
 

353 

Forest Research and Development 

Vol. 11, Issue 3, 2025, 353-375 

Research Paper 

 

Species distribution modeling of Hyrcanian boxwood (Buxus Hyrcana Pojark) 

using the random forest model in the forests of northern Iran 
 

Aref Hesabi1, Seyed Jalil Alavi*,2 and Omid Esmailzadeh3 

  

1- PhD Student of Forest Management, Department of Forest Science, Faculty of Natural Resources and marine 

science, Tarbiat Modares University, Nur, Mazandaran, I. R. Iran. (aref.hesabi@modares.ac.ir) 

2,*- (Corresponding author) Associate Professor, Department of Forest Science, Faculty of Natural Resources and 

marine science, Tarbiat Modares University, Nur, Mazandaran, I. R. Iran. (j.alavi@modares.ac.ir) 
3- Associate Professor, Department of Forest Sciences and Engineering, Faculty of Natural Resources and Marine 

Sciences, Tarbiat Modares University, Nur, Mazandaran, I. R. Iran. (oesmailzadeh@modares.ac.ir) 

 

Received: 18 July 2025  Accepted: 19 August 2025 

 
Extended Abstract 

Background and Objective: The stability and sustainability of ecosystems require understanding 

the relationships between the distribution of plant species and environmental factors. Species 

distribution modeling techniques are recognized as powerful tools to support forest management 

strategies in the context of climate change. Boxwood is a shade-tolerant species that is distributed 

in the understory of lowland and middle-altitude forests of northern Iran, where it creates a dark 

environment in the forest by forming a dense canopy. Due to the widespread destruction of boxwood 

habitats in recent decades, this species has been considered part of conservation communities to 

prevent its extinction. The main objective of this research is to model the distribution of this species 

in the Hyrcanian forests. 

Material and Methods: In this study, the distribution of boxwood was modeled using 570 actual 

occurrence points in Hyrcanian forests. Bioclimatic variables were extracted from the WorldClim 

database and topographic variables from the digital elevation model. VIF test was used to reduce 

collinearity. 70% of the samples were assigned as training data for model development and the 

remaining 30% as test data for model validation. Modeling was performed using the random forest 

algorithm in R environment and using presence and pseudo-absence data, adjusting the model 

parameters (500 trees, mtry=2, min_n=5) and validating it by using the 10-fold Cross-Validation 

method. Model performance was evaluated with AUC, TSS, overall accuracy, and kappa 

coefficient. 

Results: The results of the Random Forest model showed that the model has high accuracy in 

predicting the distribution of boxwood (AUC=0.98, Accuracy=0.95, Kappa=0.72, TSS=0.63). The 

random forest model, using bioclimatic and topographic variables, showed very favorable 

performance in predicting the distribution of Hyrcanian boxwood. Evaluation of variable 

importance indicated that the bioclimatic variables bio3 (isothermality), bio12 (annual 

precipitation), bio8 (mean temperature of the wettest quarter) and bio1 (annual mean temperature) 

had the greatest impact on the distribution of the boxwood species. The response curve of boxwood 

to the four important variables was also plotted. The boxwood habitat suitability map identified 
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areas with suitable ecological conditions, including large parts of Mazandaran province and the 

border areas of the Hyrcanian forests. 

Conclusion: Analysis of variable importance showed that isothermality (Bio3) was the most 

effective variable, indicating the role of thermal stability in the viability of boxwood; an evergreen 

and shade-loving species that is sensitive to temperature fluctuations and is more present in areas 

with a balanced temperature range (15–20 degrees). Annual precipitation (Bio12) was also of high 

importance, and the response curve showed that the probability of boxwood presence is much higher 

in areas with precipitation above 300 mm; because it provides sufficient moisture for growth, 

photosynthesis, and reduction of water stress. Variable Bio8 (mean temperature of the wettest 

quarter) by affecting vegetative growth and resistance to fungal diseases, provides optimal 

conditions for this species in the temperature range of about 5 to 10 degrees. Also, Bio1 (annual 

mean temperature) showed that boxwood is more distributed in areas with temperate climates and 

an average annual temperature between 8 and 13 degrees. In contrast, topographic variables such 

as slope length and solar radiation played a complementary role and moderated microclimatic 

conditions at the local level. The habitat suitability map also showed that the central and western 

regions of the Hyrcanian forests, especially in the provinces of Mazandaran and Gilan, have the 

highest probability of species presence. Also, in some areas of Golestan province, medium to high 

suitability was predicted, which shows the potential for boxwood restoration in these areas. These 

results confirm the key role of climate, especially the combination of temperature and humidity, in 

explaining the distribution of boxwood and emphasize the need to protect habitats with stable 

climatic conditions. 
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�� ���J� �#,)Prasad et al., 2006(  . 

����	��  �	�(�#G  ��  BI���  ��T��I�  *�H 
  

CH�N<  .�(� ��G ��'� ���, V��F � &F�� �� �	�H

 ��P B
�2 *�� �� ��H�N< �� )Avicennia marina  (

&�#'  ��  
���	�  T�#'  ����
��  *�HSobhani and 

Danekar et al. (2024)   W��  A�  ���a+(�  ��   B#����

�<��+
U    l	�+
 .�#+F���< B
�2 D	� C#,��< *A�LM�� B�

  K�%a�  B�  ���Q  k��  �Q�  ��  W��  D	�  B,  ���  ���


����	��c)�  .�(�  T��I��
  �  T��I�  *�H  D	��

  *��� 
V�� d�a��� B#���� &��G W�� �� �@q� *�H��S+�

 �
��� TU *��G � �� � �R' ?�
�(�
 
B
k�( E(�+�.  

  
��	� ��H�N< ��Hedayati Kaliji et al. (2025)    ��

��a+(�c+	���M�  A�  �  � e�  B% G  �#
��  |�+Y�  *�H

c�O��  �IF  W��  
���#e�  �]� I�  ���(�2�  
B+4�	

  C#,��< 
�4��e� &�#' � �<��+
U �t,��P 
���S+��#o

�Q�G  :��  ���4 )Fagus orientalis L.  ��  ��  (

&�#'  l	�+
 .�
��, *A�LM�� �
�,��H *�H  ��� ���
  B,

 W��  ���O�  D	�  C#,��<  ����J�  �	�(�#G  �����Q  �H

  &�#' �U A�  �< � ���O'� W�� ���  
�#+G�� �� B
�2

  
d�a��� D�#sOH .�
��� B���� �� ��%�O� D	�+)� �4��e�

B�  X�G  �  ���  ��e4  ?����S�c)�  ���#�  &����  D	��

�
�G  �	�(�#G  �Q�G  :��  C#,��<  ��  �@q�.  

Habibikilak et al. (2025)  ��  ��)� W�� A� *��2   B#����

�<��+
U  X�,�� �  �	�(�#G B� 
�H��S+� A� �a�+Y� *�H

���F�( C#,��< �� �@q� &���� )Taxus baccata L.  (

&�#' ��  W�� ��� ���
 l	�+
 .�#+F���< �
�,��H *�H

H��S+�  *����  W��)  �,�F  �  �O��Q�  *�3  ��%�O�  (

|��j���]�  D	�+O,  �  B+G��  *��    �#J#�  �	A  �I(

)Area Under the Curve(  )93/0=AUC(   ��F B� ��

�M�P�� 
��� f�e+F�  �O��Q� *�H��S+� &��G W�� B,

  W��)  �4��2�<��  �2�G��  *�+)�  ��%�O�  ( 

)94/0=AUC  W��  B�  �����  �Q�  D	��k��  .(4  �� 

AUC   �����96/0  cH _;P A�  �< B, ���  D��  �IF

  ���� A� 
�H��S+� � L
 c)( B	�< �� .�G &`�P �H��S+�

�����L	A *�H  *�H��S+� �O��Q� bio2  
bio3  
bio7   

� bio18  
X�G � d�a��� 
�4��2�<�� *�H��S+� ���� A� �

B�c)� ���#�  ���F�( C#,��< �� ��;2��@n� &���� D	��
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�
�G �	�(�#G.  Asadi et al. (2025)    l#< A� ���a+(� ��

  
�� �+�<  �����  D�G��  
�4��e�  &�#'  &��G  W��K  

K	�R
c�O��  �IF  W��  
B	�LOH  D	��  �  B+4�	  B#����

)  ���-
�  B
�2  ���4  C#,��<  
�<��+
UParrotia 

persica C.A.Mey&�#' �� �� (  �(��� �
�,��H *�H

���]�  ��  �4��e�  &�#'  W��  ���  ���
  l	�+
  .�
��, 

AUC     �����87 /0  &��J�  .�G��  ��  ��%�O�  D	�+)�  


  D	���@q� �	�� �I( A� d�a��� ��� ���
 �H��S+� ��OH�

�� 
�(� ���-
� C#,��< �� &����M�P  DG �`�� B,

B�  :���  ���]�  �  z�F W��  E(��  X����  &�#'  *�H

�  �4��e� B�  �<��+
U  �t,��P  c)�  ��S+�  D����  ���#�

�
�G �	�(�#G.  �H�N<  B
�2 *�� �� B, �Bergenia 

stracheyi    ���
 
�G ��-
� �(� ��M�O�H p!�#� ���� B,

)  B
k�( *���  D��
���  W��  B'��  ��  B,  ���Bio1  �  (

)  B
k�(  �2�
���Bio12  ��  ��;2��@��  *�H��S+�  (

C�<  .�#+LH  B
�2  D	�  C#,��<�#��  �H��2  W��  *�H

���+L	A  
���4  �O��Q�  E	��G  ��  B,  ���  ���
  *�H

  *��� X(�#�Bergenia stracheyi    ��k�� ?���a��� ��

��G  "	A��  ��O�,  �  ���'C�<  �  �
��#��  W��  *�H

��  ���
  ��#	U  �H��2O�  ��  B,  �H�  *�H�	��#(  ��

����	�� �+��� 
��#	U �O��Q�  D	� *��� ���4 X(�#� *�H

  �
�� �#H��F �Q�� X(�#� B
�2)Wani et al., 2025(  .

  B
�2 C#,��< �� ��;2��@�� *�H��S+� 
��	� ��H�N< ��

Bergenia ciliata    X�G  ���  ���
  l	�+
  .�G  �4���

)6/20  K�F :��� 
(�`��) &e4 D	��4/13   
(�`��

��2 :���)  &e4 D	��7/11    *��� D��
���  �  (�`��

K�F )  &e4  D	��2/10    ��  *��	A  ��@��  (�`��

 
k��  �����I�  ��  p!�#�  .�#+G��  ��,;�  B
�2  C#,��<

  E(�+��  D�	�<  �J�  *�	��#(  �O��Q�  ���4   B� X����  

��  ���P  39279   �+����,   
"���  38124  �+����,   "���   � 

116811  �+����,   "���  "	A��  �
�G  )Singh et al., 

2025(  ��2���  BMk  *��  ��  B,  ��H�N<  ��  .

)Fritillaria imperialis L.�G  ��-
�  (
    &�#'  W��

*�Q �4��e�C�< D	��  B���� �� ��2��� BMk "	A�� �#��

  ���)Amindin et al., 2024 (��)� �� ��	� ��H�N< . -

2 W�� A� *��D�G�� � �4��e� &�#' *�H  �� �+�< �����

)Support Vector Machines���( B
�2 *�� �� (  ��G

)  *�e�Suaeda aegyptiaca  ��-
�  �)G��  ��  (�G  .

  ��
��2  ��%�O�  BeY��  �#J#�  B,  ���  ���
  l	�+


) Receiver Operating Characteristic  A�  &`�P  (

  B�  �-#� �-#(�� +��AUC    &�#' W�� *���  *��k��

  ���]� �� �4��e�96/0  �M�P�� 
�G  B,AUC    W�� *���

 �� ����� �� �+�< ����� D�G��88/0    �Q� 
B-�+
 D	� .���

C�<  D����  *���  ��  �4��e�  &�#'  W��  *k��  �#��

���(  ����	��  ����  X(�#�  ���
  ��G��� .

  �
���  X�G  �  d�a���  
�I�J�  &����  D	����;2��@n�

)Edrisnia et al., 2025( .  

  ��+F��  �����  A�  �%	  �
�,��H  ���OG  B
�2

D)< R ( B��OH&�#' ���  W�! B, �(� �
�,��H *�H

B
�2 [R' � ���� �	k�� �O�W�P�� *�H  �4��� \��]
�

�(� ��G
    ��+F�( �o��Q *��O��  d�Q� �A���� ���

XG  �4U  ���S!  �  ���OG  ���  ���j�  ���OG  ��<

&�#' �I( �� �
�,��H ���OG �w�aP  �� W�OG *�H

�
��J� ���j� ��  �(� ���� ���Q *��)Khabazi et 

al., 2019(  �  B
�2  D	�  �(��P  �  }aP 
��  D	�  A�  .

 c)�  �F�#G�2N	�  D	�����  *�H  ��  �@��  �+F�#G

 � �(� �����F�� �	k�� ��OH� A� 
�U �
�%� C#,��<

�2N	� B� � L
 �]�Q� �F�#G ��o��� *�H  �+F�#G

����
 ��'� B
�2 D	� *������ B#��� �
    D	� ��`� _�H

&�#'  ��  B
�2  D	�  C#,��<  *A�LM��  CH�N<  *�H

   .�(� �4��e� &�#' W�� A� ���a+(� �� �
�,��H  

72& 2 �	�� �� 

��2;� �6<�� 
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&�#'B� �
�,��H *�H  *�� *�#�� � K	��� ���
 ?��`

B#����� ��	� A� M� W� ' B�L�( �M�OG *�H  B, 
�
�G

��2 �� � d��G T�h �� ���+(U A�  ��+(� �� "Q�� �h��

&�#' D	� .�
��� B���� ��G �� ���#-�  W�! *���� �H

  ���P800    \��  �  �+����,110    �  �#+LH  �+����,

�U  ��,  �P�L�  �H85/1    B,  �(�  ��+%H  ������15  

&�#'  &,  A�  �`��  �  ���	�  *�H1/1    &,  A�  �`��

�� �� �� �� ���	� �P�L�  &%G) ���21  ()Moghbel 

Esfahani et al., 2023 (&�#' *��O� :�+L2 .  *�H

  �t,��P d�a��� �� � A�hU �	�� �I( A� �
�,��H2800  

  D	�  �� �2�
���  D��
��� .���� B���� �	�� �I( A�  �+�

&�#'  D�� �H530   ����  
��G �� �+�1530  ����  �� �+�

&�#' D	� T�h �� �2�
��� B, �(� T�h  cM�(� �� �H

B� �+P 2000   ������ R�
 �+�  B+G;2 BH� W�! �� .�(�

&�#' T�h �� B
k�( *��� D��
���  �
�,��H *�H15  

�+
�( B'�� �U ��G �� � ���2 5/17  �+
�( B'��  ���2

 �(� ����)Sagheb Talebi et al., 2014( .

  

  
 &%G1- CH�N< B]I#� 

Figure 1. Research area 

  

��	�&�=) ���  

  ��  D	�����  A�  CH�N<  ���O�  B,  ���OG ��bP *�H

����	��&�#' �� �� B
�2 D	� *�H  &��G �
�,��H *�H

����G
    �G ���a+(�)Khabazi et al., 2019(  ���� D	� .

����	��  ��bP  ��]
  �H  ��+(�  B(  ��  ���OG  *�H

  &��G � ���� ���, �M�OG16    ����� � ����	��570  

&�#' �� ���OG ���� ��Q�� ��bP BI]
  �
�,��H *�H

�(�����  ���O�  .  ���+(�  B��(�  B�  ��bP  *�H

���Q��  �G � @ �
�)' T�	A� ���a+(� �� �{( �   "���  

)thindata  (��    B+L�SDMtune    ��R4�  ��
  ��R    B�

���]�  K	  ,� �+���  K#�   �G  )R Core Team, 2024; 

Vignali et al., 2020(    &%G)1(.    *���  ��,  D	�

B
�O
 A� �G�
 � 	�� A� *��2��'���� *�����  ��-
� �H

  �G)Kougioumoutzis et al., 2024(  . B+L�  ��
 ��R4� *  
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SDMtune    &L%�<  �H  ��)  �U  �A��
�  B, K	    �+����,

�(� "���(   K	 ]
BI    ��  ��bP  �	�( �  B+4�2  �^
��

 ��  _;P  ��  �#G��  &L%�<  ��  B,  �!�]
  D	��  .�#,

  �Q�� ��bP BI]
 K	 E]4  &L%�< �H �� B, ?��`

��  ���, K#� A� �< ��bP ��]
 ����� D	����#� .�
��

  ����� B�118   .�4�	 CH�, ��bP BI]
 

��	��<�>� ���  

  CH�N<  D	�  ���L	A  *�H��S+�  A�  ���	�<  �O��Q�

  ����v!�WorldClim  

)http://www.worldclim.org/(   .�(�  ��G  ���a+(�

  �H��S+� D	� �����19  �U DG�M�A� � ���� K	 �H  , � �+���  

  �	30  )  B�
�@  ��  ��Q30 arc/second��  (  D	�  .�G��

 �H��S+���]� A�	�  2�
��� � ��� B
�H���  ��G p+��  � �
�

B�M�� �� ���+L2 ��!A�L *  B
�2 C#,��<  � �H�(��� -

*�H   ����(�#G  � ���Q ���a+(� �����2 ��
�    W��')1 (  

)Ahmadi et al., 2019(  .����  �Q�  D	�  �2�
���  *�H

���+L	�  B�  K	�R
  ���L�  ���	�<  �(�#G��H  *�H

) �(� K�+<�#�(Hesabi et al., 2025.(   

  

 W��'1-  �L	A *�H��S+� �4��� �
�)' ���	�< �O��Q�WorldClim  
Table 1. Introduction to WorldClim global bioclimatic variables  

*��e+F� ��
  �L	A ��S+� �O��Q�  *��e+F� ��
  �L	A ��S+� �O��Q�  
Abbreviated 

name  Bioclimatic variable  Abbreviated 
name  Bioclimatic variable  

Bio1  
 B
k�( *��� D��
���  

Bio11  
&e4 D	����( �� ��� D��
���  

Mean Annual Temperature 
Mean Temperature of Coldest 

Quarter  

Bio2  
B
�A�� *��� B#��� D��
���  

Bio12  
B
k�( �2�
��� d�O-�  

Mean Diurnal Range Annual Precipitation  

Bio3  
 �	��� cH  

Bio13  
T�!�� �� �2�
��� ��� D	��  

Isothermality Precipitation of Wettest Month  

Bio4  
 ��� ��e4 ?����S�  

Bio14  
K�F �� �2�
��� ��� D	��  

Temperature Seasonality Precipitation of Driest Month  

Bio5  
��2 �� ��� �t,��P ��� D	��  

Bio15  
 ��e4 �2�
��� ?����S�  

Max Temperature of Warmest 
Month 

Precipitation Seasonality  

Bio6  
 ��� D	����( �� ��� &Q��P  

Bio16  
T�!�� �� �2�
��� &e4 D	��  

Min Temperature of Coldest 
Month 

Precipitation of Wettest Quarter  

Bio7  
 B
k�( *��� ?����S�  

Bio17  
K�F �� �2�
��� &e4 D	��  

Temperature Annual Range (BIO5-
BIO6) 

Precipitation of Driest Quarter  

Bio8  
T�!�� �� ��� D��
��� &e4 D	��  

Bio18  
��2 �� �2�
��� &e4 D	��  

Mean Temperature of Wettest 
Quarter 

Precipitation of Warmest 
Quarter  

Bio9  
K�F �� ��� D��
��� &e4 D	��  

Bio19  
 &e4 D	����( �� �2�
���  

Mean Temperature of Driest 
Quarter 

Precipitation of Coldest Quarter  

Bio10  
��2 �� ��� D��
��� &e4 D	��      

Mean Temperature of Warmest 
Quarter 
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  ���Q�  W��  A�  �4��2�<��  *�H��S+�  B�)�  *���

)  d�a���Digital Elevation Model  A�  ��G  B�)�  (

����� 	�  4��2�<���  �����*  &��G  )Shuttle Radar 

Topography Mission(    A�  ��^#�  D	��  .�G  ���a+(�

 ��
  ��R4�SAGA    BYL
)9.2(    *�H��S+� V��Y+(� *���

  ��`� ��S+� B( .�G B+4�2 ��)� �4��2�<�� B	�
�@ � B�M��

  �^
 �� �	��4��S' �)' � X�G 
�	�� �I( A� d�a���

  &��G cH B	�
�@ *�H��S+� � �G B+4�2  ���!� gF�G

 4��2�<��) �Topographic Wetness Index(
  gF�G

���OH) �	Convergence Index(
  ��� pO�  )Valley 

Depth(��O� B�`�4 
*  ����U ��  )Channel Network 

Distance (G W�! 
� X  �j � 	X  G �X  )Length and 

Steepness Factor�Q��  gF�G  �  (��  4��2�<��  �

)Topography Position Index  ��S+� B�)� *��� .��� (

)  *��G��F  C���  gF�GTopographic Solar 

Radiation Aspect Index(    �)' ��S+� A�  �	��4��S'

)  BI���  p !1  BI���  D	�  ��  .�G  ���a+(�  (θ    ���]�

�(� B'�� XLP�� �)' ?�O	AU  .  ��� ?��` ��

 = �IL� p!�#�) �)' ��'�1-(
  ���]�  TRASP    �����

  ��5/0  �G  ����  ���Q  )Moisen et al., 2002(  ���]�  .

G��F C���  gF�G ��*    ��  �a` A� 	K  S+���    
�(�

B���!*  B,  ���  	 K  ���
�)' ��#H� �H*    � K�F

��h T�#' � T�#') ��2�  � (  ������
 �a`  ��#H�

�)' �H*  Q�G  W�OG  �  W�OG)  T�!��  �  K#F�  (

(� �)Aertsen et al., 2010( . 

BI���  )1 (  TRASP=[1-cos((π/180) (θ-30))]/2 
 IF�#o  B�  B'��  ����  ��]M��  �����D  S+�� �H� *  

<�C��#� �J�  A�  
��##,�&  ���  ����  &���	 �
�  

)Variance Inflation Factor.�G  ���a+(�  (  �  ��	 
�-#  

<���� �H*  }aP�OH ��G�  ����  *cH �IF  A� �+O,  10  

  �
���)Ahmadi et al., 2023; Dormann et al., 

2013(  .�	D    :A���<�U��*    A� ���a+(�  ��  "���vifstep  

  B+L� ��usdm    �� ���U ��R4� ��
*  R  �G ��-
�  )Naimi 

et al., 2014; R Core Team, 2024(  W��')2.(  
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���    A�

���M�	c+  	2��� �*  G���D  4��e�  &�#'�    .�G ���a+(�

�	D  ���M�	
c+  �<  ��  B,	B  B��O-��*    ��+F��  A�

Oe��c2��*  �  &O��
�#,  M�  B��&  �
��� �	    ��  k��

��	� 	�  �����H*  < �s ���  h  ��IF��
  ���*  M�� A�L *  

C#,��< B
�2 �H* 2�H�� < .�(� X(�#�����A�(*   W��

��)� ��2� �*    B+L� A�tidymodels  J� ���E  ��
 ��R4� *  

R    BYL
4.2.1    ��-
��G  )Kuhn and Wickham, 

2020  B+L�  .(tidymodels  ��o��o�  	 Bo��{%   ��� *  

M�� A�L*  A��  �	���   �  cH��4�^#�  ��%��  �  ���U� c  

gF�G�H -#(�� +�� �� )L� ���& ���#, .  

 W��   4��e�  &�#'�  
 ��#�A�  �����H*    �  ��bP

��bP ���  ���� .�(� B
�2 �H*  �Q�� ��bP�    "��#� A�

��
���  �< �	����H*  "O' � +�� ������U*   ��� .�
�G *  

M����  ���� �H*  :�� A� 
��bP ���  )Environmental 

constraint  (  B+L� ��flexsdm  ) �G ���a+(�Velazco 

et al., 2022� .(	D  �� _vF�� 
:��	�H��%*   4��e� �  

]!�#� �� �)#� �� ��bP ��� ��]
 
���(�  M��� � �� �#,  

A �^
 A� B,	�LJ�� I�  �Q�� ��bP ��]
 ���    ?��a�

 )'�� &��Q�  � B, 
�
���	D  �� CH�, B� ���	 �   � W��

<  �Q�  �� )� �C��#�   �  KO,��#,  ���  ��]
  �����  .

���� �� ����� ��bP�  ^#� ��bP ��]
�c   �G    �� W���� ��

�������� 
�{( .��G }aP �H �H*    ��bP ��� � ��bP

,�� �X  �)
 ���� B��O-� �� �
�G�	  %���&  .��G   ��� *  

��]�  V��Y+(�	�  S+���H�*   J��I�  S+�  &��G)� �H� *  

A	�L �Q��O�  4��2�<�� ��
  ��OH  W��' �� B, ��!2  
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���  (�(�  ��G  �(�)4*    ��bP  BI]
  �H 	�    ���

  "���  A�  
��bPsdm_extract    B+L�  ��flexsdm   ��)�

)  �G B+4�2Barbet-Massin et al., 2012�  .(	D   
"���

�����H*  BI]
�*    �� �� k	B�H*  �+(� *  S+���H� *  J�� I �  

<��
�  ���H�  � �	2N� �H*  � V��Y+(� �� B!������#, .

�	D  P B�P��� �� �  �(�:  A	 ��  �  ���Q  ��  W����A�(    ��

 �H��M�*  A	�LJ�� I�    ��  B
�2  ��bP  ��  E ���

�(�#G �	  ��G � �#,	I �    �� B
�2 ��bP W�O+P� B, ��

�R4�	C  ��
�H� ���A��� . 

  

 W��'2- W�� �F�( �� ���a+(� ���� *�H��S+�  
Table 2. Variables used in building the model  

*��e+F� ��
  
Abbreviated name  

��j��  
Explanation  

 �P��  
Unit  

Bio 1 
���
��D ���*  B
k�( 

Mean Annual Temperature  
�+
�( B'�����2 

◦C  

Bio 3  
cH��� �	 

Isothermality  
- 

Bio 4  
Temperature Seasonality 

��2 �� ��� �t,��P�� 	D  ���  -  

Bio 8  
���
��D T�!�� �� ��� 	��D  &e4 

Mean Temperature of Wettest Quarter  
�+
�( B'�����2 

◦C  

Bio 12  
2�
��� d�O-�� B
k�( 

Annual Precipitation  
�����+�  

mm  

Bio 15  
S���?�� 2�
���� �e4 � 

Precipitation Seasonality  
-  

TRASP  
 *��G��F C��� gF�G  

Topographic solar radiation aspect index  
-  

V_D  
 ��� pO�  

Valley Depth  
-  

TWI  
 �4��2�<�� ���!� gF�G  

Topographic Wetness Index  
-  

TPI  
 �4��2�<�� ���Q�� gF�G  

Topography Position Index  
-  

C_I  
�	���OH gF�G  

Convergence Index  
-  

LS  
 X�G X	�j � W�!  

Length and Steepness Factor  
-  

CH_N_D  
 ����U �� *��O� B�`�4  

Channel Network Distance  
-  

  

�<  ����U  A� A�(*  ���� ��  B�  ����  B��O-�  
�H

) :A��U CY�70  �`��) ���AU � (30  �`��L]� (� c 

 �G  �� �� W�� ��%�O� �� *  �����H*  � 	�����
 A��	�� �  

 ��� .��G*  (����  �< 	 ���*  2��' � W�� ��%�O��� *    A�

�< 	��  ��C:A���-#(�� +�� :�� A� 
�    &��]+�k-fold 

)k-fold Cross Validation  ()  �G ���a+(�James et 
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al., 2021; Kuhn et al., 2020� �� .(	D  ���� 
:���H *  

GA��U�    B�k  A	B��O-��  L]��c  ���
�G    �H  ��  �

  
���%�	%�  A A�	B��O-���H  ���*  -#(�� +���  ]� �� B  

���*  B�  W��  :A��U�  B+4�2  ��,���G�  .	D  ��	 
��%  

�< ���U��	 �����*  � B���� W�� ��%�O� A�� �H�  ���Q �� �  

O���c ;<	 �*  � �� )� �� �U���Y�  �� .  D	�  A� 
CH�N<

-#(�� +���    &��]+�10���	  )10-fold cross 

validation (�#� W���� B, 
�G B+4�2 ��)� (�  ��D    �Q�

���, ��	   �� (�J�� � ���Q����#,. 

��  4��e� &�#' W��� 
  gF�G�H*  �, �� *    &��G

S+�  �����  
��+F��  ������ �H�*  T�Y+
�  �H  ��  ��G

L]��c  )mtryB
�O
 ����� &Q��P � (�< ��2 �H �� �H 	
� �  

)min_n���  .�#+LH  (*  )��B#A�(*  U�4  
W��	�#  ^#�� c  

gF�G)  �Htuning�  .�G  ��-
�  (	D  ^#��
?�O  M���� �  

��D  2��' � W�� �Q���*  < A� �s�2��  �� CA�  ���Q�� �P

���##,  )�  ��%�O�  ��B#  Ob�  ���D  ���O
	�#.  ��   D	�  

  CH�N<�F�� �����S+�  �����  
�H��H�*  T�Y+
�  ��G

  ���H  L]��c  ��2 �H �� B
�O
 ����� &Q��P �    X���� B�

500 
��  �l#<    .�G c�^#�  

?�-&�@9+	�  %��  

���*  A��	���  4��e� &�#' W�� ��%�O��
  �#o A�	 D  

�����  ��	 l  M�� �� � +�� �A�L *    .�G ���a+(� 	%�  � A�	 D  

��� �H��  #J#��  2  ��%�O�  BeY�����
�  )ROC(    �

A �P�L� 	�  �	D  #J#� �  �#J#� .�(� ROC � BI����D 

� t�  ��
�H*  �Q���  )sensitivity  (� t�  ��
  � �H *  

TZ�, )1-specificity  (��� �� *  B
�+(U�H*    ���
 |�+Y�

���H�  �,  ��%�O�  � �  %a�  ��  ��  W��� K  ���� �H *  

��� � ��bP(��� ��bP �   ���#,  .AUC  � *���� D  

5/0    ��K	  ��]� B, �(�	�  �R
	K    B�K	  ���
  ��#H�

%a� ���� �K  k��*  �(� W��  )Phillips et al., 2008(  .

��v�  �Q��  ?��)�  gF�G A�  
�U  ���  )True Skill 

Statistic(  
�R  ���*  A��	�� �  �  .�G  ���a+(�  W��	 D  

 ,��  gF�G� �  (�LP  A�� �  �  �	2N�    ��  B,  �(�

  W���4TSS = Sensitivity + Specificity – 1  ���	| 

����G  )Allouche et al., 2006(  ���]� .TSS  ��D  1 -  

�  1+  S+���  �R
 ���]� B, �(�	K    B�K	  ���
  ��#H�

L�  ��%�O����    .�(�  W��  T�F  ��	�  gF�G  *���

C�< ��, �J` ���	A���#��  �Q� gF�G 
W�� *�H

��, )Accuracy  (�(�  �����  � L
  
gF�G  D	�  .

B
�O
B� W�� B, �� �	�H �U �+(��  �� �� �HB+(�    ��bP

���  �	C�<  ��bPB
�O
  &,  B�  
���,  �#�� ���
  �H

��  D�� �U ���]� .�H��a`    �K	    Bo�H B, ���� ���Q

  B�K	  K	�R
���
 
�G�� �� �� W�� �+)� ��%�O� ��#H�

B+(�  �Q�  
W�P  D	�  ��  .�(�  ?��H���  ��J` *�#�

��  ��,���  ��'�  ?��` ��  �
���  D��  �	�G  �A���

B+(��H  )&t�  B
�O
 ��	A �����  � L
 ��bP ��� *�H

���O2 (��bP B�  �M�� �(� D%O� B, ��o 
�G�� ��##,

C�<  ��B
�O
  BOH  �#��  ��  �HB+(�    �Q�  ���]�  
XM�h

C�<  ��  �M�  �H�  ���
  �	k��  �#��B+(�  )  ���Q� &t�  

  D	�  ��  
&�M�  D�OH  B�  .�G��  |��j  (B
�2  ��bP

B�  ��,  �Q�  CH�N<gF�G  ���OH  �#
��  &O%�  *�H

gF�G � �<�, X	�j TSS B�  ��%�O� �� �G B+4�2 ��,

B�  W��"��'  ?��`G  ���	A��  *��  �)Allouche et 

al., 2006; Fielding et al., 1997(  .  ���O�:A���<  �H

&��J� �  �L	�
 B��
�� ���A �� �HR    �4�2 ��-
�)R 

Core Team, 2024 ( . 

 A(�9�  

 %�� �
4/�+  

���*  A��	���  gF�G A� W�� ��%�O�*�H    &��G � +��

�,  �Q�  gF�G��j  
 	X    
�<�, �I(  A	 �  #J#� �  

2 ��%�O� BeY�� ���
�     gF�G �TSS    .�G ���a+(�

� ��	D    ���]� 
CH�N<AUC    W����98/0  �<�, ���]� 


72/0  
    ���]�TSS    �����63/0    ���]� �Accuracy   �����
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95/0   ����
  B,  �G  B (�J��#H�*    T��I�  ��%�O�

%a� �� W�� �K    ��bP�  B
�2 ��bP ���*    ���OG

H�
�,��  �(�    W��')3(  . #J#��  ROC  
�R    �� B,  &%G

2  B� 
��G B���� � ���
 u�j���H�    ?��Q A� W�� B,

�O�	R   k���	  ����  ��� � ��bP ��]
  �����F�� ��bP

.�(�  �#J#� �#� X�G ROC  EF A� �U ��	A B�`�4 �

  d�j�� D	� ��##,��	n� (����O
 �IQ) �4��e� g�Y��

(�.�    ���]�  
W��  *��'�  A�  &`�P  l	�+
  ��AUC  

  W����98/0B� 
���
 B, ��U �(���#H�  ���L� ���� *

  ��bP ��� � ��bP ��]
  ����  R	�O�  �� W�� *k��

B
�2  ���OG  ���]� .�(� AUC   B� K	�R
K	B� 
  ���#�

  ��  W��  A�+O�  ��%�O�  A�  �,�P  
����
�+(�  *�����

B] !����  ��J`  *�#���  �H  
D�#sOH  .�G�� :A��  

  �<�, ���]�72 /0  &��Q p4��� ��
��� B, �G B (�J�  W� Q

C�<  ����  ��  �+P  
�(�  �
����  ���Q��  �  W��  �#��

C�<  W�O+P�  B,  �I	��G ��  .����  ��'� �4��e�  �#��

  ���]�  
B����TSS    �����63/0  B�  ���
  B,  ��U  �(�

����(�LP  ����  � (�#�  W����  *����  W��  �H�   

)Sensitivity  (�2N	�  �  )Specificity  (  D	�  .�(�

B� gF�G  �� �A��� ��� �a#� ?��@� _;P *��� �N	�

������� � ��bP *�H  
�	�)
�� .����  ��OH�  ��bP

  ���]�Accuracy    �����95 /0  B, �G B (�J�    ��
�	�O


B] !  *k��  ���L�  ��
  B��O-�  &,  ��  ��J`  *�#�

���� .�(� �H  

  

 W��'3- B� W�� ��%�O� �(� ���	A�� gF�G ��)o A� ���U  
Table 3. Model performance obtained from four evaluation indicators  

����H��* A�� 	�� �  
Evaluation criteria  

�4��e� &�#' W��  
Random Forest model  

 �#J#� �	A �I( 

Area Under the Curve  
0.98  

 �(�� ?��)� ����U  
True Skill Statistic  

0.63  

 ��, �Q� gF�G  

Accuracy  
0.95  

 �<�, X	�j  

Kappa  
0.72  

  

��
�B9� C���	 D��E! 

  &%G3    *A�LM��  ��  ��S+�  �H  � L
  ��OH�  l	�+


B
�2  C#,��<�OG  *���  ���
  ��  ��  .�H�*���  ���� D  

OH���   L
�  S+���H�*  J�� I�  <  ���C��#�    C#,��<

  gF�G A� 
���OG"� CH�,��
��D  eM�F�
� "  )Mean 

Decrease in Impurity� .�G ���a+(� (	 D    B, gF�G

 W�� ���H*  4��e� &�#'�  �� 	l    ��(� �� 
�(� ���]�  

eM�F�
 CH�,�#�' gF�G �#
�� � )Gini index  �� (

��2�H*  Oe� �F���c2��*  &O�  ���#,  S+� �H B� �� �  

 ��� ���]�*  � f�e+F���H�  �  B,� ��
�    �� �U c)(

Oe�  �� )��c2�� *    .�(�  W��  &%G  B�  B'��  ��3  

S+�� �H�*   �Q��O�  B�)�	�N  Bio3    �Bio12��O� c)( (� *  

�� ����D  B+G�� B
�2 C#,��<M�P �� 
�
��B,  S+� � �H� *  

 4��2�<���  ) �#
��LS_factor  (
�R  B�  �� &O%� ?��`

���� �@q� W�� ��%�O� �� )�.�
�  
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 &%G2- �#J#� ROC  W���4��e� &�#' C�< �����OG B
�2 ��bP �#��  

Figure 2. ROC curve of the random forest model in predicting the presence of boxwood species  
 

  
 &%G3- OH� � �  L
� S+���H�   ��)� ���2�* � CH�, :�� A� ��
� �D eM�F�
� cH 
c)� ��S+� ��)o)) �	���bio3 
(  �2�
���

B
k�( )bio12() B
k�( *��� 
bio1) T�!�� &e4 �� ��� D��
��� � (bio8(( 

Figure 3. Relative importance of variables using the Mean Decrease in Impurity method (4 important 
variables, isothermality (bio3), annual rainfall (bio12), annual temperature (bio1) and average 

temperature in the wet season (bio8))  
��
�B9� �� C@�� ����� F-�� ��>��  

�H��S+�  � L
 ��OH�  B�  B'��  ��
  ��)o    ��  �@�� ��S+�

  B
�2  5(�<  �#J#�  �  �G  gY��  ���OG  C#,��<

�U  B�  � L
  ���OG  &%G)  �G  c(�  �H4  .(  �#J#�

B
k�(  �2�
���  B�  B
�2  C#,�� )Bio12(   *��M�  K	

B�  �  �IF��h  D	��k��  .���  ���
  ��  ���]+��
  ?�G

D�	�< �	��]� �� B
�2 d�Q� W�O+P�  ���P �� 
�2�
��� ��

250 –300  ���� �+�  � @  �G  . �<   A�  D	�  
���]�   ��  
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C	�R4�  
�2�
���  K	  CH�,  "	�(  �  �
�)2�
  ��  W�O+P�  

��bP  ��H���  �G  .D	�  CH�,  ��  ����J�  400  ��  700  

�����+�  ���	�G  ���  �  �{(  ��  �	��]�  ��k��  A�  800  

�����+�  B�  K	  ?� @  � L
  ��  u�I(  D�	�<  W�O+P�  

��(�  B�  C#,��  �#J#�  .cH�	��� )Bio3(  *�
��

  � �F��#%	  ��	�R4�B� � L
    �� .���  ���
  ��  ���]+�

  D�	�<  �	��]�cH�	���    ���P)25  d�Q� W�O+P�  
(B� -


� L  ���]� C	�R4� �� � ��� D�	�<Bio3  ��bP W�O+P� 


B� R�
 B
�2  �	��]� �� B%
U �� 
�4�	 C	�R4� ����� ��!

 *k��40  B�B#����   �]!�#� �� ���OG B
�2 .��(� ��F

B
� G  W�!  ��  k��  �	���  ?� @  �� c	v�  ��(�
  �  A��

 ��  *�+)�  ��%�O�  ��e4�G#J#�  .�    B�  B
�2  C#,��

S+���  Bio8  
 �R   ��M�*  	�F��#%  
�)2�
  �4�  ���    ��

��]� �� .��� ���
 �� gY�� B
�+(U	 �  �<�	D ��   ���P)

l#<  +
�( B'������2��k�� �� d�Q� W�O+P� 
(	D    �I(

Q��  ��F�  �R4�  ��  .�
�� 	C  ���	-�    ���P  ��  ���10  

+
�( B'���
���2  #J#��  �]�	~�   �<	���  � r�����   �U A� �<

	K  �G CH�, 	�  
�)2�
 ��   �� B
�2 ��bP W�O+P� ��

B�  B,  ������
  u�j� ����P  B
�+(U  ��#H��    ��  B
�2

B� .�(� T�!�� &e4�	
�N  �H��� �� *  k��*  12    B'��

+
�(�
���2    ��bP W�O+P��� c,��G� .	D  ,�P ��M� �  

 (�LP A���   �H��� B� B
�2*  ���� �� k���H *   T�!��  

.�(� W�( #J#�� ��� B� B
�2 C#,��* ���
��D    B
k�(

)Bio1  (	K  ��M�*    � ���]+��
 C#,��	 �F��#%   .����

B#����    ���P ����J� �� B
�2 d�Q� W�O+P�14    ��16  

+
�( B'������2  ��]� �� .�G � @	�  �<�	D��  � A�	D   
�A��

#J#��  G �X  v�	c  �R4� �	��  ��]� �� ��� 
�G��	�    ��k��

  A�16    
B'��#J#��  �(  CH�,  ��	"   
�)2�
  ��    ��

� .��� ���OH ��bP W�O+P�	D  ���
 ��+4�  B
�+(U ��#H�

 ����P � k��*  ���OG B
�2 (�.�  

����� ���� G�/<� ��#�(2& ��6�  

B�]
  B
�2  ����	��  �����I�  ��)�  ��  ���OG  A�  *��2

�L	A *�H��S+�����  �  �4��2�<��  
�O��Q�  �
�%�  *�H

��bP  ���  ���bP    B�)��G    &%G)5 u�I(  .(

  �����I�����	��    C��) k�� �����I� &��G B] ! B( B�

  A�75/0  D��)  E(�+�  �����I�  
(50 /0    ��75/0  �  (

  D��)  D�	�<  �����I�25/0    ��50/0c�L]�  (  .�G  *�#�

B+4�	  *�HM�� A� &`�P�� ���
 *A�L  �� �P��
 B, �H�

  ���OG ���]+(� *��� �����I� B'�� D	��k���+���    ��

��G "Q�� *A�� �
�,��H B�P�
 � ����
A�� ��+(��
�.    
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 &%G4-  B� � L
 ���OG 5(�< �#J#���)o   :�� ��(� �� �@�� �I�J� ��S+�� CH�,� �
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Figure 4. Boxwood response curve to 4 effective environmental variables based on the Mean Decrease 

in Impurity method (upper left bio3, upper right bio12, lower left bio8, lower right bio1) 
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Figure 5. Habitat suitability map of boxwood species in Hyrcanian forests with the Random Forest 
model  
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