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Most of methods to determine environmental flow in Iran have been dealt with 

the required depth for movement of target species whilst that interaction of flow 

and turbulence in river morphology should be paid more attention. Flow 

turbulence could be of significance in rivers, however, it has rarely been 

considered in river restoration and habitat evaluation, due to its complexity. In 

this paper, attempts have been made to review the interaction between 

hydrodynamics and organisms and their measurements in rivers to signify the 

turbulence investigation in river management. In this concern turbulence 

properties related to the flow environment (i. e. inclusive, intensity, frequency 

and flow structures) have been studied. In addition, role of vegetation cover and 

organisms have been investigated in-depth in the flow structures. In this 

connection, potential threats and opportunities have been put forward for river 

wildlife conservation. With regards to limited knowledge of this topic in Iran, 

this research could enable scientists and practitioners to understand the 

challenges for interaction of turbulence and restoration, particularly ecologically, 

in rivers.  
 

 

Cite this article: Majdzadeh Tabatabai, M. R., and Moridi, A. (2023). A Review on Interaction Between 

Hydrodynamics and Organisms in River Turbulent Flow. Journal of Water and Irrigation Management, 13 (1), 83-104. 

DOI: https://doi.org/ 10.22059/jwim.2023.344080.999 

 

 

© The Author(s).                                                                  Publisher: University of Tehran Press. 

DOI: https://doi.org/  10.22059/jwim.2023.344080.999   

 



  

  

 
گاه ���ان  ا��شارات دا�ش

  ���� آب و آ�یاری
Homepage: https://jwim.ut.ac.ir/ 

 ۲۳۸۲-۹۹۳۱شا# ال! رو�ی�ی: 

 

����� �� ���	
� ���� � ����� ������������ ������� �
 �����  ������� ����� ��   
  

 ������� 	
�����	��	���1 | ����� ���2  

  

1������ 	
���� . ����� 
��� 	����� ����� ���� � �  �!�"#$ �%
��� 	
&��� .!�"�� �!�"�' �:)�����* m_majdzadeh@sbu.ac.ir  

2 .*�����%�� ����� 
��� 	����� ����� ���� � �  �!�"#$ �%
��� 	
&���.!�"�� �!�"�' � :)�����* a_moridi@sbu.ac.ir  

  

��	�� �	����  ����    

 :��	�� "#$��,�-. /0�1�  

  

  

�	%�& ���'(	: 18/03/1401  

�	%�& ��)$�	* :15/07/1401  

�	%�& +,�-� :14/01/1402  

�	%�& �	./$� :25/01/1402  

  

  

  

���0�1�2 :	3   

 �!��9�   

 ����:�   

�)�;��* <��=�   

>�������*
�,.  

?�� "' @�* <�, A��B' ��� ���� ����� 	��:�%��*�� *� !�"�� ���' )� C#$ �  ����*�� <�"� ��"' 

)�D <�, E;�� !��,�� )F�' �
*�� �'*�G*� )H <�"� I:= J��' ����� *� )�;��* �, 
��� "K�  ���:� 

!��"F  "� <L�0�M*�� � "��� )�;��* )F�'�*�� *�"N �"�D. O��;  ���:� !��"F )�;��* *�  <�"� �,

!��9�   *����<�*�� �%� ��#,� ��� �)� P�0� 	
�Q�. ��,��  !��)� �����*� *� R*
 <�,  ���
�� 	������

)�;��* �, � S"T  ��=� <�,�%*"��*�� �� *�"N 
"�D)0�1� A�� *� .*�"� )� � �?�H*
 )M"T�� 

>�������*
�, � <9�  R���F�� �)�;��* * �,  � 9�@�* �,< <
�UH 	��
� <"�D !   �,	
� )�;��". 

�%� �'  <�"� 
��� �N��� ��#,� )� )F�' �%*"�.)�;��* ��"�
� � VU$ *� ���:�  V, A��W�  )�

 �%*"�@�*  <�,	��
� O��; <"�D �:� �� ���� �� �X'"� ���� !��"F A��B' P���  �����' �R
�

��F <"�D�  )�:�  !��"F <�,*��;�% Y��1� ��%� 	
� )�;��"..  	�Z$ �P�U�' A��"�  
�H[' "�

*@�  <�,\U�]� �%�' !��"F !�
�� SZG� !�,��D  )� �!�*��F �"�K[' 
�:� @�* A��  )�;��". �,

�%� <�,
�
�' .	�10��  <�"� �� �X'"� �1� � 
�*���:�   P���)��F �^�%  �F�� <L"� _"`� ?��9M� �

)a�*�  	
� �%�. )F�' �� )� ?�� ��M ��
�� A�� J�b�� A�� )��* <� *� �!�"�� *� A�� )0�1� �B% 	
� 

�' R���"c' ���F *� A�� )d��* e�� � f#F 
��< ���  �� � f��� �;"� ���%�����F �� ���:�  g�h�� 

)�;��* <��=� VU$!��' )� �  )� i*� *� V�,�:�)���� A�� �'�1�1�' 	
�Q�.�"� �. � .  

  
  

�	4/5�: 	���
c� a�XT�XT� � .* .g �"��
<J � )1402( .*�"�< "� ?�H*
� ,���*
�����> "F�!� � D
�� 9� �!� *� "F�!�  )�:�  )�;��* �, . )�"�

<*���  � �  ��"�
� �13 )1 �(83-104. DOI: https://doi.org/10.22059/jwim.2023.344080.999  

  

 :"��!�"�' 	����� R�*���� )�%m�          .             © .!�D
����  
  

 

 

 

 

 

 

 

 
 



�2��� �* 640��$� 3��2����	4�7 �8�9	 2 :�$�� ;*<�9	 �� �8�9	  �/=>< �$	?�2� 	3  85 

1 .���"� 

 )� )F�' ��A�� )H  ������� d���A���. �#% )� 
��� �)�;��* >� �� )H �%� ��  *�
1� �   !  ��
�Z�% � �%�

�D-�� �' �
��� !��"F   <�,����� V,  !����D-�� ��  <�,��� I:= V���%�H� 
�#��*� )Nikora, 2010()� �n0 �  <"�D*�H

	-�� ��#,� �� ��� A�� �*� "� ��F ^%��� @�*  *� .�%� 	
� )�;��". !  )� *���� !��H�' )H �%� *��*�;"� <� A��

�K[' � )�;��* "��� �� !  ?�H*
� � ��� A�� ?1 )� !���"  !��"F *��;�% "� 9���VH "' )o=Z��*��  ..�%� )�M"D *�"N

 ��� fN�� *����� d����# !��9�  R��= <*�
�� ��F P��$ ���' �  !��"F *��;�% � "��� >�������M*�� )&U� 
���

���� I:= � <*�
�� *� 	�D �;��* <�,)  ?1 9� �,)� ���9%  ) !  �0�T P�M�". ��
��� *� "��� P&� "��p' .
*��

 )&U� �%� )�;��* �&�L�0�M*�� R�"��p' �� �H�= ���')� *�T ���� R�"��p' "����* q�"G  ?�H*
� � )�;��* �,�D

�� !��"F *��;�% �� !  P&� *� ��; )H 
��� *� !  ��&� R�"��p' � !��9�  );"W <"�D �� �0�T P�M�". ��
���  
��'

.
��# �:�� �* <
�UH ?1  

!��"F J�N� ��=� *� !  *��;�% ?1 � )�:�  <�, )�;��* ?=� R��= <�1�� � �� ����,�H <�,  �:d$ )d1 
��'

	*�
F �� !  ?�H*
� � Rr��% >��&� VU$ *� ���� � i"��� <�, � !��"F <��%�,* s�X'*� .
��� )�;��* g�� *
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��. ��"�
� � �,
% �%� 	�D  ��' )H 
���, �U���$ �� �,"�K['  R
� .
*�� *�"N !��"F ���:�  V�1���

���� <*�
�� � I:= *� ��Z�%"�h � ��Z�% ���"� *� ���:�  	�D )�;��* <�,  <�)� *�o��  <*�
�� � �t�:=

���� �� )�;��* g��  *���� 
��'"Km� .
���  

>��&� !��"F ���% "�K[' �%�%� "� !�,��D � *� !�*��F )�;��* )���� !��9�  � �&�������*
�, O��; !��"F �* 

"��p' �� 
�,� )Vogel, 1994( .*� >������ �Rr��% R��:' �%�%� A�� L*�V �,< !��"F  V�L* .�*�� ��F� )�:�  � g�* 

)�r �� P&��� g�*  !��"F <�, <���� ���% )H �%� <�* "��
&� !�
� �� sZ�;� .
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*�� ��F�L* .�V "F�!� )� >#H * �
$��
0�� B'��A �� ���  )H�> 

� "���*�.� 
B� �X� � 	����  ����"< ��%"��  )���"<  .�%� �F90 �
$ � !��9�  ?�H*
� \�G�' <�"� �
0���*

���% ��&��� <�,�"� <L�0�M*�� ��  <�,u*9� "' "o �� "'*��#,� � *� �&�������*
�, ��
$� �
0���*  9� "'r��

	��:�%��*�� �� *�"N �"�D )P&� 1 .(!��"F <�, \�T )�:�  	�"��D �< �� ���"� �d��� �* *� "� �� 
"�D � \�"B' 

)�M"�n. �	
 ���F �*�
 ��F� !  <�"� .)$�#c� <� �� ��D-� �,< i"��� !��"F  )�:�  <�,�� 
�'*�X$ sZ�;� 

�9M��? �)�M�� ��%��= )� ���"� )�0�� � ���:�  <�, \�T �(�BdN ���:� ) >W�H �B�%� �� <�,*��;�% ��&� � 

���� �?�H*
� <�*�� �H"= *� ��F �,�� "�h �� @"� ��#$� �	
� �?;"W � �����' �� #o� )Clifford et al., 

1993; Davidson, 2004; Nikora, 2010; Warhaft, 2002(.  
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Figure 1. Definition of Reynolds number and laminar and turbulent flow, with example Reynolds numbers for 

different types of organisms interacting with the flow. 
  

)� ��X� *���� R�B0�d�  � V��P��N  Y"�%�*� ���:�  )���� � <*��' )�r <�"� *� ),� 1990 )Clifford et al., 

1993; Vogel, 1994(R�B0�d� � ��
�� � �,�������  ���:�  ?��9M�  .�M��V, A��W�M"��. � )B%�' � ���, *� 

<�,*�9�� )���� C�N� 
��� �$"% �c�% "U.�� >��%�H  )Chanson, 2008; Garcia et al., 2005; Lane et al., 

1998; Liao, 2007; Voulgaris and Trowbridge, 1998(  	
,���
�  �@�* �, O��; A��B' <�"� �U�U�' <


��M�� )B%�' ���:�  )Farge, 1992; Goring and Nikora, 2002; McLelland and Nicholas, 2000; 

Torrence and Compo, 1998(. 

 �,�������  R�B0�d� ^�H"')Adrian, 2007; Hardy et al., 2009; Jimenez, 2011; Nezu and 

Nakagawa, 1995) 	��
� � <"�D  r�� S�b� �� ��
�� <�, *�	��� <�, ) >W�H w��X�VH "'  ��5  ("�� *����H �,< 

XT�B�� @�* �M"��. )� "c�� 	��
� <�,  �%� 	
� ���:�  <"�D(Buffin-Belanger and Roy, 1998). 

���:�  "�K[' P��N �F�'� "� !�,��D � !�*��F )�;��* *� �, �*��)� . !���$ ��x�� ��F� ?��.  �,��D"�K['  "� <����

O��; �%��� ���:�  )���� !��"F )Nepf, 2012(  � A�M"D"o*�)� "c�� ���:�  "��� �����*� ��]��  	������

�%�' �,�� �, )Smith et al., 2014( � �� !�D"�� )Morris et al., 2015( �� ����� . ��A ��F�� �%*"� !��� C�N� 

� >�������*
�, @�* <�, �*�
��%� �����*� 	������ ))H ^Uh� "� R�
,��� <"`� �� � �D-�� <�, !��"F �%��� 

�&�� �
���, 
��� �%*"� 	������ E;�� � �)�;��* �����*� 	������ )�;��* <� *� )�;��* <�,  )�"��
�)Pardo et 

al., 2002; Raven et al., 1998; Rinaldi et al., 2013(�����D � ��F� �*�� .�����D A�� "c�� )� g
$ i*� 

��F�� s�X'*� A�� ���:�  !��9�  � *� Y��1� �9� )�;��* *� �, )Wilkes et al., 2013( *� )H) !   �,�����*� "� 
��� 

	������ � ��=� 9H"#'  (����� ��� )Newson and Newson, 2000(.  

�� _
, A�� �)0�1� ��Bb� "� <*�"� �UBM ?�� A�� ?�H*
� )���� *� 	������ � >�������*
�, *� )�;��*  �,

 �%��'  <�"� 
��� �N��� ��#,� )� )F�' �%*"�..)�;��* ��"�
� � VU$ *� ���:�  ��F �"�� A�� C1�' <*�"� )� 

@�* "� <�, S"T ?,�-. *� A��  .�%� 	
� )�;��". )����V, A��W<*��' )� � � <�,"���*�. )�r <�"� )�:�  )� *�T 

)GZ; ;��".� 	
� )� @�* <�, �UG� ?�H*
� V���D*� �UG� <�, )�;��* )?��. �,��D �<9�  �� !�D"�� �u*9� � 

,��� �, (�� ���:�  O��; !��"F �%*"��*�� )�M"D *�"N )H 
� P��� @�* <�, SZG� )�;��* >�������*
�, �%�' �, 

R����= � �!�,��D  <���9�"F�!� �,<  � 
�* R�
�
�' � �)�:� �%�' 	
���c�� �1� ���:�  �� .
��� 
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%�� ��� &�' �(�(� 

*� @�* �,< ��,�-. )�  )�M**�H*� )B0�d� ?�H*
� A�� ���:�  � !��9�  J��' <���� ��F�  !  \U�]� f���� )H �*��

 �� 
�'*�X$1- R�B0�d� � 	��
� <"�D ���
�� 	�������  *� ?����  g�c� ��, �� �
� ��%< ��&�0�*
�, 2- )�X� <��% 

*� ���:�  R�B0�d� �,�������  �� 	��:�%� �� V���&� �\U�]� <�, 3- )� D*�H�"	
� R���F�� < �� �$��`�  g�c� *�

	�������  *� ?����  �, � 4- 	��
�  R�"K� <"�D �&�L�0��9�M�H� � )��9, <�, <L"� ��� �  	
���c�� <�,*��M*)� )d%�� 

���:�  . ��@�* !��� y��* �	
�"Hz <�, �%� �,�������  R�B0�d� g�c� �@�* A�"' )H )� "c�� 	
,��� C�N� *��M* 

R���F�� � {%�. )� ���:�  V�� � ��, "' �� �)#, 	"�� <���9� �� <"�D �"��H  	�������  *� C�N��� ��� .)H�c �� 

�� "�h <"��� �
B�� P���$ ���:�  "� ��]�� 	������ � <L"� ����� !��9�  *� )�;��* <�, �BN�� "�K[' ��  
*�nD

P���$ 
��� ��*� )
��� /)U="� 	��
� );"W ��D
� ��Bb� ��&�L�0��9�M *�� !�9�� P�� � <*�#�� (� P���$ 

���� �d��� )
��� S�d% �*� ���� *� Y"�%�  !���!-��H� � ���� �<np� ��F� ���� �#% � ���N*( )Hockley et 

al., 2014; Liao, 2007; McKenzie and Claireaux, 2010; Shuter et al., 2012( *���� C�N� �"��H �

)F�'�*�� � 	���  A�M"D"o*�A�� R�"K� ���"� ��' <"�� ��
�� ?0�W ��"��9 �%�.  

*� R�#�o�' g�c� g�UM �	�������  @�* <�, <�
B�� <�"� )�X� <��% � 	��
� <"�D �*�� ��F� ���:�  � )���1� 

y��� PG�= �� S"T <�, ������  \U�]� �� *���� <"�� 
��' 
��� .V���&� �� <�, 
�0�' ���:�  *� ���� <�, 

�,�������  �� )� !��' "��p' )F*� �"� *� <"�� g�UM )Nikora et al., 2003(� !��%r�
� |#. <�, !��"F )Enders 

et al., 2003(� � <"�D*�"N )���%� f���  g��F�) <�"H �� <�h�" *���>*� ( !�
�� !��"F )Liao et al., 2003; Maia 

et al., 2015( "H 	*���� .���:�  O��; �� C�"T 	��
� <"�D <�, )d1 <� �$"%  }�H"M �� )H)�) !���$  ��x�20 

9'", (�� 	��:�%� �� J��� }= "D �,)Buffin-Belanger and Roy, 1998; Clifford and French, 1993; Lane et 

al., 1999; Stewart and Fox, 2015; Sulaiman et al., 2013; Wilkes et al., 2013( )�# r�� <*��"� 	
� 

�%� �$"% �� � �c�% <"��`' R�*z )PIV)H ( g�c� !  *� 	�������  	��% ��
�� ���"� �� )���1� *� "' ��%� 

P��N 	��
� D�"
���, < )Adrian, 2005; Creutin et al., 2003; Fox and Patrick, 2008; Tritico et al., 

2007(�M"��. . <�, "�;� *� )� )���� �%� P�M�". !�*�  )� !��"F  @�*"U.�� �>��%�H  )% )a�*� )� "c�� <
B� C�N� � 

P�M�". �XK C�"T �� !��"F >�0�*
�, <�, �� <��#$ S�b� r�� �� s�1 )#� )�%��. �$"% �%� 	
� )Chanson, 

2008; Garcia et al., 2005; Rusello et al., 2006( )H �:�T �� O��; @�* A�� �� �&�������*
�,  P��N

�%� ~�"]�%� ))� ?]� 
B� )BF�"� 
��H .(<*���M  9� ��
�� ���"� *� )���� <�,P��N 	��:�%� �� 
����.  ", g�c� *�

�� R�B0�d� ��
�� � f���� 
��� �,�������  �0�#�=� �d; )� g���, )�# <*��"� *� "o �� 
�'*�X$ )H 
�� )�M"D  )F*�

���:�  <��*� )� !��"F �%�' 'R�9��c )�# �<*��"� ��F <"�D ���". Vc= )�# �<*��"� 	��
� *�"&' <"�D �  ��T

	��� �XK !��� ��, � }. �N� @���". )Buffin-Belanger and Roy, 1998; Wilkes et al., 2013( .  

?,�-. *� <�, )B0�d� )� �"�;� ?1 �
� ��%< <�
$ *� �H� >�0�*
�, )Tonina and Jorde, 2013( � 

)�X� <��% !��"F )�:�  )Argyropoulos and Markatos, 2015( �%� 	
� )�;��". . *��
� ��%< <�
$ ����:�  

)� P= Rr��B� P���":�� 	*�. <� Rr��B� P��� � g������ <�1� g"F )Rr��B� ���"- }H��%�( �� )�;��". .��� 

)�X� <��% <�
$ V�1��� )DNSRr��B� P= )� �( *� >W�H A�"' Y��1� <�, ���:�  �� �����". ��� A��  )��9, @�*

)���� ��r�� �'�X%��� � <�,�"�*�H ,�H��0�*
�&!  � )� P�0� g
$ i*� ��F� �&�L�0�H� � �&�L�0�M*���aL *� A�� 

�Y��1� w��X� ��
�� � �% )Tonina and Jorde, 2013( .��*��� �� <*���� *� �n0 P= )� �� Rr��B��"-  )� }H��%�
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� @�*����A D�"< *��
0�� )RANS �'�X%��� )��9, �� (VH "'  .�%� 	
� )�;��".@�* �,< "��� A�9���F @�* 
��� 

)�X� <��% ����"D u*9� )LES<*�"N"� �� �( ���B' A�� �<"�*�H ��N� � �'�X%��� )��9, )Argyropoulos and 

Markatos, 2015( ��F P= Rr��B� ���"- �}H��% <�"� "xH� Y��1� <�, P��N "o�*�� 	��:�%�  ) 
���,Rodi et 

al., 2013( .@�* <�, �
� ��%< <
�:� R�$ZT� <�
$ 
��� *��;�% *� ���:�  �NZ' P�� )�;��* �, 

)Bradbrook et al., 1998; Bradbrook et al., 2000; Constantinescu et al., 2011; Rhoads and 

Sukhodolov, 2004(?;"W � !��"F )���K  f��� ��F� �� ���)Brevis et al., 2014; Ramon et al., 2015( � 

>������ ��%* )Duc et al., 2004; Wu et al., 2000( � )a�*�� .
��H 

R�B0�d� *� R���F�� �� ��,�������  	
� �� �
� <�, �&�9�M )A���F <�, �� !�F (��F �%*"� A�� ?�H*
� 

>�������*
�, � !��9�  �D
� 	��:�%� *� A�� .�%� 	
� �0�= )H �%� R�B0�d� *� "� 9H"#' ���
�� <�*  R���F��

	
�  �%�. �
� *� <�, �&�9�M 	��:�%��*�� ?��. <�"� <�, �,��D �"p��� � !�"�� �� ��  �� 	�� )U�� �, �� )p�' <�, 

�&��%Z. �]% �� _�dB� "�n.  	��:�%� �%� 	
�)H )%
�, � )���� ��XUG �� )�D <�, "o�*���  ����� u"��  !�
� ��

��� u"��
*�� � � wr�#B� )� )�]' >� �� "��� )� g�UM 
���, P`�� )Li et al., 2014; Nepf and Vivoni, 2000; 

Ortiz et al., 2013; Wilson et al., 2003( .�
� <�, �&�9�M 0�d� *� 9� !�*��F <�"� �,�������  R�B

	��:�%��*��  *�"N)�M"D 
��9N �� 	��:�%� 
��� � <r  �$��`� �����*� ��F >�������*
�, *��M* �,���, )Przybilla 

et al., 2010( �*r �� 	��:�%� � )�;�% 	��% }�� �� 	
� )0�0 <�, �D"��� )Chance and Craig, 1986( �� 	��:�%� .

��F�A �,< �&�9�M )U#F �� �����9� <�*�� ?,�H RZ&�� �U#$ *� O�`; � <*�"����  �� <*�D��%�  ��,� <

�
�
F �)��9, �*�"&' ����"M/ ��0��W ��BN�� *� <"�D*�"N !�
�� �!��"F � 9� g�c� !�&�� 	��
� <"�D <�, *���� C�N� 

*� �&��9 
*�� R���F�� )Johnson et al., 2014(��F .�A �,< *��;�% ��&�9�M 	��% �&�9�M <�, �� <� R���F�� 

)H 
���, 	
� �D-�� <�, �
*�� ������ �&�L�0�M*�� ?�H*
� ��� V�� <�, ��&��&���� �&�L�0��9�M � <*��M* �� 

!�
�� !��"F � �� "��% *� R���F�� !   �, �%� 	
� )�M"D 	
���) )B0�d� ��F?�� "' *�  	��:�%��*���� ��F�A �, � 

	
� !�*��F ?����  *�  )� ��,?,�-. Johnson et al. )2014( )BF�"� 
��H)� .( !���$ ��x�� !�*��F *� �	
�  g�c�

R�B0�d� C�N� >�L"���� !�&�� )��9D � �%� "�n. A�#]' <�"� ���, 9,�)� �,< <L"� �X'"� �� ���:�   �" .�*�� ��F�

��"�� !��"F )��$"% )H �,�� *� !  )��; �� ���( )Lupandin, 2005( �� ' <"`� R�
,��� C�"T �� 
��' A��B

���� *� A�� �0�= )H �%� M�VU *��"�< "�� ��  *��M* � {%�.  )� ���:�  �* )� *�T �XK )�%��. �� 
�H )Standen and 

Lauder, 2007; Tritico and Cotel, 2010( � ?����  <�, '��:� �� 
��' _"`� !�9�� !-��H� � *� )c�� R�:U' 

<L"� �* )� *�T 
�H E]�� V�1��� )Enders et al., 2003( .����
�� �� @�* <�, �� ��"c' <�,  )� !��'

��9,) <�, 	�* �<��
� ^%��� ��'�B0�d� _
, <�"� R�9��c' !��� R��:' ��F� *� R�X�H"' ����#���aL��� �   �

RZ&�� !�"� ���� y��� *� R�B0�d� 	�'�H  � R
�>W�H 1��Y� )� 1��Y� �,���� < � ��&� u*9� "' �"H 	*��� 

)Thomas et al., 2014(. 

  

2 .1 .��()* �+���� � ��������, 

!��"F �� �$���� \�*�B' *� )�:�  <�, R�B0�d� g�c� R�"K� <�* "� 	
� !��"F )�:�  "� !��9�  \�G�' .�%� 	
� )a�*�  �#H

���:�  �� )� �� R*�G �UG� @�* ) �"�DCotel and Webb, 2015; Wilkes et al., 2013�( 1 - \�G�'  <*�� ]2[ � 

2 - 	��:�%� �� ��&� O��; � ���:�  ���� ��F \�G�' �1d�� <�,*��;�% !��"F )% 
B�< )CFS( �� )���"D �, 
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)Ferguson et al., 1996; Richards, 1979; Roy et al., 2004@�* *� .( ���� ���:�  )�  !���$>� 	
�
. �M��`' *� 

"o �� )�M"D ��� � !��"F O��; ���%��� !  *� �� ��� . <"U��� 	�D
�� �� ���% �H"= �%*"� *�)*� <"�D*�"N >� !�&� 

O�; *� ����M )H ���% �� !  !�*� *�X$ �� �H(
!��"F � �� )�:�  >� *��"� �$"% �� )% ):0m� 
��B�� ?��# �� 	���  ���

)u *� ��F �!��"F v � �!��"F ��F "� ��#$ w (Va�N <��%�*  g�
H", )H!  �� )� �, ?]� �� A����� )U� V � W( � 

!�%� ) 	
��Hu'�v'  �w'�� )�9c' ( 
�� .CFS �� C�"T P�U�' <"% <�, ����� <"`� �!��"F <��% �� �
� <��%  <�
$

)Best et al., 2001; Hardy et al., 2007; Roy et al., 2004; Shvidchenko and Pender, 2001A��B' ( 	
� � 

<�,*��;�% >W�H 1��Y� P��� !�#0� �, <)�� 
��� <"�� <�9c� ) "��� ���� <�,Best et al., 2001; Clifford et al., 

1992; Roy et al., 1996�' �( ~�"; f��� �� "��� �)�;��* � g�c, ���% )� �#% Y��1� *� "��� ) u*9�Hardy et al., 

2009�� "� *� �* �( �"�D. A�� !ZH <�,*��;�% ����:�  �� *� 
��' "��� �H"= ��h  )�;��* � �, SZG� P&�  <�*�� �"���

) 
��� ��#,�MacVicar and Roy, 2007; Thompson et al., 1998(.  

\�"B' �b��* �)���"D �W?0 ��"��9 �%� "c�� � )� )B%�' *��0��V� �,< \U�]� �%*"� ��F ��,�� )���"D �, *� 

!��"F �%� 	
� .)���"D <�,�"�*�H *� �X�H"' �>�0�*
�,�H� �� @�* <�, E�]�' )���"D <"U��� 
��� *��B� Q 

"� ���X�) �D*9� )���"D (� @�* <�, <-�"Dr 
��� @�* ���!- ���
� _��.��0 )FTLE�����*) ( <�,"���  <�9c�

���% ��T *�  �* �(!����"� *�� D��" )Marjoribanks et al., 2016(. 

)� ��D��' ?,�-. *� Lacey et al. )2012(� ���W*��W <�"� O��; )B0�d� ���:�   �� �X'"����� ���� *� 

���H <�, �)�;��* �� 9H"#' 	-�� "� <�* �,�� ��, ������. �%� 	
� .��W*��W IPOS )Lacey et al., 2012(*��W � 

)�%� <
�� <�"� O��; ���:�  )a�*� �� 
�H� �R
� �����' ��F �<"�D � Y��1� )��
F 1 .(R
� R��%� �$"% *� 

<��%�* ) ):0m� )%u� v � w�� ( )X%��� )��* A����� f�"� R��%� )RMSu� RMSv � RMSw� 	
� A��B' ( �� 

@"� �� ���" A����� �$"% �   
���' 	��
� ��X� < R
� �� R��%�  ���:� )� �%� 
� . *� <L"� ��X�F 

����:�  ", )% ):0m� �� V, ^�H"' �� 
�� �' �UH 	��
� <L"�  ��X�F)���"D �,< !��"F )� �%� �
�  *� A��  �0�=

�%� )H ?�' <�, ��"� ��
0���* <�,�"� �H�&dG� !��"F �* \�G�' ��  )H 
��HE]�� 	
��H �H"= � ��1�� 

�%� R���%* )Davidson, 2004; Pope et al., 2006; Wilkes et al., 2013(. 

�����' )� ��U��N .�? ���� �!��"F � J�N� }�H"M �,< ^0�h *� �*�H* �$"% 	*��� �*�� .�� �&� E;�� <�, 	��% 

?�. ��U��N �� ����� C�"T �%*"� �D
��H N���	
�# �,< ���:�   ��B�u'� v'  �w' )� �%� �� 
�  )Wilkes, 2014( .

 ��#$� ���
� ��%< %"D* ��;�!� )X'"� g�� "� <"% <�, �$"% ���� �� }�H"M r�� �� � >� !��' Y��1� �0�T 

<�"� )���"D ^0�h )� �%� �*�  .<"% �@�* A�� *� )X� s"� 
��� �, �����' 	�*� "� �* 
��% )Richards, 1979( )H  A��

s"� >� E;�� )�0�� �� ��U��N ?�. <"% ���� <�, ���� �%� .�� @�* )H "��� *� ���%��� ����' *��;�%� ^0�h 

)	��
� )���"D (�� \�T <�,*��;�% ��F�� 	��:�%��*�� �� *�"N >F�� P�U�' � �:�T �0��W P�U�' �� 
�'*�X$ �
"�D . *�

P�U�' ��:�T �0��W �����% �$"% �� 	��:�%� �� P�
X' )�*�M )� }�H"M ���, )�9c' � 	
� <�"� )� �%�  !�*� 

R�$ZT� �UH *� ���". O�`; ^0�h )�� )H �"b *� !
� �$"% )� ��%��� 	��
� )���"D �� "Y��1� �0�T" P�
X' 

�%� 	
� (	��:�%��*�� �� *�"N �"�D .*� �P��1� P�U�' *� �>F�� �� P�
X' >F�� )�%��. )CWT<�"� (  )�9c'V, !��� 

"%< �,< ���� )� )���� !��� <�, � �}�H"M ���%��� � ~�"]�%� %����� �,< ������ *� ��*�H* � 	�� "��p' !   �,*� 

��T �!��� 	��:�%� �� ��"D )Torrence and Compo, 1998( .<�"� g�� @�* �� 	��:�%� CFS )H ������ 	��� � *� 

��T !��� � !�&� P��&' �� ^%��� �
��� �%� "' )Lacey et al., 2012(. 
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E;�� >� )�0�� ��F <�"� <"�D !��"F �� ��0�W !�9�� ):0m� �,< u' �v'  �w' )�  �%��� 
�  !�� )H 	
�,� P&� 

f���' }�H"M 	��
� R��%� �%� ���:�  .	
�#�N�� <�, ���:�  ��0�W �� !�� ��Xx� 	
�,� VH R��%� �� 	��
� �%� ���� 

 )H���"� ���Ud� �* <�"� ��1�� ��%* ��c�� �� ) 
�HBagnold, 1966; Leeder, 1983(?�' . �,< ��"� �
0���* ��′�′�������  �

��′�′�������   ���′�′������� !�� 	
�,�  *�� ���:�  	��� g������ � "� <��� �,��  ��,� �����' ��BN�� I:= !�*� !�� !��"F "�K[' 

��*�� ��� )� R*
 *� ?����  <�, >�0�*
�,�H� @*�9D 	
� ) �%�Lacey et al., 2012( .P�U�' <�, 	
�Q�. "' �� 
���' 

<� )o�0 �$"% <
B���  	��
� <"�D ) 	
�u'  �w'�* ( Y�%�"� P�U�' �� � 	"��� f�* 	��:�%� �� ��Z$ �X� �:F  <�,u'  �

w')� � �&� �� *��W "��
��*" ���:�  O�`�;� ) 
,�Lu and Willmarth, 1973( .<�"� <�N E�]�' A�"' �,��
��* �� 

���,��
��* )H V�% <9�W� *� ?�' �
0���* >� �� �
*�� )��%  �� »	":=« )H wr�#B� �� "��"� _�"��  �*�
��%�' 'u w 

�� 	��:�%� ��%� ) ���Clifford and French, 1993; Harvey and Clifford, 2009; Wilkes et al., 2013.(  �}�%

R
� !��� �B#c' � V�% �� ?�' ", J� ��
��* ���:�  �� *�"N �%*"��*�� .�"�D 

wr�#B� ��B�� )Y��1� (�� )���"D ��T � "dN ?��# 	��� �� ��
  )H@"��D !�9�� "���� � "xH�
=  ��;"W !��"F !�*��

�,.
�� Y��1� ��T ����"D �0�"��� �� �"b A����� �$"% )U*� ( Y��1� ���� �0�"��� )t ()� �%� �� Y��1� )H 
�  

���� �0�"��� )H �%� <���". �$"% *� �!  ����X#,��; <�*�� �%� )Lacey and Roy, 2008(C��d� . )�"o 

"���:�  
#c��" )0�X� �*�U�' <� �� R�"��p' �$"% *� >� !�&� ���K �� 
��' !�� 	
�,� �H"= >� <��0�  "�n.�"��p'

!  �� )H 
��� ���:�  !�&� �� *�X$ 
�H )Taylor, 1938( .@�* <�, �
� ��%< %"D* ��;�!� )a�*� �	
� @�* ��, <�"� �

)X%���  Y��1� ����  �0�"���)���". (*� *��;�% ����"D 0̂�h *� <"% <�, ���� 
���, )Clifford and French, 1993( 

�� !  )���1� �� )H 	��
� !��9�  ))� !���$  ��x���T (�,�� �X�  g������)� �%� �� 
�  )Cotel and Webb, 2015; 

Lacey et al., 2012( )H �� "o �&�L�0�H� �B�� *�� �%�. "dN �)���"D "xH�
= "��"� 	��
� *��;�% !��"F �%� ��;"W )H 

^Uh� )� *�T 1����V �� C�"T R�
,���  �,������� P��N 	��
� D�"< �%�.  

  

2 .1 .1 .��-.* �+�����
 ���	
� 

 �%*"� "� 	�Z$"�K[' !��9�  "� )�:�  !��"F )�!�,��D �� �!�D"�� �,�� �,( �%*"� � "�K['!��9�  !�
�� "� !��"F  <�*�� 9�

�%� ��#,� )P&� 2 .(?�H*
� ���#' !��� �� )a�*� <�, �	
� V�� �"b�= ?,�-. <��%�* *� ?�H*
� A�"' "�K[' O��; 

�&��&���� ?��. �,��D <9�  "� ���:�  �%� )P&� 2 .(*� Y��1� )N�% �, � );�� ��, !�,��D <9�  �>�� 
�0�' �� <L"� 

��X�F )� �* �%��� <L"� ��X�F ���:�  P�
X' �� 
��H  )H��,�� � V�% !   �,*� ���:�  )� <L�0�M*�� � _�dB� <"�n. 

)N�% �, ����� ) �*��Nepf, 1999( .<�"� !�,��D \dB�� �  <�*��u"� �, 	
��H <)
���  )�D �0�D <9�  	��Demersum�( 

)B%�' *� >�� _�"T� �%)N �,< )� �9c� *�T *� �Bb�� )�=� "��� )� >��9 V�� ��%� ��� V���&� 0̂�h 
�0�' ���:�  

s��"� )� @9�* *� �)���"D )�=� ��"� *� S�d% u"� �� ) 
���Naden et al., 2006; Nikora, 2010( .��M�"H�� �, �� 

A��&� )���"D  <�, u*9� "' )���"D )� <�, >W�H "'  e$��""��p' Y��1�" �� ���:�  
�� )Madsen et al., 2001 ( )H

)��. *� !  Y�&B� ��F�� !�,��D <�, *� )���"D �,>W�H < "' �� 	
�� ) ���Nepf, 1999( .R
� *� ���:�  ?��. �,��D 

?��9M� 	
�H�". �� �
��� �� ��� ?��9M� � VH�"' ?,�H A����� !��"F !��� *� ?��. <�, ��,��D ?,�H ���:�  R
� 

�� �
�� )Green, 2005; Nepf, 1999)H ( A�� �� �s�X'*� <L�0�M*�� 	��D )� 9� �� �%� V, .
�  �A��W u"� �,< "'
�U� � 

_�dB� n.�"'" *��N )� ��c�� R
� ���:�  ?�� ) 
���, <"'Sand-Jensen and Pedersen, 1999( . @�"0 )� � @�B'*�

)N�% !
� *� 9� �,  ���:�  
�0�' "��� f���� ��)� ���= �� ) 
�� Nikora, 2010.( 
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Table 1. IPOS (Intensity, Periodicity, Orientation, and Scale) categories identified by Lacey et al. (81) with 

example variables and descriptions 

 Parameter Description 

Intensity Turbulence intensity 

(absolute) 
Root mean square of the turbulent fluctuations (Reynolds normal stresses in 

the u, v, and w dimension 

 1 2

2 2 21
x NRMS x x x

N

    
 

Turbulence intensity 

(relative) 
Normalized (by shear or mean velocity) values for u, v, and w: 

x
xTI

U




 

Turbulent kinetic energy Combines RMSu, RMSv, and RMSw: 

 2 2 21

2
x x x

TKE RMS RMS RMS  
 

Reynolds shear stresses Represent the turbulent flux of momentum—may affect organisms but 

rarely reported 

wuv u vwu v u w v w              
Vorticity 

2Ω   
Where Ω represents the angular velocity or rotational speed of the fluid. 

Periodicity Predictability Kurtosis* of the turbulent residuals (u’, v’, and w’) used as an initial 

indicator 
4

1

N
ix x

K
N


 
 
 

  

AR(2) models applied and the condition for pseudo-periodicity* derived.70 

Average eddy frequency/period (the integral time scale) can be derived 

(where R(t) is the normalized autocorrelation function and t is the time lag): 

 

, , 0 ( )
t tu v wITS R t dt   

Energy spectra Fourier transform (spectral density/wavenumber spectra) traditionally 

applied to qualitatively explore the shape of spectra and derive the kinetic 

energy maximum. Involves conversion of the frequency spectra into wave 

number spectra (k) using the frequency domain (fn): 

 ( )
2

2

n

n

U
E k S f

f
k

U








 

Wavelet analysis—a more sophisticated method, better for 

intermittent/evolving flow structures (dominant frequency) 
Orientation 

Skewnes
* An initial, basic indicator of flow ‘orientation’ can be derived from the 

skewness of the u0, v0, and w0 components,83 describing the asymmetry of 

the frequency distribution of the magnitude of turbulent fluctuations on each 

of the three planes: 
4

1

N
ix x

K
N


 
 
 

  

Event structure* Duration and/or contribution to stress of each type of ‘event’: Q1 (u0 > 0, 

w0 > 0; outward interactions), Q2 (u0 < 0, w0 > 0; ejections of fluid away 

from the bed), Q3 (u0 < 0, w0 < 0; inward interactions), and Q4 (u0 > 0, w0 

< 0; inrushes of fluid toward the bed). 
Direction dominant fluctuation Axis of eddy rotation—angle between the direction of dominant fluctuation 

and the streamwise direction. 
Reynolds shear stresses Indicating the magnitude of stress on the different planes (u’v’, u’w’ and 

v’w’)—see above. 
Scale Eddy length scale Average eddy length or spatial extent of the region of correlation (‘wedges’ 

of fluid). The integral time scale (see above) can be converted to an average 

eddy length (L) using mean velocity (U) and t (time): 

L Ut  
Fish momentum: 

wedge momentum 

ratio 

Derived from the length scale (Lu) and fish length (Lf) and convection 

velocity of the wedge (ue) and fish velocity (uf): 

 Wedge momentum 

 Fish momentum *

eu

f f

L u

L u




 

Eddy diameter Spatial extent of rotating fluid, often directly measured using PIV 

techniques in the laboratory. 
* denotes additional variables to those directly identified in (Lacey et al., 2012) Where x = u, v, and w components, N are the 

number of observations and ρ is the water density, u’ , v’, and w’ are the turbulent residuals, and U, V, and W the mean velocities 
along the three components. 
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*�� 	
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�
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,�.  

!�*��F !�
�� 9� !��"F �* "��p' �� A�� )H 
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�0�' �* ���, � 
��H �� C�"T A�� �� 
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2 .1 .2 ./����$� �� 0�(� ����� ����� 

!��"F P���' e$�� )�:�  �%"�%� )� ��nh I:= qd% !-��H� ��M�H _n= ���� �
a�� )��F �F�� � *�"M ��  !��W*�&�

�� ��� )Ferner and Weissburg, 2005; Hart et al., 1996; Vogel, 1994; Webb et al., 2010( .A�
� 
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�  )Liao, 2007( � �� 
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��H �
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�
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�,� )Vogel, 1994(. u*9� "'A�  R�B0�d� ?]�R*�G )�M"D �%*"� ��F ��#,� ���:�  <�"� 
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	�"��D ��B#F *� �<*�c' fM��� � "' !   �,�%� P�;�,�� .� �,< M�a*�P 	"�� )�:�  !��"F �� �UG� V���&� �� �T 

�� 
"� )Liao, 2007�(  ���� V���&� *�,��� �,�� �":�� < �=�� VH �$"% *�  g��F� ��.h�" *���> )���%� <� �� 

<�"H )� !���$ 	��,��. <�"� � !��"F ��X= ���� )I:= <�"� ��BN�� *� ��; !�
�� �!��"F P&� 2 (	��:�%� �� 
��H. 

  

 
Figure 2. Interactions between flow hydrodynamics and aquatic organisms at small scales in rivers. For aquatic 

plants, this includes: (1) depth-scaled shear generated turbulence formed above vegetation, (2) canopy scale shear 

generated turbulence, (3) turbulence generated at the scale of individual stems and (4) at the scale of individual 

leaves. (Reprinted with permission from Ref 5. Copyright 2010 John Wiley and Sons). Additional sources of 

turbulence associated with plant motion5 occurring at scales intermediate between the stem and canopy are not 

shown here. Also showing exploitation of turbulent flow structures for feeding by mayfly larvae (Reprinted with 

permission from Ref 97. Copyright 1990 John Wiley and Sons) and blackfly larvae (Reprinted with permission from 

Ref 63. Copyright 1986 NRC Research Press), and by trout (Reprinted with permission from Ref 28. Copyright 

2007. The Royal Society") for efficient locomotion in the vicinity of bluff bodies—*denotes that Kármán gaiting in 

trout has been observed in laboratory flumes with D-shaped cylinders rather than natural river channels. Main 

diagram not to scalee. 
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�* )Asaeda and Rashid, 2016( 
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Figure 3. Decision tree illustrating how the spatial and temporal scales of eddies, combined with fish 

dimensions, influence the nature and magnitude of impacts on fish bioenergetics. (Reprinted with permission 

from Copyright 2015 Oxford University Press 
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