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�2�O�O�V�F�R�L�O���Q�D���K�e�L�U�H�D�Q�Q�����&�R�U�F�D�L�J�K 
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�7�D�E�O�H���R�I���&�R�Q�W�H�Q�W�V 

�d�����o�����}�(�����}�v�š���v�š�• ----------------------------------------------------------------------------------------------- �î 

�������o���Œ���Ÿ�}�v ------------------------------------------------------------------------------------------------------- �ñ 

�����l�v�}�Á�o�����P���u���v�š�• -------------------------------------------------------------------------------------------- �ò 

�'���v���Œ���o�������•�š�Œ�����š ------------------------------------------------------------------------------------------------ �ô 

���Z���‰�š���Œ���í�W���'���v���Œ���o���/�v�š�Œ�}���µ���Ÿ�}�v --------------------------------------------------------------------------- �í�í 

�í�X�í �d�Z�����/�Œ�]�•�Z�����P�Œ�]���µ�o�š�µ�Œ���o���o���v���•�����‰�� -------------------------------------------------------------------------- �í�í 

�í�X�î �,�Ç���Œ�}�r�u�}�Œ�‰�Z�}�o�}�P�Ç�����v�����v�µ�š�Œ�]���v�š���‰�Œ�}�����•�•�]�v�P --------------------------------------------------------- �í�î 

�í�X�ï �&�o�µ�Æ�U���‰�Œ�}�����•�•�]�v�P�����v�����]�u�‰�����š�•���}�(���Á���š���Œ�����v�����v�µ�š�Œ�]���v�š�• ---------------------------------------------- �í�ô 

�í�X�ð �E���š�µ�Œ���r�����•�������^�}�o�µ�Ÿ�}�v�•���š�}���‰�Œ�}�u�}�š�����v���š�µ�Œ���o���‰�Œ�}�����•�•���•�����v�����Œ�����µ�������]�u�‰�����š�•���}�v���•�}���]���š�Ç-- �î�ð 

�í�X�ñ �d�Z���•�]�•�����]�u�•�����v�����l�v�}�Á�o�����P�����P���‰�• ------------------------------------------------------------------------ �î�õ 

���Z���‰�š���Œ���î�W ------------------------------------------------------------------------------------------------------- �ï�î 

�����•�š�Œ�����š ------------------------------------------------------------------------------------------------------------------- �ï�ï 

�î�X�í �/�v�š�Œ�}���µ���Ÿ�}�v --------------------------------------------------------------------------------------------------- �ï�ï 

�î�X�î �D���š���Œ�]���o�•�����v�����u���š�Z�}���• ------------------------------------------------------------------------------------ �ï�ô 

�î�X�ï �����š�������v���o�Ç�•�]�• -------------------------------------------------------------------------------------------------- �ð�ô 

�î�X�ð �Z���•�µ�o�š�•�����v�������]�•���µ�•�•�]�}�v-------------------------------------------------------------------------------------- �ð�õ 

�î�X�ñ ���}�v���o�µ�•�]�}�v�• ---------------------------------------------------------------------------------------------------- �ó�ó 

�î�X�ò ���‰�‰���v���]�Æ���í���W���^�µ�‰�‰�o���u���v�š���Œ�Ç���D���š�Z�}���• --------------------------------------------------------------- �ó�õ 

�î�X�ó ���‰�‰���v���]�Æ���í���W���^�µ�‰�‰�o���u���v�š���Œ�Ç���Z���•�µ�o�š�• ------------------------------------------------------------------ �ô�ó 
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���Z���‰�š���Œ���ï�W�� ------------------------------------------------------------------------------------------------------- �õ�ñ 

�d�Z�����]�u�‰�����š�•���}�(���]�v�µ�v�����Ÿ�}�v�•�����µ�Œ�]�v�P���G�}�}�����‰�����l���‰���Œ�]�}���•���}�v���‰���•�š�µ�Œ�����•�Á���Œ�������]�}�u���•�•�����v����

�Z�����o�š�Z ------------------------------------------------------------------------------------------------------------- �õ�ñ 

�����•�š�Œ�����š ------------------------------------------------------------------------------------------------------------------- �õ�ò 

�ï�X�í �/�v�š�Œ�}���µ���Ÿ�}�v --------------------------------------------------------------------------------------------------- �õ�ó 

�ï�X�î �D���š�Z�}���• ------------------------------------------------------------------------------------------------------ �í�ì�í 

�ï�X�ï �Z���•�µ�o�š�• -------------------------------------------------------------------------------------------------------- �í�í�ì 

�ï�X�ð ���]�•���µ�•�•�]�}�v ---------------------------------------------------------------------------------------------------- �í�î�í 

�ï�X�ñ ���}�v���o�µ�•�]�}�v�• -------------------------------------------------------------------------------------------------- �í�ï�í 

���Z���‰�š���Œ���ð�W�� ----------------------------------------------------------------------------------------------------- �í�ï�î 

�����•�š�Œ�����š ----------------------------------------------------------------------------------------------------------------- �í�ï�ï 

�ð�X�í �/�v�š�Œ�}���µ���Ÿ�}�v ------------------------------------------------------------------------------------------------- �í�ï�ï 

�ð�X�î �D���š�Z�}���• ------------------------------------------------------------------------------------------------------ �í�ï�ô 

�ð�X�ï �Z���•�µ�o�š�• -------------------------------------------------------------------------------------------------------- �í�ñ�í 

�ð�X�ð ���]�•���µ�•�•�]�}�v ---------------------------------------------------------------------------------------------------- �í�ñ�õ 

�ð�X�ñ ���}�v���o�µ�•�]�}�v�• -------------------------------------------------------------------------------------------------- �í�ó�ñ 

�ð�X�ò ���‰�‰���v���]�Æ���î�����t���^�µ�‰�‰�o���u���v�š���Œ�Ç���u���š�Z�}���• ------------------------------------------------------------ �í�ó�ò 

�ð�X�ó ���‰�‰���v���]�Æ���î�����r���^�µ�‰�‰�o���u���v�š���Œ�Ç���Œ���•�µ�o�š�•---------------------------------------------------------------- �í�ó�ô 

���Z���‰�š���Œ���ñ�W�� ----------------------------------------------------------------------------------------------------- �í�ô�ò 

�����u�}���]�.�������Á�}�}���o���v�����•�Á���o�����(�}�Œ���š�Z�����š�Œ�����š�u���v�š���}�(�����P�Œ�]���µ�o�š�µ�Œ���o���Œ�µ�v�}�+ ------------------------- �í�ô�ò 

�����•�š�Œ�����š ----------------------------------------------------------------------------------------------------------------- �í�ô�ó 
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�ñ�X�í �/�v�š�Œ�}���µ���Ÿ�}�v ------------------------------------------------------------------------------------------------- �í�ô�ô 

�ñ�X�î �D���š�Z�}���• ------------------------------------------------------------------------------------------------------ �í�õ�ð 

�ñ�X�ï �Z���•�µ�o�š�•�����v�������]�•���µ�•�•�]�}�v ----------------------------------------------------------------------------------- �î�ì�ì 

�ñ�X�ð ���}�v���o�µ�•�]�}�v�• -------------------------------------------------------------------------------------------------- �î�í�ò 

�ñ�X�ñ ���‰�‰���v���]�Æ���ï�����t���^�µ�‰�‰�o���u���v�š���Œ�Ç���u���š�Z�}���• ------------------------------------------------------------ �î�í�ô 

�ñ�X�ò ���‰�‰���v���]�Æ���ï�����t���^�µ�‰�‰�o���u���v�š���Œ�Ç���Œ���•�µ�o�š�• --------------------------------------------------------------- �î�í�õ 

���Z���‰�š���Œ���ò�W���'���v���Œ���o�����]�•���µ�•�•�]�}�v --------------------------------------------------------------------------- �î�î�ñ 

�ò�X�í �<���Ç���}���•���Œ�À���Ÿ�}�v�• ------------------------------------------------------------------------------------------- �î�î�ñ 

�ò�X�î �d�Z�����‰�Œ�}�u�]�•�����}�(���E���^ --------------------------------------------------------------------------------------- �î�ï�ì 

�ò�X�ï �>�]�u�]�š���Ÿ�}�v�• --------------------------------------------------------------------------------------------------- �î�ï�í 

�ò�X�ð ���Œ�}�l���v���Á���š���Œ ------------------------------------------------------------------------------------------------ �î�ï�î 

�ò�X�ñ ���}�v���o�µ�•�]�}�v�• -------------------------------------------------------------------------------------------------- �î�ï�ð 

�Z���(���Œ���v�����• ----------------------------------------------------------------------------------------------------- �î�ï�ò 
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�'�H�F�O�D�U�D�W�L�R�Q 

�7�K�L�V���L�V���W�R���F�H�U�W�L�I�\���W�K�D�W���W�K�H���Z�R�U�N���,���D�P���V�X�E�P�L�W�W�L�Q�J���L�V���P�\���R�Z�Q���D�Q�G���K�D�V���Q�R�W���E�H�H�Q���V�X�E�P�L�W�W�H�G��

�I�R�U���D�Q�R�W�K�H�U���G�H�J�U�H�H�����H�L�W�K�H�U���D�W���8�Q�L�Y�H�U�V�L�W�\���&�R�O�O�H�J�H���&�R�U�N���R�U���H�O�V�H�Z�K�H�U�H�����$�O�O���H�[�W�H�U�Q�D�O��

�U�H�I�H�U�H�Q�F�H�V���D�Q�G���V�R�X�U�F�H�V���D�U�H���F�O�H�D�U�O�\���D�F�N�Q�R�Z�O�H�G�J�H�G���D�Q�G���L�G�H�Q�W�L�I�L�H�G���Z�L�W�K�L�Q���W�K�H���F�R�Q�W�H�Q�W�V����

�,���K�D�Y�H���U�H�D�G���D�Q�G���X�Q�G�H�U�V�W�R�R�G���W�K�H���U�H�J�X�O�D�W�L�R�Q�V���R�I���8�Q�L�Y�H�U�V�L�W�\���&�R�O�O�H�J�H���&�R�U�N���F�R�Q�F�H�U�Q�L�Q�J��

�S�O�D�J�L�D�U�L�V�P���D�Q�G���L�Q�W�H�O�O�H�F�W�X�D�O���S�U�R�S�H�U�W�\���� 

�6�L�J�Q�H�G����  

�'�D�U�U�D�J�K���0�X�U�S�K�\������������������������ 
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�$�F�N�Q�R�Z�O�H�G�J�H�P�H�Q�W�V 

�)�L�U�V�W�O�\�����,���P�X�V�W���D�F�N�Q�R�Z�O�H�G�J�H���W�K�H���I�X�Q�G�L�Q�J���V�X�S�S�R�U�W���D�Q�G���J�X�L�G�D�Q�F�H���S�U�R�Y�L�G�H�G���E�\���W�K�H���(�3�$��

���(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���3�U�R�W�H�F�W�L�R�Q���$�J�H�Q�F�\�����D�Q�G���2�3�:�����2�I�I�L�F�H���R�I���3�X�E�O�L�F���:�R�U�N�V�����W�R���W�K�H��

�6�O�R�:�D�W�H�U�V���S�U�R�M�H�F�W�����7�K�H�\���Z�H�U�H���D�O�Z�D�\�V���L�Q�W�H�U�H�V�W�H�G���D�Q�G���H�Q�F�R�X�U�D�J�L�Q�J���L�Q���W�K�L�V���U�H�V�H�D�U�F�K������ 

�7�K�H�U�H���D�U�H���P�D�Q�\���S�H�R�S�O�H���Z�K�R���K�D�Y�H���E�H�H�Q���H�V�V�H�Q�W�L�D�O���L�Q���J�H�W�W�L�Q�J���W�K�L�V���W�K�H�V�L�V���W�R���Z�K�H�U�H���L�W���L�V�����,��

�P�X�V�W���J�L�Y�H���P�\���V�L�Q�F�H�U�H���W�K�D�Q�N�V���W�R���6�L�P�R�Q���+�D�U�U�L�V�R�Q���D�Q�G���-�R�K�Q���:�H�D�W�K�H�U�L�O�O�����7�K�L�V���W�K�H�V�L�V��

�H�[�L�V�W�V���E�H�F�D�X�V�H���R�I���W�K�H�L�U���X�Q�Z�D�Y�H�U�L�Q�J���V�X�S�S�R�U�W�����J�X�L�G�D�Q�F�H���D�Q�G���H�Q�W�K�X�V�L�D�V�P�����0�D�Q�\���K�R�X�U�V��

�Z�H�U�H���V�S�H�Q�W���D�W���/�H�D�G�H�V���)�D�U�P���V�D�Z�L�Q�J�����G�L�J�J�L�Q�J�����O�L�I�W�L�Q�J�����W�D�O�N�L�Q�J�����D�Q�G���H�Y�H�Q���P�R�U�H���K�R�X�U�V��

�V�S�H�Q�W���L�Q���6�L�P�R�Q�¶�V���R�I�I�L�F�H���Z�K�H�U�H���K�H���G�H�Y�R�W�H�G���K�L�V���V�H�H�P�L�Q�J�O�\���X�Q�O�L�P�L�W�H�G���H�Q�H�U�J�\���D�Q�G��

�S�D�V�V�L�R�Q���W�R���H�G�X�F�D�W�L�Q�J���P�H���D�Q�G���O�L�J�K�W�L�Q�J���W�K�H���I�L�U�H���W�R���S�U�R�G�X�F�H���W�K�H���E�H�V�W���Z�R�U�N���Z�H���F�R�X�O�G����

�7�K�D�Q�N�V���W�R���0�D�U�\���%�R�X�U�N�H�����0�D�U�N���:�L�O�N�L�Q�V�R�Q���D�Q�G���3�D�X�O���4�X�L�Q�Q���I�R�U���W�K�H���P�D�Q�\���F�R�Q�Y�H�U�V�D�W�L�R�Q�V��

�D�E�R�X�W���Z�D�W�H�U���D�Q�G���I�D�U�P�L�Q�J���D�Q�G���S�H�R�S�O�H�����W�K�H�L�U���H�[�S�H�U�L�H�Q�F�H���D�Q�G���Z�L�O�O�L�Q�J�Q�H�V�V���W�R���V�K�D�U�H���Z�D�V��

�Y�L�W�D�O���W�R���W�K�L�V���U�H�V�H�D�U�F�K�����&�R�O�L�Q���:�R�O�I�H���S�U�R�Y�L�G�H�G���P�H���Z�L�W�K���H�Y�H�U�\���U�D�Z���P�D�W�H�U�L�D�O���I�R�U��

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���U�H�V�H�D�U�F�K���W�K�D�W���,���F�R�X�O�G���K�D�Y�H���G�U�H�D�P�H�G���R�I�����&�R�O�L�Q�¶�V���R�S�W�L�P�L�V�P���D�Q�G��

�Z�L�O�O�L�Q�J�Q�H�V�V���W�R���W�D�N�H���U�L�V�N�V���I�R�U���W�K�H���E�H�Q�H�I�L�W���R�I���Q�D�W�X�U�H���L�V���W�U�X�O�\���L�Q�V�S�L�U�L�Q�J�����7�K�D�Q�N�V���W�R���7�L�P��

�6�X�O�O�L�Y�D�Q���I�R�U���R�I�I�H�U�L�Q�J���R�F�F�D�V�L�R�Q�D�O�����\�H�W���Y�H�U�\���Q�H�F�H�V�V�D�U�\�����V�X�S�S�R�U�W���D�Q�G���J�X�L�G�D�Q�F�H�� 

�,���Z�R�X�O�G���O�L�N�H���W�R���W�K�D�Q�N���5�R�V�V�D�Q�D���+�H�Q�U�L�T�X�H�V���I�R�U���K�H�U���F�U�X�F�L�D�O���L�Q�S�X�W���D�Q�G���I�R�U���L�Q�W�U�R�G�X�F�L�Q�J���P�H��

�W�R���W�K�H���P�L�Q�G���E�R�J�J�O�L�Q�J���Z�R�U�O�G���R�I���S�O�D�Q�W���S�K�\�V�L�R�O�R�J�\�����7�K�D�Q�N���\�R�X���W�R���;�L�H���4�X�L�V�K�L���I�R�U���W�K�H��

�W�L�U�H�O�H�V�V���D�Q�G���Y�D�O�L�D�Q�W���S�U�R�F�H�V�V�L�Q�J���R�I���P�D�Q�\�����P�D�Q�\���Z�D�W�H�U���D�Q�G���V�R�L�O���V�D�P�S�O�H�V�����,���G�R�Q�¶�W���N�Q�R�Z��

�K�R�Z���\�R�X���G�R���L�W�����E�X�W���,�¶�P���Y�H�U�\���J�U�D�W�H�I�X�O�����7�K�D�Q�N�V���W�R���D�O�O���D�W���W�K�H���(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���5�H�V�H�D�U�F�K��

�,�Q�V�W�L�W�X�W�H���I�R�U���S�U�R�Y�L�G�L�Q�J���V�X�F�K���D���J�U�H�D�W���H�Q�Y�L�U�R�Q�P�H�Q�W���I�R�U���U�H�V�H�D�U�F�K���D�Q�G���U�H�V�H�D�U�F�K�H�U�V����

�7�K�D�Q�N�V���W�R���&�D�P�L�O�D���%�D�U�U�L�D���'�L�D�]���I�R�U���K�H�O�S�L�Q�J���Z�L�W�K���D�O�O���W�K�R�V�H���V�R�L�O���V�D�P�S�O�H�V���D�Q�G���W�K�D�Q�N�V���W�R��

�&�R�O�L�Q���2�¶�)�O�\�Q�Q���D�Q�G���3�L�D���/�D�X�H���I�R�U���J�H�W�W�L�Q�J���W�K�H���U�H�V�H�D�U�F�K���J�R�L�Q�J���L�Q���W�K�R�V�H���H�D�U�O�\�����O�R�F�N�G�R�Z�Q��
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�G�D�\�V���R�I���W�K�H���S�U�R�M�H�F�W�����7�R���W�K�H���O�R�Y�H�O�\���E�L�J���J�D�Q�J���L�Q���W�K�H���&�R�R�S�H�U�D�J�H���W�K�D�W���,�¶�Y�H���J�R�W�W�H�Q���W�R���N�Q�R�Z��

�R�Y�H�U���W�K�H���S�D�V�W���I�R�X�U���D�Q�G���D���K�D�O�I���\�H�D�U�V�����W�K�D�Q�N�V�����,�W�¶�V���E�H�H�Q���D���S�O�H�D�V�X�U�H������ 

�7�K�D�Q�N�V���W�R���P�\���I�D�Q�W�D�V�W�L�F���I�U�L�H�Q�G�V���D�Q�G���I�D�P�L�O�\���I�R�U���O�L�V�W�H�Q�L�Q�J���W�R���P�H���P�R�D�Q���D�E�R�X�W���Z�D�W�H�U���I�R�U���V�R��

�O�R�Q�J�����$���K�X�J�H���W�K�D�Q�N���\�R�X���W�R���P�\���S�D�U�H�Q�W�V���Z�K�R�V�H���E�R�X�Q�G�O�H�V�V���F�D�U�H���D�Q�G���V�X�S�S�R�U�W���Z�D�V��

�L�Q�Y�D�O�X�D�E�O�H�����,�¶�O�O���W�D�N�H���L�W���Z�L�W�K���P�H���R�Q�Z�D�U�G�V�����7�K�D�Q�N���\�R�X���W�R���&�O�D�L�U�H�����)�H�O�L�[���D�Q�G���5�H�P�L�����,�¶�P���Y�H�U�\��

�O�X�F�N�\����  
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�*�H�Q�H�U�D�O���$�E�V�W�U�D�F�W 

�$�F�U�R�V�V���P�X�F�K���R�I���W�K�H���Z�R�U�O�G�����U�X�U�D�O���F�D�W�F�K�P�H�Q�W�V���K�D�Y�H���E�H�H�Q���V�X�E�V�W�D�Q�W�L�D�O�O�\���P�R�G�L�I�L�H�G���E�\��

�K�X�P�D�Q���D�F�W�L�Y�L�W�\���W�R���P�H�H�W���W�K�H���G�H�P�D�Q�G���I�R�U���J�U�H�D�W�H�U���S�U�R�G�X�F�W�L�R�Q���R�I���D���O�L�P�L�W�H�G���Q�X�P�E�H�U���R�I��

�F�U�R�S�V���I�R�U���K�X�P�D�Q���D�Q�G���O�L�Y�H�V�W�R�F�N���F�R�Q�V�X�P�S�W�L�R�Q�����0�X�F�K���R�I���W�K�H���H�[�S�D�Q�V�L�R�Q���R�I���W�L�O�O�D�J�H���D�Q�G��

�S�D�V�W�X�U�H���D�U�H�D�V���K�D�V���E�H�H�Q���D�W���W�K�H���H�[�S�H�Q�V�H���R�I���W�U�D�Q�V�L�W�L�R�Q�D�O���]�R�Q�H�V���V�X�F�K���D�V���Z�H�W�O�D�Q�G�V����

�I�O�R�R�G�S�O�D�L�Q�V���D�Q�G���U�L�S�D�U�L�D�Q���]�R�Q�H�V�����D�Q�G���R�I���K�\�G�U�D�X�O�L�F�D�O�O�\���D�Q�G���J�H�R�P�R�U�S�K�R�O�R�J�L�F�D�O�O�\���F�R�P�S�O�H�[��

�V�W�U�H�D�P���H�Q�Y�L�U�R�Q�P�H�Q�W�V���Z�K�L�F�K���F�D�Q���P�H�G�L�D�W�H���W�K�H���I�O�X�[���R�I���Z�D�W�H�U���D�Q�G���Q�X�W�U�L�H�Q�W�V���W�K�U�R�X�J�K��

�F�D�W�F�K�P�H�Q�W�V�����0�R�G�L�I�L�F�D�W�L�R�Q�V���W�R���U�X�U�D�O���F�D�W�F�K�P�H�Q�W�V���W�R���O�L�P�L�W���R�Y�H�U���E�D�Q�N���I�O�R�R�G�L�Q�J���P�D�\���E�U�L�Q�J��

�D�E�R�X�W���P�R�U�H���V�H�Y�H�U�H���I�O�R�R�G�L�Q�J���G�R�Z�Q�V�W�U�H�D�P���D�V���I�O�R�R�G���S�H�D�N�V���D�U�H���F�R�Q�Y�H�\�H�G���P�R�U�H���T�X�L�F�N�O�\��

�W�K�U�R�X�J�K���V�W�U�D�L�J�K�W�H�Q�H�G���F�K�D�Q�Q�H�O�V�����,�Q���,�U�H�O�D�Q�G�����D�V���D�J�U�L�F�X�O�W�X�U�D�O���D�F�W�L�Y�L�W�\���K�D�V���L�Q�F�U�H�D�V�H�G���R�Y�H�U��

�W�K�H���S�D�V�W���������\�H�D�U�V�����W�K�H���L�P�S�D�F�W�V���R�I���D�J�U�L�F�X�O�W�X�U�H���R�Q���Z�D�W�H�U���T�X�D�O�L�W�\���K�D�Y�H���L�Q�F�U�H�D�V�H�G���L�Q���N�L�Q�G����

�Z�L�W�K���D���F�X�U�U�H�Q�W���H�V�W�L�P�D�W�H���R�I�����������R�I���U�L�Y�H�U�V���L�Q���,�U�H�O�D�Q�G���E�H�L�Q�J���L�Q���V�D�W�L�V�I�D�F�W�R�U�\���H�F�R�O�R�J�L�F�D�O��

�F�R�Q�G�L�W�L�R�Q�����)�L�H�O�G���V�X�U�I�D�F�H�V�����I�D�U�P���G�U�D�L�Q�V���D�Q�G���K�D�U�G���V�W�D�Q�G�L�Q�J���D�U�H�D�V���F�D�Q���K�D�U�E�R�U���K�L�J�K��

�O�R�D�G�L�Q�J�V���R�I���R�U�J�D�Q�L�F���D�Q�G���P�L�Q�H�U�D�O���Q�X�W�U�L�H�Q�W�V���D�Q�G���V�H�G�L�P�H�Q�W���Z�K�L�F�K���D�U�H���P�R�E�L�O�L�]�H�G���E�\��

�U�D�L�Q�I�D�O�O���W�R���D�G�M�D�F�H�Q�W���Z�D�W�H�U���Z�D�\�V�����,�Q���W�K�H���U�H�O�D�W�L�Y�H���D�E�V�H�Q�F�H���Q�D�W�X�U�D�O���V�L�W�H�V���R�I���U�H�W�H�Q�W�L�R�Q���D�Q�G��

�S�U�R�F�H�V�V�L�Q�J���R�I���W�K�H�V�H���Z�D�W�H�U���T�X�D�O�L�W�\���S�U�H�V�V�X�U�H�V�����O�D�U�J�H���I�O�X�[�H�V���P�D�\���E�H���F�R�Q�Y�H�\�H�G��

�G�R�Z�Q�V�W�U�H�D�P���G�X�U�L�Q�J���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V�����K�D�U�P�L�Q�J���D�T�X�D�W�L�F���F�R�P�P�X�Q�L�W�L�H�V���D�Q�G���D�I�I�H�F�W�L�Q�J��

�G�U�L�Q�N�L�Q�J���Z�D�W�H�U���V�X�S�S�O�L�H�V���� 

�1�D�W�X�U�H���E�D�V�H�G���6�R�O�X�W�L�R�Q�V�����1�E�6�����D�U�H���D�S�S�O�L�H�G���L�Q���O�D�Q�G�V�F�D�S�H�V���Z�K�L�F�K���K�D�Y�H���E�H�H�Q���P�R�G�L�I�L�H�G��

�E�\���K�X�P�D�Q���D�F�W�L�Y�L�W�L�H�V�����Z�L�W�K���W�K�H���J�R�D�O�V���R�I���U�H�L�Q�V�W�D�W�L�Q�J���D�Q�G���V�X�S�S�R�U�W�L�Q�J���Q�D�W�X�U�D�O���S�U�R�F�H�V�V�H�V��

�Z�K�L�F�K���P�H�G�L�D�W�H���D�Q�G���P�L�W�L�J�D�W�H���W�K�H���I�O�X�[���R�I���S�U�H�V�V�X�U�H�V���V�X�F�K���D�V���K�L�J�K���V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�V��

�D�Q�G���D�J�U�L�F�X�O�W�X�U�D�O���S�R�O�O�X�W�L�R�Q�����1�E�6���I�H�D�W�X�U�H�V���P�D�\���R�S�H�U�D�W�H���S�D�V�V�L�Y�H�O�\���Z�L�W�K�L�Q���O�D�Q�G�V�F�D�S�H�V����

�U�H�T�X�L�U�L�Q�J���O�R�Z���L�Q�L�W�L�D�O���D�Q�G���R�Q�J�R�L�Q�J���F�R�V�W�V���D�Q�G���D�U�H���W�K�H�U�H�I�R�U�H���D�G�Y�R�F�D�W�H�G���W�R���F�R�P�S�O�H�P�H�Q�W���R�U��

�U�H�S�O�D�F�H���W�U�D�G�L�W�L�R�Q�D�O���H�Q�J�L�Q�H�H�U�L�Q�J���V�R�O�X�W�L�R�Q�V���W�R���D�Q�W�K�U�R�S�R�J�H�Q�L�F���S�U�H�V�V�X�U�H�V�����,�Q���,�U�H�O�D�Q�G����

�K�R�Z�H�Y�H�U�����H�P�S�L�U�L�F�D�O���G�D�W�D���R�Q���W�K�H���S�R�W�H�Q�W�L�D�O���W�R���R�I���1�E�6���I�H�D�W�X�U�H�V���W�R���P�L�W�L�J�D�W�H���W�D�U�J�H�W��
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�S�U�H�V�V�X�U�H�V���L�V���O�D�F�N�L�Q�J�����7�K�L�V���L�V���H�V�S�H�F�L�D�O�O�\���W�U�X�H���L�Q���D�J�U�L�F�X�O�W�X�U�D�O���F�D�W�F�K�P�H�Q�W�V���Z�K�H�U�H���I�O�R�R�G��

�S�H�D�N���P�L�W�L�J�D�W�L�R�Q���D�Q�G���Z�D�W�H�U���T�X�D�O�L�W�\���P�D�Q�D�J�H�P�H�Q�W���D�U�H���D�I�I�H�F�W�H�G���E�\���F�R�P�S�O�H�[���E�L�R�O�R�J�L�F�D�O��

�D�Q�G���J�H�R���F�K�H�P�L�F�D�O���F�\�F�O�L�Q�J���R�I���Q�X�W�U�L�H�Q�W�V�����D�V���Z�H�O�O���D�V���W�K�H���F�X�O�W�X�U�D�O���D�Q�G���V�R�F�L�D�O���F�R�Q�V�W�U�D�L�Q�W�V��

�L�P�S�R�V�H�G���E�\���P�R�G�H�U�Q���I�D�U�P�L�Q�J���S�U�D�F�W�L�F�H�V���� 

�7�K�L�V���W�K�H�V�L�V���L�Q�Y�H�V�W�L�J�D�W�H�V���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���I�R�X�U���1�E�6���I�H�D�W�X�U�H�V���U�H�G�X�F�W�L�R�Q���R�I���I�O�R�R�G��

�S�H�D�N�V���G�L�V�F�K�D�U�J�H�V���D�Q�G���W�K�H���I�O�X�[���R�I���D�J�U�L�F�X�O�W�X�U�D�O���Z�D�W�H�U���T�X�D�O�L�W�\���S�U�H�V�V�X�U�H�V���R�Q���D���I�D�U�P���L�Q��

�,�U�H�O�D�Q�G�����,�Q���D�G�G�L�W�L�R�Q���W�R���H�[�D�P�L�Q�D�W�L�R�Q���R�I���N�H�\���E�L�R�O�R�J�L�F�D�O�����V�H�G�L�P�H�Q�W���U�H�W�H�Q�W�L�R�Q�����Q�X�W�U�L�H�Q�W��

�X�S�W�D�N�H�����V�Z�D�U�G���K�H�D�O�W�K�����D�Q�G���K�\�G�U�R�O�R�J�L�F�D�O�����S�H�D�N���G�L�V�F�K�D�U�J�H���U�H�G�X�F�W�L�R�Q�����H�I�I�H�F�W�V���R�I���1�E�6��

�I�H�D�W�X�U�H�V�����W�K�H���V�X�F�F�H�V�V���R�I���W�K�H�V�H���I�H�D�W�X�U�H�V���Z�D�V���F�R�Q�W�L�Q�J�H�Q�W���R�Q���E�U�L�Q�J�L�Q�J���Q�R���K�D�U�P���W�R���W�K�H��

�I�D�U�P�L�Q�J���H�Q�W�H�U�S�U�L�V�H���R�U���F�K�D�Q�Q�H�O���P�R�U�S�K�R�O�R�J�\���Z�L�W�K�L�Q���W�K�H���V�W�X�G�\���D�U�H�D�����:�H���I�R�X�Q�G���W�K�D�W���W�K�H��

�I�R�X�U���V�W�X�G�L�H�G���1�E�6���I�H�D�W�X�U�H�V�������D���I�O�R�R�G���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q�����D���U�X�Q�R�I�I���W�U�H�D�W�P�H�Q�W���Z�R�R�G�O�D�Q�G��

�V�Z�D�O�H�����L�Q���V�W�U�H�D�P���E�R�X�O�G�H�U���Z�H�L�U�V���D�Q�G���O�H�D�N�\���Z�R�R�G�H�Q���G�D�P�V���±���E�U�R�X�J�K�W���D�E�R�X�W���Q�R�W�D�E�O�H��

�L�P�S�U�R�Y�H�P�H�Q�W�V���W�R���Z�D�W�H�U���T�X�D�O�L�W�\���D�Q�G���R�U���U�H�G�X�F�H�G���V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�V���G�X�U�L�Q�J���K�L�J�K���I�O�R�Z��

�H�Y�H�Q�W�V�����6�S�H�F�L�I�L�F�D�O�O�\�����W�K�L�V���U�H�V�H�D�U�F�K���K�D�V���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���W�K�H���V�W�R�U�D�J�H���R�I���V�W�U�H�D�P���Z�D�W�H�U��

�R�Q���I�D�U�P���S�D�V�W�X�U�H�V���G�X�U�L�Q�J���S�H�D�N���G�L�V�F�K�D�U�J�H���S�H�U�L�R�G�V���P�D�\���E�U�L�Q�J���D�E�R�X�W���U�H�G�X�F�W�L�R�Q�V���L�Q��

�G�R�Z�Q�V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�����D�Q�G���Q�X�W�U�L�H�Q�W�V���D�Q�G���V�H�G�L�P�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����D�Q�G���W�K�D�W���V�X�F�K��

�V�K�R�U�W���W�H�U�P���������������K�R�X�U�V�����L�Q�X�Q�G�D�W�L�R�Q���R�I���S�D�V�W�X�U�H���G�X�U�L�Q�J���Z�L�Q�W�H�U���G�R�H�V���Q�R�W���L�P�S�D�L�U���V�X�P�P�H�U��

�J�U�R�Z�W�K���R�I���W�K�H���V�Z�D�U�G�����,�Q���V�W�U�H�D�P���I�H�D�W�X�U�H�V���Z�H�U�H���D�O�V�R���V�K�R�Z�Q���W�R���U�H�G�X�F�H���V�W�U�H�D�P��

�G�L�V�F�K�D�U�J�H�V���G�X�U�L�Q�J���K�L�J�K���I�O�R�Z���S�H�U�L�R�G�V���E�X�W���W�K�H�L�U���V�F�R�X�U�L�Q�J���H�I�I�H�F�W�V���R�Q���V�W�U�H�D�P���D�Q�G���F�K�D�Q�Q�H�O��

�V�H�G�L�P�H�Q�W�V���Z�H�U�H���F�D�X�V�H���I�R�U���F�R�Q�F�H�U�Q�����7�K�H���V�W�X�G�\���D�O�V�R���I�R�X�Q�G���W�K�D�W���P�R�G�H�V�W�����\�H�W��

�V�F�L�H�Q�W�L�I�L�F�D�O�O�\���O�H�G�����P�R�G�L�I�L�F�D�W�L�R�Q�V���W�R���R�S�H�Q���I�D�U�P���G�U�D�L�Q�V���P�D�\���L�P�S�U�R�Y�H���Z�D�W�H�U���T�X�D�O�L�W�\���D�Q�G��

�U�H�G�X�F�H���W�K�H���U�L�V�N���R�I���F�R�Q�W�D�P�L�Q�D�W�L�R�Q���R�I���G�R�Z�Q�V�W�U�H�D�P���Z�D�W�H�U���F�R�X�U�V�H�V�����,�P�S�R�U�W�D�Q�W�O�\�����K�R�Z�H�Y�H�U����

�W�K�H���H�I�I�H�F�W�V���R�I���D�O�O���1�E�6���I�H�D�W�X�U�H�V���Z�H�U�H���V�W�U�R�Q�J�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���D�Q�W�H�F�H�G�H�Q�W���K�\�G�U�R�O�R�J�L�F�D�O��

�F�R�Q�G�L�W�L�R�Q�V�����X�S�V�W�U�H�D�P���Q�X�W�U�L�H�Q�W���O�R�D�G�L�Q�J���D�Q�G���W�K�H���V�W�R�L�F�K�L�R�P�H�W�U�\���R�I���Q�X�W�U�L�H�Q�W���H�Q�U�L�F�K�H�G��

�Z�D�W�H�U���I�O�R�Z�L�Q�J���W�K�U�R�X�J�K���W�K�H���I�H�D�W�X�U�H�V�����,�Q���V�X�P�P�D�U�\�����1�E�6���I�H�D�W�X�U�H�V���P�D�\���E�H���X�W�L�O�L�]�H�G���I�R�U��
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�W�D�U�J�H�W�H�G���P�L�W�L�J�D�W�L�R�Q���R�I���D�Q�W�K�U�R�S�R�J�H�Q�L�F���D�Q�G���Q�D�W�X�U�D�O���L�V�V�X�H�V�����E�X�W���W�K�H�\���U�H�T�X�L�U�H���F�D�U�H�I�X�O����

�F�R�Q�W�H�[�W���V�S�H�F�L�I�L�F���P�D�Q�D�J�H�P�H�Q�W���W�R���H�Q�V�X�U�H���W�K�H�\���G�R���Q�R�W���F�D�X�V�H���P�R�U�H���K�D�U�P���W�K�D�Q���J�R�R�G���� 
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�&�K�D�S�W�H�U���������*�H�Q�H�U�D�O���,�Q�W�U�R�G�X�F�W�L�R�Q 

������ �7�K�H���,�U�L�V�K���D�J�U�L�F�X�O�W�X�U�D�O���O�D�Q�G�V�F�D�S�H 

�7�K�H���J�H�R�J�U�D�S�K�L�F�D�O���S�R�V�L�W�L�R�Q���R�I���,�U�H�O�D�Q�G���D�O�R�Q�J���W�K�H���$�W�O�D�Q�W�L�F���V�H�D�E�R�D�U�G���D�Q�G���S�U�R�[�L�P�L�W�\���W�R���W�K�H��

�J�X�O�I���V�W�U�H�D�P���S�U�R�G�X�F�H�V���D�Q���D�O�P�R�V�W���\�H�D�U���U�R�X�Q�G���P�L�O�G�����Z�H�W���F�O�L�P�D�W�H�����+�X�U�W�D�G�R���8�U�L�D���H�W���D�O������

���������������,�W�V���Q�R�U�W�K�H�U�Q���S�R�V�L�W�L�R�Q���D�Q�G���P�L�O�G���F�O�L�P�D�W�H���I�D�F�L�O�L�W�D�W�H�V���D�Q���H�[�W�H�Q�G�H�G���J�U�R�Z�L�Q�J���V�H�D�V�R�Q��

���'�R�R�G�\���H�W���D�O���������������������$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���U�H�O�D�W�L�Y�H�O�\���I�O�D�W���W�R�S�R�J�U�D�S�K�\���R�I���L�Q�W�H�U�L�R�U���D�Q�G���H�D�V�W�H�U�Q��

�D�U�H�D�V���R�I���W�K�H���F�R�X�Q�W�U�\���K�D�Y�H���S�U�R�P�R�W�H�G���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���I�H�U�W�L�O�H���V�R�L�O�V���D�Q�G���Q�X�P�H�U�R�X�V��

�Z�D�W�H�U���E�R�G�L�H�V���Z�L�W�K���V�K�R�U�W���U�H�D�F�K�H�V�����Z�K�L�F�K���Z�H�U�H���K�L�V�W�R�U�L�F�D�O�O�\���Z�H�O�O���F�R�Q�Q�H�F�W�H�G���W�R���I�O�R�R�G��

�S�O�D�L�Q�V�����%�K�D�W�W�D�U�D�L���D�Q�G���2�¶�&�R�Q�Q�R�U�������������������(�[�W�H�Q�V�L�Y�H���D�U�H�D�V���R�I���&�D�U�E�R�Q�L�I�H�U�R�X�V���O�L�P�H�V�W�R�Q�H��

�E�H�G�U�R�F�N���L�Q���W�K�H���P�L�G�O�D�Q�G�V�����V�R�X�W�K���D�Q�G���Z�H�V�W���R�I���W�K�H���F�R�X�Q�W�U�\���S�U�R�P�R�W�H���V�W�U�R�Q�J���J�U�R�X�Q�G���Z�D�W�H�U��

�U�H�F�K�D�U�J�H���D�Q�G���Z�H�O�O���G�U�D�L�Q�H�G���V�R�L�O�V�����0�L�V�V�W�H�D�U���H�W���D�O������������������ 

�'�H�V�S�L�W�H���L�W�V���D�G�Y�D�Q�W�D�J�H�R�X�V���J�H�R�J�U�D�S�K�L�F�D�O���D�Q�G���J�H�R�O�R�J�L�F�D�O���V�L�W�X�D�W�L�R�Q�����W�K�H���S�H�U�V�L�V�W�H�Q�F�H���R�I��

�Z�H�W�O�D�Q�G�V���D�Q�G���P�D�U�J�L�Q�D�O���J�U�R�X�Q�G���D�F�U�R�V�V���P�X�F�K���R�I���W�K�H���,�U�L�V�K���U�X�U�D�O���O�D�Q�G�V�F�D�S�H���O�L�P�L�W�H�G��

�,�U�H�O�D�Q�G�¶�V���D�J�U�L�F�X�O�W�X�U�D�O���S�U�R�G�X�F�W�L�Y�L�W�\���X�Q�W�L�O���U�H�F�H�Q�W���W�L�P�H�V�����7�K�H���H�Q�D�F�W�P�H�Q�W���R�I���W�K�H���$�U�W�H�U�L�D�O��

�'�U�D�L�Q�D�J�H���$�F�W���L�Q���������������*�R�Y�H�U�Q�P�H�Q�W���3�X�E�O�L�F�D�W�L�R�Q�V���2�I�I�L�F�H�����������������J�D�Y�H���S�X�E�O�L�F���E�R�G�L�H�V���D�Q�G��

�O�D�Q�G�R�Z�Q�H�U�V���J�U�H�D�W�H�U���S�R�Z�H�U�V���W�R���P�R�G�L�I�\���V�X�U�I�D�F�H���D�Q�G���V�X�E���V�X�U�I�D�F�H���I�O�R�Z�V���D�Q�G���L�Q�F�U�H�D�V�H��

�W�K�H���H�[�W�H�Q�W���D�Q�G���Y�D�O�X�H���R�I���D�J�U�L�F�X�O�W�X�U�D�O���O�D�Q�G�������7�K�L�V���Z�D�V���O�D�U�J�H�O�\���F�R�Q�G�X�F�W�H�G���W�K�U�R�X�J�K���W�K�H��

�G�H�Y�H�O�R�S�P�H�Q�W���R�I���O�D�Q�G���G�U�D�L�Q�V�����W�K�H���G�H�H�S�H�Q�L�Q�J���D�Q�G���Z�L�G�H�Q�L�Q�J���R�I���U�L�Y�H�U���F�K�D�Q�Q�H�O�V���D�Q�G��

�D�F�W�L�Y�L�W�L�H�V���V�X�F�K���D�V���F�K�D�Q�Q�H�O���V�W�U�D�L�J�K�W�H�Q�L�Q�J���D�Q�G���E�D�Q�N���O�H�Y�H�H���F�R�Q�V�W�U�X�F�W�L�R�Q�����%�K�D�W�W�D�U�D�L���D�Q�G��

�2�¶�&�R�Q�Q�R�U�������������������$�U�H�D�V���R�I���S�R�R�U�O�\���G�U�D�L�Q�L�Q�J�����F�D�O�F�L�X�P���U�L�F�K���V�R�L�O�V���R�I���W�K�H���P�L�G�O�D�Q�G�V���K�D�Y�H��

�E�H�H�Q���P�D�Q�D�J�H�G���W�R���S�U�R�P�R�W�H���Z�L�G�H�V�S�U�H�D�G���E�H�H�I���D�Q�G���G�D�L�U�\���I�D�U�P�L�Q�J�����Z�K�L�O�H���I�U�H�H�O�\���G�U�D�L�Q�L�Q�J��

�V�R�L�O�V�����H�V�S�H�F�L�D�O�O�\���L�Q���W�K�H���V�R�X�W�K���D�Q�G���H�D�V�W���R�I���W�K�H���F�R�X�Q�W�U�\���F�D�Q���V�X�S�S�R�U�W���P�R�U�H���L�Q�W�H�Q�V�L�Y�H��

�G�D�L�U�\�L�Q�J���D�Q�G���D�U�D�E�O�H���D�J�U�L�F�X�O�W�X�U�H�����&�R�P�E�L�Q�H�G���Z�L�W�K���H�Q�K�D�Q�F�H�G���P�H�W�K�R�G�V���R�I���I�H�U�W�L�O�L�V�D�W�L�R�Q���D�Q�G��

�P�D�Q�D�J�H�P�H�Q�W���R�I���O�L�Y�H�V�W�R�F�N���E�U�H�H�G�V���D�Q�G���J�U�D�]�L�Q�J���S�D�W�W�H�U�Q�V�����W�K�H�V�H���G�U�D�L�Q�D�J�H���S�U�D�F�W�L�F�H�V��
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�S�U�R�P�R�W�H���L�Q�W�H�Q�V�L�Y�H���D�Q�G���S�U�H�G�L�F�W�D�E�O�H���D�J�U�L�F�X�O�W�X�U�D�O���D�F�W�L�Y�L�W�\���I�R�U���P�X�F�K���R�I���W�K�H���\�H�D�U�����'�R�R�G�\���H�W��

�D�O������������������ 

�,�P�S�R�U�W�D�Q�W�O�\�����W�K�H���L�Q�W�H�Q�V�L�I�L�F�D�W�L�R�Q���R�I���D�J�U�L�F�X�O�W�X�U�D�O���R�X�W�S�X�W���E�U�L�Q�J�V���D�E�R�X�W���W�K�H���L�Q�F�U�H�D�V�H���L�Q��

�D�S�S�O�L�F�D�W�L�R�Q���D�Q�G���O�R�V�V���R�I���Q�X�W�U�L�H�Q�W�V���W�R���D�G�M�D�F�H�Q�W���Z�D�W�H�U���E�R�G�L�H�V�����2�F�N�H�Q�G�H�Q���H�W���D�O���������������������,�Q��

�,�U�H�O�D�Q�G���D�Q�G���H�O�V�H�Z�K�H�U�H���L�Q���W�K�H���(�8�����W�K�H���D�P�E�L�W�L�R�Q�V���I�R�U���J�U�H�D�W�H�U���D�J�U�L�F�X�O�W�X�U�D�O���D�F�W�L�Y�L�W�\���D�U�H��

�R�I�W�H�Q���L�Q���F�R�Q�I�O�L�F�W���Z�L�W�K���W�K�R�V�H���Q�D�W�L�R�Q�V�¶���F�R�P�P�L�W�P�H�Q�W�V���W�R���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���U�H�J�X�O�D�W�L�R�Q�V���V�X�F�K��

�D�V���W�K�H���:�D�W�H�U���)�U�D�P�H�Z�R�U�N���'�L�U�H�F�W�L�Y�H�����'�R�R�G�\���H�W���D�O�������������������(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���3�U�R�W�H�F�W�L�R�Q��

�$�J�H�Q�F�\�����������������)�O�i�Y�L�R���H�W���D�O�������������������� 

������ �+�\�G�U�R���P�R�U�S�K�R�O�R�J�\���D�Q�G���Q�X�W�U�L�H�Q�W���S�U�R�F�H�V�V�L�Q�J 

�1�D�W�X�U�D�O�O�\���R�F�F�X�U�U�L�Q�J���Z�R�R�G�\���G�H�E�U�L�V���D�Q�G���Y�D�U�L�D�E�O�H���J�H�R�P�R�U�S�K�R�O�R�J�\�����H���J�������E�R�X�O�G�H�U�V����

�F�K�D�Q�Q�H�O���V�O�R�S�H�����U�L�I�I�O�H�V�����S�R�R�O�V�����L�Q���V�W�U�H�D�P�V���D�Q�G���U�L�Y�H�U�V���F�D�Q���K�D�Y�H���V�X�E�V�W�D�Q�W�L�D�O���L�P�S�D�F�W�V���R�Q��

�W�K�H���I�O�X�[���R�I���Z�D�W�H�U�����Q�X�W�U�L�H�Q�W�V���D�Q�G���V�H�G�L�P�H�Q�W���E�H�W�Z�H�H�Q���K�H�D�G�Z�D�W�H�U���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���D�U�H�D�V��

�R�I���F�D�W�F�K�P�H�Q�W�V�����3�R�I�I���H�W���D�O�������������������:�R�K�O���D�Q�G���%�H�F�N�P�D�Q�������������������,�Q���V�W�U�H�D�P���I�H�D�W�X�U�H�V��

�L�P�S�H�G�H���W�K�H���I�O�R�Z���R�I���Z�D�W�H�U���D�Q�G�����D�V���V�X�F�K�����F�D�Q���F�D�X�V�H���O�R�F�D�O�L�V�H�G���]�R�Q�H�V���R�I���V�O�R�Z���P�R�Y�L�Q�J��

�Z�D�W�H�U���Z�K�H�U�H���Q�X�W�U�L�H�Q�W�V���D�Q�G���V�H�G�L�P�H�Q�W���F�D�Q���G�H�S�R�V�L�W���D�Q�G���E�H���U�H�W�D�L�Q�H�G���R�Q���W�K�H���X�S�V�W�U�H�D�P��

�V�L�G�H�����Z�K�L�O�H���S�U�R�P�R�W�L�Q�J���V�F�R�X�U�L�Q�J���K�L�J�K���I�O�R�Z���D�U�H�D�V���M�X�V�W���G�R�Z�Q�V�W�U�H�D�P�����*�U�D�E�R�Z�V�N�L���H�W���D�O������

���������������7�K�H���V�W�R�U�D�J�H���R�I���O�D�U�J�H���Z�R�R�G�\���G�H�E�U�L�V�����/�:�'�����D�W���O�R�F�D�O�L�V�H�G���S�R�L�Q�W�V���P�D�\���U�D�Q�J�H���I�U�R�P��

�P�L�Q�X�W�H�V���W�R���G�H�F�D�G�H�V���D�Q�G���W�K�H�V�H���D�U�H�D�V���P�D�\���V�H�U�Y�H���D�V���µ�K�R�W�V�S�R�W�V�¶���R�I���H�F�R�V�\�V�W�H�P��

�U�H�V�S�L�U�D�W�L�R�Q�����V�X�S�S�R�U�W�L�Q�J���W�K�H���E�U�H�D�N�G�R�Z�Q�����E�L�R�O�R�J�L�F�D�O���X�S�W�D�N�H���D�Q�G���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���R�I��

�Q�X�W�U�L�H�Q�W�V�����%�O�D�H�Q���H�W���D�O�������������������2�Y�L�H�G�R���9�D�U�J�D�V���H�W���D�O���������������������,�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I��

�S�H�U�P�H�D�E�O�H���J�U�D�Y�H�O���E�H�G�V���D�Q�G���K�\�G�U�R�V�W�D�W�L�F���S�U�H�V�V�X�U�H���G�L�I�I�H�U�H�Q�W�L�D�O�V���E�H�W�Z�H�H�Q���D�U�H�D�V��

�X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���R�I���/�:�'�����V�X�U�I�D�F�H���Z�D�W�H�U���L�V���G�U�L�Y�H�Q���W�K�U�R�X�J�K���W�K�H���V�W�U�H�D�P�E�H�G�����D��

�U�H�J�L�R�Q���N�Q�R�Z�Q���D�V���D���K�\�S�R�U�K�H�L�F���]�R�Q�H�����%�R�X�O�W�R�Q�������������������3�H�U�V�L�V�W�H�Q�W���I�O�R�Z���R�I���R�[�\�J�H�Q�����D�Q�G��

�Q�X�W�U�L�H�Q�W���U�L�F�K���V�X�U�I�D�F�H���Z�D�W�H�U�V���L�Q�W�R���W�K�H���K�\�S�R�U�K�H�L�F���]�R�Q�H���F�D�Q���S�U�R�P�R�W�H���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I��

�P�L�F�U�R�E�L�D�O���E�L�R�I�L�O�P�V���R�Y�H�U���L�Q�W�H�U�V�W�L�W�L�D�O���V�X�U�I�D�F�H�V�����7�K�H���S�U�H�V�H�Q�F�H���R�I���Z�H�O�O���P�L�[�H�G���J�U�D�Y�H�O�V���F�D�Q��
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�J�U�H�D�W�O�\���H�Q�K�D�Q�F�H���W�K�H���P�H�W�D�E�R�O�L�F���W�X�U�Q���R�Y�H�U���R�I���Q�X�W�U�L�H�Q�W�V���L�Q���F�K�D�Q�Q�H�O�V�����D�V���W�K�H�\���R�I�I�H�U��

�J�U�H�D�W�H�U���V�X�U�I�D�F�H���D�U�H�D���I�R�U���P�L�F�U�R�E�L�D�O���F�R�O�R�Q�L�V�D�W�L�R�Q�����D�Q�G���F�D�Q���S�U�R�Y�L�G�H���V�X�I�I�L�F�L�H�Q�W���F�R�Q�W�D�F�W��
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�U�H�V�W�U�L�F�W�L�R�Q�V���W�R���W�K�H���V�S�U�H�D�G�L�Q�J���R�I���R�U�J�D�Q�L�F���D�Q�G���P�L�Q�H�U�D�O���I�H�U�W�L�O�L�V�H�U�V���W�R���I�D�U�P�O�D�Q�G�������7�K�H��
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�W�K�H���E�H�Q�H�I�L�W���R�I���V�R�F�L�H�W�\�����H���J�����I�O�R�R�G���P�D�Q�D�J�H�P�H�Q�W���W�K�U�R�X�J�K���F�D�W�F�K�P�H�Q�W���V�F�D�O�H���W�U�H�H���S�O�D�Q�W�L�Q�J��

���*�U�D�E�R�Z�V�N�L�������������������5�H�V�H�D�U�F�K���L�Q�W�R���W�K�H���I�X�Q�F�W�L�R�Q�L�Q�J���D�Q�G���O�R�Q�J���W�H�U�P���H�I�I�H�F�W�V���R�I���1�E�6��

�I�H�D�W�X�U�H�V���R�Q���Q�D�W�X�U�D�O���V�\�V�W�H�P�V���L�V���O�L�N�H�O�\�����K�R�Z�H�Y�H�U�����W�R���H�Q�D�E�O�H���F�R�X�Q�W�U�L�H�V���W�R���P�R�U�H���H�I�I�H�F�W�L�Y�H�O�\��

�S�X�W���P�H�D�V�X�U�H�V���L�Q���S�O�D�F�H���W�K�D�W���Z�L�O�O���P�H�H�W���W�K�H���R�E�O�L�J�D�W�L�R�Q�V���R�I���W�K�H���1�D�W�X�U�H���5�H�V�W�R�U�D�W�L�R�Q���/�D�Z��

���:�D�\�O�H�Q���H�W���D�O�������������������� 

�0�D�Q�\���H�P�S�L�U�L�F�D�O���D�Q�G���P�R�G�H�O�O�L�Q�J���V�W�X�G�L�H�V���K�D�Y�H���E�H�H�Q���F�R�Q�G�X�F�W�H�G���L�Q���U�H�F�H�Q�W���\�H�D�U�V���W�R��

�L�O�O�X�V�W�U�D�W�H���W�K�H���H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���Y�D�U�L�R�X�V���1�E�6���I�H�D�W�X�U�H�V���L�Q���P�L�W�L�J�D�W�L�Q�J���I�O�R�R�G�V���D�Q�G���Z�D�W�H�U��

�T�X�D�O�L�W�\���L�V�V�X�H�V�����H���J�������%�O�D�F�N���H�W���D�O�������������������/�H�Y�L�Q�H���H�W���D�O�������������������4�X�L�Q�Q���H�W���D�O������������������

�5�R�E�R�W�K�D�P���H�W���D�O���������������������(�Y�L�G�H�Q�F�H���L�V���O�D�F�N�L�Q�J�����K�R�Z�H�Y�H�U�����R�Q���Z�K�H�W�K�H�U���1�E�6���I�H�D�W�X�U�H�V���P�D�\��

�F�R�Q�I�H�U���T�X�D�Q�W�L�I�L�D�E�O�H���P�X�O�W�L�S�O�H���E�H�Q�H�I�L�W�V�����R�U���F�D�Q���R�S�H�U�D�W�H���R�Q���D���V�F�D�O�H���E�\���Z�K�L�F�K���Q�D�W�X�U�D�O��

�H�Y�H�Q�W�V�����V�X�F�K���D�V���I�O�R�R�G�V�����D�U�H���P�L�W�L�J�D�W�H�G���W�R���W�K�H���H�[�W�H�Q�W���W�K�D�W���V�R�F�L�H�W�\���K�D�V���E�H�Q�H�I�L�W�H�G���I�U�R�P��

�W�K�H�L�U���S�U�H�V�H�Q�F�H�����+�H�Q�H�J�K�D�Q���H�W���D�O�������������������Y�D�Q���/�H�H�X�Z�H�Q���H�W���D�O���������������������4�X�H�V�W�L�R�Q�V���D�O�V�R��

�H�[�L�V�W���D�U�R�X�Q�G���W�K�H���F�R�P�S�D�W�L�E�L�O�L�W�\���R�I���H�I�I�H�F�W�L�Y�H���1�E�6���I�H�D�W�X�U�H�V�����L���H�����W�K�R�V�H���Z�K�L�F�K���E�U�L�Q�J���D�E�R�X�W��

�D���T�X�D�Q�W�L�I�L�D�E�O�H���E�H�Q�H�I�L�W�����D�Q�G���W�K�H���F�R�Q�W�L�Q�X�L�Q�J���D�J�U�L�F�X�O�W�X�U�D�O���X�V�H���R�I���I�D�U�P�O�D�Q�G���Z�K�L�F�K���K�R�V�W�V��

�1�E�6���I�H�D�W�X�U�H�V�����/�L�X���H�W���D�O���������������������7�K�L�V���W�K�H�V�L�V���L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���I�R�X�U���1�E�6��
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�S�R�O�O�X�W�L�R�Q���R�Q���D�T�X�D�W�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����7�K�H�V�H���S�U�R�F�H�V�V�H�V���D�U�H���G�L�V�F�X�V�V�H�G���L�Q���W�K�H���F�R�Q�W�H�[�W���R�I��

�W�K�H���V�S�H�F�L�I�L�F���K�\�G�U�R�O�R�J�L�F�D�O���F�R�Q�G�L�W�L�R�Q�V���Z�K�L�F�K���P�H�G�L�D�W�H���W�K�H���W�U�D�Q�V�S�R�U�W���D�Q�G���P�L�W�L�J�D�W�L�R�Q���R�I��

�Z�D�W�H�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U�V���� 

������ �)�O�X�[�����S�U�R�F�H�V�V�L�Q�J���D�Q�G���L�P�S�D�F�W�V���R�I���Z�D�W�H�U���D�Q�G���Q�X�W�U�L�H�Q�W�V 

���������� �6�H�G�L�P�H�Q�W���D�Q�G���3�2�0 

�$�O�W�K�R�X�J�K���Q�D�W�X�U�D�O���F�R�P�S�R�Q�H�Q�W���R�I���W�K�H���V�H�G�L�P�H�Q�W���O�R�D�G���W�K�D�W���P�R�Y�H�V���W�K�U�R�X�J�K���V�W�U�H�D�P��

�V�\�V�W�H�P�V�����I�L�Q�H���V�X�V�S�H�Q�G�H�G���V�R�O�L�G�V���W�H�Q�G���W�R���E�H���H�P�L�W�W�H�G���L�Q���K�L�J�K���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���I�U�R�P��

�I�D�U�P�O�D�Q�G�����H�V�S�H�F�L�D�O�O�\���G�X�U�L�Q�J���U�D�L�Q�I�D�O�O���H�Y�H�Q�W�V���I�U�R�P���H�[�S�R�V�H�G���V�X�U�I�D�F�H�V���D�Q�G���V�R�L�O�V���H���J����

�W�U�D�F�W�R�U���W�U�D�P�Z�D�\�V�����X�Q�Y�H�J�H�W�D�W�H�G���I�L�H�O�G�V���D�I�W�H�U���K�D�U�Y�H�V�W�L�Q�J�����I�D�U�P���W�U�D�F�N�Z�D�\�V���D�Q�G���K�D�U�G��

�V�W�D�Q�G�L�Q�J���D�U�H�D�V�����'�H�D�V�\���H�W���D�O�������������������2�F�N�H�Q�G�H�Q���H�W���D�O�������������������0�R�O�R�Q�H�\���H�W���D�O��������������������

�$�J�U�L�F�X�O�W�X�U�D�O���S�D�U�W�L�F�X�O�D�W�H���R�U�J�D�Q�L�F���P�D�W�W�H�U�����3�2�0�����L�Q���W�K�H���I�R�U�P�V���R�I���D�Q�L�P�D�O���Z�D�V�W�H�����I�D�H�F�D�O��

�P�D�W�W�H�U�����D�Q�G�����V�L�O�D�J�H���D�Q�G���Y�H�J�H�W�D�W�L�R�Q���P�D�\���D�O�V�R���E�H���G�H�O�L�Y�H�U�H�G���W�R���V�W�U�H�D�P�V���I�U�R�P���I�D�U�P���I�L�H�O�G�V����

�W�U�D�F�N�Z�D�\�V���D�Q�G���K�D�U�G�V�W�D�Q�G�L�Q�J���D�U�H�D�V�����7�K�H���E�U�H�D�N�G�R�Z�Q���R�I���3�2�0���E�\���G�H�W�U�L�W�L�Y�R�U�H�V���D�Q�G��

�P�L�F�U�R���R�U�J�D�Q�L�V�P�V���F�D�Q���F�D�X�V�H���W�K�H���U�H�O�H�D�V�H���R�I���K�L�J�K�O�\���O�D�E�L�O�H���R�U�J�D�Q�L�F���D�Q�G���P�L�Q�H�U�D�O���I�R�U�P�V���R�I��

�S�K�R�V�S�K�R�U�X�V�����Q�L�W�U�R�J�H�Q�����D�Q�G���F�D�U�E�R�Q�����7�K�H�V�H���Q�X�W�U�L�H�Q�W�V���F�D�Q���V�W�L�P�X�O�D�W�H���U�D�S�L�G���J�U�R�Z�W�K���R�I��

�D�X�W�R�W�U�R�S�K�L�F���D�Q�G���K�H�W�H�U�R�W�U�R�S�K�L�F���P�L�F�U�R���R�U�J�D�Q�L�V�P�V���L�Q���V�X�U�I�D�F�H���Z�D�W�H�U�V�����D�Q�G���S�R�W�H�Q�W�L�D�O�O�\��

�L�Q�G�X�F�H���H�X�W�U�R�S�K�L�F�D�W�L�R�Q�����R�[�\�J�H�Q���G�H�S�O�H�W�L�R�Q���D�Q�G���W�K�H���E�X�L�O�G���X�S���R�I���W�R�[�L�F���E�\���S�U�R�G�X�F�W�V���� 

�,�Q���D�J�U�L�F�X�O�W�X�U�D�O���F�D�W�F�K�P�H�Q�W�V�����W�K�H���F�R�P�E�L�Q�D�W�L�R�Q���R�I���V�R�X�U�F�H�V���R�I���K�L�J�K���O�R�D�G�L�Q�J�V���R�I���V�H�G�L�P�H�Q�W��

�D�Q�G���2�0�����H���J�����H�[�S�R�V�H�G���V�R�L�O�V�����W�U�D�F�N�Z�D�\�V�����F�K�D�Q�Q�H�O���E�D�Q�N�V�����D�Q�G���W�K�H���U�H�O�D�W�L�Y�H���D�E�V�H�Q�F�H���R�I��

�D�U�H�D�V���Z�K�H�U�H���S�D�U�W�L�F�X�O�D�W�H�V���P�D�\���E�H���G�H�W�D�L�Q�H�G�����H���J�����/�:�'���D�F�F�X�P�X�O�D�W�L�R�Q�V�����I�O�R�R�G�S�O�D�L�Q�V�����F�D�Q��
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�F�D�X�V�H���K�L�J�K���O�R�D�G�V���R�I���R�U�J�D�Q�L�F���D�Q�G���P�L�Q�H�U�D�O���S�D�U�W�L�F�X�O�D�W�H���P�D�W�W�H�U���W�R���E�H���G�H�S�R�V�L�W�H�G���Z�K�H�Q���I�O�R�Z��

�Y�H�O�R�F�L�W�L�H�V���D�U�H���O�R�Z���H�Q�R�X�J�K���I�R�U���V�H�G�L�P�H�Q�W�D�W�L�R�Q���W�R���R�F�F�X�U�����V�X�F�K���D�V���L�Q���V�K�D�O�O�R�Z���O�R�Z���R�U�G�H�U��

�V�W�U�H�D�P�V�����O�D�N�H�V���D�Q�G���H�V�W�X�D�U�L�H�V�����0�D�J�H�W�W�H���H�W���D�O�������������������6�W�X�W�W�H�U���H�W���D�O�������������������9�H�U�R���H�W���D�O������

���������������7�K�H���G�H�S�R�V�L�W�L�R�Q���R�I���3�2�0���D�Q�G���I�L�Q�H���V�R�O�L�G�V���R�Q���J�U�D�Y�H�O���E�H�G�V���F�D�Q���O�H�D�G���W�R���W�K�H��

�F�O�R�J�J�L�Q�J�����R�U���F�R�O�P�D�W�L�R�Q�����R�I���V�W�U�H�D�P�E�H�G�V�����%�U�X�Q�N�H�����������������0�R�O�R�Q�H�\���H�W���D�O��������������������

�&�R�O�P�D�W�L�R�Q���F�D�Q���U�H�G�X�F�H���W�K�H���I�O�R�Z���R�I���R�[�\�J�H�Q���D�Q�G���Q�X�W�U�L�H�Q�W���U�L�F�K���V�X�U�I�D�F�H�����D�Q�G���J�U�R�X�Q�G��

�Z�D�W�H�U�V���W�K�U�R�X�J�K���W�K�H���V�W�U�H�D�P�E�H�G�����L�Q�K�L�E�L�W���K�\�S�R�U�K�H�L�F���H�[�F�K�D�Q�J�H�����D�Q�G���O�L�P�L�W���W�K�H���V�X�U�Y�L�Y�D�O���R�I��

�L�Q���I�D�X�Q�D�O���P�D�F�U�R���L�Q�Y�H�U�W�H�E�U�D�W�H�V�����%�U�X�Q�N�H�����������������%�U�X�Q�N�H���D�Q�G���*�R�Q�V�H�U�������������������H�V�S�H�F�L�D�O�O�\��

�W�K�R�V�H���Z�L�W�K���D���O�R�Z���W�K�U�H�V�K�R�O�G���I�R�U���R�[�\�J�H�Q���G�H�S�U�L�Y�D�W�L�R�Q���V�X�F�K���W�D�[�D���I�U�R�P���W�K�H���R�U�G�H�U�V��

�3�O�H�F�R�S�W�H�U�D�����7�U�L�F�K�R�S�W�H�U�D���D�Q�G���(�S�K�H�P�H�U�R�S�W�H�U�D�����(�3�7�������7�K�H���F�R�P�E�L�Q�D�W�L�R�Q���R�I���S�K�\�V�L�F�D�O��

�E�O�R�F�N�L�Q�J���R�I���V�W�U�H�D�P�E�H�G���L�Q�W�H�U�V�W�L�F�H�V���D�Q�G���W�K�H���H�I�I�H�F�W�V���R�I���2�0���E�U�H�D�N�G�R�Z�Q���R�Q���G�L�V�V�R�O�Y�H�G��

�R�[�\�J�H�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q���S�R�U�H���Z�D�W�H�U�V���F�D�Q���K�D�Y�H���Q�H�J�D�W�L�Y�H���H�I�I�H�F�W�V���R�Q���V�W�U�H�D�P���E�L�R�W�D����

�%�H�L�Q�J���L�P�S�R�U�W�D�Q�W���S�U�H�\���V�S�H�F�L�H�V���I�R�U���\�R�X�Q�J���V�D�O�P�R�Q�L�G�V���D�Q�G���U�L�Y�H�U�L�Q�H���E�L�U�G�V���V�X�F�K���D�V��

�G�L�S�S�H�U�V�����G�D�P�D�J�H���W�R���P�D�F�U�R���L�Q�Y�H�U�W�H�E�U�D�W�H���F�R�P�P�X�Q�L�W�L�H�V���E�\���I�L�Q�H���V�H�G�L�P�H�Q�W�V���K�D�V���R�E�Y�L�R�X�V��

�N�Q�R�F�N���R�Q���H�I�I�H�F�W�V���W�K�U�R�X�J�K���W�K�H���I�U�H�V�K�Z�D�W�H�U���F�R�P�P�X�Q�L�W�\�����)�U�L�E�H�U�J���H�W���D�O���������������������:�K�H�U�H��

�S�D�U�W�L�F�X�O�D�W�H���R�U�J�D�Q�L�F���P�D�W�W�H�U���D�Q�G���V�H�G�L�P�H�Q�W���D�U�H���G�H�S�R�V�L�W�H�G���L�Q���T�X�D�Q�W�L�W�L�H�V���V�X�F�K���W�K�D�W���W�K�H�\��

�F�D�Q���I�R�U�P���G�H�H�S���D�Q�R�[�L�F���V�H�G�L�P�H�Q�W�V�����W�K�H���K�L�J�K�O�\���U�H�G�X�F�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���E�H�O�R�Z���W�K�H���V�X�U�I�D�F�H��

�F�D�Q���O�H�D�G���W�R���P�L�Q�H�U�D�O�L�]�D�W�L�R�Q���R�I���2�0���D�Q�G���I�R�U�P���P�H�W�K�D�Q�H���D�Q�G���L�U�R�Q���V�X�O�S�K�L�G�H�V���Z�K�L�F�K���F�D�Q���E�H��
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Figure 1 Schematic of the phosphorus cycle. From Lappalainen et al. 2016  
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Figure 2 Schematic of the terrestrial nitrogen cycle in terrestrial systems. From Lappalainen et al. 

2016. 
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Figure 1 Map of Glashagarriff sub-catchment (main: blue line) within the River Lee catchment (Inset; 

black line) in the south of Ireland. The study site (main: red marker) is along the route of a first order 

stream which feeds into the Glashagarriff catchment (main: light blue line). The Glashagarriff flow 

southwards before meeting the River Lee (Black Line). White arrows indicate direction of flow of 

streams. Black arrow indicates north. Source: Fieldmap contributors and GIS user Community 
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Figure 2a-d shows the study site flood detention basin. 2a shows detention basin schematic with first 

order stream (Leades stream; blue arrow) flowing from north to south along the northern and eastern 

side of the detention basin. Red contour lines denote elevation above sea level. Panels 2b-d show 

detention basin features functioning during an inundation event: (b) high flows being partially directed 

from channel through sluice of detention basin inlet to detention basin ponding zone via overland flow 

path; (c) ponding zone of detention basin; (d) detention basin outlet pipes draining detention basin back 

to stream channel. 
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Figure 3 The line derived from the relationship between Depth of water stored at the topographic 

minimum of the detention basin (x-axis; meters above sea level) and the volume stored in the 

detention basin (y-axis; m3) as estimated from topographic data from the detention basin. The 

equation of the line and the R2 value for fit of the data to the model.  
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Figure 4 Manual test inundations of the detention basin in March, May and October 2021 (a-c, 

respectively). Dashed lines indicate removal or replacement of the boards of the sluice at the detention 

basin inlet to allow water into the detention basin, or stop take-off. Solid lines indicate the time that 

outlet pipes were lowered to allow the stored water to drain back to the stream. 
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Table 1 Detention basin flood peak attenuation summary data for 13 automatic inundation events 

during peak flows between 7th December 2021 and 17th January 2023 (Single peak events: n = 8; 

multi-peak events: n = 5). Means and standard error (SE) values for hydrological parameters, as well 

�P�H�D�Q�V���I�R�U���H�Y�H�Q�W�V���Z�K�H�Q���W�K�H���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q���Z�D�V���H�P�S�W�\���S�U�L�R�U���W�R���L�Q�X�Q�G�D�W�L�R�Q���R�U���K�D�G���V�W�D�Q�G�L�Q�J���Z�D�W�H�U�����³�'�%��

�,�Q�X�Q�G�D�W�H�G�´�������&olumns 2-4 show the difference in peak discharge and time between peaks between 

upstream and downstream WLR locations; columns 5 and 6 show the difference in areas under 

curves of upstream and downstream hydrographs during the filling period of the detention basin; 

columns 7-9 show the metrics on the volume of water stored in the detention basin as registered by 

the WLR within the detention basin. See table S3 for hydrological parameter data for each event.  
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Table 2 Flood peak attenuation through flood peak extension summary data for single peak events. 

Filing period indicates duration of the detention basin (DB) filling from minimum to maximum volume 

during a given inundation event (Peak date within a single or initial filling of a multi-peak event). The 

peak extension time is calculated as the entire detention basin inundation duration minus the Take-off 

period, where the discharge upstream of the detention basin exceeded the take-off discharge.  

 

Event  Period Peak Date Filling period 
Take-off 
period  

DB 
inundation 
duration 

Peak 
extension 

time 

7th-8th Dec 2021 7th Dec 2021 4 hr 15 mins 
6 hrs 30 

mins 
33 hrs 

26 hrs 30 
mins 

30th Dec 2021 �± 1st 
Jan 2022 

30th Dec 2021 13 hr 30 mins 34 hrs 57 hrs 
30mins 

23 hrs 30 
mins 

9th �± 12th March 2022 9th Mar 2022 10 hrs 15 mins 24 hrs 34 hrs 10 hrs 
6th Sept 2022 6th Sept 2022 5 hrs 30 mins 1 hr 8 hrs 7 hrs 

10th �± 13th Sept 2022 11th Sept 2022 4 hrs 45 mins 5 hrs 
40 hrs 30 

mins 
35 hrs 30 

mins 
30th Oct �± 1st Nov 

2022 
31st Oct 2022 3 hrs 15 mins 20 hrs 

45 hrs 30 
mins 

25 hrs 30 
mins 

6th �± 9th Nov 2022 7th Nov 2022 6 hrs 45 mins 22 hrs 35 hrs 7 hrs 

23rd �± 24th Dec 2022 24th Dec 2022 4 hrs 
3 hrs 30 

mins 43 hrs 
39 hrs 30 

mins 
      

 
Mean 6hrs 23mins 

14 hrs 30 
mins 

37 hrs 
21 hrs 50 

mins 

 Standard Error 1hr 15mins 4hrs 15mins 5hrs 4hrs 30mins 
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�E�H���D�W�W�U�L�E�X�W�H�G���W�R�����������I�O�R�R�G���Z�D�W�H�U���G�L�Y�H�U�W�H�G���W�R���W�K�H���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q���Q�R�W���U�H�D�F�K�L�Q�J���W�K�H���S�R�Q�G��

�D�U�H�D���E�X�W���L�Q�V�W�H�D�G���E�H�L�Q�J���U�H�W�D�L�Q�H�G���R�Q���W�K�H���V�X�U�I�D�F�H���R�I�����R�U���Z�L�W�K�L�Q�����W�K�H���I�L�H�O�G���V�R�L�O���X�S�V�O�R�S�H���R�I��

�W�K�H���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q�����-�R�Q�H�V���H�W���D�O���������������������D�Q�G���R�U�����������Z�D�W�H�U���Z�L�W�K�L�Q���W�K�H���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q��
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�E�H�L�Q�J���O�R�V�W���I�U�R�P���W�K�H���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q���W�K�U�R�X�J�K���V�X�E���V�X�U�I�D�F�H���G�U�D�L�Q�V�����:�D�W�H�U���E�D�O�D�Q�F�H��

�D�Q�D�O�\�V�L�V���R�I���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���$�8�&�V���I�R�U���Z�K�R�O�H���I�O�R�R�G���S�H�D�N�V�����L���H�����W�K�H��

�E�H�J�L�Q�Q�L�Q�J���W�R���H�Q�G���R�I���D���V�L�Q�J�O�H���I�O�R�R�G���S�H�D�N�����U�H�Y�H�D�O�H�G���W�K�D�W���D�Q���D�Y�H�U�D�J�H���R�I�����������R�I���W�K�H��

�Z�D�W�H�U���G�L�Y�H�U�W�H�G���I�U�R�P���W�K�H���V�W�U�H�D�P���Z�D�V���Q�R�W���D�F�F�R�X�Q�W�H�G���I�R�U���D�W���W�K�H���G�R�Z�Q�V�W�U�H�D�P���O�R�J�J�H�U�����Z�L�W�K��

�W�K�H���U�H�P�D�L�Q�L�Q�J�����������R�I���W�K�H���Z�D�W�H�U���G�L�Y�H�U�W�H�G���I�U�R�P���W�K�H���F�K�D�Q�Q�H�O���E�\���S�D�V�V�L�Q�J���W�K�H��

�G�R�Z�Q�V�W�U�H�D�P���Z�D�W�H�U���O�H�Y�H�O���U�H�F�R�U�G�H�U���J�D�X�J�L�Q�J���S�R�L�Q�W�����L���H�����Z�D�W�H�U���Z�D�V���O�R�V�W���W�K�U�R�X�J�K���V�X�E��
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�D�F�F�R�X�Q�W�V���I�R�U���D�Q���D�Y�H�U�D�J�H���R�I�������������P�L�Q�����������P�D�[�������������R�I���W�K�H���Z�D�W�H�U���G�L�Y�H�U�W�H�G���I�U�R�P���W�K�H��

�V�W�U�H�D�P�����7�K�H���O�R�V�V���R�I���Z�D�W�H�U���W�K�U�R�X�J�K���V�X�E���V�X�U�I�D�F�H���G�U�D�L�Q�V���Z�R�X�O�G���K�D�Y�H�����Q�R�Q�H�W�K�H�O�H�V�V��

�F�R�Q�W�U�L�E�X�W�H�G���W�R���I�O�R�R�G���S�H�D�N���P�L�W�L�J�D�W�L�R�Q���E�\���L�Q�F�U�H�D�V�L�Q�J���W�K�H���S�D�W�K���O�H�Q�J�W�K���W�D�N�H�Q���E�\���Z�D�W�H�U��

�G�L�Y�H�U�W�H�G���I�U�R�P���W�K�H���F�K�D�Q�Q�H�O���� 
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�D�S�S�H�D�U�H�G���W�R���K�D�Y�H���D���Y�D�U�L�D�E�O�H���H�I�I�H�F�W���R�Q���W�K�H���R�Q�V�H�W���R�I���W�K�H���G�R�Z�Q�V�W�U�H�D�P���I�O�R�R�G���S�H�D�N�����3�H�D�N��
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Figure 5a-d Upstream (red) and downstream (blue) hydrographs showing stream discharge (m3 s-1; left 

y-axis) during single-peak automatic detention basin inundation events between 7th and 8th December 

2021 (4a), 30th December 2021 and 1st January 2022 (4b), 9th and 10th March 2022 (4c) and on 6th 

September 2022 (4d). Solid black line shows the volume of water stored within the detention basin for 

the same period (m3; right y-axis). Local hourly rainfall accumalation values (mm hr--1; onsite rain gauge) 

were available for the events between March and September 2022 and are denoted with grey bars 

above respective hydrographs. Dashed green lines indicate the time of water quality sampling where 

relevant: 8/12/2021: 13:45; 31/12/2021: 16:45; 9/3/2022: 13:00 
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Figure 5e-h Upstream (red) and downstream (blue) hydrographs showing stream discharge (m3 s-1; 

left y-axis) during single-peak automatic detention basin inundation events between 10th and 12th 

September 2022 (4e), 31st October and 2nd November 2022 (4f), 6th and 9th November 2022 (4g), and 

24th to 25th December 2022 (4h). Solid black line shows the estimated volume of water stored within 

the detention basin for the same period (m3; right y-axis). Local hourly rainfall accumalation values 

(mm hr--1; onsite rain gauge) are denoted with grey bars above respective hydrographs. 
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Figure 5i-m Upstream (red) and downstream (blue) hydrographs showing stream discharge (m3s-1; left 

y-axis) during multi-peak detention basin inundation events between 18h and 24th February 2022 (4i), 

5th and 8th September 2022 (4j), 16th and 28th October 2022 (4k), 21st and 29th November 2022 (4l) 

and 10th to 17th January 2023. Solid black line shows the estimated volume of water stored within the 

detention basin for the same period (m3; right y-axis). Local hourly rain-fall accumalation values mm 

hr -1; onsite rain gauge)  are denoted with grey bars above respective hydrographs. The take-off level 

at the sluice was raised on 27th October 2022 due to the bund overtopping. Dashed green lines 

indicate the time of water quality sampling where relevant: 7/9/2022: 13:00; 19/10/2022: 11:15; 

26/10/2022: 14:00; 23/11/2022: 11:00 
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Figure 6 Relationship between peak discharge upstream of the detention basin (DB) (m3 s-1; x-axis) 

and peak discharge difference (�ûQ m3 s-1) between upstream and downstream locations (y-axis). 

Significant relationship identified in general linear model analysis illustrated with black line and in-

figure p and R2 statistics (GLM, df = 17, t = 12.929). DB status (Empty vs. inundated at time of stream 

take-off) had no statistically significant effect on attenuation potential of DB at different upstream 

discharges (p > 0.05). 
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Figure 7 Study site daily rainfall accumulations (mm day-1; top) and daily mean discharge (Q m3 s-1) 

immediately upstream (red line) and downstream (blue line) of the flood detention basin (DB; bottom) 

from Jan 2021 to Feb 2023. Rainfall is estimated from combining local data from tipping-bucket rain 

gauge and nearest weather station (Carrigadrohid). Black dots indicate DB inundation events. Initial 

three inundation events occurred through manual removal of sluice boards (Mar �± Oct 2021). Dashed 

horizontal lines indicate take-off discharge during the automatic phase of the study: Nov 2021 to Oct 

2022: Take-off discharge of 0.07m3 s-1; Oct 2022 to Jan 2023: Take-off discharge of 0.1m3 s-1.  
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Figure 8  Percentage removal efficiency (%RE) of water quality parameters (a-f) based on mean 

changes in concentration between the DB inlet and DB outlet; only single samples were collected on 

9th March 2022 and 26th October 2022. 
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Figure 9  Pooled water quality data shown in boxplots for parameters whose concentrations (y axis; 

mg L -1) were found to have statistically significant differences (p <0.05) between the DB inlet and DB 

outlet (x-axis). Relevant statistics from mixed effect linear models on 11 sampling events between 

Mar 2021 and Nov 2022 are shown within plots 8a-e. 
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Table 3 Results from analysis on water quality sampling from detention basin (DB) inlet and DB outlet over 11 sampling events between 2nd Mar 2021 and 

23rd Nov 2022. Mean concentration data were calculated directly from water quality concentrations for all sampling events and were used to calculate 

Removal Efficiency concentration (Mean RE) and percentage RE. Results from mixed effect models use comparisons of DB inlet and DB outlet 

concentrations in Mixed effect models accounting for variance between sampling events. Water quality parameters whose concentrations changed 

significantly (p < 0.05) between the DB Take-off and DB Outlet are denoted with an asterisk. 
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 Figure 103 Water quality parameter data from flow path of water in the DB during 9th March 2022 

inundation event. Concentrations of dissolved oxygen (DO mg L-1), DO saturation, ammonia, nitrate, 

soluble reactive phosphorus (SRP), total phosphorus (TP), chloride and suspended solids (SS) were 

measured from locations, within the pond zone. From most upstream to downstream (L-R) DB inlet; 

15 m downslope of DB inlet, 30 m downslope of DB inlet, 45 m downslope of DB inlet, the ponding 

zone edge (1 m wide zone where water slows as the overland flow-path meets the ponding zone); the 

pond base (bottom 10 cm of ponding water); surface (top 5 cm of ponding water); the outlet of the DB 

outlet pipe draining the base of the DB; D-S DB within the stream downstream of the DB. Dashed red 

line shows concentration at DB inlet.  
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�D�O�L�J�Q�H�G���L���H�����Q�R���D�W�W�H�Q�X�D�W�L�R�Q���R�I���I�O�R�Z�����7�K�L�V���H�Y�H�Q�W���D�L�G�H�G���L�Q���L�O�O�X�V�W�U�D�W�L�Q�J���W�K�H���H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I��

�W�K�H���'�%���L�Q���D�W�W�H�Q�X�D�W�L�Q�J���I�O�R�Z�V���D�Q�G���W�K�H���Z�D�W�H�U���O�H�Y�H�O���D�W���Z�K�L�F�K���W�D�N�H���R�I�I���R�I���W�K�H���U�L�V�L�Q�J���O�L�P�E���R�I��
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�W�K�H���I�O�R�R�G���V�K�R�X�O�G���R�F�F�X�U�����7�K�X�V�����W�K�H���H�Y�H�Q�W���S�U�R�Y�L�G�H�G���Y�D�O�X�D�E�O�H���L�Q�I�R�U�P�D�W�L�R�Q���W�R���D�O�O�R�Z��

�V�X�F�F�H�V�V�L�Y�H���I�O�R�R�G���H�Y�H�Q�W�V���W�R���E�H���G�L�U�H�F�W�H�G���W�R���W�K�H���'�%���³�D�X�W�R�P�D�W�L�F�D�O�O�\�´���L���H�����R�Y�H�U���D���S�U�H��

�G�H�W�H�U�P�L�Q�H�G���V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�����'�X�U�L�Q�J���H�D�F�K���R�I���W�K�H���W�U�L�D�O���L�Q�X�Q�G�D�W�L�R�Q�V���W�K�H���R�X�W�O�H�W���S�L�S�H�V���D�W��

�W�K�H���E�X�Q�G���Z�H�U�H���P�D�Q�X�D�O�O�\���U�D�L�V�H�G���R�U���O�R�Z�H�U�H�G���L�Q�W�R���W�K�H���S�R�Q�G���I�R�U���F�R�Q�W�U�R�O���R�I���W�K�H���U�H�O�H�D�V�H���R�I��

�V�W�R�U�H�G���Z�D�W�H�U���I�U�R�P���W�K�H���'�%�����7�K�H���Z�D�W�H�U���O�H�Y�H�O���D�W���W�K�H���V�O�X�L�F�H���R�Y�H�U���W�K�H���F�R�X�U�V�H���R�I���W�K�H���I�O�R�R�G��

�H�Y�H�Q�W�����L���H�����G�X�U�L�Q�J���W�K�H���U�L�V�L�Q�J���D�Q�G���G�H�F�O�L�Q�L�Q�J���O�L�P�E�V���R�I���W�K�H���I�O�R�R�G���S�H�D�N�����Z�D�V���P�R�Q�L�W�R�U�H�G���V�R��

�W�K�D�W���W�K�H���V�W�U�H�D�P���O�H�Y�H�O���I�R�U���W�K�H���F�U�L�W�L�F�D�O���S�H�U�L�R�G���R�I���W�K�H���I�O�R�R�G���S�H�D�N���F�R�X�O�G���E�H���G�H�W�H�U�P�L�Q�H�G���D�Q�G��

�W�K�H���W�D�N�H���R�I�I���O�H�Y�H�O���R�I���W�K�H���V�O�X�L�F�H���D�W���W�K�H���'�%���,�Q�O�H�W���F�R�X�O�G���E�H���G�H�W�H�U�P�L�Q�H�G�� 

�2�Q�������1�R�Y�H�P�E�H�U���������������W�K�H���V�W�U�H�D�P���O�H�Y�H�O���D�W���Z�K�L�F�K���Z�D�W�H�U���R�Y�H�U���W�R�S�S�H�G���W�K�H���V�O�X�L�F�H���D�Q�G��

�H�Q�W�H�U�H�G���W�K�H���I�L�H�O�G���Z�D�V���V�H�W���D�W���D���V�W�U�H�D�P���O�H�Y�H�O���R�I���F�������P�����G�L�V�F�K�D�U�J�H���R�I���F�����������������P�����V���������D�W���D��

�V�W�U�H�D�P���J�D�X�J�L�Q�J���S�R�L�Q�W�����P���X�S�V�W�U�H�D�P���R�I���W�K�H���'�%���L�Q�O�H�W�����:�L�Q�W�H�U���E�D�V�H�I�O�R�Z���Z�D�V���I�R�X�Q�G���W�R���E�H��

�F���������P���Z�L�W�K���D���G�L�V�F�K�D�U�J�H���R�I���F�����������������P�����V���������$���W�D�N�H���R�I�I���O�H�Y�H�O���D�W���W�Z�L�F�H���E�D�V�H�I�O�R�Z���Z�D�V��

�I�R�X�Q�G���W�R���E�H���V�X�I�I�L�F�L�H�Q�W���W�R���F�D�S�W�X�U�H���Z�D�W�H�U���G�X�U�L�Q�J���W�K�H���U�L�V�L�Q�J���O�L�P�E���R�I���W�K�H���I�O�R�R�G���S�H�D�N���E�X�W���V�W�L�O�O��

�S�U�R�Y�L�G�H���V�X�I�I�L�F�L�H�Q�W���V�W�R�U�D�J�H���X�S���W�R���D�Q�G���E�H�\�R�Q�G���W�K�H���I�O�R�R�G���S�H�D�N�����7�K�H���'�%���R�X�W�O�H�W���S�L�S�H�V���Z�H�U�H��

�D�X�J�P�H�Q�W�H�G���W�R���D�O�O�R�Z���Z�D�W�H�U���W�R���V�O�R�Z�O�\���G�U�D�L�Q���I�U�R�P���W�K�H���'�%�����2�Q�H���S�L�S�H���Z�D�V���V�H�F�X�U�H�G���L�Q���D��

�Y�H�U�W�L�F�D�O���S�R�V�L�W�L�R�Q���V�R���W�K�D�W���Z�D�W�H�U���V�W�R�U�H�G���E�\���W�K�H���E�X�Q�G���Z�R�X�O�G���G�U�D�L�Q���R�Q�F�H���W�K�H���O�H�Y�H�O���U�H�D�F�K�H�G��

�������P���D�E�R�Y�H���W�K�H���W�R�S�R�J�U�D�S�K�L�F���P�L�Q�L�P�X�P�����7�K�H���V�H�F�R�Q�G���S�L�S�H���Z�D�V���S�H�U�I�R�U�D�W�H�G���D�Q�G���O�D�L�G��

�K�R�U�L�]�R�Q�W�D�O�O�\���R�Q���W�K�H���J�U�R�X�Q�G���W�R���D�O�O�R�Z���V�O�R�Z���D�Q�G���F�R�Q�V�W�D�Q�W���G�U�D�L�Q�D�J�H���R�I���Z�D�W�H�U���I�U�R�P���W�K�H���'�%��

���)�L�J�����6���������7�K�H���'�%���W�K�H�U�H�D�I�W�H�U���U�H�F�H�L�Y�H�G���G�L�Y�H�U�W�H�G���V�W�U�H�D�P���Z�D�W�H�U�����Y�L�D���W�K�H���V�O�X�L�F�H���G�X�U�L�Q�J��

�K�L�J�K���I�O�R�Z�V���X�Q�W�L�O���������0�D�U�F�K�������������Z�K�H�Q���W�K�H���V�O�X�L�F�H���Z�D�V���F�O�R�V�H�G�����6�X�P�P�D�U�\���G�D�W�D���R�I���U�D�L�Q�I�D�O�O��

�D�Q�G���L�Q�X�Q�G�D�W�L�R�Q���S�H�U�L�R�G�V���L�V���J�L�Y�H�Q���I�R�U���D�O�O���L�Q�X�Q�G�D�W�L�R�Q���H�Y�H�Q�W�V���L�Q���7�D�E�O�H�������� 
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Figure S1B1Top: DB outlet pipes in lowered position to allow fast draining stored water from the DB. 

Bottom: Outlet pipes amended 1st Nov 2021. Left pipe was capped and perforated along its length to 

allow slow, constant drainage of stored water; right pipe is secured in upright position to allow fast 

draining of water once the DB reaches a maximum depth of 0.85m above the topographic minimum 
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Table S1A1 Data from flow discharge gauging sessions at the water level locations upstream and 

downstream of the flood detention basin between 2020 and 2022. Discharge was derived from the 

sum of stream velocities per unit wetted area at 10 �± 20cm intervals. Total wetted area and mean 

velocities for each sampling event are shown in columns 6 and 7. 

Location Date Stream 
width (m) 

Depth 
(m) 

Discharge Q 
(L s-1) 

Wetted 
area (m2) 

Mean 
velocity (m 

s-1) 

Upstream of flood 
detention basin 

16-Dec-2020 1.8 0.15 0.06 0.25 0.43 
6-May-2021 1.2 0.06 0.01 0.06 0.19 
21-May-2021 1.8 0.11 0.01 0.06 0.35 

8-Jul-2021 0.9 0.07 0.00 0.03 0.19 
7-Oct-2021 1.1 0.07 0.00 0.05 0.18 
27-Oct-2021 1.8 0.15 0.04 0.20 0.37 
7-Jan-2022 1.4 0.16 0.05 0.17 0.52 

22-Feb-2022 1.4 0.16 0.05 0.19 0.51 
17-Apr-2022 1.4 0.16 0.04 0.17 0.46 
26-Oct-2022 2 0.20 0.10 0.33 0.45 
1-Nov-2022 2 0.22 0.12 0.38 0.52 

Downstream of 
flood detention 

basin 

16-Dec-2020 2.2 0.19 0.07 0.29 0.47 
11-May-2021 1.1 0.09 0.00 0.07 0.14 
21-May-2021 2 0.16 0.04 0.33 0.36 

8-Jul-2021 0.8 0.09 0.00 0.13 0.14 
21-Sept-2021 0.8 0.07 0.00 0.04 0.08 
7-Oct-2021 1 0.11 0.00 0.06 0.12 
27-Oct-2021 1.8 0.16 0.05 0.20 0.40 
7-Jan-2022 2 0.15 0.06 0.26 0.44 

22-Feb-2022 2 0.16 0.06 0.26 0.49 
17-Apr-2022 2 0.16 0.05 0.21 0.45 
8-Sept-2022 1.8 0.11 0.01 0.11 0.24 
1-Nov-2022 2.4 0.21 0.13 0.38 0.53 
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Figure S1A1 Rating curve for water level recorder location upstream of the flood detention basin. Line of best fit (y = 

4.9x2 �± 0.6x + 0.2) is derived from stream water level data (x axis) and concurrent discharge (y-axis) using flow-

velocity gauging, to produce discharge estimates (y-axis; Q (m3s-1) for the range of stream depth (x-axis, m) as 

recorded by the water level recorder. 
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Figure S1A2 Rating curve for water level recorder location upstream of the flood detention basin. Line of best fit (y = 

4.96x2 �± 0.6x + 0.02) is derived from stream water level data (x axis) and concurrent discharge (y-axis) using flow-

velocity gauging, to produce discharge estimates (y-axis; Q (m3s-1) for the range of stream depth (x-axis, m) as 

recorded by the water level recorder. 
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�5�D�L�Q�I�D�O�O���H�V�W�L�P�D�W�L�R�Q 

�'�X�U�L�Q�J���F�H�U�W�D�L�Q���S�H�U�L�R�G�V�����U�D�L�Q�I�D�O�O���G�D�W�D���Z�D�V���Q�R�W���U�H�F�R�U�G�H�G���E�\���W�K�H���R�Q���V�L�W�H���W�L�S�S�L�Q�J���E�X�F�N�H�W���U�D�L�Q���J�D�X�J�H���D�W��

�W�K�H���V�L�W�H�����$�Q���H�V�W�L�P�D�W�H���R�I���U�D�L�Q�I�D�O�O���D�W���W�K�H���V�W�X�G�\���V�L�W�H���Z�D�V���F�D�O�F�X�O�D�W�H�G���E�\���U�H�J�U�H�V�V�L�Q�J���W�K�H���G�D�L�O�\���U�D�L�Q�I�D�O�O��

�D�F�F�X�P�X�O�D�W�L�R�Q���I�U�R�P���W�K�H���V�W�X�G�\���V�L�W�H���D�Q�G���I�U�R�P���G�D�W�D���I�U�R�P���W�K�H���Q�H�D�U�H�V�W���D�Y�D�L�O�D�E�O�H���0�H�W���(�L�U�H�D�Q�Q���U�D�L�Q�I�D�O�O��

�P�R�Q�L�W�R�U�L�Q�J���V�L�W�H���D�W���&�D�U�U�L�J�D�G�U�R�K�L�G�����F�������������N�P���W�R���W�K�H���V�R�X�W�K���R�I���W�K�H���V�W�X�G�\���V�L�W�H�����$���F�R�Q�Y�H�U�V�L�R�Q���I�D�F�W�R�U���F�R�X�O�G��

�W�K�H�Q���E�H���G�H�U�L�Y�H�G���X�V�L�Q�J���W�K�H���P�R�G�H�O���H�V�W�L�P�D�W�H�V���I�U�R�P���W�K�H���U�H�J�U�H�V�V�L�R�Q�����I�R�O�O�R�Z�L�Q�J���F�R�P�S�D�U�L�V�R�Q���R�I���Q�R�U�P�D�O�L�W�\��

�S�O�R�W�V���R�I���Y�D�U�L�R�X�V���P�R�G�H�O�V�����H���J�����O�R�J���W�U�D�Q�V�I�R�U�P�H�G���U�D�L�Q�I�D�O�O���G�D�W�D������ �Q�G���R�U�G�H�U���S�R�O�\�Q�R�P�L�D�O�V���H�W�F�����)�R�U���S�H�U�L�R�G�V��

�Z�K�H�Q���U�D�L�Q�I�D�O�O���G�D�W�D���Z�H�U�H���P�L�V�V�L�Q�J���I�U�R�P���W�K�H���V�W�X�G�\���V�L�W�H�����W�K�H���S�X�E�O�L�F�O�\���D�Y�D�L�O�D�E�O�H���0�H�W���(�L�U�H�D�Q�Q���G�D�W�D���Z�H�U�H��

�F�R�Q�Y�H�U�W�H�G���X�V�L�Q�J���W�K�H���G�H�U�L�Y�H�G���H�T�X�D�W�L�R�Q���W�R���S�U�R�Y�L�G�H���D���F�R�Q�W�H�P�S�R�U�D�U�\���H�V�W�L�P�D�W�H���R�I���W�K�H���U�D�L�Q�I�D�O�O���D�W���W�K�H��

�V�W�X�G�\���V�L�W�H�����)�L�J���6���$�������� 

 

Figure S1A3 Plot of daily rainfall at Leades Farm study site (y �± axis) and at the Carrigadrohid Met Eireann weather 

station 8 km to the south of the study site (x �± axis). The equation of the line based on linear regression between the 

�W�Z�R���O�R�F�D�W�L�R�Q�V�¶���G�D�W�D�V�H�W�V���L�V���V�K�R�Z�Q���Z�L�W�K�L�Q���W�K�H���S�O�R�W����This was used to estimate daily rainfall at Leades (y) during periods 

when data were only available from the Met Eireann weather station at Carrigadrohid (x).
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������ �$�S�S�H�Q�G�L�[�����%�����6�X�S�S�O�H�P�H�Q�W�D�U�\���5�H�V�X�O�W�V 

 

Table S1B1 Flood detention basin (DB) rainfall and inundation summary Mar 2021 - Dec 2022. Hourly rainfall data 

were not available until the 18th �± 23rd Feb 2021 event. Rainfall data prior to that are from the Leades Estimate. Sluice 

was manually operated on initial three events, but was set to allow take-off from stream to detention basin at 

discharge Q = 0.07 m3 s-1 between 7 Dec 2021 and 28 Oct 2022, after which take-off was at Q = 0.1m3 s-1 . 

�'�D�W�H�V���R�I���'�%���L�Q�X�Q�G�D�W�L�R�Q 

�)�X�O�O��
�H�Y�H�Q�W��
�U�D�L�Q�I�D�O�O��

���I�L�O�O�L�Q�J���W�R��
�H�P�S�W�\�L�Q�J��

�R�I���'�%����
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Table S1B2 Flood detention basin (DB) flood peak attenuation summary data for Single and Multiple flood peak events between 7th December 2021 and 17th January 2023. 

�'�%���6�W�D�W�X�V���U�H�I�H�U�V���W�R���Z�K�H�W�K�H�U���W�K�H���'�%���Z�D�V���U�H�W�D�L�Q�H�G���µ�6�W�D�Q�G�L�Q�J���Z�D�W�H�U�¶���I�U�R�P���S�U�H�Y�L�R�X�V���I�O�R�R�G���S�H�D�N�V���Z�L�W�K�L�Q���D���P�X�O�W�L-peak event, or whether the DB was empty prior to a flood peak in a 

single peak event, or the first peak in a multi-peak event. Means  and standard error of the mean for full dataset of each parameter are shown below table, as well means for 

events when the DB was empty prior to inundation or had standing water. Take-off discharge between 7th December 2021 and 28th October 2022 was 0.7 m3 s-1 and was 0.1 

m3 s-1 between 29th October 2022 and 17th March 2022. 

 

Event period Peak date Event type DB status
In-stream 
peak Q 

difference

In-stream 
percentag

e peak 
reduction

Peak 
delay

AUC 
Difference

AUC % 
difference

DB net vol 
increase

DB Vol
% DB 

inundated

7 - 9 Dec 2021 7 Dec 2021 Single Empty 0.062 35.9 150 mins 969.91 11.39 209.05 209.05 85.33

30 Dec 2021 - 1 Jan 2022 30 Dec 2021 Single Empty 0.107 51 555 mins 1079.65 49.53 230.67 230.9 94.24

18 Feb 2022 Multiple Empty 0.031 27.41 15 mins 351.02 23.44 67.58 67.58 27.58
19 Feb 2022 Multiple Standing water 0.021 21 - 60 mins 405.71 16.98 130.24 166.45 67.94
20 Feb 2022 Multiple Standing water 0.016 17.1 105 mins 319.98 16.18 77.85 198.85 81.16

9 - 12 Mar 2022 9 Mar 2022 Single Empty 0.031 27.1 240 mins 619.41 21.48 174.6 174.95 71.41
6 Sep 2022 6 Sep 2022 Single Empty 0.029 45.21 15 mins 462.05 44.64 28.76 28.76 11.74

6 - 9 Sept 2022 7 Sep 2022 Multiple Standing water 0.09 50.5 60 mins 824.73 46.08 238.64 238.64 97.4
11 - 13 Sept 2022 11 Sep 2022 Single Empty 0.086 45.7 - 15 mins 621.77 41.34 252.11 252.11 102.9

16 Oct 2022 Multiple Empty 0.05 45.04 0 mins 562.95 44.37 205.91 205.91 84.04
19 Oct 2022 Multiple Standing water 0.029 37 120 mins 390.24 43.03 43 240 97.96
25 Oct 2022 Multiple Standing water 0.056 35.7 -15 mins 1477.56 33.03 27.66 267.66 109.25

30 Oct - 1 Nov 2022 31 Oct 2022 Single Empty 0.118 43.38 120 mins 1661.35 37.92 196.9 196.9 80.37
6 - 9 Nov 2022 7 Nov 2022 Single Empty 0.13 48.09 45 mins 2384.19 43.07 167.19 183.79 75.02

21 Nov 2022 Multiple Empty 0.08 44.83 45 mins 610.02 33.59 159.54 159.54 65.12
22 Nov 2022 Multiple Standing water 0.115 46.56 60 mins 586.18 45.39 176.57 237.17 96.8

24 - 25 Dec 2022 24 Dec 2022 Single Empty 0.04 29.18 0 mins 369.43 26.19 82.58 82.58 33.7
12 Jan 2023 Multiple Empty 0.041 28.12 - 15 mins 981.65 25.66 199.6 200.9 82
13 Jan 2023 Multiple Standing water 0.071 40.11 75 mins 911.96 32.83 112.42 205.15 83.74

0.063 37.84 79 mins 820.51 33.48 146.36 186.68 76.20
0.008 2.35 31 mins 122.27 2.70 16.84 14.69 6.00
0.067 39.247 96 mins 889.45 33.55 164.54 166.08 67.79
0.057 35.425 49 mins 702.34 33.36 115.20 221.99 90.61

Mean Empty
Mean Standing Water

18 - 23 Feb 2022

16- 28 Oct 2022

21- 27 Nov 2022

�����±���������-�D�Q����������

Overall Mean
Standard Error
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Table S1B3 Times of instream flood peaks upstream of DB and times of peak volumes in the DB. Instream �± DB peak difference time was calculated to indicate whether take-

off and outlet discharges prescribed by the sluice and DB outlet pipes, respectively, were appropriately calibrated (Lockwood et al., 2022c) 

 

Date of DB inundation Event type DB status
Date of peak 
Q upstream 

of DB

Time of peak 
Q upstream 

of DB

DB peak 
volume time

�,�Q�V�W�U�H�D�P���±��
DB peak 

difference 
time

7 - 9 Dec 2021 Single Empty 7th Dec 2021 06:15 08:45 02:30
30 Dec 2021 - 1 Jan 2022 Single Empty 30th Dec 14:45 22:30 07:45

Multiple Empty 18th Feb 00:15 13:00 12:45
Multiple Standing water 19th Feb 08:00 17:00 09:00
Multiple Standing water 21st Feb 03:15 05:30 02:15

9 - 12 Mar 2022 Single Empty 9th Mar 2022 10:00 15:15 05:15
Single Empty 6th Sept 11:30 14:30 03:00

Multiple Standing water 7th Sept 09:30 10:45 01:15

�����W�K���±�������W�K���6�H�S�W����������Single Empty
11th Sept 

2022
08:45 10:00 01:15

Multiple Empty 16th Oct 16:00 18:45 02:45
Multiple Standing water 19th Oct 04:15 06:15 02:00
Multiple Standing water 26th Oct 01:45 02:30 00:45

30 Oct - 1 Nov 2022 Single Empty 31st Oct 13:45 17:15 03:30
6 - 9 Nov 2022 Single Empty 7th Nov 2022 16:00 20:15 04:15

Multiple Empty 21st Nov 04:45 08:00 03:15
Multiple Standing water 23rd Nov 00:15 01:45 01:30

24 - 25 Dec 2022 Single Empty 24th Dec 12:15 16:00 03:45
Multiple Empty 12th Jan 02:15 02:45 00:30
Multiple Standing water

14th Jan 
2023

02:00 03:15 01:15

3hrs 36mins
43mins

Mean time difference
Standard error

18 - 23 Feb 2022

6 - 9 Sept 2022

16- 28 Oct 2022

�����±���������-�D�Q����������

21- 27 Nov 2022
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Table S1B4a Inlet, outlet and concentration reduction data for sampled water quality parameters in 11 inundation events between 2-Mar-21 and 23-Nov-23. Mean 

concentrations of water quality parameters at DB inlet and DB outlet; mean reductions in concentrations and upper (2.5%) and lower (97.5%) confidence intervals are given 

for each event. Confidence intervals were not calculated for dissolved oxygen concentrations or for any samples taken on 9th Mar 2022 and 26th Oct 2022 as single samples 

were taken at inlet and outlet on these occasions.  Statutory limits: a refers to Freshwater Fish Directive [78/659/EEC]; b EU Surface Water Regulations [1989] 

 

  

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

Lower CI Upper CI
Inlet 

conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

2.5% 
Conf Int

97.5 
Conf Int

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

2.5% 
Conf Int

97.5 
Conf Int

2 Mar 2021 N/A N/A N/A 2.33 3.67 -1.33 -9.48 6.81 0.04 0.03 0.01 0.01 0.01 3.73 3.57 0.16 0.02 0.31
20 May 2021 8.48 8.34 -0.14 34.37 11.20 23.17 15.75 30.58 0.07 0.04 0.03 0.03 0.04 1.69 1.46 0.23 0.21 0.25
7 Oct 2021 N/A N/A N/A 10.72 9.00 1.72 -2.91 6.34 0.04 0.04 0.01 -0.02 0.04 3.74 4.09 -0.35 -1.08 0.39
8 Dec 2021 N/A N/A N/A 6.07 6.77 -0.70 -2.00 0.60 0.06 0.03 0.02 0.02 0.03 4.73 2.42 2.31 2.17 2.44
30 Dec 2021 10.32 7.8 2.52 85.46 16.58 68.89 4.94 132.83 0.12 0.08 0.04 -0.04 0.13 3.96 3.68 0.29 -0.25 0.82
22 Feb 2022 10.7 10 0.7 6.93 11.60 -4.67 -10.65 1.32 0.05 0.08 -0.03 -0.06 -0.01 4.54 4.34 0.20 -1.26 1.67
9 Mar 2022 11.2 9.933 1.267 27.00 42.27 -15.27 n = 1 n = 1 0.10 0.28 -0.17 n = 1 n = 1 2.97 2.25 0.72 n = 1 n = 1
7 Sep 2022 9.3 9.2 0.1 22.83 10.50 12.33 4.27 20.40 0.32 0.24 0.07 0.07 0.08 8.93 7.71 1.22 1.14 1.29
19 Oct 2022 9.1 9.1 0 5.50 4.70 0.80 0.20 1.40 0.05 0.07 -0.03 -0.03 -0.02 4.44 3.96 0.49 0.40 0.57
26 Oct 2022 N/A N/A N/A 6.80 4.70 2.10 n = 1 n = 1 0.04 0.04 0.00 n = 1 n = 1 3.50 3.35 0.15 n = 1 n = 1
23 Nov 2022 N/A N/A N/A 7.05 7.90 -0.85 -4.84 3.14 0.05 0.05 0.00 -0.01 0.01 3.32 2.49 0.83 0.80 0.86

Flood Event

DO (mg/L) (>9mg/L) SS (mg/L) (</25mg/L salmonids) Ammonia (mg N/L) Nitrate (mg N/L)
Statutory limit a >9mg/L Statutory limit a <25mg/L Statutory limit a <1mg N/L Statutory limit b <11mg N/L
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Table S1B4b Inlet, outlet and concentration reduction data for sampled water quality parameters in 11 inundation events between 2-Mar-21 and 23-Nov-22. Mean 

concentrations of water quality parameters at DB inlet and DB outlet; mean reductions in concentrations and upper (2.5%) and lower (97.5%) confidence intervals are given 

for each event. Confidence intervals were not calculated for dissolved oxygen concentrations or for any samples taken on 9th Mar 2022 and 26th Oct 2022 as single samples 

were taken at inlet and outlet on these occasions�����G�D�W�D���I�R�U���W�K�H�V�H���H�Y�H�Q�W�V���D�U�H���G�H�Q�R�W�H�G���Z�L�W�K���µ�Q� ���¶.  Statutory limits: c Drinking Water Directive [98/83/EC] 

 

  

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

2.5% 
Conf Int

97.5 
Conf Int

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

2.5% 
Conf Int

97.5 
Conf Int

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

2.5% 
Conf Int

97.5 
Conf Int

Inlet 
conc. 
(mg/L)

Outlet 
conc. 
(mg/l)

Mean 
change 
(mg/L)

2.5% 
Conf Int

97.5 
Conf Int

2 Mar 2021 0.02 0.02 -0.01 -0.01 0.00 0.03 0.04 -0.01 -0.02 -0.01 2.25 2.65 -0.40 -0.85 0.05 14.90 14.89 0.01 -0.70 0.72
20 May 2021 0.04 0.04 -0.01 -0.01 0.00 0.13 0.11 0.03 0.02 0.03 11.86 10.76 1.09 0.82 1.37 12.07 12.13 -0.06 -0.14 0.03
7 Oct 2021 0.03 0.08 -0.05 -0.06 -0.04 0.07 0.15 -0.07 -0.11 -0.04 11.28 15.06 -3.78 -7.45 -0.10 20.02 20.36 -0.34 -1.92 1.24
8 Dec 2021 0.02 0.11 -0.09 -0.09 -0.08 0.04 0.18 -0.13 -0.14 -0.13 4.79 8.26 -3.48 -5.05 -1.91 20.02 24.01 -3.99 -5.22 -2.77

30 Dec 2021 0.07 0.07 0.00 -0.06 0.05 0.53 0.80 -0.27 -0.86 0.32 8.16 6.82 1.35 -2.25 4.95 18.62 18.31 0.31 -0.78 1.41
22 Feb 2022 0.02 0.03 -0.01 -0.02 -0.01 0.03 0.07 -0.04 -0.05 -0.04 3.20 4.13 -0.93 -1.23 -0.63 18.13 19.84 -1.71 -1.95 -1.47
9 Mar 2022 0.05 0.07 -0.02 n = 1 n = 1 0.14 0.26 -0.13 n = 1 n = 1 8.41 8.04 0.37 n = 1 n = 1 23.60 21.53 2.07 n = 1 n = 1
7 Sep 2022 0.06 0.13 -0.07 -0.07 -0.06 0.16 0.20 -0.05 -0.05 -0.04 15.09 14.65 0.44 0.12 0.76 34.42 33.20 1.22 -1.31 3.75
19 Oct 2022 0.03 0.07 -0.04 -0.04 -0.04 0.06 0.12 -0.06 -0.07 -0.04 9.18 9.89 -0.71 -1.44 0.02 20.89 20.50 0.40 0.18 0.61
26 Oct 2022 0.04 0.06 -0.02 n = 1 n = 1 0.08 0.09 -0.01 n = 1 n = 1 7.27 7.22 0.05 n = 1 n = 1 19.84 19.80 0.04 n = 1 n = 1
23 Nov 2022 0.04 0.06 -0.02 -0.03 -0.01 0.07 0.10 -0.04 -0.07 -0.01 5.21 6.11 -0.91 -1.25 -0.56 17.24 15.01 2.23 1.74 2.73

Flood Event

SRP (mg P/L) TP (mg P/L) DOC (mg C/L) Chloride (mg/L)
Statutory limit c < 0.025mg P/L
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Table S1B5 Percentage change ( �4 %) for all water quality parameters in 11 sampled flood events. Negative values denote decrease in mean concentrations between the DB inlet and DB 

outlet. Samples taken during manually-operated flooding of the DB: 2nd Mar 2021 �t 26 Oct 2022; samples were taken under automatic take-off to the DB (1st Nov 2021 �t 26th Oct 2022 Q > 

0.075 m3sec-1; 26th Oct 2022 �t 23rd Nov 2022 Q > 0.1 m3sec-1) 

 

  

Flood 
Event

DO % SS (%)
Ammoni

a (%)
Nitrate 

(%)
SRP (%) TP (%) DOC (%)

Chloride 
(%)

2 Mar 2021 N/A -20 1.09 -4.37 52 17.8 17.8 -0.07
20 May 2021 -1.65 -67.41 0.65 -13.59 16.67 319.05 -9.22 0.47
7 Oct 2021 N/A -16.02 0.47 9.22 170 90.24 33.49 1.7
8 Dec 2021 N/A 11.54 0.83 -48.74 358.33 39.09 72.63 19.95

30 Dec 2021 -24.42 -80.6 0.75 -7.24 6.06 761.43 -16.52 -1.68
22 Feb 2022 -6.54 67.32 0.4 -4.45 81.25 100 29.04 9.43
9 Mar 2022 -11.31 56.54 0.25 -24.15 31.48 191.55 -4.44 -8.76
7 Sep 2022 -1.08 -54.01 3.01 -13.61 113.56 126.19 -2.9 -3.54
19 Oct 2022 0 -14.55 1.06 -10.94 125.81 90 7.7 -1.9
26 Oct 2022 N/A -30.88 0.94 -4.23 47.37 142.86 -0.69 -0.2
23 Nov 2022 N/A 12.06 0.61 -25 58.33 114.04 17.39 -12.95

n 44 70 70 70 70 70 70 70
Mean -7.5 -12.37 0.91 -13.37 96.44 181.11 13.12 0.22
Min -24.42 -80.6 0.25 -48.74 6.06 17.8 -16.52 -12.95
Max 0 67.32 3.01 9.22 358.33 761.43 72.63 19.95
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Table S1B6 Water quality parameter data from DB spatial sampling during inundation event on 9-Mar-2022. 1L samples were collected from the indicated sampling locations 

during the inundation event, as well as in-situ measurements of temperature and dissolved oxygen (% and concentration mg L-1) 

 

  

Sample location
Temperature 

(°C) 
DO (%) DO (mg L-1)

Ammonia 

(mg N L-1)
SRP (mg P L-1) TP (mg P L-1)

Nitrate 

(mg N L-1)
SS (mg L-1) DOC (mg C L-1)

Chloride 

(mg L-1)

DB Inlet 7.7 96 11.2 0.104 0.054 0.136 2.965 27 8.41 23.6
15m after inlet 7.6 95 11.1 0.113 0.059 0.176 2.913 28 8.43 23.73
30m after inlet 7.8 95 11 0.121 0.057 0.183 2.93 37 8.44 23.91
45m after inlet 7.9 95 11 0.109 0.055 0.209 2.967 44 8.37 23.6

Ponded zone edge 7.6 96 11.2 0.105 0.061 0.172 2.857 25 8.59 23.65
Ponded zone bottom 7 72 8.5 0.327 0.075 0.344 2.213 61 8.1 21.59
Ponded zone surface 7.5 91 10.7 0.246 0.067 0.155 2.214 18.8 8.12 21.12

DB outlet pipe 7.7 92 10.6 0.261 0.071 0.293 2.32 47 7.89 21.89
Channel d-s of DB 7.7 96 11.2 0.123 0.056 0.139 2.958 28 8.17 23.56
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Table S1B7 Table showing areas under hydrograph curves (AUC) for all single peak events upstream of the detention basin (U/S AUC), downstream of the detention basin 

(D/S AUC), the difference between upstream and downstream, and the percentage (%) difference. AUC values are derived from entire curve above the take-off threshold (4th 

Dec 2021 �± 26th Oct 2022: take-off Q = 0.075 m3s-1; 30th Oct 2022 �± 31ST Jan 2023: take-off Q = 0.1 m3s-1). Detention basin peak volume and the percentage of this volume 

that can account for the U/S �± D/S AUC difference are shown in columns 6 and 7 respectively. Mean values for each column are shown below the main table.  

Date U/S AUC (m3) D/S AUC (m3) 

AUC 
difference 
U/S �ó D/S 

(m3) 

% Difference 
Detention 
basin peak 
volume (m3) 

Difference in 
detention 
basin (%) 

04/12/2021 2796.91 1572.31 1224.6 43.78 209.05 20.58 
30/12/2021 40447.46 10523.11 29924.34 73.98 230.9 0.78 
07/03/2022 2752.06 1525.21 1226.85 44.58 174.95 16.63 
06/09/2022 2036.6 1095.24 941.36 46.22 238.64 33.96 
10/09/2022 2071.98 998.37 1073.62 51.82 252.11 30.69 
31/10/2022 30903.98 21385.12 9518.86 30.8 196.9 2.11 
07/11/2022 26903.12 11661.79 15241.33 56.65 183.79 1.22 
24/12/2022 8349.49 7715.2 634.29 7.6 82.58 14.97 

         
Mean 14532.7 7059.54 7473.16 44.43 196.115 15.12 
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�&�K�D�S�W�H�U������   

 

�7�K�H���L�P�S�D�F�W�V���R�I���L�Q�X�Q�G�D�W�L�R�Q�V���G�X�U�L�Q�J���I�O�R�R�G���S�H�D�N���S�H�U�L�R�G�V���R�Q��

�S�D�V�W�X�U�H���V�Z�D�U�G���E�L�R�P�D�V�V���D�Q�G���K�H�D�O�W�K 
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�$�E�V�W�U�D�F�W 

�0�D�Q�\���D�J�U�L�F�X�O�W�X�U�D�O���F�D�W�F�K�P�H�Q�W�V���W�K�U�R�X�J�K�R�X�W���W�K�H���Z�R�U�O�G���K�D�Y�H���E�H�H�Q���G�U�D�P�D�W�L�F�D�O�O�\���D�O�W�H�U�H�G���W�R��

�I�D�F�L�O�L�W�D�W�H���J�U�H�D�W�H�U���S�U�R�G�X�F�W�L�Y�L�W�\���D�Q�G���D�J�U�L�F�X�O�W�X�U�D�O���L�Q�W�H�Q�V�L�I�L�F�D�W�L�R�Q�����+�\�G�U�R���P�R�U�S�K�R�O�R�J�L�F�D�O��

�P�R�G�L�I�L�F�D�W�L�R�Q�V���K�D�Y�H���U�H�G�X�F�H�G���W�K�H���R�F�F�X�U�U�H�Q�F�H���R�I���R�Y�H�U���E�D�Q�N���I�O�R�R�G�L�Q�J���G�X�U�L�Q�J���K�L�J�K���I�O�R�Z��

�S�H�U�L�R�G�V���D�Q�G���V�D�W�X�U�D�W�L�R�Q���R�I���V�R�L�O�V���I�U�R�P���R�Y�H�U�O�D�Q�G���I�O�R�Z���D�Q�G���J�U�R�X�Q�G�Z�D�W�H�U�����:�K�L�O�H���W�K�H�V�H��

�P�R�G�L�I�L�F�D�W�L�R�Q�V���D�U�H���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���P�D�U�N�H�G���L�Q�F�U�H�D�V�H�V���L�Q���D�J�U�L�F�X�O�W�X�U�D�O���S�U�R�G�X�F�W�L�Y�L�W�\����

�H�V�S�H�F�L�D�O�O�\���R�Y�H�U���W�K�H���S�D�V�W���������\�H�D�U�V�����U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���H�[�W�H�Q�W���R�I���I�O�R�R�G�S�O�D�L�Q�V���L�Q���W�K�H���X�S�S�H�U��

�F�D�W�F�K�P�H�Q�W���P�D�\���F�D�X�V�H���P�R�U�H���V�H�Y�H�U�H���I�O�R�R�G�L�Q�J���G�R�Z�Q�V�W�U�H�D�P�����µ�1�D�W�X�U�D�O�¶���R�U���µ�V�R�I�W��

�H�Q�J�L�Q�H�H�U�H�G�¶���I�O�R�R�G���P�D�Q�D�J�H�P�H�Q�W���I�H�D�W�X�U�H�V���O�L�N�H���I�O�R�R�G���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q�V���K�D�Y�H���E�H�H�Q��

�D�G�Y�R�F�D�W�H�G���L�Q���D�J�U�L�F�X�O�W�X�U�D�O���F�D�W�F�K�P�H�Q�W�V���I�R�U���W�K�H���P�L�W�L�J�D�W�L�R�Q���R�I���G�R�Z�Q�V�W�U�H�D�P���I�O�R�R�G���S�H�D�N�V����

�E�X�W���W�K�H���H�I�I�H�F�W�V���R�I���V�X�F�K���V�K�R�U�W���W�H�U�P�����D�S�S�U�R�[�����������K�R�X�U�V�����L�Q�X�Q�G�D�W�L�R�Q���R�I���I�D�U�P�O�D�Q�G���R�Q��

�S�D�V�W�X�U�H���K�H�D�O�W�K���U�H�P�D�L�Q���U�H�O�D�W�L�Y�H�O�\���X�Q�H�[�S�O�R�U�H�G�����,�Q���W�K�L�V���V�W�X�G�\�����Z�H���D�Q�D�O�\�V�H�G���W�K�H���P�R�Q�W�K�O�\��

�J�U�R�Z�W�K���D�Q�G���V�Z�D�U�G���T�X�D�O�L�W�\���R�I���J�U�D�V�V�O�D�Q�G���Z�L�W�K�L�Q���D���I�O�R�R�G���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q���F�R�Q�V�W�U�X�F�W�H�G���R�Q��
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Figure 1 River Lee catchment (Black line) in the south of Ireland (inset) with the Glashagarriff sub-

catchment highlighted in blue. The study site at Leades House (red marker) is along the route of a 

minor stream which feeds into the Glashagarriff catchment (light blue line, main figure) 
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Figure 2 Schematic of the flood detention basin and associated legend (a). Blue line indicates 

direction of direction of flow of Leades Stream (the stream through Leades Farm); grey lines indicate 

field boundaries. Stream water is directed from the channel to the detention basin during high flows 

during high-flow events, then flows along the overland flow path to the ponding zone; Triangles 

indicate grass enclosures within and outside the ponding zone (b) photograph of grass enclosures at 

field on Leades Farm; (c) photograph looking into grass enclosure with super-imposed squares 

indicating 10 x 10cm sub-plots from which grass samples were taken.   

���������� �'�D�W�D���F�R�O�O�H�F�W�L�R�Q���D�Q�G���D�Q�D�O�\�V�L�V 
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Table 1 Summary data on fresh and dry weight, relative water content (RWC) total chlorophyll (Tot 

Chl) content per gram fresh weight and per m2 and the Chl a/b ratio per gram fresh weight for 

sampled plant material. Area under curve (AUC) differences between Ponding and Non-ponding 

zones in winter, summer and the whole study are presented as mean differences per month for the 

given period and percentage difference ((Ponding - non-ponding)/mean weight * 100). Positive AUC 

values indicate ponding zone values are higher than non-ponding zone values. Summary data from 

mixed effect linear models comparing data between Ponding and Non-ponding zone plant material 

weight show in columns 5 �± 7. 

  �3�H�U�L�R�G 

�$�8�& 

�G�I �W���Y�D�O�X�H �S���Y�D�O�X�H 
�'�L�I�I�H�U�H�Q�F�H��
�E�H�W�Z�H�H�Q��

�W�U�H�D�W�P�H�Q�W�V��
�S�H�U���P�R�Q�W�K 

�3�H�U�F�H�Q�W�D�J�H��
�G�L�I�I�H�U�H�Q�F�H��
�E�H�W�Z�H�H�Q��

�W�U�H�D�W�P�H�Q�W�V 

�)�U�H�V�K���Z�H�L�J�K�W���S�H�U��
�X�Q�L�W���D�U�H�D�����N�J���K�D������

�P�R�Q�W�K������ 

�6�X�P�P�H�U ���� �������� ������ ���������� ���������� 

�:�L�Q�W�H�U ������ �� ������������ �������� �������� ������������ 

�$�O�O���P�R�Q�W�K�V ���� �� �������� �������� ���������� �������� 

�'�U�\���Z�H�L�J�K�W���S�H�U��
�X�Q�L�W���D�U�H�D�����N�J���K�D������

�P�R�Q�W�K������ 

�6�X�P�P�H�U ���� �� ������ �������� ���������� ���������� 

�:�L�Q�W�H�U ������ �� �������������� �������� �������� ������������ 

�$�O�O���P�R�Q�W�K�V ���� �� ���������� �������� ���������� ���������� 

�5�H�O�D�W�L�Y�H���Z�D�W�H�U��
�F�R�Q�W�H�Q�W 

�6�X�P�P�H�U ���������� ���������� �������� �������� ���������� 

�:�L�Q�W�H�U ���������� ������������ �������� ������ �����������
�
 

�$�O�O���P�R�Q�W�K�V ���������� ���������� �������� �������� ���������
 

�—�J���7�R�W���&�K�O���J�U�D�P���� 

�6�X�P�P�H�U ���������� ���������� �������� �������� ���������� 

�:�L�Q�W�H�U ���������� ������������ ������ �������� �������������
 

�$�O�O���0�R�Q�W�K�V ������������ ������������ �������� �������� �������������
 

�—�J���7�R�W���&�K�O���P���� 

�6�X�P�P�H�U ������������ ���������� �������� ���������� ���������� 

�:�L�Q�W�H�U �������������� ������������ �������� �������� �����������
 

�$�O�O���0�R�Q�W�K�V ���������� �������� �������� �������� ���������� 

�&�K�O���D���E�����—�J���&�K�O���D���E��
�J�U�D�P������ 

�6�X�P�P�H�U �������� �������� �� �������� ���������� 

�:�L�Q�W�H�U �������� ���������� �������� ���������� �������������
�
 

�$�O�O���0�R�Q�W�K�V �������� ���������� ���������� ���������� 
����

�����������
�
�
 

 

�7�K�H�U�H���Z�D�V���S�R�R�U���P�R�G�H�O���I�L�W���R�I���W�K�H���U�H�V�L�G�X�D�O�V���L�Q���W�K�H���P�L�[�H�G���H�I�I�H�F�W���O�L�Q�H�D�U���P�R�G�H�O�V���G�X�U�L�Q�J���W�K�H��

�Z�L�Q�W�H�U���S�H�U�L�R�G���D�Q�G���O�D�U�J�H���G�L�I�I�H�U�H�Q�F�H�V���L�Q���W�K�H���Y�D�U�L�D�Q�F�H���R�I���G�D�W�D���E�H�W�Z�H�H�Q���W�K�H���W�U�H�D�W�P�H�Q�W�V����

�7�K�L�V���L�V���O�L�N�H�O�\���W�R���K�D�Y�H���U�H�V�X�O�W�H�G���I�U�R�P���Q�D�W�X�U�D�O���V�H�D�V�R�Q�D�O���J�U�R�Z�W�K���U�H�G�X�F�W�L�R�Q���G�X�U�L�Q�J���Z�L�Q�W�H�U��

�D�Q�G���F�R�Q�V�H�T�X�H�Q�W���]�H�U�R���Y�D�O�X�H�V�����D�V���Z�H�O�O���D�V���I�U�R�P���D���U�H�G�X�F�W�L�R�Q���R�I���V�D�P�S�O�H���V�L�]�H���L�Q���W�K�H��

�S�R�Q�G�L�Q�J���]�R�Q�H���G�X�H���W�R���S�D�U�W�L�D�O���L�Q�X�Q�G�D�W�L�R�Q�����'�X�U�L�Q�J���Z�L�Q�W�H�U���W�K�H�U�H���Z�D�V���H�Y�L�G�H�Q�F�H���R�I���J�U�H�D�W�H�U��



112 

 

�Y�D�U�L�D�Q�F�H���L�Q���E�L�R�P�D�V�V���Z�L�W�K�L�Q���W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H���W�K�D�Q���W�K�H���Q�R�Q���S�R�Q�G�L�Q�J���Z�K�L�F�K���D�O�V�R���Z�R�X�O�G��

�K�D�Y�H���U�H�G�X�F�H�G���P�R�G�H�O���I�L�W�� 

 

Figure 3 Fresh weight (FW) kg per hectare for ponding and non-ponding zones of the detention basin 

(unbroken and dashed lines, respectively; left y-axis) and number of inundation days between 

sampling events (grey bars; right y-axis) plotted along the sampling period from July 2022 to July 

2023. Points of FW denote monthly mean values and error bars denote standard error for each 

treatment. 

 

 

Figure 4 Dry matter (DM) kg per hectare for ponding and non-ponding zones of the detention basin 

(unbroken and dashed lines, respectively; left y-axis) and number of inundation days between 
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sampling events (grey bars; right y-axis) plotted along the sampling period from July 2022 to July 

2023. Points of DW denote monthly mean values and error bars denote standard error for each 

treatment.  

 

 

Figure 5 Relative water content (RWC) of sward sample for ponding and non-ponding zones of the 

detention basin (unbroken and dashed lines, respectively; left y-axis)samples based on comparison of 

sub-plot mass before and after drying over the sampling period (Jul 2022 �± Jul 2023). Error bars 

indicate standard error around mean RWC. Grey bars denote number of days the ponding area was 

inundated between monthly sampling events.  
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Figure 6a-b Monthly values for µg Total chlorophyll (Tot Chl) per gram fresh plant material (a) and per 

unit area (b)  for the Ponding and Non-ponding zone treatments (unbroken and dashed lines, 

respectively; left y-axis) over the sampling period (x-axis). Points denote mean Tot Chl and error bars 

denote standard error around the mean. Grey bars denote the number of days the ponding zone was 

inundated between vegetation sampling events (right y-axis)  
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Figure 7 Monthly mean values for Chlorophyll a/b (Chl a/b) ratios per from fresh weight in the Ponding 

and Non-ponding zone treatments (unbroken and dashed lines, respectively; left y-axis) over the 

sampling period (x-axis). Points denote mean monthly values and bars are standard error around the 

mean. Grey bars denote the number of days the ponding zone was inundated between vegetation 

sampling events (right y-axis)  
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Figure 8 Chl a and Chl b per gram content in FW over the study period ((a) and (b), respectively). 

Monthly mean values are shown for Chl  a and Chl b per gram FW in in the Ponding and Non-ponding 

zone treatments (unbroken and dashed lines, respectively; left y-axis) over the sampling period (x-

axis). Points denote mean monthly values and bars are standard error around the mean. Grey bars 

denote the number of days the ponding zone was inundated between vegetation sampling events 

(right y-axis) 
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���������� �6�Z�D�U�G���G�L�Y�H�U�V�L�W�\ 

�������S�O�D�Q�W���V�S�H�F�L�H�V���Z�H�U�H���L�G�H�Q�W�L�I�L�H�G���G�X�U�L�Q�J���V�D�P�S�O�L�Q�J���G�X�U�L�Q�J���W�K�H���I�O�R�Z�H�U�L�Q�J���S�H�U�L�R�G���E�H�W�Z�H�H�Q��

�$�S�U�L�O���D�Q�G���-�X�O�\���������������7�D�E�O�H�����������6�D�P�S�O�H�V���Z�H�U�H���F�R�O�O�H�F�W�H�G���G�X�U�L�Q�J���W�K�L�V���S�H�U�L�R�G���W�R���I�D�F�L�O�L�W�D�W�H��

�V�S�H�F�L�H�V���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�����0�H�D�Q���6�K�D�Q�Q�R�Q���G�L�Y�H�U�V�L�W�\���I�R�U���W�K�H���'�U�\���D�Q�G���3�R�Q�G�L�Q�J���]�R�Q�H�V��

�E�H�W�Z�H�H�Q���$�S�U�L�O���D�Q�G���-�X�O�\�������������L�Q�F�O�X�V�L�Y�H���Z�H�U�H�������������D�Q�G�����������������6�L�P�S�V�R�Q�¶�V���G�L�Y�H�U�V�L�W�\��

�L�Q�G�L�F�H�V���Z�H�U�H�������������D�Q�G�������������U�H�V�S�H�F�W�L�Y�H�O�\�����1�R���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���Z�H�U�H���L�G�H�Q�W�L�I�L�H�G��

���$�1�2�9�$�����S���!�������������� 

Table 2 Species identified in during sampling of the detention basin between April and July 2023. 

Shown are plant groups found in the Ponding and Non-ponding zones of the detention basin, and 

relative abundance for the two zones, averaged over the four sampling occasions. 

Ponding Zone Non-ponding Zone 

Common name Scientific name 
Mean relative 

abundance (%) 
Common name Scientific name 

Mean relative 
abundance (%) 

Grasses Poaceae 51 Grasses Poaceae 54 

Clover Trifolium 
repens 

40 Clover Trifolium 
repens 

16 

Creeping 
buttercup 

Ranunculus 
repens 

26 
Creeping 
buttercup 

Ranunculus 
repens 

13 

Cuckoo flower Cardamine 
pratensis 

8 Dock Rumex 
hydrolopathum 

6 

Dandelion Taraxacum 
vulgaria 8 Cleaver Galium aparine 5 

Cleaver Galium aparine 5 Cuckoo flower Cardamine 
pratensis 

5 

Dock Rumex 
hydrolopathum 

5 Dandelion Taraxacum 
vulgaria 

5 

Nettle Urtica dioica 5 Mushrooms Hygrocybe 
spp. 5 

Plantain Plantago 
lanceolata 

5 Plantain Plantago 
lanceolata 

5 

      Speedwell Veronica 
persica 

5 
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���������� �6�R�L�O���F�K�H�P�L�V�W�U�\ 

�0�R�U�J�D�Q�¶�V���3���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q���V�R�L�O���V�D�P�S�O�H�V���I�U�R�P���D�F�U�R�V�V���W�K�H���V�W�X�G�\���V�L�W�H���Z�H�U�H���K�L�J�K��

�X�Q�G�H�U���Q�D�W�L�R�Q�D�O���V�W�D�Q�G�D�U�G�V���Z�L�W�K���D���P�H�D�Q���R�I�������������P�J���3���N�J���������7�D�E�O�H�����������9�H�U�R���H�W���D�O��������������������

�E�X�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���R�W�K�H�U���Q�X�W�U�L�H�Q�W�V���Z�H�U�H���Q�R�W���H�O�H�Y�D�W�H�G�����7�H�D�J�D�V�F�������������������1�R��

�V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���V�R�L�O���F�K�H�P�L�V�W�U�\���S�D�U�D�P�H�W�H�U�V��

���R�U�J�D�Q�L�F���F�D�U�E�R�Q�����0�R�U�J�D�Q�¶�V���3�����W�R�W�D�O���S�K�R�V�S�K�R�U�X�V�����7�3�������7�R�W�D�O���D�Y�D�L�O�D�E�O�H���D�P�P�R�Q�L�D�����W�R�W�D�O��

�R�U�J�D�Q�L�F���Q�L�W�U�R�J�H�Q�����7�2�1�����D�Q�G���W�R�W�D�O���.�M�H�O�G�D�K�O���Q�L�W�U�R�J�H�Q�����Z�H�U�H���L�G�H�Q�W�L�I�L�H�G���E�H�W�Z�H�H�Q������������

�D�Q�G�������������D�F�U�R�V�V���W�K�H���Z�K�R�O�H���G�D�W�D�V�H�W�����7�D�E�O�H���������)�L�J�������������:�K�H�Q���W�U�H�D�W�P�H�Q�W���]�R�Q�H�V���Z�H�U�H��

�L�Q�F�O�X�G�H�G�����Q�R�Q���S�R�Q�G�L�Q�J���]�R�Q�H�����S�R�Q�G�L�Q�J���]�R�Q�H�������F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���P�R�U�J�D�Q�¶�V���3���L�Q���W�K�H��

�S�R�Q�G�L�Q�J���]�R�Q�H���Z�H�U�H���V�K�R�Z�Q���W�R���E�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���W�K�D�Q���L�Q���W�K�H���Q�R�Q���S�R�Q�G�L�Q�J���]�R�Q�H�����S��

� ���������������7�D�E�O�H���������)�L�J�������������E�X�W���W�K�H�U�H���Z�H�U�H���Q�R���G�H�W�H�F�W�D�E�O�H���G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q�������������D�Q�G��

�������������1�R���R�W�K�H�U���V�R�L�O���F�K�H�P�L�V�W�U�\���S�D�U�D�P�H�W�H�U�V���V�K�R�Z�H�G���H�Y�L�G�H�Q�F�H���R�I���D���W�U�H�D�W�P�H�Q�W���H�I�I�H�F�W�����S���!��

�������������7�D�E�O�H�������� 

�$���S�U�R�O�R�Q�J�H�G���S�H�U�L�R�G���R�I���Z�D�U�P���G�U�\���Z�H�D�W�K�H�U���R�F�F�X�U�U�H�G���E�H�W�Z�H�H�Q���-�X�Q�H���D�Q�G���H�D�U�O�\��

�6�H�S�W�H�P�E�H�U���R�I�������������I�R�O�O�R�Z�H�G���E�\���D���V�L�J�Q�L�I�L�F�D�Q�W���U�D�L�Q�I�D�O�O���H�Y�H�Q�W���Z�K�L�F�K���U�H�V�X�O�W�H�G���L�Q��

�L�Q�X�Q�G�D�W�L�R�Q���R�I���W�K�H���G�H�W�H�Q�W�L�R�Q���E�D�V�L�Q���E�H�W�Z�H�H�Q�����W�K���D�Q�G�������W�K���6�H�S�W�H�P�E�H�U���������������6�R�L�O��

�V�D�P�S�O�H�V���L�Q���6�H�S�W�H�P�E�H�U���Z�H�U�H���R�E�W�D�L�Q�H�G���R�Q�������W�K���6�H�S�W�H�P�E�H�U�����D�I�W�H�U���D�O�O���I�O�R�R�G���Z�D�W�H�U�V���K�D�G��

�U�H�F�H�G�H�G�����7�K�L�V���Z�D�V���G�R�Q�H���W�R���K�H�O�S���J�D�L�Q���S�H�U�V�S�H�F�W�L�Y�H���R�I���W�K�H���V�K�R�U�W���W�H�U�P���F�K�D�Q�J�H�V���L�Q���V�R�L�O��

�F�K�H�P�L�V�W�U�\���Z�K�L�F�K���P�D�\���K�D�Y�H���U�H�V�X�O�W�H�G���I�U�R�P���W�K�H���L�Q�X�Q�G�D�W�L�R�Q�����1�R���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W���R�I��

�G�U�R�X�J�K�W���R�U���I�O�R�R�G�L�Q�J���Z�D�V���L�G�H�Q�W�L�I�L�H�G�� 
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Table 3 Mean concentrations of soil nutrients (mg kg-1) collected from the Ponding and Non-ponding 

zones of the detention basin in summers of 2021 (n = 6 per treatment zone), 2022 (n = 12 per 

treatment zone) and averaged across sampling events (All; n = 18 per treatment zone). Mean 

difference in concentration and mean percentage differences are shown in columns 5 and 6. 

Significant difference between zones is denoted by an asterisk (*).  

�1�X�W�U�L�H�Q�W �<�H�D�U �1�R�Q���S�R�Q�G�L�Q�J���]�R�Q�H�� �3�R�Q�G�L�Q�J�����]�R�Q�H �'�L�I�I�H�U�H�Q�F�H�� 
�0�H�D�Q��

�S�H�U�F�H�Q�W�D�J�H��
�G�L�I�I�H�U�H�Q�F�H 

�0�R�U�J�D�Q�
�V���3 
�����P�J���3���N�J������ 

��������  ���������� ���������� ������������ ���������� 
��������  ���������� ���������� ������������ ���������� 
�$�O�O ���������� ���������� �������������
 �����������
 

�0�H�D�Q ��������   

�7�R�W�D�O���3 
�����P�J���3���N�J������ 

��������  ��������������  ��������������  ���������� �������� 
��������  ��������������  ��������������  �������������� ���������� 
�$�O�O ��������������  ������������ ������������ ���������� 

�0�H�D�Q ��������������    

�$�P�P�R�Q�L�D 
�����P�J���1���N�J������ 

��������  ���������� ���������� �������� �������� 
��������  ���������� �������� ������������ ���������� 
�$�O�O ���������� ���������� ������������ ���������� 

�0�H�D�Q ����������   

�$�Y�D�L�O�D�E�O�H���7�2�1��
���P�J���1���N�J������ 

��������  �������� �� �������� �������� 
��������  �������� �������� �������� �������� 
�$�O�O �������� �������� �������� �������� 

�0�H�D�Q ��������   

�7�R�W�D�O���.�M�H�O�G�D�K�O���1��
���P�J���1���N�J������ 

��������  ��������������  ��������  ������������ �������� 
��������  ��������������  ��������������  �������������� ���������� 
�$�O�O ��������������  ��������������  ������������ �������� 

�0�H�D�Q ��������������    

�2�U�J�D�Q�L�F���0�D�W�W�H�U��
��  

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

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

�$�O�O ���������� ���������� �������� ���������� 

�0�H�D�Q ����������   
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Figure 9 Soil chemistry results samples in 2021 and 2022 from the treatments in the DB (non-ponding 

�]�R�Q�H�����R�Y�H�U�O�D�Q�G���I�O�R�Z�S�D�W�K���D�Q�G���S�R�Q�G�L�Q�J���]�R�Q�H�������6�W�X�G�L�H�G���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���R�U�J�D�Q�L�F���P�D�W�W�H�U�����0�R�U�J�D�Q�¶�V���3����

total phosphorus (TP), Total available ammonia, total organic nitrogen (TON) and total Kjeldahl 

�Q�L�W�U�R�J�H�Q�����0�R�U�J�D�Q�¶�V���3���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���L�Q���W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H���W�K�D�Q���W�K�H���Q�R�Q-ponding zone (p < 

0.05), but there was no significant difference between 2021 and 2022, or in any other soil chemistry 

parameters. 

 

������ �'�L�V�F�X�V�V�L�R�Q 

�$�Q�D�O�\�V�L�V���R�I���V�Z�D�U�G���E�L�R�P�D�V�V�����U�H�O�D�W�L�Y�H���Z�D�W�H�U���F�R�Q�W�H�Q�W���D�Q�G���F�K�O�R�U�R�S�K�\�O�O���F�R�Q�W�H�Q�W���I�U�R�P���W�K�L�V��

�V�W�X�G�\���V�X�J�J�H�V�W���W�K�D�W���Z�L�Q�W�H�U���I�O�R�R�G�L�Q�J���G�X�U�L�Q�J���S�H�D�N���I�O�R�Z���S�H�U�L�R�G�V���L�P�S�R�V�H�V���P�R�G�H�V�W���V�W�U�H�V�V��

�R�Q���S�O�D�Q�W�V�����$�O�W�K�R�X�J�K���I�O�R�R�G�L�Q�J���Q�H�J�D�W�L�Y�H�O�\���D�I�I�H�F�W�H�G���W�K�H���E�L�R�P�D�V�V���S�U�R�G�X�F�W�L�R�Q���L�Q���S�O�D�Q�W�V���L�Q��

�W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H���G�X�U�L�Q�J���Z�L�Q�W�H�U�����W�K�H���U�H�V�X�O�W�V���Z�H�U�H���Q�R�W���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W�����S��� ��
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�����������������3�O�D�Q�W���K�H�D�O�W�K�����D�V���H�Y�L�G�H�Q�F�H�G���E�\���F�K�O�R�U�R�S�K�\�O�O���F�R�Q�W�H�Q�W���D�Q�G���5�:�&���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\��

�U�H�G�X�F�H�G���G�X�U�L�Q�J���Z�L�Q�W�H�U�����E�X�W���E�R�W�K���E�L�R�P�D�V�V���S�U�R�G�X�F�W�L�R�Q�����)�:���D�Q�G���'�:�����D�Q�G���S�O�D�Q�W���K�H�D�O�W�K��

���5�:�&���D�Q�G���&�K�O�R�U�R�S�K�\�O�O���F�R�Q�W�H�Q�W�����U�H�F�R�Y�H�U�H�G���D�F�U�R�V�V���W�K�H���V�L�W�H���E�\���V�S�U�L�Q�J���R�I���������������,�Q���I�D�F�W����

�W�K�H�U�H���Z�D�V���K�L�J�K�H�U���E�L�R�P�D�V�V���L�Q���W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H���G�X�U�L�Q�J���W�K�H���V�X�P�P�H�U���R�I�������������Z�L�W�K���Q�R��

�H�Y�L�G�H�Q�F�H���R�I���L�P�S�D�L�U�H�G���T�X�D�O�L�W�\�����&�D�W�W�O�H���Z�H�U�H���W�D�N�H�Q���R�I�I���W�K�H���I�L�H�O�G���D�W���W�K�H���H�Q�G���R�I���2�F�W�R�E�H�U��

�����������X�Q�W�L�O���0�D�U�F�K�������������D�Q�G���Z�H�U�H���K�R�X�V�H�G���L�Q���V�K�H�G�V���G�X�U�L�Q�J���W�K�L�V���S�H�U�L�R�G�����%�\���W�K�H���W�L�P�H���W�K�H�\��

�U�H�W�X�U�Q�H�G���W�R���W�K�H���S�D�V�W�X�U�H�����V�Z�D�U�G���S�U�R�G�X�F�W�L�Y�L�W�\���Z�D�V���L�Q�F�U�H�D�V�L�Q�J���D�F�U�R�V�V���W�K�H���V�L�W�H���E�H�I�R�U�H��

�S�H�D�N�L�Q�J���L�Q���W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H���L�Q���-�X�Q�H�������������� 

���������� �3�K�\�V�L�R�O�R�J�L�F�D�O���H�I�I�H�F�W�V���R�I���I�O�R�R�G�L�Q�J���R�Q���S�O�D�Q�W�V 

�,�Q���W�K�H���F�X�U�U�H�Q�W���V�W�X�G�\�����W�K�H���P�R�Q�W�K���R�Q���P�R�Q�W�K���U�D�W�H���R�I���E�L�R�P�D�V�V���S�U�R�G�X�F�W�L�R�Q���E�H�W�Z�H�H�Q��

�6�H�S�W�H�P�E�H�U���W�R���1�R�Y�H�P�E�H�U�������������U�H�G�X�F�H�G���P�R�U�H���L�Q���W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H���W�K�D�Q���L�Q���W�K�H���Q�R�Q��

�S�R�Q�G�L�Q�J���]�R�Q�H�����'�X�U�L�Q�J���W�K�H���Z�L�Q�W�H�U�����K�R�Z�H�Y�H�U�����W�K�H���U�D�W�H���R�I���E�L�R�P�D�V�V���S�U�R�G�X�F�W�L�R�Q���S�O�D�W�H�D�X�H�G��

�L�Q���E�R�W�K���]�R�Q�H�V�����E�X�W���Z�D�V���O�R�Z�H�U���L�Q���W�K�H���S�R�Q�G�L�Q�J���]�R�Q�H�����7�K�L�V���L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H���G�H�J�U�H�H��
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Figure 1 (a) The study reach with boulder weirs indicated by black bars and leaky dams c. 60m 

downstream indicated by white bars. Blue arrow denotes direction of stream flow. (b) shows a low-

head boulder weir viewed from downstream. Note: sediment deposit at upstream left bank due to the 

formation of an upstream low-flow backwater zone; also fast flowing water is apparent downstream of 

the weir; (c) shows the most upstream leaky dam during low-flow conditions, viewed from upstream. 

Not vegetation partially occluding freeboard at left side of leaky dam.  



140 

 

���������� �/�R�Z���I�O�R�Z���I�H�D�W�X�U�H�V�����/�R�Z���K�H�D�G���Z�H�L�U�V 

�ð�X�î�X�î�X�í ���}�µ�o�����Œ���Á���]�Œ�����}�v�•�š�Œ�µ���Ÿ�}�v 

�,�Q���'�H�F�H�P�E�H�U�������������O�R�Z���K�H�D�G���E�R�X�O�G�H�U���Z�H�L�U�V���Z�H�U�H���F�R�Q�V�W�U�X�F�W�H�G���R�Q���W�K�H���V�W�U�H�D�P�E�H�G���I�U�R�P��

�O�R�F�D�O�O�\���R�F�F�X�U�U�L�Q�J���E�R�X�O�G�H�U�V�����Z�L�G�W�K���!�����������P�P�����)�L�J�������E�������:�H�L�U�V���V�S�D�Q�Q�H�G���W�K�H���F�K�D�Q�Q�H�O����

�D�Q�G���H�D�F�K���U�H�D�F�K�H�G���D���K�H�L�J�K�W���R�I���D�S�S�U�R�[���� 

���������P���D�E�R�Y�H���W�K�H���V�W�U�H�D�P���E�H�G���D�Q�G���Z�H�U�H���V�O�L�J�K�W�O�\���O�R�Z�H�U���L�Q���W�K�H���P�L�G�G�O�H���W�R���U�H�G�X�F�H�G���U�L�V�N���R�I��

�V�F�R�X�U���D�W���W�K�H���V�W�U�H�D�P���E�D�Q�N�V�����)�L�J�������E�������7�K�H���E�R�X�O�G�H�U���Z�H�L�U�V���Z�H�U�H���S�O�D�F�H�G�������P���D�S�D�U�W���D�Q�G��

�F�D�X�V�H�G���Z�D�W�H�U���O�H�Y�H�O�V���W�R���E�H���L�Q�F�U�H�D�V�H�G���R�Q���W�K�H���X�S�V�W�U�H�D�P���V�L�G�H���W�R���D���G�L�V�W�D�Q�F�H���R�I���D�S�S�U�R�[����

���P�����%�R�X�O�G�H�U���Z�H�L�U�V���Z�H�U�H���L�Q�V�W�D�O�O�H�G���I�D�U���H�Q�R�X�J�K���D�S�D�U�W���V�X�F�K���W�K�D�W���D���J�L�Y�H�Q���E�R�X�O�G�H�U���Z�H�L�U���G�L�G��

�Q�R�W���F�D�X�V�H���Z�D�W�H�U���W�R���E�D�F�N���X�S���D�V���I�D�U���D�V���W�K�H���Q�H�[�W���P�R�V�W���X�S�V�W�U�H�D�P���Z�H�L�U�����7�K�L�V���D�O�O�R�Z�H�G���W�K�H��

�Z�H�L�U�V���W�R���I�X�Q�F�W�L�R�Q���L�Q�G�H�S�H�Q�G�H�Q�W�O�\���E�X�W���Z�L�W�K���W�K�H���D�L�P���W�K�D�W���W�K�H�\���Z�R�X�O�G���K�D�Y�H���D���F�X�P�X�O�D�W�L�Y�H��

�H�I�I�H�F�W���R�Q���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H�����V�X�V�S�H�Q�G�H�G���V�R�O�L�G�V���U�H�W�H�Q�W�L�R�Q���D�Q�G���Q�X�W�U�L�H�Q�W���X�S�W�D�N�H�����5�D�Q�D���H�W��

�D�O�������������������� 

�ð�X�î�X�î�X�î �/�v�r�•�š�Œ�����u���š�Œ�������Œ�����‰�‰�o�]�����Ÿ�}�v�•�� 

�&�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U���W�H�V�W�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G���R�Y�H�U���W�K�H�������P���V�W�X�G�\���V�H�F�W�L�R�Q���X�V�L�Q�J���W�K�H��

�S�X�O�V�H���D�G�G�L�W�L�R�Q���P�H�W�K�R�G�����7�D�Q�N���H�W���D�O�������������������L�Q���Z�K�L�F�K���D���R�Q�H���O�L�W�U�H�����������P�R�O�D�U���1�D�&�O���V�R�O�X�W�L�R�Q��

�Z�D�V���L�Q�W�U�R�G�X�F�H�G���D�V���D�Q���L�Q�V�W�D�Q�W�D�Q�H�R�X�V���S�X�O�V�H�����������V���L�Q���G�X�U�D�W�L�R�Q�����D�W���D�Q���µ�L�Q�M�H�F�W�L�R�Q���S�R�L�Q�W�¶��

�����P���X�S�V�W�U�H�D�P���R�I���D�Q���H�O�H�F�W�U�L�F�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\�����(�&�����O�R�J�J�H�U�����&�7�'���'�L�Y�H�U���'�,�����������9�D�Q���(�V�V�H�Q��

�,�Q�V�W�U�X�P�H�Q�W�V���%���9�������1�H�W�K�H�U�O�D�Q�G�V�����O�D�L�G���R�Q���W�K�H���V�W�U�H�D�P���E�H�G�����$���G�L�V�W�D�Q�F�H���R�I�������P���Z�D�V��

�G�H�H�P�H�G���V�X�I�I�L�F�L�H�Q�W���W�R���H�Q�V�X�U�H���V�X�I�I�L�F�L�H�Q�W���P�L�[�L�Q�J���R�I���W�K�H���W�U�D�F�H�U���Z�L�W�K���W�K�H���V�W�U�H�D�P���Z�D�W�H�U��

�E�H�I�R�U�H���W�K�H���W�U�D�F�H�U���U�H�D�F�K�H�G���W�K�H���(�&���O�R�J�J�H�U�����0�D�V�R�Q���H�W���D�O�������������������7�D�Q�N���H�W���D�O���������������������$��

�V�H�F�R�Q�G���(�&���O�R�J�J�H�U���Z�D�V���S�O�D�F�H�G���D�W���W�K�H���G�R�Z�Q�V�W�U�H�D�P���O�R�F�D�W�L�R�Q���D�Q�G���W�K�H���W�Z�R���Z�H�U�H��

�S�U�R�J�U�D�P�P�H�G���W�R���P�H�D�V�X�U�H���V�W�U�H�D�P���(�&���D�W���D���F�R���R�U�G�L�Q�D�W�H�G�������V�H�F�R�Q�G���L�Q�W�H�U�Y�D�O�����$�V���W�K�H��

�W�U�D�F�H�U���S�O�X�P�H���S�D�V�V�H�G���W�K�U�R�X�J�K���W�K�H���V�W�U�H�D�P�����W�K�H���(�&���O�R�J�J�H�U�V���U�H�F�R�U�G�H�G���W�K�H���E�U�H�D�N�W�K�U�R�X�J�K��



141 

 

�F�X�U�Y�H�����%�7�&�����)�L�J�����������R�I���H�O�H�Y�D�W�H�G���H�O�H�F�W�U�L�F�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\���R�I���W�K�H���V�W�U�H�D�P�����$���K�D�Q�G���K�H�O�G��

�F�R�Q�G�X�F�W�L�Y�L�W�\���O�R�J�J�H�U�����:�7�:���&�R�Q�G�X�F�W�L�Y�L�W�\���S�R�U�W�D�E�O�H���P�H�W�H�U�����3�U�R�I�L�/�L�Q�H���������������*�H�U�P�D�Q�\����

�Z�D�V���X�V�H�G���W�R���L�G�H�Q�W�L�I�\���W�K�H���W�L�P�H���R�I���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���%�7�&�V�����E�H�J�L�Q�Q�L�Q�J�����S�H�D�N��

�D�Q�G���H�Q�G�������7�K�H���H�Q�G���R�I���W�K�H���%�7�&�����W���� �����Z�D�V���W�D�N�H�Q���D�V���W�K�H���W�L�P�H���D�W���Z�K�L�F�K���W�K�H���V�W�U�H�D�P��

�F�R�Q�G�X�F�W�L�Y�L�W�\���U�H�W�X�U�Q�H�G���W�R���E�D�F�N�J�U�R�X�Q�G���F�R�Q�G�X�F�W�L�Y�L�W�\�������������������������P�6���F�P���������)�L�J�������������*�R�R�V�H�I�I��

�H�W���D�O�������������������6�F�K�P�D�G�H�O���H�W���D�O������������������ 

 

Figure 24 Breakthough curves (BTCs) of electrical conductivity (EC) at upstream and downstream 

locations along boulder weir stretch of the study site. Fig. 2a indicates methods for calculation of long-

term storage of stream solutes as the difference in area under curve (AUC) between upstream and 

downstream BTCs. Fig. 2b indicates time between upstream and downstream BTC peaks, which is 

used to calculate modal stream velocity; The transient storage index is calculated as the time from the 

peak of to the end of the downstream BTC, taking the end as the time at which electrical conductivity 

returned to within 0.002mS cm-1 of baseline electrical conductivity. Distance between point upstream 

and downstream EC sampling points was 65m. 
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Table 1 Methods for determination of concentration of dissolved nutrients (ammonium, NH4
+- N; 

soluble reactive phosphorus, SRP; dissolved organic carbon, DOC) and chloride from surface water 

samples collected during biologically-reactive tracer tests 

Parameter Method 

Method 
Detection 
Limit (mg 

L -1) 

Relative 
standard 
deviation 
RSD % 

Reference 

�1�+���������1 

Samples  filtered through 0.45µm 
PVDF membrane filter and 

analysed by automated salicylate 
method using the Lachat 

Quikchem 8000 FIA  

0.002 12 

Zellweger 
Analytics, Inc. 

Milwaukee. USA. 
Method Code: 

QuikChem Method 
10-107-06-3-D  

SRP-P 

Determined by automated 
ascorbic acid method using the 

Lachat Quikchem 8000 FIA  
following filtration through 0.45µm 

PVDF membrane filter. 

0.001 5 

Zellweger 
Analytics, Inc. 

Milwaukee. USA. 
Method Code: 

QuikChem Method 
10-115-01-1-B 

DOC-C 

Samples were filtered through 
GF/C filter paper, then measured 
by high-temperature combustion 
method using TOC-VCPH/CPN 

0.12 2.22 SHIMADZU 

Chloride 

Samples were filtered through 
0.45µm PVDF membrane filter. 

Chloride was analysed by 
ferricyanide method 

0.19 7.53   
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 �:�K�H�U�H���4��� ���V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�����P���V�����������F���D�Q�G���G��� ���F�R�H�I�I�L�F�L�H�Q�W�V���D�Q�G���K��� ���V�W�U�H�D�P��

�V�W�D�J�H�����P�������)�R�U���I�X�U�W�K�H�U���G�H�W�D�L�O�V���R�Q���G�L�V�F�K�D�U�J�H���D�Q�G���U�D�W�L�Q�J���F�X�U�Y�H���G�D�W�D���D�Q�G���F�R�H�I�I�L�F�L�H�Q�W�V���V�H�H��

�$�S�S�H�Q�G�L�[�����$���� 

�)�R�X�U���O�H�D�N�\���G�D�P�V���Z�H�U�H���L�Q�V�W�D�O�O�H�G���D�O�R�Q�J���W�K�H���V�H�F�W�L�R�Q���D�W�������������������P���L�Q�W�H�U�Y�D�O�V���L�Q���0�D�\��������������

�7�K�H�V�H���Z�H�U�H���G�H�V�L�J�Q�H�G���W�R���L�Q�W�H�U�D�F�W���Z�L�W�K���S�H�D�N���I�O�R�Z�V���R�Q�O�\�����4���!���������/���V�����������Z�L�W�K���I�O�R�Z�V���E�H�O�R�Z��

http://www.oxyguard.dk/


148 

 

�������/���V�������I�O�R�Z�L�Q�J���E�H�Q�H�D�W�K���H�D�F�K���O�H�D�N�\���G�D�P�����)�L�J�����D�����F�������7�K�H���O�H�D�N�\���G�D�P�V���Z�H�U�H��

�F�R�Q�V�W�U�X�F�W�H�G���I�U�R�P���S�L�Q�H���O�R�J�V���Z�K�L�F�K���V�S�D�Q�Q�H�G���W�K�H���F�K�D�Q�Q�H�O���L�Q���D���S�\�U�D�P�L�G�D�O���I�R�U�P���D�Q�G���Z�H�U�H��

�W�H�W�K�H�U�H�G���W�R���D���V�W�U�R�Q�J���I�U�D�P�H���R�I���W�L�P�E�H�U���D�Q�G���S�L�Q�H���O�R�J�V���Z�K�L�F�K���Z�H�U�H���E�U�D�F�H�G���W�R���H�D�F�K��

�F�K�D�Q�Q�H�O���E�D�Q�N�����7�K�H�V�H���E�D�Q�N�V�L�G�H���O�R�J�V���Z�H�U�H���S�L�Q�Q�H�G���W�R���W�K�H���V�W�U�H�D�P�E�H�G���D�Q�G���O�D�G�H�Q���Z�L�W�K��

�E�R�X�O�G�H�U�V���W�R���S�U�R�Y�L�G�H���V�F�R�X�U���S�U�R�W�H�F�W�L�R�Q���I�R�U���W�K�H���F�K�D�Q�Q�H�O���E�D�Q�N�V�����7�K�H���E�U�D�F�L�Q�J���R�I���W�K�H��

�W�U�D�Q�V�Y�H�U�V�H���O�R�J�V���W�R���W�K�H���O�R�Q�J�L�W�X�G�L�Q�D�O���O�R�J�V���H�Q�V�X�U�H�G���W�K�D�W���W�K�H���O�H�D�N�\���G�D�P���Z�D�V���D���U�L�J�L�G��

�V�W�U�X�F�W�X�U�H���W�K�D�W���Z�R�X�O�G���P�R�Y�H���D�V���R�Q�H���L�I���G�L�V�O�R�G�J�H�G�����U�H�G�X�F�L�Q�J���W�K�H���U�L�V�N���R�I���L�Q�G�L�Y�L�G�X�D�O���O�R�J�V��

�E�H�L�Q�J���Z�D�V�K�H�G���G�R�Z�Q�V�W�U�H�D�P���D�Q�G���S�R�V�L�Q�J���U�L�V�N���W�R���S�L�S�H���F�U�R�V�V�L�Q�J�V���D�Q�G���F�X�O�Y�H�U�W�V�����$�E�R�Y�H���W�K�H��

�G�L�V�F�K�D�U�J�H���R�I���������/���V���������I�O�R�Z���Z�D�V���S�D�U�W�L�D�O�O�\���L�P�S�H�G�H�G���E�\���H�D�F�K���O�H�D�N�\���G�D�P���D�V���Z�D�W�H�U���Z�D�V��

�I�R�U�F�H�G���W�R���E�D�F�N���X�S���L�Q�W�R���W�K�H���F�K�D�Q�Q�H�O���X�Q�W�L�O���I�O�R�Z�L�Q�J���R�Y�H�U���W�K�H���O�H�D�N�\���G�D�P�����)�L�J�������F�������+�L�J�K��

�I�O�R�Z���H�Y�H�Q�W�V���Z�H�U�H���V�H�O�H�F�W�H�G���I�U�R�P���W�K�H���W�L�P�H���V�H�U�L�H�V���G�D�W�D���D�Q�G���G�L�V�F�K�D�U�J�H�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G��

�W�R���D�O�O�R�Z���F�R�P�S�D�U�L�V�R�Q���R�I���K�L�J�K���I�O�R�Z���K�\�G�U�R�J�U�D�S�K�V���G�X�U�L�Q�J���S�U�H���O�H�D�N�\���G�D�P���L�Q�V�W�D�O�O�D�W�L�R�Q���K�L�J�K��

�I�O�R�Z���H�Y�H�Q�W�V���D�Q�G���W�K�R�V�H���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���O�H�D�N�\���G�D�P�V���� 

�(�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���O�H�D�N�\���G�D�P�V���D�W���D�W�W�H�Q�X�D�W�L�Q�J���S�H�D�N���I�O�R�Z�V���Z�D�V���P�H�D�V�X�U�H�G���X�V�L�Q�J���W�K�U�H�H��

�Z�L�G�H�O�\���X�V�H�G���P�H�W�U�L�F�V�������D�����3�H�D�N���G�L�V�F�K�D�U�J�H���D�W�W�H�Q�X�D�W�L�R�Q�������E�����S�H�D�N���G�L�V�F�K�D�U�J�H���Y�H�O�R�F�L�W�\��

�U�H�G�X�F�W�L�R�Q�����D�Q�G�����F�����µ�S�H�D�N�L�Q�H�V�V�¶�����L���H�����W�K�H���H�I�I�H�F�W���R�I���O�H�D�N�\���G�D�P�V���R�Q���W�K�H���V�K�D�S�H���R�I���I�O�R�R�G��

�S�H�D�N�V�������7�K�H�V�H���Y�D�O�X�H�V���Z�H�U�H���F�R�P�S�D�U�H�G���I�R�U���I�O�R�R�G���H�Y�H�Q�W�V���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���O�H�D�N�\���G�D�P��

�L�Q�V�W�D�O�O�D�W�L�R�Q�����Y�D�Q���/�H�H�X�Z�H�Q���H�W���D�O������������������ 

�3�H�D�N���G�L�V�F�K�D�U�J�H���D�W�W�H�Q�X�D�W�L�R�Q�����û�4�S�H�D�N�������Z�D�V���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���(�T�X�D�W�L�R�Q�������� 

�¿�3�ã�Ø�Ô�Þ
L���3�ã�Ø�Ô�Þ�½�Ì�?���Ê�Û�Ð�Ì�Ö�Î�Ì  

�(�T�X�D�W�L�R�Q���� 

�:�K�H�U�H���4�S�H�D�N�'�6���L�V���W�K�H���S�H�D�N���G�L�V�F�K�D�U�J�H���R�I���D���J�L�Y�H�Q���I�O�R�R�G���S�H�D�N���K�\�G�U�R�J�U�D�S�K���D�W���W�K�H��

�G�R�Z�Q�V�W�U�H�D�P���:�/�5���O�R�F�D�W�L�R�Q���D�Q�G���4�S�H�D�N�8�6���L�V���W�K�H���S�H�D�N���G�L�V�F�K�D�U�J�H���X�S�V�W�U�H�D�P���R�I���W�K�H���O�H�D�N�\��

�G�D�P�V�����I�R�U���W�K�H���V�D�P�H���I�O�R�R�G���S�H�D�N�����7�K�H���W�U�H�D�W�P�H�Q�W���H�I�I�H�F�W���R�I���O�H�D�N�\���G�D�P�V���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V��



149 

 

�W�K�H���D�E�V�R�O�X�W�H���G�L�I�I�H�U�H�Q�F�H�����/���V���������D�Q�G���D�V���W�K�H���S�H�U�F�H�Q�W�D�J�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���X�S�V�W�U�H�D�P��

�D�Q�G���G�R�Z�Q�V�W�U�H�D�P���J�D�X�J�L�Q�J���V�W�D�W�L�R�Q�V�����Y�D�Q���/�H�H�X�Z�H�Q���H�W���D�O������������������ 

�3�H�D�N���G�L�V�F�K�D�U�J�H���Y�H�O�R�F�L�W�\���K�D�V���E�H�H�Q���X�W�L�O�L�V�H�G���D�V���L�Q���L�P�S�R�U�W�D�Q�W���P�H�W�U�L�F���I�R�U���T�X�D�Q�W�L�I�\�L�Q�J���W�K�H��

�L�P�S�D�F�W���R�I���O�H�D�N�\���G�D�P�V���R�Q���S�H�D�N���I�O�R�Z���U�D�W�H�V�����7�K�R�P�D�V���D�Q�G���1�L�V�E�H�W�����������������:�H�Q�]�H�O���H�W���D�O������

���������������3�H�D�N���G�L�V�F�K�D�U�J�H���Y�H�O�R�F�L�W�\���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V���W�K�H���W�L�P�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q��

�X�S�V�W�U�H�D�P�����7�S�H�D�N�8�6�����D�Q�G���G�R�Z�Q�V�W�U�H�D�P���I�O�R�R�G���S�H�D�N���G�L�V�F�K�D�U�J�H�V���G�L�Y�L�G�H�G���E�\���W�K�H���G�L�V�W�D�Q�F�H��

�E�H�W�Z�H�H�Q���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���S�R�L�Q�W�V�����������P�����I�R�U���D���J�L�Y�H�Q���I�O�R�R�G���S�H�D�N�����7�S�H�D�N�'�6����

�(�T�X�D�W�L�R�Q�������� 

�2�A�=�G���R�A�H�K�?�E�P�U
L��
�6�ã�Ø�Ô�Þ�½�Ì���?�����6�ã�Ø�Ô�Þ�Î�Ì��

�s�s�r
�� 

�(�T�X�D�W�L�R�Q���� 

�7�K�H���H�I�I�H�F�W���W�K�D�W���/�'�V���K�D�G���R�Q���W�K�H���V�K�D�S�H���R�I���W�K�H���K�\�G�U�R�J�U�D�S�K���S�H�D�N�L�Q�H�V�V���Z�D�V���F�D�O�F�X�O�D�W�H�G��

�X�V�L�Q�J���(�T�X�D�W�L�R�Q���������:�H�Q�]�H�O���H�W���D�O�������������������� 

�2 
L��
�3�ã�Ø�Ô�Þ�½�Ì

�P�;�9
 

�(�T�X�D�W�L�R�Q���� 

�:�K�H�U�H���S�H�D�N�L�Q�H�V�V�����3�����L�V���W�K�H���V�K�D�S�H���R�I���W�K�H���K�\�G�U�R�J�U�D�S�K���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H���S�H�D�N��

�G�L�V�F�K�D�U�J�H���D�W���W�K�H���G�R�Z�Q�V�W�U�H�D�P���:�/�5�����4�S�H�D�N�'�6�����D�Q�G���W�����������W�K�H���W�L�P�H���G�X�U�L�Q�J���Z�K�L�F�K���G�L�V�F�K�D�U�J�H��

�H�[�F�H�H�G�H�G���W�K�H���P�L�Q�L�P�X�P���G�L�V�F�K�D�U�J�H���W�K�U�H�V�K�R�O�G���R�I���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���D���O�H�D�N�\���G�D�P�����4��
R��������

�/���V�����������:�H�Q�]�H�O���H�W���D�O���������������������R�E�V�H�U�Y�H�G���W�K�D�W���O�H�D�N�\���G�D�P�V���U�H�G�X�F�H�G���W�K�H���S�H�U�L�R�G���R�I���S�H�D�N��

�I�O�R�Z���G�L�V�F�K�D�U�J�H���Z�L�W�K���K�L�J�K�H�U���I�O�R�Z���Y�R�O�X�P�H�V���E�H�L�Q�J���U�H�D�O�O�R�F�D�W�H�G���W�R���O�R�Z�H�U���G�L�V�F�K�D�U�J�H�V���I�R�U��

�O�R�Q�J�H�U���S�H�U�L�R�G�V�����,�Q���W�K�H���F�X�U�U�H�Q�W���V�W�X�G�\���O�R�Z�H�U���Y�D�O�X�H�V���R�I���3���Z�H�U�H���W�D�N�H�Q���W�R���V�K�R�Z���O�H�D�N�\���G�D�P�V��

�F�D�X�V�H�G���I�O�D�W�W�H�Q�L�Q�J���R�I���I�O�R�R�G���S�H�D�N�V���E�\���F�D�X�V�L�Q�J���S�H�D�N���I�O�R�Z�V���W�R���I�R�U���S�H�U�V�L�V�W���O�R�Q�J�H�U���E�X�W���Z�L�W�K��

�O�R�Z�H�U���S�H�D�N���4�����:�H�Q�]�H�O���H�W���D�O������������������ 



150 

 

�/�D�V�W�O�\�����W�K�H���Q�D�W�X�U�D�O���D�F�F�X�P�X�O�D�W�L�R�Q���R�I���Z�R�R�G�\���G�H�E�U�L�V�����O�H�D�Y�H�V�����W�Z�L�J�V���D�Q�G���V�P�D�O�O���E�U�D�Q�F�K�H�V��

�W�U�D�Q�V�S�R�U�W�H�G���G�R�Z�Q�V�W�U�H�D�P�����W�U�D�S�S�H�G���D�W���W�K�H���I�D�F�H���R�I���W�K�H���O�H�D�N�\���G�D�P�����D�Q�G���F�K�D�Q�J�H�V���W�R��

�V�W�U�H�D�P�E�H�G���D�Q�G���E�D�Q�N���P�R�U�S�K�R�O�R�J�\���D�W���O�H�D�N�\���G�D�P�V���Z�H�U�H���P�R�Q�L�W�R�U�H�G���Y�L�V�X�D�O�O�\���R�Y�H�U���W�K�H��������

�P�R�Q�W�K�V���I�R�O�O�R�Z�L�Q�J���O�H�D�N�\���G�D�P���L�Q�V�W�D�O�O�D�W�L�R�Q�����$�F�F�X�P�X�O�D�W�L�R�Q���R�I���V�X�F�K���Z�R�R�G�\���G�H�E�U�L�V���F�D�Q��

�R�F�F�O�X�G�H���W�K�H���O�H�D�N�\���G�D�P�����H�I�I�H�F�W�L�Y�H�O�\���W�X�U�Q�L�Q�J���L�W���L�Q�W�R���D���V�R�O�L�G���G�D�P�����J�U�H�D�W�O�\���L�Q�F�U�H�D�V�L�Q�J���E�R�W�K��

�W�K�H���K�\�G�U�D�X�O�L�F���I�R�U�F�H���R�Q���W�K�H���O�H�D�N�\���G�D�P���V�W�U�X�F�W�X�U�H���L�W�V�H�O�I���D�Q�G���W�K�H���I�R�U�F�H���R�Q���W�K�H���V�W�U�H�D�P���E�H�G��

�D�Q�G���V�W�U�H�D�P���E�D�Q�N�V�����D�Q�G���V�R���L�Q�F�U�H�D�V�L�Q�J���W�K�H���U�L�V�N���R�I���G�R�Z�Q�V�W�U�H�D�P���G�L�V�S�O�D�F�H�P�H�Q�W�����R�U���H�Y�H�Q��

�F�R�O�O�D�S�V�H���R�I���W�K�H���O�H�D�N�\���G�D�P�����+�D�Q�N�L�Q���H�W���D�O������������������ 

���������� �'�D�W�D���D�Q�D�O�\�V�L�V 

�9�D�O�X�H�V���Z�H�U�H���G�H�U�L�Y�H�G���I�R�U���W�K�H���G�H�V�F�U�L�E�H�G���P�H�W�U�L�F�V���I�R�U���W�K�H���E�R�X�O�G�H�U���Z�H�L�U���D�Q�G���O�H�D�N�\���G�D�P��

�V�W�X�G�L�H�V���I�R�U���H�D�F�K���W�U�D�F�H�U���W�H�V�W���R�U���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���W�U�H�D�W�P�H�Q�W���H�I�I�H�F�W�����S�U�H��

�L�Q�V�W�D�O�O�D�W�L�R�Q���Y�V�����S�R�V�W���L�Q�V�W�D�O�O�D�W�L�R�Q�����Z�D�V���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���D�Q�D�O�\�V�L�V���R�I���Y�D�U�L�D�Q�F�H�����$�1�2�9�$����

�I�U�R�P���W�K�H���G�S�O�\�U���S�D�F�N�D�J�H���L�Q���W�K�H���I�U�H�H���V�W�D�W�L�V�W�L�F�D�O���V�R�I�W�Z�D�U�H���5���6�W�X�G�L�R�����5���&�R�U�H���7�H�D�P������������������

�5�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���Z�D�V���S�H�U�I�R�U�P�H�G���W�R���L�G�H�Q�W�L�I�\���H�I�I�H�F�W�V���R�I���G�L�V�F�K�D�U�J�H�����H�[�S�O�D�Q�D�W�R�U�\��

�Y�D�U�L�D�E�O�H�����R�Q���F�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U���%�7�&���P�H�W�U�L�F�V�����G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�V�����O�R�Q�J���W�H�U�P��

�V�W�R�U�D�J�H�����7�6�,�����P�R�G�D�O���Y�H�O�R�F�L�W�\���D�Q�G���L�Q�Y�H�U�V�H���P�R�G�D�O���Y�H�O�R�F�L�W�\�����L�Q�F�O�X�G�L�Q�J���V�W�D�W�X�V�����S�U�H���Z�H�L�U��

�L�Q�V�W�D�O�O�D�W�L�R�Q���R�U���L�Q���S�U�H�V�H�Q�F�H���R�I���Z�H�L�U�V�����D�V���D���I�L�[�H�G���H�I�I�H�F�W�� 

�,�Q���W�K�H���O�H�D�N�\���G�D�P���V�W�X�G�\�����W�K�H���W�U�H�D�W�P�H�Q�W���H�I�I�H�F�W���R�I���O�H�D�N�\���G�D�P�V���Z�D�V���D�O�V�R���D�V�V�H�V�V�H�G��

�W�K�U�R�X�J�K���D�Q�D�O�\�V�L�V���R�Q���W�K�H���H�I�I�H�F�W���X�S�V�W�U�H�D�P���S�H�D�N���G�L�V�F�K�D�U�J�H�����H�[�S�O�D�Q�D�W�R�U�\���Y�D�U�L�D�E�O�H�����R�Q���W�K�H��

�F�K�D�Q�J�H���L�Q���S�H�D�N���G�L�V�F�K�D�U�J�H���E�H�W�Z�H�H�Q���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���O�R�F�D�W�L�R�Q�V�����G�H�S�H�Q�G�H�Q�W��

�Y�D�U�L�D�E�O�H�����Z�L�W�K���O�H�D�N�\���G�D�P���V�W�D�W�X�V�����I�O�R�R�G���S�H�D�N�V���S�U�H���L�Q�V�W�D�O�O�D�W�L�R�Q���Y�V�����I�O�R�R�G���S�H�D�N�V���L�Q��

�S�U�H�V�H�Q�F�H���R�I���O�H�D�N�\���G�D�P�V�����D�V���D�Q���D�G�G�L�W�L�R�Q�D�O���H�[�S�O�D�Q�D�W�R�U�\���Y�D�U�L�D�E�O�H�����X�V�L�Q�J���J�H�Q�H�U�D�O���O�L�Q�H�D�U��

�P�R�G�H�O�V���I�U�R�P���W�K�H���G�S�O�\�U���S�D�F�N�D�J�H���L�Q���W�K�H���I�U�H�H���V�W�D�W�L�V�W�L�F�D�O���V�R�I�W�Z�D�U�H���5���6�W�X�G�L�R�����5���&�R�U�H��

�7�H�D�P�������������������$�O�O���P�R�G�H�O�V���Z�H�U�H���F�K�H�F�N�H�G���I�R�U���Q�R�U�P�D�O�L�W�\���E�\���Y�L�V�X�D�O���L�Q�V�S�H�F�W�L�R�Q���R�I���5�H�V�L�G�X�D�O��



151 

 

�D�Q�G���4���4���S�O�R�W�V���R�I���P�R�G�H�O���I�L�W���S�U�R�G�X�F�H�G���E�\���W�K�H���D�X�W�R�S�O�R�W���I�X�Q�F�W�L�R�Q���L�Q���W�K�H���J�J�S�O�R�W�����S�D�F�N�D�J�H��

���:�L�F�N�K�D�P���������������� 

������ �5�H�V�X�O�W�V 

���������� �/�R�Z���K�H�D�G���Z�H�L�U�V 

�ð�X�ï�X�í�X�í ���}�v�•���Œ�À���Ÿ�À�����š�Œ�������Œ�• 

�7�K�H���O�R�Z���K�H�D�G���Z�H�L�U�V���O�H�G���W�R���D���U�H�G�X�F�W�L�R�Q���L�Q���F�R�Q�V�H�U�Y�D�W�L�Y�H���V�R�O�X�W�H���U�H�W�H�Q�W�L�R�Q���Z�L�W�K�L�Q���W�K�H��

�H�[�S�H�U�L�P�H�Q�W���V�H�F�W�L�R�Q�����/�R�Q�J���W�H�U�P���V�W�R�U�D�J�H�����L���H�����V�R�O�X�W�H���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���E�H�\�R�Q�G���W�K�H���%�7�&��

�G�H�W�H�F�W�L�R�Q���O�L�P�L�W���W�������P�H�D�V�X�U�H�G���D�V���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P��

�$�8�&�V�����Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���Z�H�L�U�V�����7�D�E�O�H�����������7�K�H�U�H���D�O�V�R���Z�D�V���D�Q��

�L�Q�G�L�F�D�W�L�R�Q���W�K�D�W���W�K�H���W�D�L�O�L�Q�J���H�I�I�H�F�W���R�Q���W�K�H���S�D�V�V�D�J�H���R�I���F�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U���Z�D�V���U�H�G�X�F�H�G���L�Q��

�W�K�H���S�U�H�V�H�Q�F�H���R�I���W�K�H���E�R�X�O�G�H�U���Z�H�L�U�V���D�V���W�K�H���7�6�,���V�F�R�U�H���Z�D�V���G�H�F�U�H�D�V�H�G���E�\�����������I�R�O�O�R�Z�L�Q�J��

�Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q�����E�X�W���W�K�L�V���H�I�I�H�F�W���Z�D�V���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�����7�D�E�O�H�����������/�R�Q�J���W�H�U�P���V�W�R�U�D�J�H���D�Q�G��

�7�6�,���D�O�V�R���K�D�G���O�R�Z�H�U���V�W�D�Q�G�D�U�G���H�U�U�R�U���Y�D�O�X�H�V���G�X�U�L�Q�J���W�U�D�F�H�U���W�H�V�W�V���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���Z�H�L�U�V��

���7�D�E�O�H�����������0�R�G�D�O���Y�H�O�R�F�L�W�\�����L���H�����W�K�H���Y�H�O�R�F�L�W�\���R�I���W�K�H���%�7�&���S�H�D�N���D�O�R�Q�J���W�K�H���V�W�X�G�\���V�H�F�W�L�R�Q����

�Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���Z�H�L�U�V�����6�W�D�Q�G�D�U�G���H�U�U�R�U���Y�D�O�X�H�V���R�I���H�D�F�K���P�H�W�U�L�F��

�R�I���O�R�Q�J���W�H�U�P���V�W�R�U�D�J�H�����7�6�,���D�Q�G���P�R�G�D�O���Y�H�O�R�F�L�W�\���Z�H�U�H���D�O�O���O�R�Z�H�U���I�R�O�O�R�Z�L�Q�J���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q��

���7�D�E�O�H���������� 

Table 2 Mean pre-installation (n = 7) and post-weir installation (n = 9) and standard error values (in 

parentheses) for solute storage metrics from conservative tracer studies (column 2, 3) as well as 

mean and percentage differences (columns 4, 5) between pre-installation and weir tracer studies. 

Columns 6-8 show summary statistics from ANOVA tables. F-values are on 1 and 14 degrees of 

freedom. See Appendix 2B for metrics derived for each sampling event.  

 

Mean square f (1, 14) p -value 

Long-term storage (g NaCl L-1) 4.28 (0.67) -1.97 (0.62) 6.25 143.03 153.9 5.66 0.0321
Transient storage index (s) 185.47 (19) 55.69 (3.26) 129.78 69.97 115488 3.27 0.0819

Modal velocity    (m s-1) 2.17 (0.25) 0.677 (0.05) 1.49 68.66 8.8 6.38 0.0242

ANOVA
Metric

Pre-
installation

Weirs Difference % Difference
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Figure 3 Pre- and post-weir installation (red and blue lines resp.) solute transient storage metrics from 

conservative tracer breakthrough curves as a function of stream discharge (x-axis; Q L s-1). Fig. 3a 

shows calculated long-term (LT) storage of NaCl tracer (g L-1) derived from differences between 

upstream and downstream areas under curves of breakthrough curves (BTCs); positive values denote 

decrease in upstream-downstream electrical conductivity (i.e. retention of solute tracer), negative 

values denote increase in stream conductivity along the study sectin. Fig. 3b shows Downstream BTC 

transient storage index (TSI) as a function of Q (L s-1). Fig. 3c shows modal stream velocity (m s-1) as 

a function of Q (L s-1). Fig. 3d shows the inverse modal velocity i.e. residence time of solute per 

meter, as a function of discharge. Regression lines for each group are shown in plots along with R2 

values for the Pre-installation (red) and post weir installation (blue) and the p-value ascribed to 

significance of difference between groups in regression analysis. Downstream conservative tracer 

curves can be found in Supplementary Materials, Appendix 2B.  
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Table 3 General linear model results on the relationship between solute storage metrics, weir-status 

(pre-installation tracer tests, tracer tests in presence of weirs) and stream discharge. See Appendix 

2B for metrics derived for each sampling event. 

Metric Estimate se t-value p-value 

Long-term storage : weirs -6.26 2.74 -2.29 0.040 
Long-term storage : Q -0.001 0.06 -0.02 0.985 

Transient storage index : weirs -192.21 174.28 -1.10 0.290 
Transient storage index : Q -8.83 2.00 -4.42 0.001 

Modal velocity : weirs -1.06 0.43 -2.48 0.028 
Modal velocity : Q 0.02 0.00 3.91 0.002 
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Table 4 Areas under curve (AUC) values of water quality parameters (ammonium, dissolved organic 

carbon (DOC), soluble reactive phosphorus (SRP) and suspended solids (SS); mg L -1) from 

upstream and downstream reactive tracer breakthrough curves from biologically-reactive tracer tests 

conducted  pre-intervention and post-weir installation in 2021 and 2022, respectively. AUC reduction 

(column 6) was calculated as the difference between upstream and downstream AUC values. 

Percentage (%) reduction was calculated as 100 * (AUC reduction / Upstream AUC).  Discharge (Q) 

calculated from breakthrough curves of conservative tracer tests conducted 1 hour prior to biologically 

reactive tracer tests is shown in column 8 (L s-1). AUC reduction (mg L -1 and %) are coloured along a 

green �± yellow �± red spectrum to signify degree of nutrient and SS reduction between upstream and 

downstream locations; Green: Strong reduction; Red Strong increase. Downstream breakthrough 

curves are available in Supplementary materials, Appendix 2B. 

Status Date Parameter Upstream 
AUC  (mg L-1 ) 

Downstream 
AUC 

AUC 
reduction (mg 

L-1 ) 

% AUC 
reduction 

Q (L s -1) 
 

 

Pre-
intervention 

02-Sep-21 

Ammonium 

113.832 26.0875 87.74 77.08 4.3  

21-Sep-21 62.322 5.957 56.37 90.44 6.8  

17-Dec-21 0.36 1.117 -0.76 -210.28 82  

02-Sep-21 

DOC 

3892.98 924.075 2968.91 76.26 4.3  

21-Sep-21 2126.7 244.485 1882.22 88.5 6.8  

17-Dec-21 7.56 13.47 -5.91 -78.17 82  

02-Sep-21 

SRP 

51.15 13.191 37.96 74.21 4.3  

21-Sep-21 27.846 2.51 25.34 90.99 6.8  

17-Dec-21 0.288 0.5505 -0.26 -91.15 82  

02-Sep-21 

SS 

260.4 -3912.1 4172.5 1602.34 4.3  

21-Sep-21 428.4 259.3 169.1 39.47 6.8  

17-Dec-21 -201.6 -497.2 295.6 -146.63 82  

Weirs 

27-Apr-22 
Ammonium 

0.63 6.5 -5.87 -931.75 4  

29-Sep-22 -12.201 -29.285 17.08 -140.02 40  

27-Apr-22 
DOC 

17.15 74.75 -57.6 -335.86 4  

29-Sep-22 13.72 6.3 7.42 54.08 40  

27-Apr-22 
SRP 

1.225 -0.915 2.14 174.69 4  

29-Sep-22 2.303 0.6 1.7 73.95 40  

27-Apr-22 
SS 

301 705 -404 -134.22 4  

29-Sep-22 367.5 72.5 295 80.27 40  

 

���������� �/�H�D�N�\���G�D�P�V 

�3�H�D�N���G�L�V�F�K�D�U�J�H���Y�D�O�X�H�V���I�U�R�P���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V���V�K�R�Z���W�K�D�W���S�U�L�R�U���W�R���O�H�D�N�\���G�D�P��

�L�Q�V�W�D�O�O�D�W�L�R�Q�����S�H�D�N���G�L�V�F�K�D�U�J�H�V���W�H�Q�G�H�G���W�R���L�Q�F�U�H�D�V�H���D�O�R�Q�J���W�K�H���V�H�F�W�L�R�Q�����7�D�E�O�H����������
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�)�R�O�O�R�Z�L�Q�J���W�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���O�H�D�N�\���G�D�P�V�����W�K�H���S�H�U�F�H�Q�W�D�J�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q��

�X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���S�H�D�N���G�L�V�F�K�D�U�J�H���Z�D�V���U�H�G�X�F�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\�����7�D�E�O�H�����������3�H�D�N��

�I�O�R�Z���Y�H�O�R�F�L�W�\���D�W�W�H�Q�X�D�W�L�R�Q���G�X�U�L�Q�J���S�H�D�N���G�L�V�F�K�D�U�J�H���Z�D�V���Q�R�W���I�R�X�Q�G���W�R���E�H���D�I�I�H�F�W�H�G���E�\���O�H�D�N�\��

�G�D�P�V�����7�D�E�O�H�����������7�K�H�U�H���Z�D�V���Q�R���D�S�S�D�U�H�Q�W���H�I�I�H�F�W���R�I���O�H�D�N�\���G�D�P�V���R�Q���I�O�R�R�G���S�H�D�N��

�S�H�D�N�L�Q�H�V�V���L�Q���W�K�H���D�Q�D�O�\�V�L�V�����7�D�E�O�H���������� 

�'�X�U�L�Q�J���S�U�H���L�Q�W�H�U�Y�H�Q�W�L�R�Q���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V���S�H�D�N���G�L�V�F�K�D�U�J�H�V���W�H�Q�G�H�G���W�R���L�Q�F�U�H�D�V�H��

�E�H�W�Z�H�H�Q���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���O�R�F�D�W�L�R�Q�V�����L�Q�G�L�F�D�W�L�Q�J���D���F�K�D�Q�J�H���W�R���S�H�D�N��

�K�\�G�U�R�J�U�D�S�K���V�K�D�S�H���D�O�R�Q�J���W�K�H���U�H�D�F�K�����R�U���D�G�G�L�W�L�R�Q���R�I���Z�D�W�H�U���W�R���W�K�H���V�\�V�W�H�P���I�U�R�P��

�H�S�K�H�P�H�U�D�O���G�U�D�L�Q�V���G�X�U�L�Q�J���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V�����7�D�E�O�H�����������$�V���F�D�Q���E�H���V�H�H�Q���L�Q���)�L�J�����������D�V��

�X�S�V�W�U�H�D�P���S�H�D�N���G�L�V�F�K�D�U�J�H���L�Q�F�U�H�D�V�H�G�����G�R�Z�Q�V�W�U�H�D�P���S�H�D�N���G�L�V�F�K�D�U�J�H���Y�D�O�X�H�V���L�Q�F�U�H�D�V�H�G��

���S����� �������������������7�D�E�O�H�����������D�Q�G���W�K�L�V���H�I�I�H�F�W���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���V�W�U�R�Q�J�H�U���I�R�O�O�R�Z�L�Q�J���W�K�H��

�L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���O�H�D�N�\���G�D�P�V�����S����� �������������������7�D�E�O�H�������)�L�J���������������7�D�E�O�H�V���R�I���O�H�D�N�\���G�D�P���I�O�R�R�G��

�S�H�D�N���P�H�W�U�L�F�V���I�R�U���D�O�O���H�Y�H�Q�W�V���F�D�Q���E�H���I�R�X�Q�G���L�Q���$�S�S�H�Q�G�L�[�����%�����7�D�E�O�H���6���%�����D�Q�G���7�D�E�O�H��

�6���%�������'�L�V�F�K�D�U�J�H���K�\�G�U�R�J�U�D�S�K�V���I�R�U���D�O�O���D�Q�D�O�\�]�H�G���S�U�H�����D�Q�G���S�R�V�W���O�H�D�N�\���G�D�P���L�Q�V�W�D�O�O�D�W�L�R�Q��

�K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V���D�U�H���V�K�R�Z�Q���L�Q���$�S�S�H�Q�G�L�[�����%�����)�L�J�����6���%�������6���%���� 
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Table 5 Mean pre-installation (n = 6) and post-leaky dam installation (n = 9) and standard error values 

for flood peak attenuation metrics (column 2, 3) as well as percentage differences (column 4) between 

pre-installation and weir tracer studies. Columns 4-7 show summary statistics from ANOVA tables. F-

values are on 1 and 26 degrees of freedom. See Appendix 2B for metrics derived for each sampling 

event. 

Analysis Pre-
intervention 

Leaky 
dams % Difference Sum 

square 
f-value 

(1,13) 

p-
value 

Peak Q change  
���û����L s-1) -35.6 -1.44 104 4199.8 4.36 0.0569 

Peak Q change 
 (%) -39 -2.92 92.5  4700.2 5.22 0.0397 

Peak velocity attenuation 
 ���û�����P���V-1) 3.64 6.67 -58.78 33.06 0.37 0.5552 

Peakiness (L s-2) 0.00212 0.00521 -84.31 0.00002541 0.41 0.5320 

 

Table 6 Results from analysis on effect of upstream peak discharge on peak discharge attenuation 

during pre- and post-leaky dam installation high-flow events. df = 12; R2 = 0.4018; F(2, 12) = 5.702. See 

Appendix 2B for event data. 

  Estimate SE t-value p - 
value 

Peak Q reduction pre-intervention (�û����L s-1) 0.69 0.2845   
Peak Q reduction : Leaky dams(�û����L s-1) 31.78 14.12 2.25 0.0439 
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Figure 4 Change in peak discharge (Q) between upstream and downstream monitoring points of leaky 

dam section as a function of upstream peak discharge pre-intervention (No leaky dams; red line) and 

post-intervention (Leaky dams; blue). Positive y values (Peak Q change) indicate that peak discharge 

is reduced between upstream and downstream locations; negative values indicate higher peak 

discharge at downstream location. 

������ �'�L�V�F�X�V�V�L�R�Q 

���������� �(�I�I�H�F�W�V���R�I���Z�H�L�U�V���R�Q���J�H�R�P�R�U�S�K�R�O�R�J�\���D�Q�G���K�\�G�U�D�X�O�L�F���U�H�W�H�Q�W�L�R�Q 

�7�K�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���O�R�Q�J���W�H�U�P���V�W�R�U�D�J�H���D�Q�G���7�6�,���Y�D�O�X�H�V���I�R�O�O�R�Z�L�Q�J���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q����

�D�V���Z�H�O�O���D�V���O�R�Z�H�U���Y�D�U�L�D�E�L�O�L�W�\���R�I���W�K�R�V�H���P�H�W�U�L�F�V���D�P�R�Q�J���H�Y�H�Q�W�V�����O�R�Z�H�U���S�R�V�W���Z�H�L�U��

�L�Q�V�W�D�O�O�D�W�L�R�Q���V�W�D�Q�G�D�U�G���H�U�U�R�U���Y�D�O�X�H�V�������L�Q�G�L�F�D�W�H���W�K�D�W���F�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U���V�R�O�X�W�L�R�Q�V��

�W�U�D�Y�H�O�O�H�G���D�O�R�Q�J���W�K�H���V�W�X�G�\���V�H�F�W�L�R�Q���L�Q���D���V�K�R�U�W�H�U���D�Q�G���P�R�U�H���F�R�Q�I�L�Q�H�G���S�X�O�V�H���L�Q���W�K�H��

�S�U�H�V�H�Q�F�H���R�I���Z�H�L�U�V�����D�Q�G���W�K�H�U�H�I�R�U�H���V�S�H�Q�W���O�H�V�V���W�L�P�H���L�Q�W�H�U�D�F�W�L�Q�J���Z�L�W�K���W�K�H���V�W�U�H�D�P�E�H�G��

�V�X�U�I�D�F�H���R�U���K�\�S�R�U�K�H�L�F���]�R�Q�H���W�K�D�Q���Z�D�V���W�K�H���F�D�V�H���S�U�L�R�U���W�R���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q�����0�D�V�R�Q���H�W���D�O������

���������������3�U�L�R�U���W�R���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q�����Z�D�W�H�U���G�H�S�W�K���D�Q�G���Y�H�O�R�F�L�W�\���Z�H�U�H���R�E�V�H�U�Y�H�G���W�R���E�H��
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�U�H�O�D�W�L�Y�H�O�\���X�Q�L�I�R�U�P���D�F�U�R�V�V���W�K�H���F�K�D�Q�Q�H�O���D�Q�G���D�O�R�Q�J���W�K�H���O�H�Q�J�W�K���R�I���W�K�H���U�H�D�F�K�����'�X�U�L�Q�J���O�R�Z��

�G�L�V�F�K�D�U�J�H�V�����W�K�H���S�D�W�W�H�U�Q���R�I���I�O�R�Z���Z�D�V���F�R�Q�V�L�V�W�H�Q�W�O�\���W�X�U�E�X�O�H�Q�W���R�Y�H�U���W�K�H���V�K�D�O�O�R�Z�����V�W�R�Q�\��

�V�X�U�I�D�F�H���R�I���W�K�H���V�W�U�H�D�P�E�H�G�����)�R�O�O�R�Z�L�Q�J���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q���K�R�Z�H�Y�H�U�����W�K�H���U�H�D�F�K���Z�D�V��

�F�K�D�U�D�F�W�H�U�L�V�H�G���E�\���G�H�H�S�H�U�����V�O�R�Z�H�U���Y�H�O�R�F�L�W�\���E�D�F�N�Z�D�W�H�U���]�R�Q�H�V���H�[�W�H�Q�G�L�Q�J���D�S�S�U�R�[�������P��

�X�S�V�W�U�H�D�P���R�I���H�D�F�K���Z�H�L�U�����D�Q�G���I�D�V�W�H�U���Y�H�O�R�F�L�W�\���]�R�Q�H�V���H�[�W�H�Q�G�L�Q�J���D�S�S�U�R�[�������P���G�R�Z�Q�V�W�U�H�D�P��

�R�I���H�D�F�K���Z�H�L�U�����)�L�J�����E�������,�Q���H�I�I�H�F�W�����W�K�H���E�R�X�O�G�H�U���Z�H�L�U�V���D�S�S�H�D�U�H�G���W�R���U�H�G�X�F�H���W�K�H���H�[�W�H�Q�W���R�I��

�V�K�D�O�O�R�Z���W�X�U�E�X�O�H�Q�W���I�O�R�Z���R�Y�H�U���W�K�H���O�H�Q�J�W�K���R�I���V�W�U�H�D�P���V�H�F�W�L�R�Q���L�Q���Z�K�L�F�K���W�K�H�\���Z�H�U�H���L�Q�V�W�D�O�O�H�G����

�,�Q���D���V�W�X�G�\���L�Q�Y�H�V�W�L�J�D�W�L�Q�J���W�K�H���F�K�D�Q�J�H�V���W�R���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���U�H�V�X�O�W�L�Q�J���I�U�R�P���W�K�H���U�H��

�D�O�L�J�Q�P�H�Q�W���R�I���D���V�W�U�H�D�P���F�K�D�Q�Q�H�O���W�R���L�W�V���K�L�V�W�R�U�L�F���U�R�X�W�H�����0�D�V�R�Q���H�W���D�O�������������������I�R�X�Q�G���W�K�D�W��

�W�U�D�F�H�U���W�H�V�W�V���F�R�Q�G�X�F�W�H�G���L�Q���U�H�V�W�R�U�H�G���F�K�D�Q�Q�H�O�V���K�D�G���O�R�Z�H�U���W�D�L�O�L�Q�J���H�I�I�H�F�W�V���U�H�O�D�W�L�Y�H���W�R���S�U�H��

�U�H�V�W�R�U�D�W�L�R�Q���W�H�V�W�V�����L�Q�G�L�F�D�W�L�Q�J���D���U�H�G�X�F�W�L�R�Q���L�Q���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���L�Q���U�H�V�W�R�U�H�G���F�K�D�Q�Q�H�O�V����

�7�K�H�\���D�W�W�U�L�E�X�W�H�G���V�W�U�R�Q�J�H�U���S�U�H���L�Q�W�H�U�Y�H�Q�W�L�R�Q���W�D�L�O�L�Q�J���E�H�K�D�Y�L�R�X�U�����D�Q�G���W�K�H�U�H�I�R�U�H���J�U�H�D�W�H�U��

�W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H�����W�R���W�K�H���J�U�H�D�W�H�U���S�U�H�V�H�Q�F�H���R�I���F�K�D�Q�Q�H�O���U�R�X�J�K�Q�H�V�V���H�O�H�P�H�Q�W�V�����U�H�O�D�W�L�Y�H���W�R��

�G�H�S�W�K�����L�Q���W�K�H���V�K�D�O�O�R�Z���S�U�H���U�H�V�W�R�U�D�W�L�R�Q���F�K�D�Q�Q�H�O�V���� 

�6�W�U�H�D�P���G�L�V�F�K�D�U�J�H���K�D�G���D���S�U�R�Q�R�X�Q�F�H�G���H�I�I�H�F�W���R�Q���V�R�O�X�W�H���V�W�R�U�D�J�H���P�H�W�U�L�F�V�����)�L�J�������������,�W���L�V��

�F�O�H�D�U���I�U�R�P���W�K�H���O�R�Q�J���W�H�U�P���V�W�R�U�D�J�H���D�Q�G���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���L�Q�G�H�[���P�H�W�U�L�F�V�����)�L�J���������D�����E�����W�K�D�W��

�D�V���G�L�V�F�K�D�U�J�H���L�Q�F�U�H�D�V�H�G�����W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���U�H�G�X�F�H�G�����6�F�K�P�D�G�H�O���H�W���D�O���������������������R�E�V�H�U�Y�H�G��

�W�K�D�W���V�W�U�H�D�P���G�L�V�F�K�D�U�J�H���K�D�G���D���V�W�U�R�Q�J�H�U���L�Q�I�O�X�H�Q�F�H���R�Y�H�U���W�K�H���V�K�D�S�H���R�I���W�U�D�F�H�U��

�E�U�H�D�N�W�K�U�R�X�J�K���F�X�U�Y�H�V���W�K�D�Q���J�H�R�P�R�U�S�K�L�F���S�U�R�S�H�U�W�L�H�V���R�I���V�W�X�G�\���U�H�D�F�K�H�V�����W�R���W�K�H���H�[�W�H�Q�W���W�K�D�W��

�Y�D�U�L�D�Q�F�H���L�Q���G�L�V�F�K�D�U�J�H���P�D�\���P�D�V�N���W�K�H���H�I�I�H�F�W�V���R�I���J�H�R�P�R�U�S�K�L�F���V�W�U�X�F�W�X�U�H�V���R�Q���W�U�D�Q�V�L�H�Q�W��

�V�W�R�U�D�J�H�����,�W���L�V���Q�R�W�H�Z�R�U�W�K�\���I�U�R�P���)�L�J�������D���W�K�D�W���D�W���O�R�Z���G�L�V�F�K�D�U�J�H�V���W�K�H�U�H���Z�D�V���U�H�W�H�Q�W�L�R�Q���R�I��

�F�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U�����S�R�V�L�W�L�Y�H���O�R�Q�J���W�H�U�P���V�W�R�U�D�J�H���Y�D�O�X�H�V�����G�X�U�L�Q�J���S�U�H���L�Q�W�H�U�Y�H�Q�W�L�R�Q���W�U�D�F�H�U��

�W�H�V�W�V�����Z�K�L�O�H���W�K�H�U�H���Z�D�V���D�Q���L�Q�F�U�H�D�V�H���L�Q���V�R�O�X�W�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����Q�H�J�D�W�L�Y�H���O�R�Q�J���W�H�U�P��
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Figure 5 Boulder weir 3 months after construction with sediment deposition evident in the upstream 

back water zone. The streambed downstream of the boulder weir is relatively clear of sediment due to 

high flow derived from the hydraulic gradient from upstream to downstream of the boulder weir. Blue 

arrow indicates direction of stream flow. Scale of 1m is shown at bottom left.  
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Figure 6 Hydrographs of high flow events pre-intervention (a-b) and in the presence of leaky dams (c-

d). Discharge Q (y �± axis) is given in litres per second (L s-1) and time and date are shown on the x-

axis of each hydrograph. The red dotted line indicates the discharge threshold (approx. 75 L s-1) at 

which stream flow begins to be intercepted by leaky dams.  
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Figure 7 Photographs of leaky dams with red arrows indicating locations of streambed scour induced 

beneath leaky dams. Blue arrows indicate direction of stream flow. Partial blockage by woody debris 

of the most upstream leaky dam (Fig. 7a) causes downwelling and high flow velocities through the 

freeboard beneath the leaky dam. High flow conditions in Fig. 7b cause eddying of water on the 

upstream side of the leaky dam and consequent localised erosive forces on the streambed. 1m scale 

is shown at top right of Fig. 7b.  
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Figure 8 View from downstream of leaky dam displaced approx. 2m downstream during storm event 

in October 2023 
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�R�I���W�K�H���K�\�G�U�R���P�R�U�S�K�R�O�R�J�L�F�D�O���D�Q�G���E�L�R�O�R�J�L�F�D�O���P�D�N�H���X�S���R�I���W�K�H���V�W�U�H�D�P���D�Q�G���L�W�V���H�Q�Y�L�U�R�Q�V����

�6�W�U�H�D�P���F�K�D�Q�Q�H�O�V���L�Q���D�J�U�L�F�X�O�W�X�U�D�O���F�D�W�F�K�P�H�Q�W�V���K�D�Y�H���O�R�Z�H�U���J�H�R�P�R�U�S�K�R�O�R�J�L�F�D�O���G�L�Y�H�U�V�L�W�\��

�D�Q�G���K�L�J�K�H�U���O�R�D�G�L�Q�J�V���R�I���V�H�G�L�P�H�Q�W�����D�Q�G���S�D�U�W�L�F�X�O�D�W�H���D�Q�G���G�L�V�V�R�O�Y�H�G���Q�X�W�U�L�H�Q�W�V���W�K�D�Q���W�K�R�V�H��

�L�Q���O�H�V�V���K�X�P�D�Q���G�R�P�L�Q�D�W�H�G���O�D�Q�G�V�F�D�S�H�V�����,�W���P�D�\���E�H���Q�H�F�H�V�V�D�U�\���W�R���P�D�N�H���Q�X�P�H�U�R�X�V��

�D�P�H�Q�G�P�H�Q�W�V���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���V�R���W�K�D�W���W�K�H���F�R�Q�G�L�W�L�R�Q�V���U�H�T�X�L�U�H�G���I�R�U���Q�X�W�U�L�H�Q�W���X�S�W�D�N�H���F�D�Q��

�E�H���H�V�W�D�E�O�L�V�K�H�G�����$�G�G�L�W�L�R�Q�D�O�O�\�����L�W���L�V���O�L�N�H�O�\���W�K�D�W���Z�H�L�U�V���P�D�\���U�H�G�X�F�H���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���D�Q�G��

�Q�X�W�U�L�H�Q�W���X�S�W�D�N�H���S�R�W�H�Q�W�L�D�O���R�I���D�J�U�L�F�X�O�W�X�U�D�O���F�K�D�Q�Q�H�O�V���W�K�U�R�X�J�K���D�O�W�H�U�L�Q�J���V�H�G�L�P�H�Q�W���V�F�R�X�U���D�Q�G��

�G�H�S�R�V�L�W�L�R�Q���S�U�R�F�H�V�V�H�V�����7�K�H���F�D�V�H���L�V���V�L�P�L�O�D�U���I�R�U���O�H�D�N�\���G�D�P�V�����L�Q�F�U�H�D�V�H�V���L�Q���V�H�G�L�P�H�Q�W�D�W�L�R�Q��

�D�Q�G���V�F�R�X�U���G�X�H���W�R���O�R�F�D�O�L�V�H�G���F�K�D�Q�J�H�V���L�Q���I�O�R�Z���Y�H�O�R�F�L�W�L�H�V���D�U�R�X�Q�G���O�H�D�N�\���G�D�P�V���P�D�\���R�I�I�V�H�W��

�D�Q�\���E�H�Q�H�I�L�W�V���W�K�H�\���K�D�Y�H���R�Q���S�H�D�N���I�O�R�Z���D�W�W�H�Q�X�D�W�L�R�Q�����7�K�H���O�H�V�V���O�H�D�N�\���W�K�H���O�H�D�N�\���G�D�P�����W�K�H��

�P�R�U�H���H�I�I�H�F�W�L�Y�H���L�W���F�D�Q���E�H���D�W���D�W�W�H�Q�X�D�W�L�Q�J���I�O�R�R�G���S�H�D�N�V�����E�X�W���G�H�F�U�H�D�V�H�G���O�H�D�N�L�Q�H�V�V���Z�L�O�O��

�F�R�Q�I�L�Q�H���I�O�R�Z�V���D�Q�G���L�Q�F�U�H�D�V�H���W�K�H�L�U���H�U�R�V�L�Y�H���S�R�Z�H�U�����0�X�K�D�Z�H�Q�L�P�D�Q�D���H�W���D�O���������������������D�Q�G���L�Q��

�W�X�U�Q���L�Q�F�U�H�D�V�H���W�K�H���U�L�V�N���R�I���O�H�D�N�\���G�D�P���I�D�L�O�X�U�H�����+�D�Q�N�L�Q���H�W���D�O���������������������7�K�H���R�E�V�H�U�Y�D�W�L�R�Q���W�K�D�W��

�E�R�W�K���W�K�H���E�R�X�O�G�H�U���Z�H�L�U�V���D�Q�G���O�H�D�N�\���G�D�P�V���L�Q���W�K�H���F�X�U�U�H�Q�W���V�W�X�G�\���K�H�O�S�H�G���W�R���D�W�W�H�Q�X�D�W�H���K�L�J�K��

�I�O�R�Z�V���L�V���D���S�U�R�P�L�V�L�Q�J���U�H�V�X�O�W�����E�X�W���O�R�F�D�W�L�Q�J���L�Q���V�W�U�H�D�P���I�O�R�R�G���D�W�W�H�Q�X�D�W�L�R�Q���V�W�U�X�F�W�X�U�H���L�Q��

�L�Q�F�L�V�H�G���F�K�D�Q�Q�H�O�V���Z�K�H�U�H���K�L�J�K���I�O�R�Z���F�D�Q�Q�R�W���I�O�R�Z���R�Y�H�U���E�D�Q�N�V�����Z�L�O�O���L�Q�Y�D�U�L�D�E�O�\���F�D�X�V�H��

�O�R�F�D�O�L�V�H�G���H�U�R�V�L�R�Q���R�I���F�K�D�Q�Q�H�O���E�D�Q�N�V���D�Q�G���V�W�U�H�D�P�E�H�G�V�����6�X�F�K���J�H�R�P�R�U�S�K�R�O�R�J�L�F�D�O���H�I�I�H�F�W�V��

�R�I���L�Q���V�W�U�H�D�P���V�W�U�X�F�W�X�U�H�V���D�U�H���O�L�N�H�O�\���W�R���L�Q�F�U�H�D�V�H���D�V���I�H�D�W�X�U�H�V���D�J�H���D�Q�G���J�U�D�G�X�D�O�O�\��

�D�F�F�X�P�X�O�D�W�H���O�L�E�H�U�D�W�H���P�R�U�H���V�H�G�L�P�H�Q�W�����$�G�G�\���D�Q�G���:�L�O�N�L�Q�V�R�Q�����������������:�R�K�O���D�Q�G���%�H�F�N�P�D�Q����

���������������:�K�H�W�K�H�U���W�K�H�V�H���F�K�D�Q�J�H�V���Z�R�X�O�G���P�D�N�H���W�K�H���I�H�D�W�X�U�H�V���P�R�U�H���H�I�I�H�F�W�L�Y�H���D�W���Z�D�W�H�U��
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�T�X�D�O�L�W�\���R�U���I�O�R�R�G���P�D�Q�D�J�H�P�H�Q�W���L�V���X�Q�F�O�H�D�U�����E�X�W���L�W���L�V���O�L�N�H�O�\���W�K�D�W���W�K�H���D�F�F�X�P�X�O�D�W�L�R�Q���R�I���Z�R�R�G�\��

�G�H�E�U�L�V���D�Q�G���H�U�R�V�L�R�Q���R�I���V�W�U�H�D�P�E�H�G���D�Q�G���E�D�Q�N�V���G�X�U�L�Q�J���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V���Z�L�O�O���S�X�W��

�G�R�Z�Q�V�W�U�H�D�P���V�W�U�X�F�W�X�U�H�V���D�W���U�L�V�N���Z�K�H�Q���O�H�D�N�\���G�D�P�V���I�D�L�O�����3�R�V�L�W�L�R�Q�L�Q�J���V�X�F�K���K�\�G�U�D�X�O�L�F��

�U�H�W�H�Q�W�L�R�Q���V�W�U�X�F�W�X�U�H�V���L�Q���S�D�U�W�V���R�I���F�D�W�F�K�P�H�Q�W�V���Z�K�H�U�H���K�L�J�K���I�O�R�Z�V���P�D�\���E�H���G�L�U�H�F�W�H�G���W�R��

�R�I�I�O�L�Q�H���V�W�R�U�D�J�H���D�U�H�D�V���P�D�\���E�U�L�Q�J���D�E�R�X�W���D�S�S�U�H�F�L�D�E�O�H���I�O�R�R�G���P�L�W�L�J�D�W�L�R�Q�����H�V�S�H�F�L�D�O�O�\���L�I��

�F�R�P�E�L�Q�H�G���Z�L�W�K���R�I�I�O�L�Q�H���I�O�R�R�G���G�H�W�H�Q�W�L�R�Q���V�W�U�X�F�W�X�U�H�V���R�U���D�I�I�R�U�H�V�W�D�W�L�R�Q�����%�D�U�Q�H�V���H�W���D�O������������������

�5�R�E�H�U�W�V���H�W���D�O������������������ 

������ �&�R�Q�F�O�X�V�L�R�Q�V 

�7�K�L�V���V�W�X�G�\���L�G�H�Q�W�L�I�L�H�G���V�R�P�H���L�Q�W�U�L�J�X�L�Q�J���H�I�I�H�F�W�V���R�I���L�Q���V�W�U�H�D�P���I�H�D�W�X�U�H�V���R�Q���K�\�G�U�D�X�O�L�F��

�V�W�R�U�D�J�H���L�Q���D���P�R�G�L�I�L�H�G���F�K�D�Q�Q�H�O�����/�R�Z���K�H�D�G���E�R�X�O�G�H�U���Z�H�L�U�V���P�D�\���H�Q�K�D�Q�F�H���W�U�D�Q�V�L�H�Q�W��

�V�W�R�U�D�J�H���D�Q�G���Q�X�W�U�L�H�Q�W���X�S�W�D�N�H���Y�H�O�R�F�L�W�L�H�V���L�Q���F�H�U�W�D�L�Q���V�L�W�X�D�W�L�R�Q�V���E�X�W���L�W���L�V���F�O�H�D�U���I�U�R�P���W�K�L�V��

�V�W�X�G�\���W�K�D�W���V�W�U�H�D�P�E�H�G���V�X�E�V�W�U�D�W�H���D�Q�G���G�L�V�F�K�D�U�J�H���H�[�H�U�W���V�W�U�R�Q�J�H�U���H�I�I�H�F�W�V���W�K�D�Q���O�R�F�D�O�L�V�H�G��

�F�K�D�Q�J�H�V���W�R���K�\�G�U�D�X�O�L�F���J�U�D�G�L�H�Q�W�V���R�Y�H�U���W�K�H���V�W�U�H�D�P�E�H�G�����0�R�U�H�R�Y�H�U�����L�Q���P�R�G�L�I�L�H�G���F�K�D�Q�Q�H�O�V��

�L�Q���D�J�U�L�F�X�O�W�X�U�D�O���F�D�W�F�K�P�H�Q�W�V�����W�K�H���S�U�H�V�H�Q�F�H���R�I���K�L�J�K���E�D�F�N�J�U�R�X�Q�G���Q�X�W�U�L�H�Q�W���D�Q�G���V�H�G�L�P�H�Q�W��

�O�R�D�G�L�Q�J�V���P�D�\���I�X�U�W�K�H�U���O�L�P�L�W���K�\�G�U�D�X�O�L�F���V�W�R�U�D�J�H���D�Q�G���K�\�S�R�U�K�H�L�F���H�[�F�K�D�Q�J�H�����%�R�W�K���E�R�X�O�G�H�U��

�Z�H�L�U�V���D�Q�G���O�H�D�N�\���G�D�P�V���P�D�\���K�H�O�S���W�R���U�H�G�X�F�H���W�K�H���I�O�X�[���R�I���Z�D�W�H�U���D�W���K�L�J�K�H�U���G�L�V�F�K�D�U�J�H�V���D�Q�G��

�L�Q�F�U�H�D�V�H�V���W�R���K�\�G�U�D�X�O�L�F���U�R�X�J�K�Q�H�V�V�����W�K�U�R�X�J�K���W�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���F�K�D�Q�Q�H�O���V�S�D�Q�Q�L�Q�J��

�I�H�D�W�X�U�H�V���R�Q���D���F�D�W�F�K�P�H�Q�W���V�F�D�O�H�����P�D�\���E�U�L�Q�J���D�E�R�X�W���D�S�S�U�H�F�L�D�E�O�H���I�O�R�R�G���S�U�R�W�H�F�W�L�R�Q���I�R�U��

�G�R�Z�Q�V�W�U�H�D�P���V�H�W�W�O�H�P�H�Q�W�V�����*�L�Y�H�Q���W�K�H���L�Q�H�Y�L�W�D�E�O�H���V�F�R�X�U���D�Q�G���P�R�Y�H�P�H�Q�W���R�I���Z�R�R�G�\���G�H�E�U�L�V��

�D�Q�G���V�H�G�L�P�H�Q�W���W�K�D�W���U�H�V�X�O�W�V���I�U�R�P���L�Q���L�Q�V�W�D�O�O�D�W�L�R�Q���F�K�D�Q�Q�H�O���V�S�D�Q�Q�L�Q�J���I�H�D�W�X�U�H�V�����K�R�Z�H�Y�H�U����

�V�X�F�K���D�P�H�Q�G�P�H�Q�W�V���P�D�\���Q�R�W���E�H���F�R�P�S�D�W�L�E�O�H���Z�L�W�K���D�J�U�L�F�X�O�W�X�U�D�O���S�U�D�F�W�L�F�H�V���F�R�P�P�R�Q���W�R��

�P�X�F�K���R�I���W�K�H���X�S�S�H�U���F�D�W�F�K�P�H�Q�W�V���R�I���,�U�H�O�D�Q�G���D�Q�G���W�K�H���8�.���� 
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������ �$�S�S�H�Q�G�L�[�����$���±���6�X�S�S�O�H�P�H�Q�W�D�U�\���P�H�W�K�R�G�V 

�7�D�E�O�H���6���$�����'�D�W�D���I�U�R�P���I�O�R�Z���G�L�V�F�K�D�U�J�H���J�D�X�J�L�Q�J���V�H�V�V�L�R�Q�V���D�W���W�K�H���Z�D�W�H�U���O�H�Y�H�O���O�R�F�D�W�L�R�Q�V���X�S�V�W�U�H�D�P���R�I���W�K�H���O�H�D�N�\���G�D�P�V��
���/�'�V�����D�Q�G���G�R�Z�Q�V�W�U�H�D�P���R�I���W�K�H���/�'�V���E�H�W�Z�H�H�Q�������������D�Q�G���������������'�L�V�F�K�D�U�J�H���Z�D�V���G�H�U�L�Y�H�G���I�U�R�P���W�K�H���V�X�P���R�I���V�W�U�H�D�P��
�Y�H�O�R�F�L�W�L�H�V���S�H�U���X�Q�L�W���Z�H�W�W�H�G���D�U�H�D���D�W���������±�������F�P���L�Q�W�H�U�Y�D�O�V�����7�R�W�D�O���Z�H�W�W�H�G���D�U�H�D���D�Q�G���P�H�D�Q���Y�H�O�R�F�L�W�L�H�V���I�R�U���H�D�F�K���V�D�P�S�O�L�Q�J��
�H�Y�H�Q�W���D�U�H���V�K�R�Z�Q���L�Q���F�R�O�X�P�Q�V�������D�Q�G���������:�H�W�W�H�G���D�U�H�D���D�Q�G���V�W�U�H�D�P���Y�H�O�R�F�L�W�\���Y�D�O�X�H�V���R�Q���F�H�U�W�D�L�Q���G�D�W�H�V���Z�H�U�H���X�Q�D�Y�D�L�O�D�E�O�H��
�D�W���D�O�O���O�R�F�D�W�L�R�Q�V���V�R���G�L�V�F�K�D�U�J�H�V���Z�H�U�H���E�D�V�H�G���R�Q���Q�H�D�U�E�\���Z�D�W�H�U���O�H�Y�H�O���U�H�F�R�U�G�H�U���O�R�F�D�W�L�R�Q�V���� 

Location Date Stream 
width (m) Depth (m) Discharge 

Q (L s-1) 
Wetted 

area (m-2) 

Mean 
velocity 
 (m s-1) 

Upstream of 
LDs 

26-Nov-20 2 0.13 36.00 0.19 0.37 

16-Dec-20 2.2 0.16 78.64 0.27 0.56 

10-May-21 1.1 0.12 5.55 0.10 0.13 

21-May-21 1.6 0.17 24.02 0.19 0.20 

08-Jul-21 0.9 0.10 3.44 0.07 0.10 

02-Nov-21 2 0.24 54.07 0.31 0.28 

07-Jan-22 1.8 0.23 56.34 0.24 0.40 

08-Sep-22 1.1 0.16 18.85 0.13 0.26 

01-Nov-22 2.2 0.29 128.85 0.42 0.56 

28-Dec-23 NA 0.23 80.00 NA NA 

Downstream 
of LDs 

26-Nov-20 2 0.07 37.09 0.18 0.41 

16-Dec-20 2 0.14 71.70 0.25 0.58 

10-May-21 1.8 0.05 9.71 0.07 0.27 

21-May-21 2.2 0.11 28.31 0.15 0.39 

08-Jul-21 1.6 0.05 4.45 0.05 0.15 

02-Nov-21 2.2 0.14 64.21 0.24 0.54 

08-Sep-22 2.2 0.07 21.04 0.12 0.36 

01-Nov-22 NA 0.18 135.58 NA NA 

28-Dec-23 NA 0.14 80.00 NA NA 
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�)�L�J�X�U�H���6���$�����)�O�R�Z���U�D�W�L�Q�J���F�X�U�Y�H���I�R�U���W�K�H���Z�D�W�H�U���O�H�Y�H�O���U�H�F�R�U�G�H�U���O�R�F�D�W�L�R�Q���X�S�V�W�U�H�D�P���R�I���W�K�H���O�H�D�N�\���G�D�P�V�����G�H�U�L�Y�H�G���I�U�R�P��
�V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�����4�����/���V�����������\���D�[�L�V�����D�Q�G���V�W�U�H�D�P���G�H�S�W�K�����P�����[���D�[�L�V�����G�X�U�L�Q�J���W�H�Q���L�Q�V�W�D�Q�F�H�V���E�H�W�Z�H�H�Q�������������D�Q�G������������
���7�D�E�O�H���6���������/�L�Q�H���R�I���E�H�V�W���I�L�W���H�T�X�D�W�L�R�Q���D�Q�G���D�V�V�R�F�L�D�W�H�G���5�����Y�D�O�X�H���D�U�H���V�K�R�Z�Q���Z�L�W�K�L�Q���W�K�H���I�L�J�X�U�H�����G�H�U�L�Y�H�G���L�Q���H�[�F�H�O������ 

 

 

�)�L�J�X�U�H���6���$�����)�O�R�Z���U�D�W�L�Q�J���F�X�U�Y�H���I�R�U���W�K�H���Z�D�W�H�U���O�H�Y�H�O���U�H�F�R�U�G�H�U���O�R�F�D�W�L�R�Q���G�R�Z�Q�V�W�U�H�D�P���R�I���W�K�H���O�H�D�N�\���G�D�P�V�����G�H�U�L�Y�H�G���I�U�R�P��
�V�W�U�H�D�P���G�L�V�F�K�D�U�J�H�����4�����/���V�����������\���D�[�L�V�����D�Q�G���V�W�U�H�D�P���G�H�S�W�K�����P�����[���D�[�L�V�����G�X�U�L�Q�J���W�H�Q���L�Q�V�W�D�Q�F�H�V���E�H�W�Z�H�H�Q�������������D�Q�G������������
���7�D�E�O�H���6���������/�L�Q�H���R�I���E�H�V�W���I�L�W���H�T�X�D�W�L�R�Q���D�Q�G���D�V�V�R�F�L�D�W�H�G���5�����Y�D�O�X�H���D�U�H���V�K�R�Z�Q���Z�L�W�K�L�Q���W�K�H���I�L�J�X�U�H�����G�H�U�L�Y�H�G���L�Q���H�[�F�H�O������ 
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������ �$�S�S�H�Q�G�L�[�����%�������6�X�S�S�O�H�P�H�Q�W�D�U�\���U�H�V�X�O�W�V 

�7�D�E�O�H���6���%�����$�U�H�D���X�Q�G�H�U���F�X�U�Y�H���Y�D�O�X�H�V���G�H�U�L�Y�H�G���I�R�U���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���E�U�H�D�N�W�K�U�R�X�J�K���F�X�U�Y�H�V���L�Q���F�R�Q�V�H�U�Y�D�W�L�Y�H��
�W�U�D�F�H�U���W�H�V�W�V�����$�8�&���Y�D�O�X�H�V���D�U�H���G�H�U�L�Y�H�G���I�U�R�P���W�K�H���L�Q�F�U�H�D�V�H���L�Q���V�W�U�H�D�P���F�R�Q�G�X�F�W�L�Y�L�W�\���I�R�O�O�R�Z�L�Q�J���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���������J���R�I��
�1�D�&�O�����&�R�Q�G�X�F�W�L�Y�L�W�\���L�Q�F�U�H�D�V�H���D�E�R�Y�H���W�K�H���E�D�V�H�O�L�Q�H���I�R�U���H�D�F�K�������V�H�F�R�Q�G���W�L�P�H���L�Q�W�H�U�Y�D�O���Z�D�V���P�X�O�W�L�S�O�L�H�G���E�\�����������������W�R���J�L�Y�H��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���1�D�&�O�����&�X�U�Y�H���Z�D�V���L�Q�W�H�J�U�D�W�H�G���W�R���J�L�Y�H���D�U�H�D���X�Q�G�H�U���F�X�U�Y�H���R�I���1�D�&�O�����7�U�D�F�H�U���O�R�V�V�����J���1�D�&�O���D�Q�G�������$�8�&��
�F�K�D�Q�J�H�����L�V���U�H�I�H�U�U�H�G���W�R���D�V���O�R�Q�J���W�H�U�P���V�W�R�U�D�J�H���L���H�����O�R�V�V���R�I���F�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U���W�R���W�K�H���V�W�U�H�D�P�E�H�G���V�\�V�W�H�P���E�H�\�R�Q�G���W�K�H��
�G�H�W�H�F�W�D�E�O�H���O�L�P�L�W�V���R�I���W�K�H���G�R�Z�Q�V�W�U�H�D�P���E�U�H�D�N�W�K�U�R�X�J�K���F�X�U�Y�H���� 

Status Date Upstream 
AUC (g NaCl) 

Downstream 
AUC (g NaCl) 

Tracer 
loss (g 
NaCl) 

% AUC 
change 

Pre-intervention 

19/08/2021 80.77 69.97 10.79 13.36 
27/08/2021 68.59 61.64 6.94 10.12 
08/10/2021 4.55 2.76 1.79 39.27 
28/10/2021 3.34 1.51 1.83 54.84 
15/11/2021 5.51 3.02 2.50 45.28 
19/11/2021 5.15 4.37 0.78 15.11 
15/12/2021 4.34 2.11 2.23 51.33 

Weirs 

19/01/2022 4.23 2.87 1.36 32.05 
15/03/2022 2.09 1.43 0.65 31.30 
30/03/2022 8.50 6.80 1.70 19.99 
04/04/2022 9.03 7.70 1.34 14.81 
25/04/2022 11.22 7.87 3.35 29.87 
13/05/2022 11.88 17.33 -5.44 -45.77 
26/05/2022 24.01 32.05 -8.04 -33.50 
08/06/2022 23.44 36.48 -13.03 -55.60 
29/09/2022 8.52 8.17 0.35 4.10 

 

Figure S2B1 Breakthrough curves at the downstream  location  from conservative tracer tests. 
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�7�D�E�O�H���6���%�����7�L�P�H���R�I���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���%�7�&���S�H�D�N�V���D�Q�G���W�K�H���H�Q�G���R�I���W�K�H���G�R�Z�Q�V�W�U�H�D�P���%�7�&���F�X�U�Y�H�����W�����'���6�����X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���W�K�H���P�R�G�D�O���Y�H�O�R�F�L�W�\���D�Q�G���W�U�D�Q�V�L�H�Q�W���V�W�R�U�D�J�H���L�Q�G�H�[��
�R�I���%�7�&�V���L�Q���F�R�Q�V�H�U�Y�D�W�L�Y�H���W�U�D�F�H�U���W�H�V�W�V�����'�D�W�D���D�U�H���J�L�Y�H�Q���I�R�U���W�H�V�W�V���S�U�L�R�U���W�R���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q�����3�U�H���L�Q�V�W�D�O�O�D�W�L�R�Q�����D�Q�G���S�R�V�W���Z�H�L�U���L�Q�V�W�D�O�O�D�W�L�R�Q�����Z�H�L�U�V�� 

Date Status Peak us time Peak ds time t99D/S 

Time 
between 
peaks (s) 

Discharge (L 
s-1) 

Modal 
Velocity (m 

s-1) 
TSI (s) 

19/08/2021 

Pre-installation 

11:51:28 11:56:24 12:27:02 296 2.99 4.55 1838 
27/08/2021 11:31:36 11:35:46 11:57:06 250 3.24 3.85 1280 
08/10/2021 12:33:44 12:34:18 12:38:10 34 72.44 0.52 232 
28/10/2021 15:29:38 15:29:56 15:32:00 18 132.65 0.28 124 
15/11/2021 16:18:02 16:18:16 16:21:26 14 66.29 0.22 190 
19/11/2021 13:28:06 13:28:56 13:33:58 50 45.75 0.77 302 
15/12/2021 12:59:22 12:59:42 13:02:02 20 94.78 0.31 140 
19/01/2022 

Weirs 

11:47:12 11:48:12 11:52:14 60 69.60 0.92 242 

15/03/2022 13:14:32 13:15:10 13:17:46 38 139.41 0.58 156 

30/03/2022 16:36:28 16:38:10 16:44:44 102 29.40 1.57 394 

04/04/2022 13:40:16 13:41:56 13:49:12 100 25.99 1.54 436 

25/04/2022 12:46:40 12:48:38 12:58:10 118 25.42 1.82 572 

13/05/2022 11:13:28 11:16:16 11:27:20 168 11.54 2.58 664 

26/05/2022 13:19:46 13:22:46 13:39:08 180 6.24 2.77 982 

08/06/2022 14:30:16 14:33:46 14:51:44 210 5.48 3.23 1078 

29/09/2022 11:38:34 11:41:16 11:54:28 162 24.49 2.49 792 
 

 



180 

 

�7�D�E�O�H���6���%�����%�D�F�N�J�U�R�X�Q�G���H�O�H�F�W�U�L�F�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\���F�R�U�U�H�F�W�H�G���X�S�W�D�N�H���R�I���Z�D�W�H�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U�V���R�Y�H�U�������P���V�W�X�G�\��
�U�H�D�F�K���S�U�H���L�Q�V�W�D�O�O�D�W�L�R�Q���D�Q�G���S�R�V�W���L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���E�R�X�O�G�H�U���Z�H�L�U�V�����8�S�W�D�N�H���Y�D�O�X�H�V���L�Q���F�R�O�X�P�Q�V�������D�Q�G�������G�H�V�F�U�L�E�H���G�L�I�I�H�U�H�Q�F�H��
�E�H�W�Z�H�H�Q���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P���$�8�&���Y�D�O�X�H�V�����S�R�V�L�W�L�Y�H���Y�D�O�X�H�V���L�P�S�O�\���X�S�W�D�N�H���D�O�R�Q�J���W�K�H���V�W�X�G�\���V�H�F�W�L�R�Q�����Q�H�J�D�W�L�Y�H��
�Y�D�O�X�H�V���L�P�S�O�\���K�L�J�K�H�U���G�R�Z�Q�V�W�U�H�D�P���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���� 

Water quality 
parameter  

(mg L-1) 

Pre-
intervention 

mean 
uptake (mg 

L-1) 

Weirs 
mean 
uptake 
(mg L-1) 

% 
Difference 

Mean 
uptake 
differen
ce (mg L 

-1) 

Sum 
square 

F(1, 3) p 

Ammonia 6.91 (3.45) 
-11.5 
(5.85) 

37.6 18.4 406.45 3.47 0.159 

DOC 189 (116) 
-1069 
(471) 

162 677 1898331 5.045 0.11 

SRP 2.88 (1.31) 
-6.89 
(2.68) 

29.5 9.78 114.75 5.767 0.0957 

SS -340 (187) 
3475 

(2563) 
-10.9 3135 11794570 1.315 0.335 

 

  



181 

 

 

 

�)�L�J�X�U�H���6���%�����%�L�R���W�U�D�F�H�U���E�U�H�D�N�W�K�U�R�X�J�K���F�X�U�Y�H�V���D�W���W�K�H���G�R�Z�Q�V�W�U�H�D�P���O�R�F�D�W�L�R�Q���G�X�U�L�Q�J���W�K�H���W�U�D�F�H�U���W�H�V�W�V���Z�L�W�K���E�L�R�O�R�J�L�F�D�O�O�\��
�D�F�W�L�Y�H���W�U�D�F�H�U���S�U�H���Z�H�L�U���F�R�Q�V�W�U�X�F�W�L�R�Q�������Q�G���6�H�S�W�������������������V�W���6�H�S�W�������������������W�K���'�H�F���������������D�Q�G���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�Q���E�R�X�O�G�H�U��
�Z�H�L�U�V���������W�K���$�S�U�L�O�������������������W�K���6�H�S�W�����������������&�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���I�R�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U�V���D�U�H���J�L�Y�H�Q���D�V���$�P�P�R�Q�L�X�P���1�����V�R�O�X�E�O�H��
�U�H�D�F�W�L�Y�H���S�K�R�V�S�K�R�U�X�V���3�����6�5�3�������G�L�V�V�R�O�Y�H�G���R�U�J�D�Q�L�F���F�D�U�E�R�Q���&�����'�2�&�������V�X�V�S�H�Q�G�H�G���V�R�O�L�G�V�����6�6�������D�Q�G���F�K�O�R�U�L�G�H�����7�L�P�H��
�V�L�Q�F�H���L�Q�L�W�L�D�O���S�X�O�V�H���R�I���Z�D�W�H�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U���L�V���V�K�R�Z�Q���R�Q���[���D�[�H�V�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���H�D�F�K���Z�D�W�H�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U���L�V��
�J�L�Y�H�Q���L�Q���P�J���/�������R�Q���W�K�H���\���D�[�H�V���� 
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�7�D�E�O�H���6���%�����)�O�R�R�G���S�H�D�N���P�H�W�U�L�F�V���I�U�R�P���O�H�D�N�\���G�D�P�����/�'�����V�H�F�W�L�R�Q���I�U�R�P���I�O�R�R�G���H�Y�H�Q�W�V�����K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V���Z�L�W�K���S�H�D�N���G�L�V�F�K�D�U�J�H�V���!���������/���V���������G�X�U�L�Q�J���W�K�H���S�U�H���O�H�D�N�\���G�D�P���S�H�U�L�R�G���D�Q�G���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���O�H�D�N�\��
�G�D�P�V�����/�'���V�W�D�W�X�V�������0�H�W�U�L�F�V���R�I���I�O�R�R�G���S�H�D�N�V���D�U�H���J�L�Y�H�Q���I�R�U���X�S�V�W�U�H�D�P�����8���6�����D�Q�G���G�R�Z�Q�V�W�U�H�D�P�����'���6�����O�R�F�D�W�L�R�Q�V�����'�L�V�F�K�D�U�J�H�����4�����L�V���S�U�H�V�H�Q�W�H�G���L�Q���/���V���������/�H�D�N�\���G�D�P���E�D�F�N�X�S���F�R�O�X�P�Q���V�K�R�Z�V���R�E�V�H�U�Y�D�W�L�R�Q�V���P�D�G�H��
�G�X�U�L�Q�J���K�L�J�K���I�O�R�Z���H�Y�H�Q�W�V���D�W���O�H�D�N�\���G�D�P�V���Z�K�L�F�K���D�L�G�H�G���L�Q���L�G�H�Q�W�L�I�\�L�Q�J���G�L�V�F�K�D�U�J�H���D�W���Z�K�L�F�K���Z�D�W�H�U���E�D�F�N�H�G���X�S���D�J�D�L�Q�V�W���O�H�D�N�\���G�D�P�V���� 

Event date LD status U-S peak 
time 

D-S peak 
time 

Time 
difference 

(min) 

U-S 
peak Q  
( L s-1) 

D-S peak 
Q  

( L s-1) 

Peak Q 
difference 

(L s-1) 

Peak Q 
difference 

(%) 

Water 
backup Leaky dam backup 

07/12/2021 

Pre-leaky 
dam 

installation 

06:25 06:20 -5 140 171 -31 -22.14 no NA 

30/12/2021 14:55 14:40 -15 156 147 9 5.77 no NA 

18/02/2022 00:30 00:30 0 96.8 121 -24.2 -25.00 no NA 

19/02/2022 07:45 08:00 15 96.7 136 -39.3 -40.64 no NA 

09/03/2022 10:40 11:10 30 101 159 -58 -57.43 no NA 

17/04/2022 11:10 11:25 15 73.9 144 -70.1 -94.86 no NA 

24/06/2022 

Leaky 
dams 

11:40 11:45 5 105 152 -47 -44.76 yes LD 1 blocked, full 

07/09/2022 10:25 10:05 -20 115 155 -40 -34.78 yes LD 1, LD 3, LD 4 full to 
lip 

11/09/2022 08:50 09:10 20 129 163 -34 -26.36 yes LD 1-3 full to lip 

02/11/2022 10:35 11:05 30 143 102 41 28.67 yes LD 1, LD 3, LD 4 full to 
lip 

10/01/2023 15:25 16:00 35 101 92.2 8.8 8.71 yes LD 1, LD 3, LD 4 full to 
lip 

13/03/2023 03:05 03:05 0 96.6 88.8 7.8 8.07 yes not observed 

21/03/2023 18:45 18:55 -170 113 99 14 12.39 yes not observed 

30/03/2023 23:50 00:20 30 148 107 41 27.70 yes LD 3, LD 4 full to lip 

12/04/2023 12:20 12:20 0 78 82.6 -4.6 -5.90 yes not observed 

             

   Mean no leaky dams 7     -35.60 -39.05    

   Mean leaky dams -8     -1.44 27.26    

    Mean difference 14     -34.16 -66.31     
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�7�D�E�O�H���6���%�����7�D�E�O�H���R�I���I�O�R�R�G���S�H�D�N���P�H�W�U�L�F�V���I�U�R�P���G�R�Z�Q�V�W�U�H�D�P���R�I���O�H�D�N�\���G�D�P���V�H�F�W�L�R�Q���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���I�O�R�R�G���S�H�D�N���µ�S�H�D�N�L�Q�H�V�V�¶���L���H�������W�K�H���G�H�J�U�H�H���W�R���Z�K�L�F�K���I�O�R�R�G���S�H�D�N�V���Z�H�U�H���I�O�D�W�W�H�G���E�\���O�H�D�N�\���G�D�P�V����
�3�H�D�N�L�Q�H�V�V���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V���W�K�H���S�H�D�N���G�L�V�F�K�D�U�J�H���D�E�R�Y�H���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���W�K�U�H�V�K�R�O�G�����W�K�H���G�L�V�F�K�D�U�J�H���D�W���Z�K�L�F�K���Z�D�W�H�U���E�D�F�N�H�G���X�S���D�J�D�L�Q�V�W���O�H�D�N�\���G�D�P�V�����G�L�Y�L�G�H�G���E�\���W�K�H���G�X�U�D�W�L�R�Q���R�I���W�K�L�V���S�H�U�L�R�G�����/�D�U�J�H�U��
�Y�D�O�X�H�V���L�P�S�O�\���D���I�O�D�W�W�H�U���I�O�R�R�G���S�H�D�N���� 

Status Peak date and time Peak discharge 
(L s-1) 

Peak above 
75 L s-1  
(L s-1) 

Peak duration 
over 75 L s-1 (s) Peakiness 

No leaky dams 

07/12/2021 06:20 170.80 95.80 22500 0.0043 
18/02/2022 00:30 120.97 45.97 16800 0.0027 
18/02/2022 09:00 107.72 32.72 24900 0.0013 
19/02/2022 08:00 135.58 60.58 41400 0.0015 
09/03/2022 11:10 159.12 84.12 80700 0.0010 
17/04/2022 11:25 144.27 69.27 36300 0.0019 

Leaky dams 

24/06/2022 11:45 151.84 76.84 2400 0.0320 
07/09/2022 10:05 155.16 80.16 18600 0.0043 
11/09/2022 09:10 162.72 87.72 15600 0.0056 
02/11/2022 11:05 101.71 26.71 86400 0.0003 
23/11/2022 01:00 173.55 98.55 280800 0.0004 
10/01/2023 16:00 92.21 17.21 57900 0.0003 
13/03/2023 03:05 88.84 13.84 6600 0.0021 
21/03/2023 18:55 99.00 24.00 47100 0.0005 
21/03/2023 18:55 99.00 24.00 47100 0.0005 
12/04/2023 12:20 82.63 7.63 6300 0.0012 
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Figure S2B3 Hydrographs of discharge (Q m3 s-1) upstream (red) and downstream (blue) of the leaky dams section during peak flows (Discharge Q > 0.75 m3s-1) between October 2021 and 

April 2022, prior to leaky dam installation. Hydrographs were derived from rating curves developed from water level data and manual stage-discharge measurements from the water level 

recorder locations upstream and downstream of the leaky dams section. 
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Figure S2B4 Hydrographs of discharge (Q m3 s-1) upstream (red) and downstream (blue) of the leaky dams section during peak flows (Discharge Q > 0.75 m3s-1) between June 2022 and April 

2023, following the leaky dam of four leaky dams between the water level recorded locations. Hydrographs were derived from rating curves developed from water level data and manual stage-

discharge measurements from the water level recorder locations upstream and downstream of the leaky dams section.
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Figure 1 Photograph (Fig. 1a) and schematic (Fig. 1b) of the broad swale and narrow channel. Blue 
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�G�L�Y�L�G�H�U�V���E�H�W�Z�H�H�Q���F�H�O�O�V�����)�O�R�Z���F�R�Q�W�L�Q�X�H�G���W�R���F�H�O�O���µ�Q�¶�����L���H�����X�Q�W�Ll water infiltrated the soil. Both the narrow 

channel and broad swale were fed by a common inlet which divided upstream of cell one of the two 

schemes. See Appendix 3A for storage metrics for broad swale and narrow drain schemes. 
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�:�D�W�H�U���Z�L�W�K�L�Q���W�K�H���W�Z�R���S�D�U�D�O�O�H�O���V�F�K�H�P�H�V�����E�U�R�D�G���V�Z�D�O�H���D�Q�G���Q�D�U�U�R�Z���F�K�D�Q�Q�H�O�����Z�H�U�H��

�V�D�P�S�O�H�G���Z�L�W�K�L�Q���W�K�H���F�H�O�O�V���D�O�R�Q�J���W�K�H�L�U���O�H�Q�J�W�K�V���R�Q���������R�F�F�D�V�L�R�Q�V���E�H�W�Z�H�H�Q���'�H�F�������������D�Q�G��

�)�H�E���������������G�X�U�L�Q�J���S�H�U�L�R�G�V���Z�K�H�Q���Z�D�W�H�U���Z�D�V���I�O�R�Z�L�Q�J���D�O�R�Q�J���E�R�W�K���V�F�K�H�P�H�V�����2�Q���H�D�F�K��

�V�D�P�S�O�L�Q�J���R�F�F�D�V�L�R�Q�����D���V�L�Q�J�O�H���V�X�U�I�D�F�H���Z�D�W�H�U���V�D�P�S�O�H���Z�D�V���F�R�O�O�H�F�W�H�G���D�O�R�Q�J���Z�L�W�K���D�Q���L�Q���V�L�W�X��

�U�H�D�G�L�Q�J���R�I���G�L�V�V�R�O�Y�H�G���R�[�\�J�H�Q���F�R�Q�W�H�Q�W���D�W���W�K�H���G�R�Z�Q�V�W�U�H�D�P���H�Q�G���R�I���H�D�F�K���F�H�O�O�����)�L�J�����������W�R��

�H�[�D�P�L�Q�H���W�K�H���F�X�P�X�O�D�W�L�Y�H���H�I�I�H�F�W���R�I���W�K�H���V�Z�D�O�H���F�H�O�O�V���R�Q���G�L�V�V�R�O�Y�H�G���D�Q�G���S�D�U�W�L�F�X�O�D�W�H��



197 

 

�V�X�E�V�W�D�Q�F�H�V���Z�L�W�K�L�Q���W�K�H���F�R�Q�W�D�P�L�Q�D�W�H�G���U�X�Q�R�I�I�����'�L�V�V�R�O�Y�H�G���R�[�\�J�H�Q�����'�2�����P�H�D�V�X�U�H�P�H�Q�W�V��

�Z�H�U�H���P�D�G�H���X�V�L�Q�J���D���S�R�U�W�D�E�O�H���P�H�W�H�U�����:�7�:���3�U�R�I�L�/�L�Q�H���&�R�Q�G���������������;�\�O�H�P���$�Q�D�O�\�W�L�F�V����

�*�H�U�P�D�Q�\�����2�[�\�J�H�Q���D�Q�G���W�H�P�S�H�U�D�W�X�U�H�����2�[�\�*�X�D�U�G�Š���+�D�Q�G�\���3�R�O�D�U�L�V���+�Y�����������������(�8����

���K�W�W�S�V�������Z�Z�Z���R�[�\�J�X�D�U�G���G�N�������������������6�X�U�I�D�F�H���Z�D�W�H�U���V�D�P�S�O�H�V���Z�H�U�H���F�R�O�O�H�F�W�H�G���L�Q���V�W�H�U�L�O�H�����/��

�S�O�D�V�W�L�F���E�R�W�W�O�H�V���D�Q�G���V�W�R�U�H�G���L�Q���D���F�R�R�O���E�D�J���E�H�I�R�U�H���E�H�L�Q�J���I�U�R�]�H�Q���D�W�������� �ƒ�&���Z�L�W�K�L�Q�������K�R�X�U�V���R�I��

�F�R�O�O�H�F�W�L�R�Q�����7�R���D�Y�R�L�G���F�R�Q�W�D�P�L�Q�D�W�L�R�Q���R�I���Z�D�W�H�U���V�D�P�S�O�H�V�����V�D�P�S�O�L�Q�J���Z�D�V���S�H�U�I�R�U�P�H�G���I�U�R�P��

�G�R�Z�Q�V�W�U�H�D�P���W�R���X�S�V�W�U�H�D�P�����W�H�U�P�L�Q�D�W�L�Q�J���Z�L�W�K���Z�D�W�H�U���V�X�U�I�D�F�H���Z�D�W�H�U���V�D�P�S�O�L�Q�J���I�U�R�P���W�K�H��

�L�Q�O�H�W���W�R���W�K�H���W�Z�R���V�F�K�H�P�H�V�����:�D�W�H�U���V�D�P�S�O�L�Q�J���Z�D�V���F�R�Q�I�L�Q�H�G���W�R���W�K�H���I�L�U�V�W�������F�H�O�O�V���R�I���W�K�H���W�Z�R��

�V�F�K�H�P�H�V�����D�I�W�H�U���Z�K�L�F�K���Z�D�W�H�U���Z�D�V���R�Q�O�\���S�U�H�V�H�Q�W���L�Q�W�H�U�P�L�W�W�H�Q�W�O�\���G�X�H���W�R���L�Q�I�L�O�W�U�D�W�L�R�Q���L�Q�W�R���W�K�H��

�V�R�L�O�����D�O�R�Q�J���W�K�H���O�H�Q�J�W�K���R�I���W�K�H���E�U�R�D�G���V�Z�D�O�H���D�Q�G�����W�R���D�����O�H�V�V�H�U���H�[�W�H�Q�W�����W�K�H���Q�D�U�U�R�Z���G�U�D�L�Q����

�:�L�W�K���W�K�H���H�[�F�H�S�W�L�R�Q���R�I���I�O�R�R�G���H�Y�H�Q�W�V�����Z�K�H�Q���R�Y�H�U�O�D�Q�G���I�O�R�Z���U�H�V�X�O�W�H�G���L�Q���L�Q�X�Q�G�D�W�L�R�Q���R�I���W�K�H��

�W�Z�R���V�F�K�H�P�H�V�����W�K�H���Q�D�U�U�R�Z���F�K�D�Q�Q�H�O���D�Q�G���E�U�R�D�G���V�Z�D�O�H���Z�H�U�H���J�H�Q�H�U�D�O�O�\���G�U�\���E�H�W�Z�H�H�Q���W�K�H��

�P�R�Q�W�K�V���R�I���0�D�U�F�K���D�Q�G���1�R�Y�H�P�E�H�U���� 

���������� �:�D�W�H�U���T�X�D�O�L�W�\���D�Q�D�O�\�V�L�V 

�6�X�U�I�D�F�H���Z�D�W�H�U���V�D�P�S�O�H�V���Z�H�U�H���D�Q�D�O�\�V�H�G���I�R�U���1�L�W�U�D�W�H�����1�2�������������1�������$�P�P�R�Q�L�X�P�����1�+���������1������

�6�R�O�X�E�O�H���5�H�D�F�W�L�Y�H���3�K�R�V�S�K�R�U�X�V�����6�5�3�������'�L�V�V�R�O�Y�H�G���2�U�J�D�Q�L�F���&�D�U�E�R�Q�����'�2�&�����D�Q�G��

�&�K�O�R�U�L�G�H�����)�R�U���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���1�+���������V�D�P�S�O�H�V���Z�H�U�H���I�L�O�W�H�U�H�G���W�K�U�R�X�J�K�����������—�P���3�9�'�)��

�P�H�P�E�U�D�Q�H���I�L�O�W�H�U���D�Q�G���D�Q�D�O�\�V�H�G���E�\���D�X�W�R�P�D�W�H�G���V�D�O�L�F�\�O�D�W�H���P�H�W�K�R�G���X�V�L�Q�J���W�K�H���/�D�F�K�D�W��

�4�X�L�N�F�K�H�P�������������)�,�$�����=�H�O�O�Z�H�J�H�U���$�Q�D�O�\�W�L�F�V�����,�Q�F�����0�L�O�Z�D�X�N�H�H�����8�6�$�����0�H�W�K�R�G���&�R�G�H����

�4�X�L�N�&�K�H�P���0�H�W�K�R�G�������������� ������ �������'�������0�H�W�K�R�G���'�H�W�H�F�W�L�R�Q���/�L�P�L�W�����0�'�/����� �����������������5�H�O�D�W�L�Y�H��

�6�W�D�Q�G�D�U�G���'�H�Y�L�D�W�L�R�Q�����5�6�'����� �������� �������6�5�3���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\���D�X�W�R�P�D�W�H�G���D�V�F�R�U�E�L�F���D�F�L�G��

�P�H�W�K�R�G���X�V�L�Q�J���W�K�H���/�D�F�K�D�W���4�X�L�N�F�K�H�P�������������)�,�$�����=�H�O�O�Z�H�J�H�U���$�Q�D�O�\�W�L�F�V�����,�Q�F�������0�L�O�Z�D�X�N�H�H����

�8�6�$�����0�H�W�K�R�G���&�R�G�H�����4�X�L�N�&�K�H�P���0�H�W�K�R�G�������������� ������ �������%�������0�'�/��� ���������������P�J���3���/���������5�6�'��

� ������ �������I�R�O�O�R�Z�L�Q�J���I�L�O�W�U�D�W�L�R�Q���W�K�U�R�X�J�K�����������—�P���3�9�'�)���P�H�P�E�U�D�Q�H���I�L�O�W�H�U�����1�2�����±���Z�D�V���D�Q�D�O�\�V�H�G��

�E�\���D�X�W�R�P�D�W�H�G���)�,�$���F�R�O�R�U�L�P�H�W�U�L�F���P�H�W�K�R�G���I�R�O�O�R�Z�L�Q�J���I�L�O�W�U�D�W�L�R�Q���W�K�U�R�X�J�K�����������—�P���3�9�'�)��



198 

 

�P�H�P�E�U�D�Q�H���I�L�O�W�H�U���D�Q�G���U�H�G�X�F�W�L�R�Q���R�I���Q�L�W�U�D�W�H���W�R���Q�L�W�U�L�W�H���W�K�U�R�X�J�K���F�R�S�S�H�U�L�V�H�G���F�D�G�P�L�X�P��

�F�R�O�X�P�Q�����0�H�W�K�R�G���&�R�G�H���������������� ������ �������&�������0�'�/��� ���������������P�J���1���/���������5�6�'��� ������ �������)�R�U��

�'�2�&���G�H�W�H�U�P�L�Q�D�W�L�R�Q�����V�D�P�S�O�H�V���Z�H�U�H���I�L�O�W�H�U�H�G���W�K�U�R�X�J�K���� ���������—�P���*�)���&���I�L�O�W�H�U���S�D�S�H�U���W�K�H�Q��

�P�H�D�V�X�U�H�G���E�\���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H���F�R�P�E�X�V�W�L�R�Q���P�H�W�K�R�G���X�V�L�Q�J���7�2�&���9�&�3�+���&�3�1��

���6�+�,�0�$�'�=�8�������0�'�/��� ���������� �����5�6�'��� �������������������)�R�U���T�X�D�O�L�W�\���D�V�V�X�U�D�Q�F�H�����D�O�O���O�D�E�R�U�D�W�R�U�\��

�D�Q�D�O�\�V�H�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���,�U�L�V�K���(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���3�U�R�W�H�F�W�L�R�Q���$�J�H�Q�F�\��

�1�D�W�L�R�Q�D�O���/�D�E�R�U�D�W�R�U�\���3�U�R�I�L�F�L�H�Q�F�\���6�F�K�H�P�H�����V�L�Q�F�H�������������� 

���������� �6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V 

�6�W�D�W�L�V�W�L�F�D�O���S�U�R�F�H�G�X�U�H�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���L�Q���5�V�W�X�G�L�R���Y�������������������5�V�W�X�G�L�R���7�H�D�P�����%�R�V�W�R�Q����

�0�$�����8�6�$�������������������0�L�[�H�G���H�I�I�H�F�W���O�L�Q�H�D�U���P�R�G�H�O�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���R�Q���G�L�V�V�R�O�Y�H�G���Z�D�W�H�U��

�T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����G�L�V�V�R�O�Y�H�G���R�[�\�J�H�Q�����6�5�3�����D�P�P�R�Q�L�X�P�����Q�L�W�U�D�W�H�����'�2�&����

�D�O�R�Q�J���W�K�H���F�H�O�O�V���R�I���W�K�H���E�U�R�D�G���V�Z�D�O�H���D�Q�G���Q�D�U�U�R�Z���G�U�D�L�Q���W�R���W�H�V�W���F�K�D�Q�J�H�V���D�O�R�Q�J���W�K�H��

�V�F�K�H�P�H�V�¶���F�H�O�O�V�����D�Q�G���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���G�L�I�I�H�U�H�Q�W���V�F�K�H�P�H�V�����E�U�R�D�G���V�Z�D�O�H���Y�V�����Q�D�U�U�R�Z��

�G�U�D�L�Q�������&�H�O�O���Q�X�P�E�H�U�����Z�L�W�K���W�K�H���L�Q�O�H�W���W�R���W�K�H���V�F�K�H�P�H���E�H�L�Q�J���&�H�O�O���]�H�U�R�����D�Q�G���H�D�F�K��

�F�R�Q�V�H�F�X�W�L�Y�H���V�H�F�W�L�R�Q���E�R�X�Q�G�H�G���E�\���W�U�D�Q�V�Y�H�U�V�H���O�R�J�V���E�H�L�Q�J���&�H�O�O�������W�R���&�H�O�O���Q�����)�L�J�����������Z�D�V��

�X�V�H�G���D�V���D���G�L�V�F�U�H�W�H���Q�X�P�H�U�L�F���H�[�S�O�D�Q�D�W�R�U�\���Y�D�U�L�D�E�O�H���D�J�D�L�Q�V�W���Z�D�W�H�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�V���W�K�H���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�����6�F�K�H�P�H���W�\�S�H�����E�U�R�D�G���V�Z�D�O�H���Y�V�����Q�D�U�U�R�Z���L�Q�O�H�W����

�Z�D�V���L�Q�F�O�X�G�H�G���D�V���D�Q���D�G�G�L�W�L�R�Q�D�O���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���I�R�U���H�Y�H�Q�W�V���Z�K�H�Q���E�R�W�K���V�F�K�H�P�H�V��

�Z�H�U�H���V�D�P�S�O�H�G�����6�D�P�S�O�H���G�D�W�H���Z�D�V���L�Q�F�O�X�G�H�G���D�V���D���U�D�Q�G�R�P���H�I�I�H�F�W���W�R���D�F�F�R�X�Q�W���I�R�U���Y�D�U�L�D�Q�F�H��

�D�F�U�R�V�V���V�D�P�S�O�L�Q�J���R�F�F�D�V�L�R�Q�V���L�Q���P�L�[�H�G���H�I�I�H�F�W���P�R�G�H�O�V���� 

�5�H�P�R�Y�D�O���H�I�I�L�F�L�H�Q�F�\���������5�(�����L�Q���W�K�H���E�U�R�D�G���D�Q�G���Q�D�U�U�R�Z���F�H�O�O�V���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V���W�K�H��

�S�H�U�F�H�Q�W�D�J�H���G�L�I�I�H�U�H�Q�F�H���L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���Z�H�W�O�D�Q�G���L�Q�O�H�W�����&�L�Q�����D�Q�G���&�H�O�O���Q�R����

�������&�L�Q�������Z�K�L�F�K���Z�D�V���W�K�H���P�R�V�W���F�R�Q�V�L�V�W�H�Q�W���P�D�[�L�P�X�P���H�[�W�H�Q�W���R�I���V�X�U�I�D�F�H���Z�D�W�H�U���Z�L�W�K�L�Q���W�K�H��

�V�F�K�H�P�H���D�F�U�R�V�V���V�D�P�S�O�L�Q�J���H�Y�H�Q�W�V�������������
�������&�L�Q���±���&���������&�L�Q�������&�D�U�V�W�H�Q�V�H�Q���H�W���D�O������������������
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�)�O�H�P�L�Q�J���6�L�Q�J�H�U���D�Q�G���+�R�U�Q�H�������������������/�L�Q�H�D�U���P�R�G�H�O�V���Z�H�U�H���X�V�H�G���W�R���H�V�W�L�P�D�W�H���W�K�H���H�I�I�H�F�W���R�I��

�I�O�R�Z���G�L�V�F�K�D�U�J�H���D�Q�G���R�I���L�Q�O�H�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����5�(���� 

�$�O�O���P�L�[�H�G���H�I�I�H�F�W���O�L�Q�H�D�U���P�R�G�H�O���U�H�V�L�G�X�D�O�V���Z�H�U�H���F�K�H�F�N�H�G���I�R�U���Q�R�U�P�D�O�L�W�\���D�Q�G���J�R�R�G�Q�H�V�V���R�I��

�I�L�W���X�V�L�Q�J���W�K�H���'�+�$�5�0�D���S�D�F�N�D�J�H���Z�K�L�F�K���S�U�R�Y�L�G�H�G���4�X�D�Q�W�L�O�H���T�X�D�Q�W�L�O�H���H�V�W�L�P�D�W�H�V�����U�H�V�L�G�X�D�O��

�Y�V�����S�U�H�G�L�F�W�H�G���H�V�W�L�P�D�W�H�V���D�Q�G���D�V�V�R�F�L�D�W�H�G���V�W�D�W�L�V�W�L�F�D�O���W�H�V�W�V���R�I���Q�R�U�P�D�O�L�W�\�����+�D�U�W�L�J������������������

�1�R�U�P�D�O�L�W�\���R�I���P�R�G�H�O���U�H�V�L�G�X�D�O�V���I�U�R�P���O�L�Q�H�D�U���P�R�G�H�O�V���Z�D�V���G�H�W�H�U�P�L�Q�H�G���Y�L�D���L�Q�V�S�H�F�W�L�R�Q���R�I��

�Q�R�U�P�D�O�L�W�\���S�O�R�W�V���S�U�R�G�X�F�H�G���E�\���W�K�H���D�X�W�R�S�O�R�W���I�X�Q�F�W�L�R�Q���I�U�R�P���W�K�H���J�J�S�O�R�W���S�D�F�N�D�J�H���L�Q���5��

���:�L�F�N�K�D�P�������������������1�R�U�P�D�O�L�W�\���W�H�V�W�V���Z�L�W�K���S�����������������L�Q�G�L�F�D�W�H�G���V�L�J�Q�L�I�L�F�D�Q�W���G�H�Y�L�D�Q�F�H���R�I��

�P�R�G�H�O���U�H�V�L�G�X�D�O�V���I�U�R�P���Q�R�U�P�D�O�L�W�\�����$���S���Y�D�O�X�H���R�I�����������������Z�D�V���X�V�H�G���W�R���U�H�M�H�F�W���W�K�H���Q�X�O�O��

�K�\�S�R�W�K�H�V�L�V���L�Q���V�W�D�W�L�V�W�L�F�D�O���P�R�G�H�O�V���� 
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������ �5�H�V�X�O�W�V���D�Q�G���'�L�V�F�X�V�V�L�R�Q 

���������� �1�X�W�U�L�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���F�K�D�Q�J�H�V���D�O�R�Q�J���E�U�R�D�G���V�Z�D�O�H���D�Q�G���Q�D�U�U�R�Z���G�U�D�L�Q 

�7�K�H�U�H���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W���U�H�F�R�Y�H�U�\���R�I���G�L�V�V�R�O�Y�H�G���R�[�\�J�H�Q���D�O�R�Q�J���W�K�H���O�H�Q�J�W�K���R�I���W�K�H���E�U�R�D�G��

�V�Z�D�O�H���W�K�U�R�X�J�K�R�X�W���W�K�H���V�W�X�G�\���S�H�U�L�R�G�����'�H�F�H�P�E�H�U�������������±���)�H�E�U�X�D�U�\���������������7�D�E�O�H���������)�L�J����������

�)�L�J�������������:�K�H�Q���W�K�H���E�U�R�D�G���V�Z�D�O�H���D�Q�G���Q�D�U�U�R�Z���G�U�D�L�Q���Z�H�U�H���V�D�P�S�O�H�G���R�Q���W�K�H���V�D�P�H���G�D�W�H�V��

���$�S�U�L�O�������������±���)�H�E�U�X�D�U�\�����������������'�2���U�H�F�R�Y�H�U�\���Z�D�V���I�R�X�Q�G���W�R���E�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���L�Q���W�K�H��

�E�U�R�D�G���V�Z�D�O�H���W�K�D�Q���W�K�H���Q�D�U�U�R�Z���G�U�D�L�Q���D�Q�G���W�K�L�V���Z�D�V���F�R�Q�V�L�V�W�H�Q�W���D�F�U�R�V�V���V�D�P�S�O�L�Q�J���H�Y�H�Q�W�V��

���7�D�E�O�H���������)�L�J������������ 

Table 1 Water quality parameter summary results from the broad swale.  Mean concentrations of 

water quality parameters (dissolved oxygen, ammonia, nitrate, soluble reactive phosphorus (SRP), 

dissolve organic carbon (DOC)) at the top (inlet) and bottom cell (Cell 8) of the broad cell swale are 

shown with mean percentage removal efficiency (%RE) over 11 sampling events 14th December 2021 

and 15th February 2023. Mixed effect linear model summary results for change water quality 

parameter concentration are shown in columns 5-7. See Appendix 3B for metrics derived for each 

sampling event. 

WQ Parameter 
Inlet 

(mg l-1) 
Cell 8 

(mg l-1) % RE df t-value  p-value 

Dissolved 
oxygen 

4.95 8.41 -69.90 89.00 16.68 < 0.0001 

Ammonia 0.78 1.02 -31.44 97.33 1.93 0.0563 
Nitrate 1.07 0.88 17.66 96.95 -4.07 < 0.001 
SRP 0.229 0.343 -49.78 97.27 4.94 < 0.001 
DOC 13.9 26.5 -90.65 97.33 3.35 0.0012 

 

�7�K�H�U�H���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W���S�U�R�G�X�F�W�L�R�Q���R�I���6�5�3���D�Q�G���'�2�&���Z�L�W�K�L�Q���W�K�H���E�U�R�D�G���V�Z�D�O�H���R�Y�H�U���W�K�H��

�V�W�X�G�\���S�H�U�L�R�G�����7�D�E�O�H�����������E�X�W���L�W���L�V���F�O�H�D�U���W�K�D�W���W�K�H���S�H�U�F�H�Q�W�D�J�H���F�K�D�Q�J�H���L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��������

�5�H�P�R�Y�D�O���H�I�I�L�F�L�H�Q�F�\�������5�(�����R�I���6�5�3���D�Q�G���'�2�&���E�H�W�Z�H�H�Q���W�K�H���L�Q�O�H�W���D�Q�G���W�K�H���I�L�Q�D�O���F�H�O�O�����&�H�O�O��

�������R�I���W�K�H���E�U�R�D�G���V�Z�D�O�H���Y�D�U�L�H�G���V�X�E�V�W�D�Q�W�L�D�O�O�\���D�P�R�Q�J���V�D�P�S�O�L�Q�J���H�Y�H�Q�W�V�����)�L�J�������G���D�Q�G���)�L�J����

���H�������$�V���W�K�H�U�H���Z�D�V���Q�R���D�G�G�L�W�L�R�Q�D�O���V�R�X�U�F�H���R�I���W�K�H�V�H���Q�X�W�U�L�H�Q�W�V���G�R�Z�Q�V�W�U�H�D�P���R�I���W�K�H���L�Q�O�H�W����

�L�Q�F�U�H�D�V�H�V���L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�H�U�H���O�L�N�H�O�\���G�H�U�L�Y�H�G���I�U�R�P���W�Z�R���S�U�R�F�H�V�V�H�V���R�F�F�X�U�U�L�Q�J���Z�L�W�K�L�Q��
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�V�X�U�I�D�F�H���R�U���F�����D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���W�K�H���W�Z�R�����6�K�R�U�H���H�W���D�O�������������������9�\�P�D�]�D�O������������������

�+�H�W�H�U�R�W�U�R�S�K�L�F���E�U�H�D�N�G�R�Z�Q���R�I���R�U�J�D�Q�L�F���P�D�W�W�H�U���O�H�D�G�V���W�R���P�L�Q�H�U�D�O�L�V�D�W�L�R�Q���R�I���R�U�J�D�Q�L�F��

�Q�L�W�U�R�J�H�Q���W�R���V�R�O�X�E�O�H���D�P�P�R�Q�L�X�P�����D�P�P�R�Q�L�I�L�F�D�W�L�R�Q�������P�L�Q�H�U�D�O�L�V�D�W�L�R�Q���R�I���R�U�J�D�Q�L�F��

�S�K�R�V�S�K�R�U�X�V���W�R���V�R�O�X�E�O�H���U�H�D�F�W�L�Y�H���S�K�R�V�S�K�R�U�X�V�����6�5�3�����D�Q�G���W�K�H���S�U�R�G�X�F�W�L�R�Q���R�I���G�L�V�V�R�O�Y�H�G��

�R�U�J�D�Q�L�F���F�D�U�E�R�Q�����'�2�&�����.�X�]�\�D�N�R�Y���H�W���D�O�������������������+�H�X�F�N���H�W���D�O�������������������6�W�X�W�W�H�U���H�W���D�O��������������������

�'�X�U�L�Q�J���F�H�U�W�D�L�Q���V�D�P�S�O�L�Q�J���H�Y�H�Q�W�V�����H���J�����������W�K���'�H�F�H�P�E�H�U�������������������U�G���'�H�F�H�P�E�H�U�����������������W�K��

�-�D�Q�X�D�U�\���������������)�L�J���������������W�K���-�D�Q�X�D�U�\���������������)�L�J�����������W�K�H�U�H���L�V���H�Y�L�G�H�Q�F�H���I�R�U���O�L�Q�N�H�G���R�U��

�V�L�P�X�O�W�D�Q�H�R�X�V���S�U�R�G�X�F�W�L�R�Q���R�I���V�R�O�X�E�O�H���D�P�P�R�Q�L�X�P�����6�5�3���D�Q�G���'�2�&���L�Q���W�K�H���E�U�R�D�G���V�Z�D�O�H����

�7�K�L�V���P�D�\���K�D�Y�H���G�H�U�L�Y�H�G���I�U�R�P���P�R�E�L�O�L�V�D�W�L�R�Q���R�I���Q�X�W�U�L�H�Q�W�V���I�U�R�P���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���V�Z�D�O�H���R�U��

�2�0���E�U�H�D�N�G�R�Z�Q���D�Q�G���P�L�Q�H�U�D�O�L�V�D�W�L�R�Q���R�I���R�U�J�D�Q�L�F���I�R�U�P�V���R�I���1�����3���D�Q�G���&���I�U�R�P���F�R�Q�W�D�P�L�Q�D�W�H�G��

�L�Q�I�O�X�H�Q�W���Z�D�W�H�U�����+�D�U�U�L�V�R�Q���H�W���D�O�������������������%�U�D�G�\���H�W���D�O���������������������+�H�W�H�U�R�W�U�R�S�K�L�F���P�H�W�D�E�R�O�L�V�P���L�Q��

�Z�D�W�H�U�V���S�R�O�O�X�W�H�G���Z�L�W�K���2�0���L�Q�G�X�F�H�V���K�L�J�K���E�L�R�O�R�J�L�F�D�O���R�[�\�J�H�Q���G�H�P�D�Q�G���D�Q�G���L�W���L�V���D�S�S�D�U�H�Q�W��

�I�U�R�P���F�R�P�S�D�U�L�V�R�Q�V���R�I���F�K�D�Q�J�H�V���L�Q���Q�X�W�U�L�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���D�O�R�Q�J���W�K�H���E�U�R�D�G���V�Z�D�O�H���D�Q�G��

�Q�D�U�U�R�Z���G�U�D�L�Q�����H���J�����������W�K���-�D�Q�����������������W�K�D�W���W�K�H���J�U�H�D�W�H�U���L�Q�F�U�H�D�V�H���L�Q���'�2���L�Q���W�K�H���E�U�R�D�G���V�Z�D�O�H��

�W�K�D�Q���W�K�H���Q�D�U�U�R�Z���V�Z�D�O�H���L�Q�G�X�F�H�G���K�L�J�K�H�U���U�D�W�H�V���R�I���2�0���P�L�Q�H�U�D�O�L�]�D�W�L�R�Q���L�Q���W�K�H���E�U�R�D�G���V�Z�D�O�H��

���)�L�J�������������6�D�P�S�O�L�Q�J���R�Q�������W�K���-�D�Q�������������V�K�R�Z�H�G���W�K�D�W���D�P�P�R�Q�L�X�P�����6�5�3���D�Q�G���'�2�&��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q�F�U�H�D�V�H�G���F�R�L�Q�F�L�G�H�Q�W�D�O�O�\���L�Q���D���E�U�R�D�G�O�\���O�L�Q�H�D�U���W�U�H�Q�G���D�O�R�Q�J���W�K�H���E�U�R�D�G��

�V�Z�D�O�H�����Z�L�W�K���O�L�W�W�O�H���F�K�D�Q�J�H���L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���D�O�R�Q�J���W�K�H���Q�D�U�U�R�Z���G�U�D�L�Q�����)�L�J�������������,�Q�F�U�H�D�V�H�V��

�L�Q���6�5�3���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���D�U�H���R�I�W�H�Q���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���G�H�V�R�U�S�W�L�R�Q���I�U�R�P���)�H���P�L�Q�H�U�D�O�V���I�U�R�P��

�W�K�H���V�R�L�O���X�Q�G�H�U���U�H�G�X�F�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���K�L�J�K���'�2�&���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�������6�W�X�W�W�H�U���H�W���D�O������

�������������6�L�Q�J�K���H�W���D�O�������������������V�R���W�K�H���R�E�V�H�U�Y�D�W�L�R�Q���W�K�D�W���6�5�3���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q�F�U�H�D�V�H�G���Z�L�W�K��

�'�2���L�Q���W�K�H���E�U�R�D�G���V�Z�D�O�H�����E�X�W���Q�R�W���L�Q���W�K�H���Q�D�U�U�R�Z���G�U�D�L�Q���V�X�J�J�H�V�W�V���W�K�D�W���P�X�F�K���R�I���W�K�H���6�5�3���L�Q��

�W�K�H���V�D�P�S�O�H�G���Z�D�W�H�U���Z�D�V���G�H�U�L�Y�H�G���I�U�R�P���K�H�W�H�U�R�W�U�R�S�K�L�F���P�H�W�D�E�R�O�L�V�P���R�I���2�0�����L�Q�V�W�H�D�G���R�I��
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Figure 2 Concentrations of sampled water quality parameters at the between the inlet (Cell 0) and broad swale cell no. 8 on six sampling events between 14th 

December 2021 and 15th March 2022. Columns show concentration data for Dissolved oxygen (DO; mg O L -1), ammonium (mg N L -1), soluble reactive 

phosphorus (SRP; mg P L -1), dissolved organic carbon (DOC; mg C L -1) and nitrate (mg N L -1). Flow discharge was measured at the inlet on 14th December 

(0.3 L s-1), 23rd December 2021 (0.48 L s-1) and 6th January 2022 (2.04 L s -1). The discharge on 6th January 2022 was the highest of the study. See Appendix 

3B for data for each sampling event. 
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Figure 3 Water quality parameter concentrations in broad swale and narrow drain swale between the inlet (Cell 0) and the final cell of each treatment (Cell 8) 

between 26th April 2022 and 15th February 2023. Columns show concentration data for Dissolved oxygen (DO; mg O L -1), ammonium (mg N L -1), soluble 

reactive phosphorus (SRP; mg P L -1), dissolved organic carbon (DOC; mg C L -1) and nitrate (mg N L -1). Discharges at cell 1 of broad swale and narrow 

drain range from 0.1L s-1 to 0.3L s1 (mean broad swale: 0.68 L s-1; mean narrow drain: 0.14 L s-1).   See Appendix 3B for data for each sampling event.
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Figure 4 Percentage removal between broad swale inlet and swale end (cell 8) over 11 sampling 

events between 14th December 2021 and 15th February 2023. Positive values describe percentage 

removal of water quality parameters (i.e. relative decrease between inlet and outlet concentrations); 

negative values describe percentage increase between inlet and outlet. (a) Dissolved oxygen (mg O L 
-1); (b) ammonium (mg N L -1); (c) nitrate (mg N L -1); (d) soluble reactive phosphorus (mg P L -1); (e) 

dissolved organic carbon (mg C L -1). Data on inlet and outlet concentrations, % RE are in 

Supplementary results, Appendix 3B, Table S3B1. 
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Table 2 Effect of swale morphology on nutrient attenuation along cells 1 �± 8 of broad swale and 

narrow drain. Mixed effect model summary results nutrient concentrations (mg L -1) from 6 sampling 

events between April 2022 and February 2023. See Appendix 3B for metrics derived for each 

sampling event. 
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Table 3 Removal efficiency (%RE) of the broad swale on water quality parameters between cell 1 and 

cell 8 as a function of influent discharge (Q L s-1) and starting concentration (inlet concentration mg L-

1). See Appendix 3B for metrics derived for each sampling event. 

  Parameter Estimate F df R2 p-value 

% RE : Q 

DO -4.99 0.129 8 -0.107 0.729 

Ammonium -68.11 12.71 9 0.539 0.006* 

Nitrate -26.84 17.11 9 0.617 0.003* 

SRP -46.82 7.628 9 0.399 0.022* 

DOC -26.78 1.434 9 0.042 0.262 

% RE : Inlet 
concentration 

DO 23.14 5.011 9 0.286 0.052. 

Ammonium -25.41 1.062 11 0.005 0.325 

Nitrate -0.92 0.014 11 -0.09 0.909 

SRP -32.51 0.029 11 -0.088 0.869 

DOC -2.75 11.48 11 0.466 0.006* 
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�V�Z�D�O�H���G�X�U�L�Q�J���V�R�P�H���V�D�P�S�O�L�Q�J���H�Y�H�Q�W�V�����W�K�H�U�H�I�R�U�H�����W�K�H���Z�D�W�H�U���W�K�D�W���L�Q�I�L�O�W�U�D�W�H�G���W�K�H���V�R�L�O���L�Q���W�K�H��

�E�U�R�D�G���V�Z�D�O�H���L�V���O�L�N�H�O�\���W�R���K�D�Y�H���K�D�G���D���K�L�J�K�H�U���'�2���D�Q�G���E�L�R�D�Y�D�L�O�D�E�O�H���Q�X�W�U�L�H�Q�W���F�R�Q�W�H�Q�W���W�K�D�Q��

�W�K�H���Q�D�U�U�R�Z���G�U�D�L�Q�����:�K�L�O�H���W�K�H���E�U�R�D�G���V�Z�D�O�H���P�D�\���Q�R�W���K�D�Y�H���I�D�F�L�O�L�W�D�W�H�G���F�R�P�S�O�H�W�H���Q�X�W�U�L�H�Q�W��

�X�S�W�D�N�H���D�Q�G���D�W�W�H�Q�X�D�W�L�R�Q���R�I���Z�D�W�H�U���T�X�D�O�L�W�\���S�D�U�D�P�H�W�H�U�V�����L�W���P�D�\���K�D�Y�H���S�U�R�G�X�F�H�G���P�R�U�H��

�O�D�E�L�O�H���I�R�U�P�V���R�I���Q�X�W�U�L�H�Q�W�V���Z�K�L�F�K���F�R�X�O�G���E�H���I�X�U�W�K�H�U���W�U�D�Q�V�I�R�U�P�H�G���Z�L�W�K�L�Q���W�K�H���V�R�L�O���R�I���W�K�H��

�Z�R�R�G�O�D�Q�G���X�S�R�Q���L�Q�I�L�O�W�U�D�W�L�R�Q�����,�Q���V�X�P�P�D�W�L�R�Q�����V�L�P�S�O�H���P�R�G�L�I�L�F�D�W�L�R�Q�V���W�R���W�\�S�L�F�D�O���D�J�U�L�F�X�O�W�X�U�D�O��

�O�D�Q�G���G�U�D�L�Q�V���P�D�\���E�H���P�D�G�H���D�W���O�R�Z���F�R�V�W���D�Q�G���F�R�Q�I�H�U���Q�R�W�D�E�O�H���E�H�Q�H�I�L�W�V���W�R���'�2���R�I���R�Y�H�U�O�D�\�L�Q�J��

�Z�D�W�H�U�V�����R�I�I�H�U�L�Q�J���D�G�G�L�W�L�R�Q�D�O���V�W�R�U�D�J�H���D�Q�G���V�S�D�F�H���I�R�U���Q�X�W�U�L�H�Q�W���D�W�W�H�Q�X�D�W�L�R�Q���G�X�U�L�Q�J���Z�L�Q�W�H�U���� 
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������ �$�S�S�H�Q�G�L�[�����$���±���6�X�S�S�O�H�P�H�Q�W�D�U�\���P�H�W�K�R�G�V 

Table S3A1 Comparisons of surface area available for biomat colonisation and aeration of broad 

swale and narrow drain cells.  

 �%�U�R�D�G���F�H�O�O�V �1�D�U�U�R�Z���&�H�O�O�V 

�&�H�O�O 
�9�R�O�X�P�H��

���P���� 

�:�H�W�W�H�G��

�D�U�H�D�����P���� 

�$�H�U�D�W�L�R�Q��

�D�U�H�D�����P���� 

�9�R�O�X�P�H��

���P���� 

�:�H�W�W�H�G��

�D�U�H�D�����P���� 

�$�H�U�D�W�L�R�Q��

�D�U�H�D�����P���� 

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

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

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

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

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

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

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

�� ������ ���������� �������� �������� �������� ������ 
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������ �$�S�S�H�Q�G�L�[�����%���±���6�X�S�S�O�H�P�H�Q�W�D�U�\���U�H�V�X�O�W�V 

Table S3B1 Inlet and Cell 8 concentrations, difference and removal efficiency for water quality 

parameters (dissolved oxygen (DO); ammonia; nitrate, soluble reactive phosphorus (SRP), dissolved 

organic carbon (DOC)) over 11 sampling events between December 2021 and February 2023. 

Sample 
Date 

WQ 
Parameter 

Inlet (mg 
L-1) 

Broad Cell 8 
(mg L-1) 

Difference 
(mg L-1) 

% Removal 
efficiency 

14/12/2021 

DO 3.20 7.30 -4.10 -128.12 

Ammonia 0.57 0.64 -0.07 -12.59 

Nitrate 0.81 0.75 0.06 7.16 

SRP 0.07 0.09 -0.02 -24.64 

DOC 4.01 4.51 -0.50 -12.47 

23/12/2021 

DO 3.70 5.40 -1.70 -45.95 

Ammonia 0.34 0.23 0.11 32.94 

Nitrate 0.68 0.60 0.08 11.44 

SRP 0.08 0.08 0.00 0.00 

DOC 7.70 6.45 1.25 16.23 

06/01/2022 

DO 3.00 5.30 -2.30 -76.67 

Ammonia 2.31 4.95 -2.64 -114.28 

Nitrate 0.31 0.51 -0.20 -62.90 

SRP 0.61 1.58 -0.97 -159.11 

DOC 48.10 131.10 -83.00 -172.56 

19/01/2022 

DO 1.80 7.40 -5.60 -311.11 

Ammonia 2.04 1.84 0.20 9.94 

Nitrate 0.56 0.41 0.15 27.03 

SRP 0.04 0.23 -0.19 -480.00 

DOC 21.49 6.37 15.12 70.36 

15/03/2022 

Ammonia 0.42 0.40 0.02 4.28 

Nitrate 1.51 1.43 0.08 5.29 

SRP 0.16 0.17 -0.02 -11.61 

DOC 3.48 3.82 -0.34 -9.77 

26/04/2022 

Ammonia 0.38 0.02 0.36 93.70 

Nitrate 1.75 1.10 0.66 37.43 

SRP 0.10 0.04 0.06 61.39 

DOC 5.83 3.61 2.22 38.08 

18/01/2023 

DO 5.06 7.12 -2.06 -40.71 

Ammonia 1.80 2.25 -0.45 -25.03 

Nitrate 0.83 0.74 0.09 11.22 

SRP 0.69 0.96 -0.27 -38.99 

DOC 42.39 78.51 -36.12 -85.21 
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27/01/2023 

DO 6.84 11.10 -4.26 -62.28 

Ammonia 0.40 0.49 -0.10 -24.12 

Nitrate 0.91 0.84 0.08 8.32 

SRP 0.09 0.11 -0.01 -15.38 

DOC 3.18 3.41 -0.23 -7.23 

01/02/2023 

DO 6.31 10.80 -4.49 -71.16 

Ammonia 0.37 0.32 0.04 11.75 

Nitrate 0.91 0.87 0.04 4.42 

SRP 0.06 0.07 -0.01 -24.56 

DOC 3.26 3.48 -0.22 -6.75 

09/02/2023 

DO 7.27 11.90 -4.63 -63.69 

Ammonia 0.27 0.17 0.10 37.36 

Nitrate 1.21 1.23 -0.02 -1.58 

SRP 0.07 0.06 0.01 15.15 

DOC 2.84 3.11 -0.27 -9.51 

15/02/2023 

DO 6.36 10.30 -3.94 -61.95 

Ammonia 0.22 0.13 0.09 41.10 

Nitrate 1.37 1.31 0.07 4.81 

SRP 0.09 0.12 -0.03 -27.66 

DOC 3.49 4.17 -0.68 -19.48 
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Table S3B2 Inlet and Cell 8 concentrations, difference and % removal efficiency for water quality 

parameters (dissolved oxygen (DO); ammonia; nitrate, soluble reactive phosphorus (SRP), dissolved 

organic carbon (DOC)) from simultaneous sampling of broad swale and narrow drain between April 

2023 and February 2023. 
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Table S3B3 Discharge (Q L s -1) measurements in the broad swale and narrow drain treatments 

during 9 sampling events between 14th December 2021 and 15th February 2023, and between 18th 

January 2023 and 15th February 2023 in the narrow drain treatment. Discharge gauging was 

performed in the first cell of each treatment 

Date 
treatment 

Broad Q (L s-1) Narrow Q (L s-1) 

14 Dec 2021 0.30 NA 
23 Dec 2021 0.48 NA 
06 Jan 2022 2.04 NA 
26 Apr 2022 0.22 0.06 
18 Jan 2023 0.11 0.13 
27 Jan 2023 0.10 0.09 
01 Feb 2023 0.12 0.30 
09 Feb 2023 0.17 0.06 
15 Feb 2023 0.31 0.22 

    
Mean 0.68 0.14 
Max  2.12 0.30 
Min 0.10 0.06 
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Figure S3B5 Estimates of percentage cover of heterotrophic and autotrophic biomats in the Broad 

swale and narrow drain during sampling events in February 2023. Lines represent best-fit of the data 

to linear models; standard error is indicated by grey zones around lines. One sample was collected for 

each cell. 

�7�K�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���E�L�R�P�D�W�V���L�Q���E�U�R�D�G���D�Q�G���Q�D�U�U�R�Z���F�H�O�O�V���R�I���W�K�H���6�2�:�:���Z�D�V���L�Q�V�S�H�F�W�H�G��

�G�X�U�L�Q�J���W�K�U�H�H���V�D�P�S�O�L�Q�J���H�Y�H�Q�W�V���L�Q���)�H�E�U�X�D�U�\���������������7�K�H���E�L�R�P�D�W���F�R�P�S�R�V�L�W�L�R�Q���Z�D�W�H�U��

�V�X�U�I�D�F�H���Z�D�V���V�L�P�L�O�D�U���L�Q���E�R�W�K���W�U�H�D�W�P�H�Q�W�V���E�X�W���E�H�F�D�P�H���G�R�P�L�Q�D�W�H�G���E�\���D�X�W�R�W�U�R�S�K�L�F���J�U�R�Z�W�K��

�R�Y�H�U���V�X�F�F�H�H�G�L�Q�J���F�H�O�O�V�����3�U�H�O�L�P�L�Q�D�U�\���U�H�V�X�O�W�V���I�U�R�P���*�/�0�V���G�L�G���Q�R�W���L�Q�G�L�F�D�W�H���D���G�L�I�I�H�U�H�Q�F�H���L�Q��

�F�R�Y�H�U���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���W�U�H�D�W�P�H�Q�W�V���E�X�W���G�L�G���V�K�R�Z���W�K�D�W���D�X�W�R�W�U�R�S�K�L�F���D�Q�G���G�H�F�D�\�L�Q�J���+�7��

�F�R�Y�H�U���W�H�Q�G�H�G���W�R���L�Q�F�U�H�D�V�H���D�O�R�Q�J���W�K�H���E�U�R�D�G���F�H�O�O�V�����Z�K�L�O�H���K�H�W�H�U�R�W�U�R�S�K�L�F���F�R�Y�H�U���G�H�F�U�H�D�V�H�G��

�D�O�R�Q�J���W�K�H���E�U�R�D�G���F�H�O�O�V�����7�K�H�U�H���Z�D�V���D�O�V�R���D�Q���L�Q�G�L�F�D�W�L�R�Q���W�K�D�W���W�K�H���S�H�U�F�H�Q�W�D�J�H���F�R�Y�H�U���R�I��

�D�X�W�R�W�U�R�S�K�L�F���E�L�R�P�D�W�V���L�Q�F�U�H�D�V�H�G���E�H�W�Z�H�H�Q���W�K�H���V�W�D�U�W���D�Q�G���H�Q�G���R�I���)�H�E�U�X�D�U�\�����$�J�D�L�Q�����W�K�L�V��

�Z�D�V���P�R�U�H���S�U�R�Q�R�X�Q�F�H�G���L�Q���W�K�H���E�U�R�D�G���F�H�O�O�V���W�K�D�Q���W�K�H���Q�D�U�U�R�Z���F�H�O�O�V�����:�K�L�O�H���W�K�H���V�D�P�S�O�H���V�L�]�H��

�Z�D�V���V�P�D�O�O�����W�K�H���S�U�H�O�L�P�L�Q�D�U�\���U�H�V�X�O�W�V���D�U�H���D�Q���H�Q�F�R�X�U�D�J�L�Q�J���V�L�J�Q���W�K�D�Q���S�U�R�F�H�V�V�H�V���Z�L�W�K�L�Q���W�K�H��
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�F�H�O�O�V���F�X�P�X�O�D�W�L�Y�H�O�\���F�R�Q�W�U�L�E�X�W�H���W�R���P�H�G�L�W�D�W�L�Q�J���Z�D�W�H�U���T�X�D�O�L�W�\�����7�K�L�V���H�I�I�H�F�W���D�S�S�H�D�U�V���W�R���E�H��

�V�W�U�R�Q�J�H�U���L�Q���W�K�H���E�U�R�D�G���F�H�O�O�V�����+�H�W�H�U�R�W�U�R�S�K�L�F���P�L�F�U�R���R�U�J�D�Q�L�V�P���D�F�W�L�Y�L�W�\���K�D�V���E�H�H�Q���V�K�R�Z�Q���W�R��

�E�H���I�D�Y�R�X�U�H�G���L�Q���Z�D�W�H�U�V���Z�L�W�K���K�L�J�K���'�2�&���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����Z�L�W�K���E�L�R�P�D�W�V���W�U�D�Q�V�L�W�L�R�Q�L�Q�J���W�R��

�E�H�L�Q�J���G�R�P�L�Q�D�W�H�G���E�\���D�X�W�R�W�U�R�S�K�V���Z�K�H�Q���D���E�H�W�W�H�U���V�W�R�L�F�K�L�R�P�H�W�U�L�F���E�D�O�D�Q�F�H���D�P�R�Q�J���1�����3��

�D�Q�G���&���K�D�V���E�H�H�Q���H�V�W�D�E�O�L�V�K�H�G�����¬�Y�L�O�D���H�W���D�O���������������E�����*�U�D�H�E�H�U���H�W���D�O���������������������:�K�L�O�H���W�K�H�U�H��

�Z�D�V���Q�R���L�Q�G�L�F�D�W�L�R�Q���R�I���'�2�&���D�W�W�H�Q�X�D�W�L�R�Q���L�Q���W�K�H���E�L�R�P�D�W���R�I���W�K�H���E�U�R�D�G���F�H�O�O�V�����W�K�H���J�U�H�D�W�H�U��

�G�H�Y�H�O�R�S�P�H�Q�W���R�I���D�X�W�R�W�U�R�S�K�L�F���E�L�R�P�D�W�V���L�Q���W�K�H���E�U�R�D�G���F�H�O�O�V���P�D�\���V�X�J�J�H�V�W���P�R�U�H���H�I�I�H�F�W�L�Y�H��

�R�U�J�D�Q�L�F���P�D�W�W�H�U���E�U�H�D�N�G�R�Z�Q���D�Q�G���Q�X�W�U�L�H�Q�W���F�\�F�O�L�Q�J�����7�K�H���K�L�J�K�H�V�W�����5�(���R�I���D�P�P�R�Q�L�X�P���L�Q��

�W�K�H���E�U�R�D�G���F�H�O�O�V���R�F�F�X�U�U�H�G���L�Q���$�S�U�L�O�������������D�Q�G���)�H�E�U�X�D�U�\���������������Z�K�L�O�H���W�K�H�U�H���Z�D�V���V�W�U�R�Q�J��

�D�X�W�R�W�U�R�S�K�L�F���J�U�R�Z�W�K���L�Q���W�K�H���E�L�R�P�D�W�����$�P�P�R�Q�L�X�P���L�V���U�H�D�G�L�O�\���P�H�W�D�E�R�O�L�V�H�G���E�\��

�S�K�R�W�R�V�\�Q�W�K�H�W�L�F���R�U�J�D�Q�L�V�P�V�����0�D�U�W�t���H�W���D�O�������������������D�Q�G���Z�K�L�O�H���L�Q�O�H�W���O�R�D�G�L�Q�J�V���R�I���D�P�P�R�Q�L�X�P��

�Z�D�V���O�R�Z�H�U���L�Q���V�S�U�L�Q�J���W�K�D�Q���G�X�U�L�Q�J���Z�L�Q�W�H�U���P�R�Q�W�K�V�����W�K�H���R�E�V�H�U�Y�H�G���D�W�W�H�Q�X�D�W�L�R�Q���R�I��

�D�P�P�R�Q�L�X�P���L�V���D�Q���H�Q�F�R�X�U�D�J�L�Q�J���I�L�Q�G�L�Q�J�����1�R���P�L�F�U�R�E�L�D�O���D�Q�D�O�\�V�L�V���Z�D�V���S�H�U�I�R�U�P�H�G���W�R���P�R�U�H��

�D�F�F�X�U�D�W�H�O�\���G�H�W�H�U�P�L�Q�H���W�K�H���P�D�N�H���X�S���R�I���W�K�H���E�L�R�P�D�W�V���I�R�U�P�H�G���Z�L�W�K�L�Q���W�K�H���E�U�R�D�G���D�Q�G��

�Q�D�U�U�R�Z���G�U�D�L�Q�V�����E�X�W���W�K�H���G�D�W�D���V�X�J�J�H�V�W�H�G���L�Q�W�U�L�J�X�L�Q�J���G�L�I�I�H�U�H�Q�F�H�V���L�Q���W�K�H���F�D�S�D�F�L�W�\���I�R�U���W�K�H��

�W�Z�R���G�U�D�L�Q���P�R�U�S�K�R�O�R�J�L�H�V���W�R���V�X�S�S�R�U�W���P�L�F�U�R�E�L�D�O���F�R�P�P�X�Q�L�W�L�H�V�����Z�K�L�F�K���P�H�U�L�W���I�X�U�W�K�H�U��

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q���� 

  

Table S3B4 Parameter estimates and general linear model summary results on percentage cover of 

heterotrophic (HT), decaying HT, and autotrophic biomat composition along all cells (broad swale and 

narrow drain: no significant difference identified between treatments) over three sampling events in 

February 2023 

 Parameter Estimate Std. Error t value p value 

HT 32.29 5.62 5.74 < 0.001 
Cell -2.98 0.99 -3.01 0.003 

Decaying HT 25.32 7.95 3.18 0.002 
Autotrophic -22.13 7.95 -2.78 0.006 

Cell : Decaying HT 3.95 1.40 2.82 0.005 
Cell : autotrophic 4.95 1.40 3.54 0.001 
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�&�K�D�S�W�H�U������ �*�H�Q�H�U�D�O���' �L�V�F�X�V�V�L�R�Q 

������ �.�H�\���R�E�V�H�U�Y�D�W�L�R�Q�V 

�7�K�L�V���W�K�H�V�L�V���H�[�D�P�L�Q�H�G���W�K�H���S�R�W�H�Q�W�L�D�O���I�R�U���I�D�U�P���V�F�D�O�H���Q�D�W�X�U�H���E�D�V�H�G���V�R�O�X�W�L�R�Q�V�����1�E�6�����W�R��
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