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Abstract 1 

�7�K�H���G�\�Q�D�P�L�F�V���R�I���F�L�W�\�¶�V��structures are determined by the coupling of functional 2 

components (such as restaurants) and human population. Yet, there still lacks mechanism 3 

models to quantify the forces on spatial distribution of the components. Here, a gradient 4 

model is explored to simulate the individual density curves of multiple types of city 5 

functional components based on the equilibria of gravitational and repulsive forces along 6 

the urban-rural gradient. The model is concise for it relying four key variables, �W�K�H��7 

�D�W�W�U�L�E�X�W�H�V���R�I���F�R�P�S�R�Q�H�Q�W�V���L�Q�F�O�X�G�H���Q�H�W���H�F�R�V�\�V�W�H�P���V�H�U�Y�L�F�H�����P�����D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���L�Q�G�H�[������������8 

�D�Q�G���W�K�H���D�W�W�U�L�E�X�W�H�V���R�I���F�L�W�L�H�V���L�Q�F�O�X�G�H���O�D�Q�G���U�H�Q�W���H�[�S�R�Q�H�Q�W�����1�����D�Q�G���S�R�S�X�O�D�W�L�R�Q���D�W�W�H�Q�X�D�W�L�R�Q��9 

�F�R�H�I�I�L�F�L�H�Q�W��������. The model has been used to simulate the distribution curves of 22 types of 10 

components on the urban-rural gradients in 13 cities in two periods. The model reveals a 11 

bottom-up mechanism that the patterns of the components in a city are determined by the 12 

economic, ecological, and social attributes of both cities and components. Strongly 13 

backed by empirical data, our model can predict the distribution curves of many types of 14 

components along with the development of cities. This model provides a general tool for 15 

analyzing the distribution of multiple objects on the gradients. 16 

 17 

Keywords: environmental index, population pattern, urban-rural gradient, land rent, 18 

transport costs. 19 

  20 
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�D�Q�G���=���� �F�D�Q�� �E�H�� �F�D�O�F�X�O�D�W�H�G�� �I�U�R�P�� �U�H�D�O-�Z�R�U�O�G�� �G�D�W�D�� ���6�,�� �$�S�S�H�Q�G�L�[���� �)�L�J���� �6�������� �7�K�H�� �S�D�U�D�P�H�W�H�U�V��22 

�X�V�H�G���L�Q���W�K�H���J�U�D�G�L�H�Q�W���P�R�G�H�O���D�U�H���H�D�V�\���W�R���R�E�V�H�U�Y�H���D�Q�G���F�D�O�F�X�O�D�W�H�G�����D�Q�G���W�K�H���V�L�P�X�O�D�W�L�R�Q���U�H�V�X�O�W�V��23 
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�F�D�Q�� �E�H�� �Y�H�U�L�I�L�H�G�� �E�\�� �I�L�O�H�G�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���� �,�W�� �P�H�D�Q�V�� �W�K�D�W�� �R�X�U�� �J�U�D�G�L�H�Q�W�� �P�R�G�H�O�� �L�V�� �U�H�O�L�D�E�O�H�� �D�Q�G��1 

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

�W�Z�R-�G�L�P�H�Q�V�L�R�Q�V���P�D�L�Q�O�\���L�G�H�Q�W�L�I�\���µ�L�V�O�D�Q�G�V�¶���R�U���µ�O�R�Z�O�D�Q�G�V�¶���L�Q���X�U�E�D�Q���D�U�H�D���I�R�U���V�R�P�H���S�D�U�D�P�H�W�H�U�V��3 

���������� �7�K�H�L�U�� �G�D�W�D�� �D�Q�G�� �D�Q�D�O�\�V�L�V�� �F�D�Q�� �H�D�V�L�O�\�� �E�H�� �W�U�D�Q�V�I�R�U�P�H�G�� �D�Q�G�� �D�S�S�O�\�� �W�K�L�V�� ��-�'�L�P�H�V�L�R�Q�D�O��4 

�J�U�D�G�L�H�Q�W���P�R�G�H�O���D�Q�G���T�X�D�Q�W�L�I�\���W�K�H���U�H�O�H�Y�D�Q�W���Y�D�U�L�D�E�O�H�V���R�I���V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���F�R�P�S�R�Q�H�Q�W�V����5 

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

�H�[�D�P�S�O�H���� �W�K�L�V�� ��-�G�L�P�H�V�L�R�Q�D�O�� �J�U�D�G�L�H�Q�W�� �P�R�G�H�O�� �F�D�Q�� �S�U�R�Y�L�G�H�� �D�� �T�X�D�Q�W�L�W�D�W�L�Y�H�� �G�H�P�R�Q�V�W�U�D�W�L�R�Q�� �W�R��7 

�&�K�U�L�V�W�D�O�O�H�U�
�V�� �F�H�Q�W�U�D�O�� �K�\�S�R�W�K�H�V�L�V�� ������������ �8�U�E�D�Q�� �S�O�D�Q�Q�H�U�V�� �F�D�Q�� �X�V�H�� �W�K�L�V�� �P�R�G�H�O�� �W�R�� �D�F�F�X�U�D�W�H�O�\��8 

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

�U�H�Q�W���D�Q�G���H�F�R�O�R�J�L�F�D�O���F�R�Q�V�F�L�R�X�V�Q�H�V�V�� 10 

�7�K�H�� �V�H�Q�V�L�W�L�Y�L�W�\�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �J�U�D�G�L�H�Q�W�� �P�R�G�H�O�� �V�K�R�Z�V�� �W�K�D�W�� �W�K�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�V�� �R�I��11 

�P�X�O�W�L�S�O�H���W�\�S�H�V���R�I�� �F�R�P�S�R�Q�H�Q�W�V���D�U�H���P�R�U�H���V�H�Q�V�L�W�L�Y�H���W�R���I�R�X�U���L�Q�S�X�W���S�D�U�D�P�H�W�H�U�V�����P�����������1���D�Q�G���U����12 

�W�K�D�Q���R�W�K�H�U���S�D�U�D�P�H�W�H�U�V�����7�K�H�V�H���I�R�X�U���S�D�U�D�P�H�W�H�U�V���O�D�U�J�H�O�\���G�H�W�H�U�P�L�Q�H���W�K�H���J�U�D�Y�L�W�\���D�Q�G���U�H�S�X�O�V�L�R�Q��13 

�I�R�U�F�H�V�����6�,�� �$�S�S�H�Q�G�L�[�����7�D�E�O�H���6���������,�W���P�H�D�Q�V���W�K�D�W���W�K�H���D�W�W�U�L�E�X�W�H�V���R�I���F�R�P�S�R�Q�H�Q�W�V���W�R�J�H�W�K�H�U���Z�L�W�K��14 

�W�K�H�� �D�W�W�U�L�E�X�W�H�V�� �R�I�� �F�L�W�L�H�V�� �M�R�L�Q�W�O�\�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �I�X�Q�F�W�L�R�Q�D�O�� �V�S�D�W�L�D�O�� �V�W�U�X�F�W�X�U�H�� �R�I�� �F�L�W�L�H�V���� �7�K�H��15 

�D�W�W�U�L�E�X�W�H�V���R�I���F�R�P�S�R�Q�H�Q�W�V���L�Q�F�O�X�G�H���Q�H�W���H�F�R�V�\�V�W�H�P���V�H�U�Y�L�F�H�����P�����D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���L�Q�G�H�[������������16 

�D�Q�G�� �W�K�H�� �D�W�W�U�L�E�X�W�H�V�� �R�I�� �F�L�W�L�H�V�� �L�Q�F�O�X�G�H�� �O�D�Q�G�� �U�H�Q�W�� �H�[�S�R�Q�H�Q�W�� ���1���� �D�Q�G�� �S�R�S�X�O�D�W�L�R�Q�� �D�W�W�H�Q�X�D�W�L�R�Q��17 

�F�R�H�I�I�L�F�L�H�Q�W������������ �0�D�Q�\�� �U�H�V�H�D�U�F�K�H�U�V�� �I�L�Q�G�� �W�K�D�W�� �W�K�H�� �O�D�Q�G�� �U�H�Q�W�� �D�Q�G�� �I�U�H�L�J�K�W�� �U�D�W�H�� �D�I�I�H�F�W�� �W�K�H��18 

�G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �F�R�P�S�R�Q�H�Q�W�V�� ������������ �E�X�W�� �I�H�Z�� �P�R�G�H�O�V�� �T�X�D�Q�W�L�I�\�� �W�K�H�� �D�I�I�H�F�W�L�R�Q�V���� �7�K�L�V�� ��-19 

�G�L�P�H�V�L�R�Q�D�O���J�U�D�G�L�H�Q�W���P�R�G�H�O���T�X�D�Q�W�L�I�L�H�V���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���G�U�L�Y�L�Q�J���I�D�F�W�R�U�V���D�Q�G���I�L�Q�G���R�X�W���W�K�H���N�H�\��20 

�I�D�F�W�R�U�V���� �)�R�U���H�[�D�P�S�O�H����the ecosystem service intensity m of greenhouses is much smaller 21 

than that of KFCs, so it cannot afford the high land rent, therefore they are repulsed by 22 

the city center. Meanwhile, the fresh-keeping distance r of greenhouse products is longer 23 
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than that of KFCs, so they are less attracted by the city center. The equilibrium of the two 1 

forces mainly drives those greenhouses locate outside urban areas and far from other 2 

functional components. 3 

�7�K�H�� �J�U�D�G�L�H�Q�W�� �P�R�G�H�O�� �X�Q�F�R�Y�H�U�V�� �W�K�H�� �V�R�F�L�D�O-�H�F�R�Q�R�P�L�F�� �D�Q�G�� �H�F�R�O�R�J�L�F�D�O�� �P�H�F�K�D�Q�L�V�P�� �R�I��4 

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

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

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

�F�R�P�S�R�Q�H�Q�W�V�� �U�D�L�V�H�� �W�K�H�� �J�U�D�Y�L�W�D�W�L�R�Q�� �I�R�U�F�H�� �W�R�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W�V�� �D�Q�G�� �W�K�H�Q�� �X�S�O�L�I�W�� �W�K�H�� �L�Q�G�L�Y�L�G�X�D�O��8 

�G�H�Q�V�L�W�\���S�H�D�N�����3�P�D�[�����R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O�V���D�Q�G���S�X�O�O���W�K�H���3�P�D�[���W�R���P�R�Y�H���L�Q�Z�D�U�G�����G�
���G�H�F�U�H�D�V�H�V�����R�Q��9 

�X�U�E�D�Q-�U�X�U�D�O�� �J�U�D�G�L�H�Q�W�V���� ���6�,�� �$�S�S�H�Q�G�L�[���� �)�L�J���� �6���������7�K�H�V�H�� �U�H�V�X�O�W�V�� �V�X�S�S�R�U�W�� �W�K�H�� �Y�L�H�Z�� �W�K�D�W�� �W�K�H��10 

�H�Q�W�H�U�S�U�L�V�H�V�����F�L�W�\���I�X�Q�F�W�L�R�Q�D�O���F�R�P�S�R�Q�H�Q�W�V���R�U���R�U�J�D�Q�D�U�D�V�����K�D�Y�H���W�R���N�H�H�S���X�S���Z�L�W�K���W�H�F�K�Q�R�O�R�J�L�F�D�O��11 

�L�Q�Q�R�Y�D�W�L�R�Q�V���F�R�Q�W�L�Q�X�R�X�V�O�\�����������������������)�X�U�W�K�H�U�P�R�U�H�����W�K�H���L�Q�G�L�Y�L�G�X�D�O���G�H�Q�V�L�W�\���F�X�U�Y�H���U�H�V�S�R�Q�V�H���R�I��12 

�W�R���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���L�Q�G�H�[�������U�H�Y�H�D�O�V���W�K�D�W���L�Q�Q�R�Y�D�W�L�R�Q�V���P�X�V�W���D�O�V�R���U�H�G�X�F�H���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O��13 

�L�P�S�D�F�W���R�I���F�R�P�S�R�Q�H�Q�W�V���L�Q���R�U�G�H�U���W�R���D�G�D�S�W���W�R���W�K�H���F�K�D�Q�J�H�V���L�Q���K�X�P�D�Q���S�U�H�I�H�U�H�Q�F�H�����Z�K�L�F�K���W�H�Q�G�V��14 

�W�R�� �E�H�� �V�W�U�L�F�W�H�U�� �R�Q�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �T�X�D�O�L�W�\�� �Z�L�W�K�� �L�Q�F�U�H�D�V�L�Q�J�� �V�R�F�L�D�O�� �S�U�R�V�S�H�U�L�W�\������������ ���������� �7�K�H��15 

�V�X�S�H�U-�F�H�O�O�� �F�L�W�\�� �P�R�G�H�O�� �K�D�V�� �D�Q�D�O�\�]�H�G�� �W�K�H�� �V�S�D�W�L�D�O�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �E�H�W�Z�H�H�Q�� �R�U�J�D�Q�D�U�D�V�� �D�Q�G��16 

�F�L�W�\�Q�X�F�O�H�X�V�� ���������� �7�K�H�� �J�U�D�G�L�H�Q�W�� �P�R�G�H�O���I�X�U�W�K�H�U�� �T�X�D�Q�W�L�I�L�H�V�� �W�K�H�� �L�P�S�R�U�W�D�Q�W�� �L�P�S�D�F�W�V�� �R�I�� �W�K�H��17 

�S�U�R�G�X�F�W�L�R�Q�� �F�D�S�D�F�L�W�\���� �H�F�R�O�R�J�L�F�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���� �D�Q�G�� �W�H�F�K�Q�R�O�R�J�L�F�D�O�� �S�U�R�J�U�H�V�V�� �R�I�� �R�U�J�D�Q�D�U�D�V��18 

�R�Q���W�K�H���F�L�W�\�¶�V���I�X�Q�F�W�L�R�Q�D�O���V�S�D�W�L�D�O���V�W�U�X�F�W�X�U�H�� 19 

�7�K�H���O�D�Q�G���U�H�Q�W���U�H�I�O�H�F�W�V���W�K�H���U�H�V�X�O�W���R�I���F�R�P�S�H�W�L�W�L�R�Q���D�P�R�Q�J���F�R�P�S�R�Q�H�Q�W�V���I�R�U���D���V�F�D�U�F�H���O�D�Q�G��20 

�U�H�V�R�X�U�F�H�� ������������ �7�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �F�L�W�L�H�V�� �I�O�D�W�W�H�Q�V�� �W�K�H�� �V�S�D�W�L�D�O�� �S�D�W�W�H�U�Q�V�� �R�I�� �O�D�Q�G�� �U�H�Q�W�� �D�Q�G��21 

�K�X�P�D�Q���S�R�S�X�O�D�W�L�R�Q���������������$�V���W�K�H���O�D�Q�G���U�H�Q�W���F�X�U�Y�H�V���E�H�F�R�P�H���J�H�Q�W�O�H�U�����W�K�H���3�P�D�[���R�I���W�K�H���I�R�X�U���W�\�S�H�V��22 

�R�I�� �F�R�P�S�R�Q�H�Q�W�V�� �G�H�F�U�H�D�V�H���� �E�X�W�� �R�Q�O�\�� �W�K�H���G�
���R�I�� �*�+�� �D�Q�G�� �'�)�� �O�R�F�D�W�H�G�� �R�X�W�V�L�G�H�� �W�K�H�� �X�U�E�D�Q�� �D�U�H�D��23 
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�P�R�Y�H�V���R�X�W�Z�D�U�G�����6�,���$�S�S�H�Q�G�L�[�����7�D�E�O�H���6���������,�Q���R�W�K�H�U���Z�R�U�G�V�����W�K�H���J�U�R�Z�W�K���R�I���S�R�S�X�O�D�W�L�R�Q���L�Q���W�K�H��1 

�S�H�U�L�S�K�H�U�L�H�V���R�I���W�K�H���F�L�W�\���L�V���F�D�X�V�H�G���E�\���W�K�H���X�U�E�D�Q�L�]�D�W�L�R�Q�����6�,���$�S�S�H�Q�G�L�[�����)�L�J�����6���E�����Z�L�O�O���V�W�L�P�X�O�D�W�H��2 

�W�K�H���3�P�D�[�� �R�I�� �F�R�P�S�R�Q�H�Q�W�V�� �P�R�Y�H�� �R�X�W�Z�D�U�G�� ���6�,�� �$�S�S�H�Q�G�L�[���� �)�L�J���� �6�������� �7�K�H�� �G�\�Q�D�P�L�F�V�� �R�I�� �F�L�W�L�H�V����3 

�Z�K�L�F�K���L�Q�F�O�X�G�H���X�U�E�D�Q�L�]�D�W�L�R�Q�����F�R�X�Q�W�H�U���X�U�E�D�Q�L�]�D�W�L�R�Q�����D�Q�G���U�H-�X�U�E�D�Q�L�]�D�W�L�R�Q�����D�U�H���H�V�V�H�Q�W�L�D�O�O�\���W�K�H��4 

�F�K�D�Q�J�H���R�I���W�K�H���F�L�W�\���D�W�W�U�L�E�X�W�H�V���������������)�R�U���H�[�D�P�S�O�H�����W�K�H���F�K�D�Q�J�H�V���L�Q���H�F�R�Q�R�P�L�F���O�H�Y�H�O�����S�R�S�X�O�D�W�L�R�Q��5 

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

�V�H�U�Y�L�F�H�V���R�I���D���W�\�S�H���R�I���F�R�P�S�R�Q�H�Q�W���L�Q���D���F�L�W�\�����0�����U�H�I�O�H�F�W�V���W�K�H���G�\�Q�D�P�L�F�V���R�I���W�K�H���S�R�S�X�O�D�W�L�R�Q���D�Q�G��7 

�L�W�V�� �S�U�H�I�H�U�H�Q�F�H�V���� �D�Q�G�� �L�W�� �D�I�I�H�F�W�V�� �W�K�H���3�P�D�[���� �7�K�H�� �F�L�W�\�� �L�Q�G�H�[���=���� �Z�K�L�F�K�� �L�V�� �K�L�J�K�O�\�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H��8 

�P�D�[�L�P�X�P���O�D�Q�G���U�H�Q�W���D�Q�G���W�K�H���V�L�]�H���R�I���W�K�H���F�L�W�\�¶�V���X�U�E�D�Q���D�U�H�D�����6�,���$�S�S�H�Q�G�L�[�����)�L�J�����6���������H�Q�K�D�Q�F�H�V��9 

�W�K�H���3�P�D�[�� �E�X�W�� �P�D�L�Q�W�D�L�Q�V�� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I���G�
�� ���6�,�� �$�S�S�H�Q�G�L�[���� �)�L�J���� �6�������� �7�K�U�R�X�J�K�� �D�E�R�Y�H��10 

�P�H�F�K�D�Q�L�V�P�����W�K�H���J�U�D�G�L�H�Q�W���P�R�G�H�O���F�R�X�O�G���K�H�O�S���X�V���W�R���T�X�D�Q�W�L�I�\���W�K�H���V�H�O�I-�R�U�J�D�Q�L�]�D�W�L�R�Q���S�U�R�F�H�V�V�H�V��11 

�R�I�� �D�� �H�X�N�D�U�F�L�W�\���� �L�Q�F�O�X�G�L�Q�J�� �F�R�H�[�L�V�W�H�Q�F�H�� �R�I�� �D�Q�G�� �F�R�P�S�H�W�L�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �G�L�I�I�H�U�H�Q�W�� �W�\�S�H�V�� �R�I��12 

�R�U�J�D�Q�D�U�D�V�� �U�H�Y�H�D�O�H�G�� �E�\�� �&�K�D�Q�J�� �H�W�� �D�O���� ���������� ���������� �7�K�H�� �P�H�F�K�D�Q�L�V�P�� �F�R�X�O�G�� �E�H�� �W�K�H�� �E�D�V�L�V�� �I�R�U��13 

�S�U�H�G�L�F�W�L�Q�J�� �W�K�H�� �I�X�W�X�U�H�� �F�L�W�\�� �V�W�U�X�F�W�X�U�H�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �F�L�W�\�¶�V�� �D�W�W�U�L�E�X�W�H�V�� �D�O�R�Q�J�� �Z�L�W�K�� �W�K�H��14 

�G�H�Y�H�O�R�S�P�H�Q�W���R�I���F�L�W�L�H�V�� 15 

�$�O�W�K�R�X�J�K�� �H�D�F�K�� �F�D�V�H�� �F�L�W�\�� �K�D�V�� �L�W�V�� �X�Q�L�T�X�H�� �V�S�D�W�L�D�O�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �G�H�Y�H�O�R�S�P�H�Q�W�� �W�U�H�Q�G���� �W�K�H��16 

�J�U�D�G�L�H�Q�W�� �P�R�G�H�O�� �L�Q�� �W�K�L�V�� �V�W�X�G�\�� �K�D�V�� �E�H�H�Q�� �S�U�R�Y�H�Q�� �W�K�H�� �J�H�Q�H�U�D�O�L�W�\�� �W�R�� �D�Q�D�O�\�]�H�� �W�K�H�� �V�S�D�W�L�D�O��17 

�G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �F�L�W�\�� �I�X�Q�F�W�L�R�Q�D�O�� �F�R�P�S�R�Q�H�Q�W�V���� �$�F�W�X�D�O�O�\���� �W�K�H�� �N�H�\�� �L�Q�S�X�W�� �S�D�U�D�P�H�W�H�U�V�� �D�U�H�� �W�K�H��18 

�V�S�D�W�L�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �I�X�Q�F�W�L�R�Q�� �R�I�� �K�X�P�D�Q�� �S�R�S�X�O�D�W�L�R�Q�� �D�Q�G�� �O�D�Q�G�� �S�U�L�F�H�� �D�Q�G�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W��19 

�S�U�R�G�X�F�W�L�R�Q���F�D�S�D�F�L�W�\�����:�H���F�R�Q�V�L�G�H�U���W�K�D�W���W�K�H���P�R�G�H�O���K�D�V���W�K�H���S�R�W�H�Q�W�L�D�O���W�R���D�S�S�O�\���L�Q���R�W�K�H�U���F�L�W�L�H�V��20 

�D�U�R�X�Q�G�� �W�K�H�� �Z�R�U�O�G���� �2�Q�� �W�K�H�� �R�Q�H�� �K�D�Q�G���� �Z�H�� �K�D�Y�H�� �I�R�X�Q�G�� �W�K�H�� �W�U�H�Q�G�V�� �R�I�� �O�D�Q�G�� �U�H�Q�W�� �F�X�U�Y�H�� �D�Q�G��21 

�S�R�S�X�O�D�W�L�R�Q�� �G�H�Q�V�L�W�\�� �F�X�U�Y�H�� �D�O�R�Q�J�� �W�K�H�� �X�U�E�D�Q-�U�X�U�D�O�� �J�U�D�G�L�H�Q�W�� �R�I�� �V�R�P�H�� �F�L�W�L�H�V�� �L�Q�� �W�K�H�� �8�Q�L�W�H�G��22 

�6�W�D�W�H�V�����-�D�S�D�Q�����6�R�X�W�K���.�R�U�H�D�����$�X�V�W�U�D�O�L�D���D�Q�G���(�X�U�R�S�H���D�U�H���V�L�P�L�O�D�U���W�R���W�K�H���S�D�W�W�H�U�Q�V���R�I���W�K�H���&�K�L�Q�H�V��23 



 

 

19 

 

�F�L�W�L�H�V�����D�Q�G���L�W���V�K�R�Z�V���W�K�H���P�R�Q�R�W�R�Q�L�F���D�W�W�H�Q�X�D�W�L�R�Q���W�U�H�Q�G���I�U�R�P���F�L�W�\���F�H�Q�W�H�U���R�X�W�Z�D�U�G���������������������2�Q��1 

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

�W�K�H���S�R�V�L�W�L�R�Q���R�I���X�U�E�D�Q���F�H�Q�W�H�U�����H�Y�H�Q���L�Q���P�H�J�D���F�L�W�L�H�V���V�X�F�K���D�V���1�H�Z���<�R�U�N���D�Q�G���/�R�Q�G�R�Q�������������W�K�D�W��3 

�V�L�P�L�O�D�U���W�R���W�K�H���F�D�V�H���&�K�L�Q�H�V�H���F�L�W�L�H�V���L�Q���W�K�L�V���V�W�X�G�\�����$�O�W�K�R�X�J�K���V�R�P�H���U�L�F�K���S�H�R�S�O�H���W�H�Q�W���W�R���O�L�Y�H���L�Q��4 

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

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

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

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

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

�D�Q�G���U�H�Y�H�D�O���W�K�H���S�U�L�Q�F�L�S�O�H���E�H�K�L�Q�G���W�K�H���S�K�H�Q�R�P�H�Q�R�Q�� 10 

�7�K�L�V���P�R�G�H�O���L�Q�W�H�J�U�D�W�H�V���W�K�H���Y�D�U�L�R�X�V���I�D�F�W�R�U�V���D�Q�G���W�K�H�L�U���L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q�W�R���D���R�Q�H-�G�L�P�H�Q�V�L�R�Q�D�O��11 

�X�U�E�D�Q-�U�X�U�D�O���J�U�D�G�L�H�Q�W���D�Q�G���I�L�Q�G�V���T�X�D�Q�W�L�I�L�H�G���U�X�O�H�V�����7�K�L�V���V�W�D�W�L�F���P�R�G�H�O���G�H�V�F�U�L�E�H�V���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q��12 

�U�H�V�X�O�W�V���R�I���Y�D�U�L�R�X�V���I�D�F�W�R�U�V���D�V���W�K�H���H�F�R-�H�F�R�Q�R�P�L�F���V�\�V�W�H�P���L�Q���U�H�O�D�W�L�Y�H���H�T�X�L�O�L�E�U�L�X�P���V�W�D�W�H�����6�X�F�K���D��13 

�P�H�F�K�D�Q�L�V�P�� �P�R�G�H�O���� �L�Q�V�W�H�D�G�� �R�I�� �W�K�H�� �V�W�D�W�L�V�W�L�F�� �P�R�G�H�O�� ���������� �U�H�Y�H�D�O�V�� �W�K�H�� �J�H�Q�H�U�D�O�� �O�D�Z�� �R�I�� �W�K�H��14 

�G�H�Y�H�O�R�S�P�H�Q�W���� �H�[�S�D�Q�V�L�R�Q���� �D�Q�G�� �U�H�Q�H�Z�D�O�� �R�I�� �W�K�H�� �F�L�W�L�H�V���� �7�K�L�V�� �P�D�W�K�H�P�D�W�L�F�D�O�� �J�U�D�G�L�H�Q�W�� �P�R�G�H�O��15 

�G�H�H�S�H�Q�V�� �W�K�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �F�L�W�\�� �V�W�U�X�F�W�X�U�H�� �E�D�V�H�G�� �R�Q�� �D�� �F�R�Q�F�H�S�W�X�D�O�� �V�X�S�H�U�� �F�H�O�O�� �P�R�G�H�O�� ����������16 

�%�D�V�H�G���R�Q���W�K�H���K�L�V�W�R�U�L�F�D�O���G�L�V�W�U�L�E�X�W�L�R�Q�V���R�I���W�K�H���I�X�Q�F�W�L�R�Q�D�O���F�R�P�S�R�Q�H�Q�W�V���D�Q�G���U�H�O�D�W�H�G���S�D�U�D�P�H�W�H�U�V����17 

�W�K�H���P�R�G�H�O���F�D�Q���E�H���X�V�H�G���W�R���S�U�H�G�L�F�W���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���W�K�H���F�L�W�\���P�R�U�S�K�R�O�R�J�\���D�Q�G���V�W�U�X�F�W�X�U�H�����7�K�H��18 

�P�R�G�H�O���F�D�Q���D�O�V�R���K�H�O�S���W�R���H�[�S�O�R�U�H���W�K�H���O�L�P�L�W�D�W�L�R�Q�V���R�I���W�K�H���F�X�U�U�H�Q�W���F�L�W�\���L�Q���V�W�U�X�F�W�X�U�H���D�Q�G���I�X�Q�F�W�L�R�Q����19 

�D�Q�G���W�R���I�L�Q�G���R�X�W���W�K�H���F�U�X�F�L�D�O���R�S�W�L�P�L�]�D�W�L�R�Q���S�R�L�Q�W�V���W�R���S�U�R�P�R�W�H���V�X�V�W�D�L�Q�D�E�O�H���G�H�Y�H�O�R�S�P�H�Q�W���L�Q���W�K�H��20 

�F�R�Q�W�H�[�W�� �R�I�� �J�O�R�E�D�O�� �X�U�E�D�Q�L�]�D�W�L�R�Q���� �,�W�� �F�D�Q�� �E�H�� �I�X�U�W�K�H�U�� �G�H�Y�H�O�R�S�H�G�� �D�Q�G�� �L�Q�V�S�L�U�H�� �L�Q�W�H�U�G�L�V�F�L�S�O�L�Q�D�U�\��21 

�V�W�X�G�L�H�V�� �D�F�U�R�V�V�� �I�L�H�O�G�V�� �V�X�F�K�� �D�V�� �H�F�R�O�R�J�\���� �H�F�R�Q�R�P�L�F�V���� �X�U�E�D�Q�� �S�O�D�Q�Q�L�Q�J�� �D�Q�G�� �P�D�Q�D�J�H�P�H�Q�W���� �D�Q�G��22 

�H�Q�J�L�Q�H�H�U�L�Q�J�� 23 



 

 

20 

 

 1 

Materials and Methods 2 

�6�H�O�H�F�W�L�R�Q���R�I���F�D�V�H���F�L�W�L�H�V���D�Q�G���I�X�Q�F�W�L�R�Q�D�O���F�R�P�S�R�Q�H�Q�W�V 3 

�7�K�H�� �F�U�L�W�H�U�L�D�� �I�R�U�� �F�K�R�R�V�L�Q�J�� �F�D�V�H�� �F�L�W�L�H�V���� �������� �W�K�H�� �G�D�W�D�� �I�R�U�� �W�K�H�� �S�R�S�X�O�D�W�L�R�Q�� �D�Q�G�� �V�S�D�W�L�D�O��4 

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

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

�I�X�Q�F�W�L�R�Q���� �$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �F�U�L�W�H�U�L�D���� �Z�H�� �V�H�O�H�F�W�H�G�� ������ �F�L�W�L�H�V�� �L�Q�� �&�K�L�Q�D���� �6�K�D�Q�J�K�D�L���� �%�H�L�M�L�Q�J����7 

�7�L�D�Q�M�L�Q���� �6�X�]�K�R�X���� �:�X�K�D�Q���� �+�D�Q�J�]�K�R�X���� �1�D�Q�M�L�Q�J���� �:�X�[�L���� �1�L�Q�J�E�R���� �1�D�Q�W�R�Q�J���� �+�H�I�H�L����8 

�&�K�D�Q�J�]�K�R�X���� �6�K�D�R�[�L�Q�J���� �-�L�D�[�L�Q�J���� �D�Q�G�� �=�K�H�Q�M�L�D�Q�J�� �&�L�W�\���� �D�Q�G�� �V�H�Y�H�U�D�O�� �W�L�P�H�� �S�H�U�L�R�G�V�� �L�Q�� �V�R�P�H��9 

�F�L�W�L�H�V�����6�,�� �$�S�S�H�Q�G�L�[���� �7�D�E�O�H���6���������7�K�H�� �F�U�L�W�H�U�L�D���I�R�U���F�K�R�R�V�L�Q�J���W�K�H���W�\�S�H���R�I�� �F�R�P�S�R�Q�H�Q�W������������ �W�K�H��10 

�I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W�V�� �L�V�� �W�R�� �S�U�R�Y�L�G�H�� �V�H�U�Y�L�F�H�V�� �W�R�� �S�H�R�S�O�H�� �O�R�F�D�O�O�\���� �V�R�� �W�K�H�L�U�� �D�P�R�X�Q�W�� �L�V��11 

�U�H�O�D�W�H�G���W�R���W�K�H���S�R�S�X�O�D�W�L�R�Q���R�I���W�K�H���F�L�W�\�������������H�D�F�K���F�R�P�S�R�Q�H�Q�W���K�D�V���D���Q�X�P�E�H�U���R�I���L�Q�G�L�Y�L�G�X�D�O�V���W�K�D�W��12 

�I�R�U�P���D�Q���L�Q�G�L�Y�L�G�X�D�O���G�H�Q�V�L�W�\���G�L�V�W�U�L�E�X�W�L�R�Q���F�X�U�Y�H���D�O�R�Q�J���W�K�H���X�U�E�D�Q-�U�X�U�D�O���J�U�D�G�L�H�Q�W�������������G�L�I�I�H�U�H�Q�W��13 

�W�\�S�H�V�� �R�I�� �F�R�P�S�R�Q�H�Q�W�V�� �K�D�Y�H�� �G�L�V�W�L�Q�J�X�L�V�K�D�E�O�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �F�X�U�Y�H�V�� �D�O�R�Q�J�� �W�K�H�� �X�U�E�D�Q-�U�X�U�D�O��14 

�J�U�D�G�L�H�Q�W���� �R�Q�H�� �W�\�S�H�� �L�V�� �F�R�Q�F�H�Q�W�U�D�W�H�G���Q�H�D�U���W�K�H�� �F�L�W�\�Q�X�F�O�H�X�V���� �R�Q�H�� �W�\�S�H�� �R�X�W�V�L�G�H�� �W�K�H�� �F�H�Q�W�H�U���� �R�Q�H��15 

�W�\�S�H���L�V���Q�H�D�U���W�K�H���X�U�E�D�Q���I�U�L�Q�J�H�����D�Q�G���R�Q�H���L�V���L�Q���W�K�H���H�[-�X�U�E�D�Q���D�U�H�D�����$�F�F�R�U�G�L�Q�J���W�R���W�K�H���F�U�L�W�H�U�L�D�����Z�H��16 

�F�K�R�V�H���� �������� �D�� �W�\�S�H�� �R�I�� �I�D�V�W�� �I�R�R�G�� �U�H�V�W�D�X�U�D�Q�W���� �.�H�Q�W�X�F�N�\�� �)�U�L�H�G�� �&�K�L�F�N�H�Q�� �V�K�R�S�� ���.�)�&������ �P�R�V�W�� �R�I��17 

�Z�K�L�F�K�� �D�U�H�� �Q�H�D�U�� �W�K�H�� �F�L�W�\�Q�X�F�O�H�X�V���� �������� �D�� �W�\�S�H�� �R�I�� �H�[�S�U�H�V�V�� �G�H�O�L�Y�H�U�\�� �R�X�W�O�H�W�V���� �=�7�2�� �G�H�O�L�Y�H�U�\��18 

�R�X�W�O�H�W�V���� �P�R�V�W�� �R�I�� �Z�K�L�F�K�� �D�U�H�� �R�X�W�V�L�G�H�� �W�K�H�� �F�L�W�\�Q�X�F�O�H�X�V���� �������� �D�� �S�U�L�P�D�U�\�� �E�L�R�O�R�J�L�F�D�O�� �S�U�R�G�X�F�W�L�R�Q��19 

�F�R�P�S�R�Q�H�Q�W�����F�X�O�W�L�Y�D�W�H�G���J�U�H�H�Q�K�R�X�V�H�V�����Z�K�L�F�K���D�U�H���P�D�L�Q�O�\���R�X�W�V�L�G�H���E�X�W���Q�H�D�U���W�K�H���V�X�E�X�U�E�D�Q���D�U�H�D����20 

�������� �D�� �W�\�S�H�� �R�I�� �V�H�F�R�Q�G�D�U�\�� �E�L�R�O�R�J�L�F�D�O�� �S�U�R�G�X�F�W�L�R�Q�� �F�R�P�S�R�Q�H�Q�W���� �G�D�L�U�\�� �I�D�U�P�V���� �W�K�D�W�� �D�U�H�� �P�D�L�Q�O�\��21 

�O�R�F�D�W�H�G���L�Q���H�[-�X�U�E�D�Q���D�U�H�D�V�����6�,���$�S�S�H�Q�G�L�[�����)�L�J�����6�������� 22 

 23 



 

 

21 

 

�'�D�W�D���V�R�X�U�F�H���D�Q�G���H�F�R�V�\�V�W�H�P���V�H�U�Y�L�F�H�V���D�V�V�H�V�V�P�H�Q�W�� 1 

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

�R�U���S�X�E�O�L�F���G�D�W�D�E�D�V�H�����W�K�H���G�H�W�D�L�O�V���V�H�H���6�X�S�S�O�H�P�H�Q�W�D�U�\���,�Q�I�R�U�P�D�W�L�R�Q�����7�K�U�R�X�J�K���W�K�H���V�X�U�Y�H�\�L�Q�J���D�Q�G��3 

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

�F�H�Q�W�H�U���F�L�W�L�H�V�����2�I���F�R�X�U�V�H�����W�K�H���U�H�V�H�D�U�F�K���R�Q���P�X�O�W�L-�F�H�Q�W�H�U���F�L�W�L�H�V���P�D�\���E�H���G�L�V�W�X�U�E�H�G�����D�Q�G���Q�H�H�G�V��5 

�I�X�U�W�K�H�U���V�W�X�G�\�����$�F�F�R�U�G�L�Q�J���W�R���W�K�H���0�L�O�O�H�Q�Q�L�X�P���(�F�R�V�\�V�W�H�P���$�V�V�H�V�V�P�H�Q�W�����H�F�R�V�\�V�W�H�P���V�H�U�Y�L�F�H�V��6 

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

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

�D�U�W�L�I�L�F�L�D�O���H�F�R�V�\�V�W�H�P�V�����F�R�P�S�R�Q�H�Q�W�V�����D�U�H���G�L�Y�L�G�H�G���L�Q�W�R���W�D�U�J�H�W���V�H�U�Y�L�F�H�V���D�Q�G���D�F�F�R�P�S�D�Q�L�H�G��9 

�V�H�U�Y�L�F�H�V���V�H�S�D�U�D�W�H�O�\�����6�,���$�S�S�H�Q�G�L�[�����)�L�J�����6�������������������7�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���R�I���W�K�H���H�F�R�V�\�V�W�H�P��10 

�V�H�U�Y�L�F�H�V���R�I���W�K�H���F�R�P�S�R�Q�H�Q�W�V���V�H�H���6�X�S�S�O�H�P�H�Q�W�D�U�\���,�Q�I�R�U�P�D�W�L�R�Q�� 11 

�7�K�H���W�D�U�J�H�W���V�H�U�Y�L�F�H�V���R�I���D���W�\�S�H���R�I���F�R�P�S�R�Q�H�Q�W���D�U�H���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���L�Q�Y�H�V�W�P�H�Q�W���J�R�D�O���R�I��12 

�W�K�H���D�U�W�L�I�L�F�L�D�O���H�F�R�V�\�V�W�H�P�����7�K�L�V���P�H�D�Q�V���W�K�D�W���W�K�H�\���F�D�Q���E�H���W�K�H���S�U�R�Y�L�V�L�R�Q�L�Q�J�����U�H�J�X�O�D�W�L�Q�J�����R�U��13 

�F�X�O�W�X�U�D�O���V�H�U�Y�L�F�H�V���L�Q���0�L�O�O�H�Q�Q�L�X�P���(�F�R�V�\�V�W�H�P���$�V�V�H�V�V�P�H�Q�W���������������7�K�H���W�D�U�J�H�W���V�H�U�Y�L�F�H���R�I���.�)�&����14 

�J�U�H�H�Q�K�R�X�V�H�V�����D�Q�G���G�D�L�U�\���I�D�U�P�V���L�V���W�K�H���S�U�R�Y�L�V�L�R�Q�L�Q�J���R�I���I�R�R�G�����Z�K�L�F�K���L�V���H�T�X�L�Y�D�O�H�Q�W���W�R���V�R�P�H���R�I��15 

�W�K�H���S�U�R�Y�L�V�L�R�Q�L�Q�J���V�H�U�Y�L�F�H�V���R�I���Q�D�W�X�U�D�O���H�F�R�V�\�V�W�H�P�V�����Z�K�L�O�H���W�K�H���W�D�U�J�H�W���V�H�U�Y�L�F�H���R�I���=�7�2���L�V���W�K�H��16 

�U�H�J�X�O�D�W�L�Q�J���V�H�U�Y�L�F�H���R�I���G�L�V�W�U�L�E�X�W�L�Q�J���J�R�R�G�V���W�R���S�H�R�S�O�H�����7�K�H���D�F�F�R�P�S�D�Q�L�H�G���V�H�U�Y�L�F�H�V���D�U�H��17 

�H�T�X�L�Y�D�O�H�Q�W���W�R���W�K�H���H�[�W�H�U�Q�D�O�L�W�L�H�V�����S�R�V�L�W�L�Y�H���R�U���Q�H�J�D�W�L�Y�H�����L�Q���H�F�R�Q�R�P�L�F�V�����7�K�H�\���F�D�Q���E�H��18 

�F�D�W�H�J�R�U�L�]�H�G���L�Q�W�R���S�U�R�Y�L�V�L�R�Q�L�Q�J�����U�H�J�X�O�D�W�L�Q�J���R�U���F�X�O�W�X�U�D�O���V�H�U�Y�L�F�H�V�����5�H�J�X�O�D�W�L�Q�J���V�H�U�Y�L�F�H�V���D�U�H��19 

�I�X�U�W�K�H�U���G�L�Y�L�G�H�G���L�Q�W�R���S�R�V�L�W�L�Y�H�����V�H�U�Y�L�F�H�V�����D�Q�G���Q�H�J�D�W�L�Y�H�����G�L�V-�V�H�U�Y�L�F�H�V�����L�Q���W�K�L�V���S�D�S�H�U�����I�R�O�O�R�Z�L�Q�J��20 

�W�K�H���J�X�L�G�H�O�L�Q�H�V���L�Q���/�L�X���H�W���D�O���������������� 21 

�7�K�H���Q�H�W���V�H�U�Y�L�F�H (�1�(�6����m in model) �L�V���W�K�H���V�X�P���R�I���W�K�H���H�F�R�V�\�V�W�H�P���V�H�U�Y�L�F�H�V�����W�D�U�J�H�W��22 

�V�H�U�Y�L�F�H�������S�R�V�L�W�L�Y�H���U�H�J�X�O�D�W�L�Q�J���V�H�U�Y�L�F�H�V�������F�X�O�W�X�U�D�O���V�H�U�Y�L�F�H�V�����D�Q�G���G�L�V-�V�H�U�Y�L�F�H�V�����H�Q�Y�L�U�R�Q�P�H�Q�W�D�O��23 



 

 

22 

 

�L�P�S�D�F�W�V���� 1 

 �0�'�5�� 
L ���Ã �(�6�L
�Q
�L��� ��  �������� 2 

�Z�K�H�U�H���(�6�L��(USD m-2 yr-1) �L�V�� �W�K�H�� �Y�D�O�X�H�� �R�I�� �H�F�R�V�\�V�W�H�P�� �V�H�U�Y�L�F�H���L���� �D�Q�G���Q�� �L�V�� �W�K�H�� �Q�X�P�E�H�U�� �R�I��3 

�H�F�R�V�\�V�W�H�P���V�H�U�Y�L�F�H�V���F�R�Q�V�L�G�H�U�H�G���L�Q���W�K�L�V���V�W�X�G�\�� 4 

�(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���L�Q�G�H�[���������L�Q���P�R�G�H�O) �L�V���F�D�O�F�X�O�D�W�H�G���E�\���W�K�H���U�D�W�L�R���R�I���W�D�U�J�H�W���J�R�R�G�V���D�Q�G��5 

�V�H�U�Y�L�F�H�V�����7�*�6�����W�R���G�L�V-�V�H�U�Y�L�F�H�V�����(�'�6�����R�I���D���W�\�S�H���R�I���F�R�P�S�R�Q�H�Q�W�� 6 

 �Û�� 
L ���_�(�'�6�_���������
�� �������� 7 

 8 

�6�W�D�W�L�V�W�L�F�V 9 

�7�K�H���V�W�D�W�L�V�W�L�F���I�X�Q�F�W�L�R�Q�V���I�R�U���W�K�H���D�W�W�U�L�E�X�W�H�V���R�I���F�L�W�L�H�V���D�Q�G���F�R�P�S�R�Q�H�Q�W�V���Z�L�W�K���G�L�V�W�D�Q�F�H���I�U�R�P��10 

�W�K�H�� �F�L�W�\�Q�X�F�O�H�X�V�� �X�V�H�V�� �O�L�Q�H�D�U�� �D�Q�G�� �Q�R�Q�O�L�Q�H�D�U�� �U�H�J�U�H�V�V�L�R�Q�V�� ���(�[�F�H�O�� ������������ �0�L�F�U�R�V�R�I�W��11 

�&�R�R�S�H�U�D�W�L�R�Q������ �/�L�Q�H�D�U�� �D�Q�G�� �Q�R�Q�O�L�Q�H�D�U�� �U�H�J�U�H�V�V�L�R�Q�V�� �Z�H�U�H�� �X�V�H�G�� �W�R�� �V�W�X�G�\�� �W�K�H�� �U�H�O�D�W�L�R�Q�V�K�L�S��12 

�E�H�W�Z�H�H�Q���=�� �D�Q�G�� �W�K�H�� �F�L�W�\�� �D�W�W�U�L�E�X�W�H�V���� �D�Q�G�� �W�K�H�� �E�H�V�W�� �D�G�M�X�V�W�H�G�� �5���� �Z�D�V�� �X�V�H�G�� �W�R�� �V�H�O�H�F�W�� �W�K�H��13 

�U�H�J�U�H�V�V�L�R�Q���I�R�U�P���� 14 

�7�K�H���Q�R�Q�O�L�Q�H�D�U���I�L�W�W�L�Q�J���P�R�G�X�O�H���L�Q���2�U�L�J�L�Q�������������3�U�R�����2�U�L�J�L�Q�/�D�E���&�R�U�S�R�U�D�W�L�R�Q�����Z�D�V���X�V�H�G��15 

�W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �V�S�D�W�L�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �I�X�Q�F�W�L�R�Q�D�O�� �F�R�P�S�R�Q�H�Q�W�V���� �$�V�� �W�K�H�� �L�Q�L�W�L�D�O�� �Y�D�O�X�H�V�� �R�I��16 

�Q�R�Q�O�L�Q�H�D�U���I�L�W�W�L�Q�J���S�D�U�D�P�H�W�H�U�V���P�D�\���D�I�I�H�F�W���W�K�H���V�L�P�X�O�D�W�L�R�Q���U�H�V�X�O�W�V�����Z�H���F�D�U�H�I�X�O�O�\���F�\�F�O�H���W�K�U�R�X�J�K��17 

�W�K�H���D�S�S�U�R�S�U�L�D�W�H���L�Q�L�W�L�D�O���Y�D�O�X�H�V�����$�W���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���W�K�H���P�R�G�H�O���L�W�H�U�D�W�L�Y�H���S�U�R�F�H�V�V�����Z�H���X�V�H���W�K�H��18 

�G�H�I�D�X�O�W���Y�D�O�X�H�� �R�I�� ���� �D�V�� �W�K�H�� �L�Q�L�W�L�D�O�� �Y�D�O�X�H�� �I�R�U���*�� �D�Q�G���,���� �0�H�D�Q�Z�K�L�O�H���� �Z�H�� �I�L�[�� �=�� �D�V�� ������ �E�H�F�D�X�V�H���=��19 

�R�Q�O�\�� �D�I�I�H�F�W�V�� �W�K�H���3�P�D�[�� �Z�L�W�K�R�X�W�� �W�K�H�� �S�H�D�N�� �S�R�V�L�W�L�R�Q���� �$�I�W�H�U�� �W�K�H�� �P�R�G�H�O�� �L�W�H�U�D�W�L�R�Q�� �L�V�� �R�Y�H�U�� �D�W�� �W�K�L�V��20 

�V�W�D�J�H���� �Z�H�� �U�H�O�D�[�� �W�K�H�� �F�R�Q�G�L�W�L�R�Q�� �R�Q���=�� �D�Q�G�� �F�R�Q�W�L�Q�X�H�� �Z�L�W�K�� �W�K�H�� �L�W�H�U�D�W�L�Y�H�� �S�U�R�F�H�V�V�� �W�R�� �R�E�W�D�L�Q�� �W�K�H��21 

�I�L�Q�D�O���I�L�W�W�L�Q�J���S�D�U�D�P�H�W�H�U�V��  22 



 

 

23 

 

Acknowledgments 1 

�7�K�L�V�� �Z�R�U�N�� �Z�D�V�� �I�L�Q�D�Q�F�L�D�O�O�\�� �V�X�S�S�R�U�W�H�G�� �E�\�� �W�K�H�� �1�D�W�L�R�Q�D�O�� �1�D�W�X�U�D�O�� �6�F�L�H�Q�F�H�� �)�R�X�Q�G�D�W�L�R�Q�� �R�I��2 

�&�K�L�Q�D�����*�U�D�Q�W���1�R���������������������������:�H���W�K�D�Q�N���4�X���=�������3�D�Q���.�������=�K�X���.�����6�K�L���0�����:�R�Q�J���<�������*�X�R���.������3 

�=�K�D�Q�J���7�����I�R�U���W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q�V�� 4 

 5 

Author Contributions: J.C. and Y.G. designed the study; G.Y., S.L., F.M., Y.M. and 6 

K.Z. developed the model; H.J., Z.W. and R.X. performed data collection; H.J., Z.W. and 7 

R.X., K.H.C. analyzed the data; B.X., W.L. undertook the economic analysis; J.C., Y.G., 8 

G.Y. and K.H.C. wrote the manuscript. All authors performed research and approved the 9 

manuscript.  10 

 11 

Competing Interest Statement: The authors declare no competing interests. 12 

  13 



 

 

24 

 

References 1 

1. D. Helbing, J. Keltsch, P. Molnár, Modelling the evolution of human trail systems. 2 

Nature 388, 47�±50 (1997). 3 

2. M. Batty, The Size, Scale, and Shape of Cities. Science 319, 769�±771 (2008). 4 

3. L. M. A. Bettencourt, The Origins of Scaling in Cities. Science 340, 1438�±1441 (2013). 5 

4. A. Ramaswami, A. G. Russell, P. J. Culligan, K. R. Sharma, E. Kumar, Meta-6 

principles for developing smart, sustainable, and healthy cities. Science 352, 940�±7 

943 (2016). 8 

5. R. Xu, et al., City components�±area relationship and diversity pattern: towards a better 9 

understanding of urban structure. Sustainable Cities and Society 60, 102272 (2020). 10 

6. J. Chang, et al., Modern cities modelled as �³super�±cells�  ́rather than multicellular 11 

organisms: Implications for industry, goods and services. BioEssays, 2100041 12 

(2021). 13 

7. S. Liu, et al., Studying the distribution patterns, dynamics and influencing factors of 14 

city functional components by gradient analysis. Scientific Reports, 11, 1-13 (2021). 15 

8. B. Gao, W. Liu, D. Michael, State land policy, land markets and geographies of 16 

manufacturing: The case of Beijing, China. Land Use Policy 36, 1�±12 (2014). 17 

9. J. V. Henderson, A. J. Venables, T. Regan, I. Samsonov, Building functional cities. 18 

Science 352, 946�±947 (2016). 19 

10. M. Batty, Competition in the Built Environment: Scaling Laws for Cities, 20 

Neighbourhoods and Buildings. Nexus Netw J 17, 831�±850 (2015). 21 

11�����/�����:�X�����&�����*�R�Q�J�����;�����<�D�Q�����7�D�\�O�R�U�¶�V���S�R�Z�H�U���O�D�Z���D�Q�G���L�W�V���G�H�F�R�P�S�R�V�L�W�L�R�Q���L�Q���X�U�E�D�Q���I�D�F�L�O�L�W�L�H�V����22 

Royal Society Open Science 6, 180770 (2019). 23 



 

 

25 

 

12. G. B. West. Scale: the universal laws of growth, innovation, sustainability, and the 1 

pace of life in organisms, cities, economies, and companies. (Penguin, 2017). 2 

13. M. Barthelemy, The statistical physics of cities. Nature Reviews Physics, 1 (2019). 3 

14. R. M. Pringle, et al., Predator-induced collapse of niche structure and species 4 

coexistence. Nature 570, 58�±64 (2019). 5 

15. J. Um, S.-W. Son, S.-I. Lee, H. Jeong, B. J. Kim, Scaling laws between population 6 

and facility densities. PNAS 106, 14236�±14240 (2009). 7 

16. J. Gutiérrez, J. C. García-Palomares, G. Romanillos, M. H. Salas-Olmedo, The 8 

eruption of Airbnb in tourist cities: Comparing spatial patterns of hotels and peer-to-9 

peer accommodation in Barcelona. Tourism Management 62, 278�±291 (2017). 10 

17. Y. Yang, W. S. Roehl, J.-H. Huang, Understanding and projecting the restaurantscape: 11 

The influence of neighborhood sociodemographic characteristics on restaurant 12 

location. International Journal of Hospitality Management 67, 33�±45 (2017). 13 

18. J. Chang, et al., Assessing the ecosystem services provided by urban green spaces 14 

along urban center-edge gradients. Scientific Reports 7 (2017). 15 

���������:�����$�O�R�Q�V�R�����/�R�F�D�W�L�R�Q���D�Q�G���O�D�Q�G���X�V�H�����7�R�Z�D�U�G���D���J�H�Q�H�U�D�O���W�K�H�R�U�\���R�I���O�D�Q�G���U�H�Q�W�������+�D�U�Y�D�U�G��16 

�8�Q�L�Y���3�U�H�V�V���������������� 17 

20. D. J. Egan, K. Nield, Towards a Theory of Intraurban Hotel Location. Urban Studies 18 

37, 611�±621 (2000). 19 

21. J. Gao, W. Chen, F. Yuan, Spatial restructuring and the logic of industrial land 20 

redevelopment in urban China: I. Theoretical considerations. Land Use Policy 68, 21 

604�±613 (2017). 22 



 

 

26 

 

22. J. Fan, et al., Universal gap scaling in percolation. Nature Physics 16, 455�±461 1 

(2020). 2 

23. W. Chatti, B. Ben Soltane, T. Abalala, Impacts of Public Transport Policy on City 3 

Size and Welfare. Netw Spat Econ 19, 1097�±1122 (2019). 4 

24. D. J. Weiss, et al., A global map of travel time to cities to assess inequalities in 5 

accessibility in 2015. Nature 553, 333�±336 (2018). 6 

25. G. Manoli, et al., Magnitude of urban heat islands largely explained by climate and 7 

population. Nature 573, 55�±60 (2019). 8 

���������&�����&�O�D�U�N�����8�U�E�D�Q���S�R�S�X�O�D�W�L�R�Q���G�H�Q�V�L�W�L�H�V�����-�R�X�U�Q�D�O���R�I���W�K�H���5�R�\�D�O���6�W�D�W�L�V�W�L�F�D�O���6�R�F�L�H�W�\�����6�H�U�L�H�V���$��9 

���*�H�Q�H�U�D�O��������������������-���������������������� 10 

27. P. McCann, Transport costs and new economic geography. Journal of Economic 11 

Geography 5, 305�±318 (2005). 12 

28. T. Sakai, K. Kawamura, T. Hyodo, Spatial reorganization of urban logistics system 13 

and its impacts: Case of Tokyo. Journal of Transport Geography 60, 110�±118 14 

(2017). 15 

29. J. Lever, M. Krzywinski, N. Altman, Model selection and overfitting. Nature 16 

Methods 13, 703�±704 (2016). 17 

���������:�����&�K�U�L�V�W�D�O�O�H�U�����&�H�Q�W�U�D�O���S�O�D�F�H�V���L�Q���V�R�X�W�K�H�U�Q���*�H�U�P�D�Q�\�������3�U�H�Q�W�L�F�H���+�D�O�O���������������� 18 

31. L. M. A. Bettencourt, J. Lobo, D. Helbing, C. Kühnert, G. B. West, Growth, 19 

innovation, scaling, and the pace of life in cities. PNAS 104, 7301�±7306 (2007). 20 

32. D. E. Bloom, D. Canning, G. Fink, Urbanization and the Wealth of Nations. Science 21 

319, 772�±775 (2008). 22 



 

 

27 

 

33. G. S. Cumming, et al., Implications of agricultural transitions and urbanization for 1 

ecosystem services. Nature 515, 50�±57 (2014). 2 

34. M. Batty, A Theory of City Size. Science 340, 1418�±1419 (2013). 3 

35. M. Kulish, A. Richards, C.  Gillitzer., Urban structure and housing prices: Some 4 

evidence from Australian cities. Economic Record, 88, 303-322 (2012). 5 

36. M. van Ham, M. Uesugi, T. Tammaru, D. Manley, H. Janssen, Changing 6 

occupational structures and residential segregation in New York, London and Tokyo. 7 

Nature Human Behaviour, 4, 1124-1134 (2020). 8 

��������Millennium Ecosystem Assessment. Ecosystems and Human Well-Being: Synthesis 9 

(Island Press, 2005). 10 

38. D. Liu, et al., Constructed wetlands as biofuel production systems. Nature Clim. 11 

Change 2, 190�±194 (2012). 12 

39. National Bureau of Statistics of China. China city statistical yearbook 2020. (China 13 

Statistics Press, 2020). 14 

40. Ministry of Housing and Urban-Rural Development of China. China urban-rural 15 

construction statistical yearbook 2020. (China Statistics Press, 2020). 16 

41. A. J. Tatem, WorldPop, open data for spatial demography. Sci Data 4, 170004 17 

(2017). 18 

42. A. E. Gaughan, et al., Spatiotemporal patterns of population in mainland China, 1990 19 

to 2010. Scientific Data 3, 160005 (2016). 20 

43 J. Chang, et al., Assessment of net ecosystem services of plastic greenhouse vegetable 21 

cultivation in China. Ecological Economics 70, 740�±748 (2011). 22 



 

 

28 

 

44. X. Fan, et al., Recoupling Industrial Dairy Feedlots and Industrial Farmlands 1 

Mitigates the Environmental Impacts of Milk Production in China. Environ. Sci. 2 

Technol. 52, 3917�±3925 (2018). 3 

45. I. A. Curtis, Valuing ecosystem goods and services: a new approach using a surrogate 4 

market and the combination of a multiple criteria analysis and a Delphi panel to 5 

assign weights to the attributes. Ecological Economics 50, 163�±194 (2004). 6 

46. Y. Wang, et al., Quantification of net carbon flux from plastic greenhouse vegetable 7 

cultivation: A full carbon cycle analysis. Environmental Pollution 159, 1427�±1434 8 

(2011). 9 

47. M. Goedkoop, et al., ReCiPE 2008: A life cycle impact assessment method which 10 

comprises harmonised category indicators at the midpoint and the endpoint level 11 

(2008). 12 

 13 

  14 



 

 

29 

 

Figures and Tables 1 

 2 

 3 

Figure 1. �$���F�L�W�\�¶�V���O�D�\�R�X�W���L�Q�G�L�F�D�W�H�G���E�\���I�X�Q�F�W�L�R�Q�D�O���F�R�P�S�R�Q�H�Q�W�V�����D�����,�O�O�X�V�W�U�D�W�L�R�Q���R�I��4 

�P�X�O�W�L�S�O�H���W�\�S�H�V���R�I���F�R�P�S�R�Q�H�Q�W�V���G�L�V�W�U�L�E�X�W�H�G���I�U�R�P���F�L�W�\�Q�X�F�O�H�X�V���W�R���U�X�U�D�O���D�U�H�D�����E�����W�Z�R-5 

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

�&�K�L�F�N�H�Q���V�K�R�S�V�����=�7�2�v �=�7�2���H�[�S�U�H�V�V���R�X�W�O�H�W�V�����*�+�v �J�U�H�H�Q�K�R�X�V�H�V�����'�)�v �G�D�L�U�\���I�D�U�P�V�����F�����R�Q�H-7 

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

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

�V�H�U�Y�L�F�H�V�����G�L�D�J�R�Q�D�O���E�D�U�����D�F�F�R�P�S�D�Q�L�H�G���V�H�U�Y�L�F�H�V�����K�R�U�L�]�R�Q�W�D�O���E�D�U�����G�L�V-�V�H�U�Y�L�F�H�V�����E�O�D�F�N���S�R�L�Q�W�V��������10 

���D�E�V�R�O�X�W�H���Y�D�O�X�H���R�I���W�K�H���U�D�W�L�R���R�I���G�L�V-�V�H�U�Y�L�F�H���W�D�U�J�H�W���V�H�U�Y�L�F�H�V�����R�I���W�K�H���F�R�P�S�R�Q�H�Q�W�V�� 11 

  12 

a 



 

 

30 

 

 1 

�)�L�J�X�U�H���� ������ �0�R�G�H�O�� �K�\�S�R�W�K�H�V�L�V�� �I�R�U�� �W�K�H�� �P�H�F�K�D�Q�L�V�P�� �R�I�� �W�K�H�� �V�S�D�W�L�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �F�L�W�\��2 

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

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

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

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

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

�F�R�P�S�R�Q�H�Q�W���V�K�L�I�W�V���D�O�R�Q�J���W�K�H���X�U�E�D�Q-�U�X�U�D�O���J�U�D�G�L�H�Q�W�����G�
�W�����W�R���G�
�W�������Z�L�W�K���W�L�P�H�����F�����W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q��8 

�R�I�� �W�Z�R�� �W�\�S�H�V�� �R�I�� �F�R�P�S�R�Q�H�Q�W�V�� �D�O�R�Q�J�� �W�K�H�� �X�U�E�D�Q-�U�X�U�D�O�� �J�U�D�G�L�H�Q�W���� �7�K�H���G�
�� �D�Q�G���G�
�� �� �R�I���3�P�D�[��9 

�F�R�U�U�H�V�S�R�Q�G�� �W�R�� �W�K�H�� �O�R�F�D�W�L�R�Q�V�� �R�I���(�� �D�Q�G���(�� �� �L�Q���)�L�J���� ���G���� �F�R�O�R�U�V�� �R�I�� �O�L�Q�H�V�� �F�R�U�U�H�V�S�R�Q�G�� �W�R�� �W�K�H��10 

�W�\�S�H�V���R�I���F�R�P�S�R�Q�H�Q�W�V���L�Q���)�L�J�������G�����G�����U�H�S�X�O�V�L�Y�H���I�R�U�F�H�����G�D�V�K-�G�R�W�W�H�G���O�L�Q�H�����D�Q�G���U�H�Y�H�U�V�H���J�U�D�Y�L�W�\��11 

�I�R�U�F�H�����W�K�L�Q���G�D�V�K�H�G���O�L�Q�H�����I�R�U���F�R�P�S�R�Q�H�Q�W�V���R�Q���D�Q���X�U�E�D�Q-�U�X�U�D�O���J�U�D�G�L�H�Q�W�����W�K�H���W�K�L�F�N���G�D�V�K�H�G���O�L�Q�H�V��12 



 

 

31 

 

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

�F�R�P�S�R�Q�H�Q�W�V���L�Q���)�L�J�������D�����(���D�Q�G���(�¶���D�U�H���W�K�H���P�L�Q�L�P�X�P���D�J�J�U�H�J�D�W�H���I�R�U�F�H�V���� �D�Q�G���D�U�U�R�Z�V���L�Q�G�L�F�D�W�H��2 

�W�K�H���G�L�U�H�F�W�L�R�Q�V���L�Q���Z�K�L�F�K���I�R�U�F�H�V���D�F�W���R�Q���W�K�H���F�R�P�S�R�Q�H�Q�W�V���� 3 

  4 



 

 

32 

 

 1 

�)�L�J�X�U�H���� ������ �6�L�P�X�O�D�W�H�G�� �L�Q�G�L�Y�L�G�X�D�O�� �G�H�Q�V�L�W�\�� �F�X�U�Y�H�V�� �R�I�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W�V�� �D�Q�G�� �W�K�H�� �G�U�L�Y�H�Q��2 

�I�R�U�F�H�V�� �L�Q�� �6�K�D�Q�J�K�D�L�� �&�L�W�\�� �L�Q�� �W�Z�R�� �S�H�U�L�R�G�V�����D-�G���� �6�L�P�X�O�D�W�H�G�� �L�Q�G�L�Y�L�G�X�D�O�� �G�H�Q�V�L�W�\�� �F�X�U�Y�H�V�� �D�Q�G��3 

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

�.�H�Q�W�X�F�N�\�� �)�U�L�H�G�� �&�K�L�F�N�H�Q�� �V�K�R�S�V�����E���� �=�7�2�� �(�[�S�U�H�V�V�� �R�X�W�O�H�W�V�����F���� �F�X�O�W�L�Y�D�W�H�G�� �J�U�H�H�Q�K�R�X�V�H�V���� �U�H�G��5 

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

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

�F�R�U�U�H�V�S�R�Q�G���W�R���D-�G�����U�H�V�S�H�F�W�L�Y�H�O�\���� 8 

  9 

0

0.4

0.8

1.2

1.6

0 5 10 15 20

D
en

si
ty

 o
f c

om
po

ne
nt

s 
(k

m
-2

) 2014
2018

R2 = 0.874
R2 = 0.900

a

0

0.2

0.4

0.6

0.8

0 10 20 30

2015
2018

R2 = 0.919
R2 = 0.776

b

0

0.5

1

1.5

2

0 20 40 60

2010
2018

R2 = 0.781
R2 = 0.883

c

urban fringe
0

0.01

0.02

0.03

0 20 40 60 80

2009
2020

R2 = 0.715
R2 = 0.511

d

0E+0

4E-5

8E-5

1E-4

0 5 10 15 20

F
 (

U
S

D
 m

-2
yr

-2
)

2014 Rep
2014 Gra
2018 Rep
2018 Gra

e

0E+0

5E-5

1E-4

2E-4

2E-4

0 10 20 30

2015 Rep
2015 Gra
2018 Rep
2018 Gra

f

0E+0

5E-2

1E-1

2E-1

0 20 40 60

2010 Rep
2010 Gra
2018 Rep
2018 Gra

g

0E+0

2E-1

4E-1

6E-1

0 20 40 60 80

2009 Rep
2009 Gra
2020 Rep
2020 Gra

h



 

 

33 

 

 1 

 2 

�)�L�J�X�U�H���� ������ �6�L�P�X�O�D�W�H�G�� �V�S�D�W�L�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� ���� �W�\�S�H�V�� �R�I�� �F�R�P�S�R�Q�H�Q�W�V�� �L�Q�� ������ �F�D�V�H�� �F�L�W�L�H�V����3 

�7�K�H�� �L�Q�G�L�Y�L�G�X�D�O�� �G�H�Q�V�L�W�\�� �R�I�� �.�H�Q�W�X�F�N�\�� �)�U�L�H�G�� �&�K�L�F�N�H�Q�� �V�K�R�S�V�� ���.�)�&�V������ �=�7�2�� �(�[�S�U�H�V�V�� �R�X�W�O�H�W�V��4 

�D�Q�G�� �F�X�O�W�L�Y�D�W�H�G�� �J�U�H�H�Q�K�R�X�V�H�V�� ���*�+�V�����F�R�U�U�H�V�S�R�Q�G�� �W�R�� �W�K�H�� �O�H�I�W�� �D�[�L�V�� �Z�K�L�O�H�� �G�D�L�U�\�� �I�D�U�P�V�� ���'�)�V����5 

�F�R�U�U�H�V�S�R�Q�G�� �W�R�� �W�K�H�� �U�L�J�K�W�� �D�[�L�V���� �1�R�W�H�� �W�K�H�� �'�)�V�� �D�U�H�� �I�H�Z�� �L�Q�� �V�R�P�H�� �F�L�W�L�H�V�� �D�Q�G�� �Q�R�Q-�H�[�L�V�W�H�Q�W�� �L�Q��6 

�V�R�P�H�� �R�W�K�H�U�� �F�L�W�L�H�V���� �7�K�H�� �Q�X�P�E�H�U�� �R�I�� �.�)�&�V�� �L�Q�� �6�K�D�R�[�L�Q�J�� �&�L�W�\�� �D�Q�G�� �1�D�Q�W�R�Q�J�� �&�L�W�\�� �D�Q�G�� �W�K�H��7 

�Q�X�P�E�H�U���R�I���=�7�2�V���L�Q���-�L�D�[�L�Q�J���&�L�W�\���D�U�H���W�R�R���I�H�Z���W�R���E�H���V�L�P�X�O�D�W�H�G�����)�R�U���W�K�H���U�H�D�O-�Z�R�U�O�G���G�D�W�D�����V�H�H��8 

�6�,���$�S�S�H�Q�G�L�[�����)�L�J�����6������ 9 

0

0.01

0.02

0.03

0.04

0.05

0 10 20 30
Distance from city center (km)

Hefeil

R2= 0.86
R2= 0.69
R2= 0.79
R2= 0.97

0 10 20 30 40
Distance from city center (km)

Tianjink

R2= 0.84
R2= 0.80
R2= 0.65
R2= 0.91

0 5 10 15 20
Distance from city center (km)

Shaoxingj

R2= 1.00
R2= 0.86
R2= 0.71
R2= 0.88

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40

D
en

si
ty

 o
f c

om
po

ne
nt

s 
(k

m
-2

)

Distance from city center (km)

Beijingi
R2= 0.69
R2= 0.75
R2= 0.81
R2= 0.61

0

0.01

0.02

0.03

0.04

0.05

0 5 10 15 20

Zhenjiangh

R2= 0.37
R2= 0.89
R2= 0.75

0 5 10 15 20 25

Jiaxingg

R2= 0.99
R2= 0.95
R2= 0.79
R2= 0.88

0 5 10 15 20

Nantongf

R2= 0.95
R2= 0.94
R2= 0.83
R2= 0.71

0

0.5

1

1.5

0 5 10 15 20 25

D
en

si
ty

 o
f c

om
po

ne
nt

s 
(k

m
-2

) Changzhoue

R2= 0.99
R2= 0.88
R2= 0.90

0

0.01

0.02

0.03

0.04

0.05

0 10 20 30

Suzhoud

R2= 0.93
R2= 0.90
R2= 0.81

0 5 10 15 20 25

Ningboc

R2= 0.93
R2= 0.79
R2= 0.96
R2= 0.94

0 10 20 30

Hangzhoub

R2= 0.93
R2= 0.67
R2= 0.65

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25

D
en

si
ty

 o
f c

om
po

ne
nt

s 
(k

m
-2

)

KFC
ZTO
GH
DF

Wuxia

R2= 0.98
R2= 0.73
R2= 0.75
R2= 0.81


