering & Remote Sensing, 78: 1275-1284.  

- Kaartinen, H., Hyyppä, J., Yu, X., Vastaranta, M., Hyyppä, H., 

Kukko, A., … and Wu, J.C., 2012. An international 

comparison of individual tree detection and extraction using 

airborne laser scanning. Remote Sensing, 4: 950-974.  

- Khorami, R.A., Darvishsefat, A.A., Tabari Kochaksaraei, M. and 

Shataee Jouybari, Sh., 2014. Potential of LIDAR data for 

estimation of individual tree height of Acer velutinum and 

Carpinus betulus. Iranian Journal of Forest, 6(2): 127-140 (In 

Persian with English Summary). 

- Koch, B., Heyder, U. and Weinacker, H., 2006. Detection of 

individual tree crowns in airborne LiDAR data. 

Photogrammetric Engineering & Remote Sensing, 72: 357-

363.  
- Krstajic, D., Buturovic, L.J., Leahy, D.E. and Thomas, S., 2014. 

Cross-validation pitfalls when selecting and assessing 

regression and classification models. Journal of 

Cheminformatics, 6: 10.  

- Kursa, M.B. and Rudnicki, W.R., 2010. Feature Selection with 

the Boruta Package. Journal of Statistical Software, 36(11): 1-

13.  

- Malek, S., Miglietta, F., Gobakken, T., Næsset, E., Gianelle, D. 

and Dalponte, M., 2019. Prediction of stem diameter and 

biomass at individual tree crown level with advanced machine 

learning techniques. iForest-Biogeosciences and Forestry, 12: 

323-329.  

- Mohammadi, J., Shataee, S., Namiranian, M. and Nasset, E., 

2017. Modeling biophysical properties of board-leaved stands 

in the Hyrcanian forests of Iran using fused airborne laser 

scanner data and UltraCam-D images. International Journal of 

Applied Earth Observation and Geoinformation, 61: 32-45.  

- NEWFOR, 2015. NEWFOR Lidar Single Tree Detection 

Benchmark Dataset. Available at: 

http://www.newfor.net/download-newfor-single-tree-

detection-benchmark-dataset/ 

- Poorazimy, M., Shataee Jouibary, Sh., Mohammadi, J. and 

Aghababaei, H., 2023. Feasibility of single-polarized 

TanDEM-X data for Hyrcanian forest height estimation (Case 

study: Shast-Kalateh forest). Iranian Journal of Forest, 15(3): 

329-343 (In Persian with English Summary). 

- Roussel, J.R., Auty, D., Boissieu., F.D., Meador, A.S., Jean-

François, B., Demetrios, G., ... and St-Onge, B., 2018. lidR: 

Airborne LiDAR Data Manipulation and Visualization for 

Forestry Applications. version 1.4.1. Available at: 

https://cran.r-project.org/web/packages/lidR/index.html 

- Sefidi, K. and Jahdi, R., 2023. Impact of Anthropogenic 

disturbance on the size diversity of trees in Arasbaran forests 

(Case study: Hatam-Meshasi Forest Reserve in Meshgin-

Shahr county, Iran). Iranian Journal of Forest and Poplar 

Research, 31(3): 241-256 (In Persian with English Summary). 

- Seyed Mousavi, S.Z., Mohammadi, J. and Shataee, Sh., 2017. 

The evaluation of potential airborne laser scanner data in 

estimating of individual canopy area and tree heights in part of 

Educational and Research Shast-Kalate Forests - 

Gorgan. Ecology of Iranian Forest, 5(9): 47-55 (In Persian 

with English Summary). 

- Seyed Mousavi, S.Z., Mohammadi, J. and Shataee, Sh., 2019. 

Estimation of the some quantitative characteristics of 

individual tree using airborne laser scanning data in part of 

Shast-Kalate forests of Gorgan. Journal of Wood and Forest 

Science and Technology, 26(1): 1-19 (In Persian with English 

Summary). 

- Silva, C.A., Crookston, N.L., Hudak, A.T. and Vierling, L.A., 

2017. rLiDAR: An R package for reading, processing and 

visualizing lidar (Light Detection and Ranging) data. version 

0.1. Available at: http://cran.r-

roject.org/web/packages/rLiDAR/index.html 

- Silva, C.A., Klauberg, C., Mohan, M.M. and Bright, B.C., 2018. 

LiDAR Analysis in R and RLiDAR for Forestry Applications. 

Lidar Remote Sensing Environment Monitoring, 404/504, 

90p. 

- Slik, J.W.F., Aiba, S.I., Brearley, F.Q., Cannon, C.H., Forshed, 

O., Kitayama, K., ... and van Valkenburg, J.L.C.H., 2010. 

Environmental correlates of tree biomass, basal area, wood 

specific gravity and stem density gradients in Borneo’s 

tropical forests. Global Ecology and Biogeography, 19: 50-60.  

- Sokolova, M., Japkowicz, N. and Szpakowicz, S., 2006. Beyond 

accuracy, F-score and ROC: A family of discriminant 

measures for performance evaluation: 1015-1021. In: Sattar, 

A. and Kang, B.H. (Eds.). AI 2006: Advances in Artificial 

Intelligence. Lecture Notes in Computer Science, Vol. 4304, 

Berlin, Springer, 1303p. 

- Sparks, A.M., Corrao, M.V. and Smith, A.M.S., 2022. Cross-

comparison of individual tree detection methods using low and 



 ��� ����� �	
��  ���� ������� ���� �����32  ���� 2                                                                                                                            131  

 

 

high pulse density airborne laser scanning data. Remote 

Sensing, 14: 3480.  

- Vabalas, A., Gowen, E., Poliakoff, E. and Casson, A.J., 2019. 

Machine learning algorithm validation with a limited sample 

size. PLoS ONE, 14: e0224365.  

- Wang, Y., Hyyppa, J., Liang, X., Kaartinen, H., Yu, X., 

Lindberg, E., … and Alho, P., 2016. International 

benchmarking of the individual tree detection methods for 

modeling 3-D canopy structure for silviculture and forest 

ecology using airborne laser scanning. IEEE Transactions on 

Geoscience and Remote Sensing, 54(9): 5011-5027. 

- Wang, Y., Weinacker, H. and Koch, B., 2008. A LiDAR point 

cloud based procedure for vertical canopy structure analysis 

and 3D single tree modelling in forest. Sensors, 8: 3938-3951.  

- Wang, Z., Li, P., Cui, Y., Lei, S. and Kang, Z., 2023. Automatic 

detection of individual trees in forests based on airborne 

LiDAR data with a tree Region-Based Convolutional Neural 

Network (RCNN). Remote Sensing, 15: 1024.  

- Yu, X., Hyyppä, J., Vastaranta, M., Holopainen, M. and Viitala, 

R., 2011. Predicting individual tree attributes from airborne 

laser point clouds based on the random forests technique. 

ISPRS Journal of Photogrammetry and Remote Sensing, 

66(1): 28-37.  

- Zhang, K., Chen, S.C., Whitman, D., Shyu, M.L., Yan, J. and 

Zhang, C., 2003. A progressive morphological filter for 

removing nonground measurements from airborne LIDAR 

data. IEEE Transactions on Geoscience and Remote Sensing, 

41: 872-882.  

- Zhang, L., Shao, Z., Liu, J. and Cheng, Q., 2019. Deep learning 

based retrieval of forest aboveground biomass from combined 

LiDAR and Landsat 8 data. Remote Sensing, 11: 1459.  

 

 


