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�t�µ�v�����Œ�o���U���:�X���D�X���~�í�õ�õ�í�•�X�����P���r�•�‰�����]�(�]�����(�}�Œ���P�]�v�P���‰�Œ�}�(�]���]���v���Ç�X�����µ�Œ�Œ���v�š���K�Œ�v�]�š�Z�}�o�}�P�Ç�U���ô�~�:���v�µ���Œ�Ç��

�í�õ�õ�í�•�U���î�ó�ï�t�ï�î�ð�X��

��

�� ��



���Z���‰�š���Œ���î�� �� ���P�����u�����]���š���•�����������•�•���š�}���o���v���(�]�o�o���Œ���•�}�µ�Œ�����•��

�� �ó�ñ�� ��
��

���Z���‰�š���Œ���î���^�µ�‰�‰�o���u���v�š���Œ�Ç���D���š���Œ�]���o�•��
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�]�v���•�}�µ�š�Z���Œ�v���W�}�Œ�š�µ�P���o��

�&�]�P�µ�Œ�����^�î�X�î�� �r���D�}�v�š�Z�o�Ç�����À���Œ���P���� ���•�š�]�u���š���� �}�(�� �š�Z���� �v�µ�u�����Œ���}�(�� �����µ�o�š�����v���� �i�µ�À���v�]�o�����Á�Z�]�š���� �•�š�}�Œ�l�•���‰���Œ��
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�����š���P�}�Œ�]���•��

�����Z���À�]�}�µ�Œ�� �����•���Œ�]�‰�š�]�}�v�� �����š���P�}�Œ�Ç��

�^�����Œ���Z�]�v�P�� �d�Z�����•�š�}�Œ�l���u�}�À���•�����Œ�}�µ�v�����Á�Z�]�o�����š�Œ�Ç�]�v�P���š�}���(�]�v�����š�Z�]�v�P�•���š�}�������š���&�}�Œ���P�]�v�P��

�>�}�}�l�]�v�P�� �d�Z�����•�š�}�Œ�l���•�š���v���•���Á�Z�]�o�����š�Œ�Ç�]�v�P���š�}���(�]�v�����š�Z�]�v�P�•���š�}�������š���&�}�Œ���P�]�v�P��

�W�����l�]�v�P�� �d�Z�����•�š�}�Œ�l���u�}�À���•���}�Œ���•�š���v���•���Á�Z�]�o�������]�š�]�v�P�����v�����‰�]���l�]�v�P���µ�‰���•�u���o�o���‰�]�������•���}�(���(�}�}�����&�}�Œ���P�]�v�P��

�W�Œ�}���]�v�P��
�d�Z�����•�š�}�Œ�l���u�}�À���•���}�Œ���•�š���v���•���Á�Z�]�o�����]�v�•���Œ�š�]�v�P���š�Z�����•�o�]�P�Z�š�o�Ç���}�‰���v���u���v���]���o�����������‰���]�v�š�}��

�š�Z�����•�µ���•�š�Œ���š�����š�}���}���š���]�v���(�}�}���� �&�}�Œ���P�]�v�P��

�,���v���o�]�v�P��
�d�Z�����•�š�}�Œ�l���u�}�À���•���}�Œ���•�š���v���•���Á�Z�]�o�����Z�}�o���]�v�P�������‰�]���������}�(���(�}�}�����]�v���]�š�•���������l�����v�����š�Œ�Ç�]�v�P���š�}��

�•�Á���o�o�}�Á���]�š�� �&�}�Œ���P�]�v�P��

�&�������]�v�P�� �d�Z�����•�š�}�Œ�l���•�š���v���•���Á�Z�]�o�����Œ���‰�����š�����o�Ç���š���l�]�v�P���v�}�µ�Œ�]�•�Z�u���v�š���(�Œ�}�u���š�Z�]�v�P�•���š�}�������š���&�}�Œ���P�]�v�P��

�s�]�P�]�o���v�š�� �d�Z�����•�š�}�Œ�l���•�š���v���•���Á�Z�]�o�����l�����‰�]�v�P�������Œ���(�µ�o���Á���š���Z���(�}�Œ���‰�}�•�•�]���o���������v�P���Œ���}�Œ�����]�(�(�]���µ�o�š�]���•�����o���Œ�š��

�t���Œ�v�]�v�P�� �d�Z�����•�š�}�Œ�l���•�š���v���•���Á�Z�]�o�����‰���Œ�(�}�Œ�u�]�v�P���š�Z�Œ�����š�•���š�}�Á���Œ���•���}�š�Z���Œ�����]�Œ���•�����o���Œ�š��

�W�����]�v�P��
�d�Z�����•�š�}�Œ�l���u�}�À���•�����Á���Ç���(�Œ�}�u���•�}�u���š�Z�]�v�P���}�Œ���(�Œ�}�u���}�š�Z���Œ�����]�Œ���•�����š�������•�š�������Ç�����v����

���}�v�•�]�•�š���v�š���•�‰�������� ���o���Œ�š��

�Z�µ�v�v�]�v�P�� �d�Z�����•�š�}�Œ�l���‹�µ�]���l�o�Ç���u�}�À���•�����Á���Ç���(�Œ�}�u���•�}�u���š�Z�]�v�P���}�Œ���(�Œ�}�u���}�š�Z���Œ�����]�Œ���•�����o���Œ�š��

�&�o���‰�‰�]�v�P��
�d�Z�����•�š�}�Œ�l���u�}�À���•���š�Z�����Á�]�v�P�•���µ�‰�����v�������}�Á�v�����P�]�š���š���������v�����‰�Œ���‰���Œ�]�v�P���š�}���(�o�Ç�����Á���Ç��

�(�Œ�}�u���•�}�u���š�Z�]�v�P���}�Œ���(�Œ�}�u���}�š�Z���Œ�����]�Œ���•�� ���o���Œ�š��

�:�µ�u�‰�]�v�P��
�d�Z�����•�š�}�Œ�l���(�o���‰�•���]�š�•���Á�]�v�P�•�����v�����‰�µ�•�Z���•���]�š�•���o�(���}�(�(���š�Z�����P�Œ�}�µ�v�����Œ���‰�����š�����o�Ç���š�}���u�}�À����

���Á���Ç���(�Œ�}�u���•�}�u���š�Z�]�v�P���}�Œ���(�Œ�}�u���}�š�Z���Œ�����]�Œ���•�����o���Œ�š��

�Z���•�š�]�v�P�� �d�Z�����•�š�}�Œ�l���•�š���v���•���Á�Z�]�o�����������•�]�v�P���u�}�À���u���v�š���/�v�����š�]�À����

�W�Œ�����v�]�v�P�� �d�Z�����•�š�}�Œ�l���•�š���v���•���Á�Z�]�o�����š�]���Ç�]�v�P�����v�������o�����v�]�v�P���š�Z�����(�����š�Z���Œ�•���Á�]�š�Z���š�Z�����������l���/�v�����š�]�À����
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�'�>�D�D���Z���•�‰�}�v�•���� ���}�v�š�Œ���•�š�•�� ���•�š�]�u���š���� �^���� �Ì�� �W��
�&�}�Œ���P�]�v�P���š�]�u���� �����µ�o�š�����}�Œ�������Œ�������t���:�µ�À���v�]�o�������}�Œ�������Œ������ �í�X�ï�î�õ�� �ì�X�í�ð�ï�� �õ�X�ï�î�ò�� �D�ì�X�ì�ì�í��
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�(�}�Œ���P�]�v�P�������Z���À�]�}�µ�Œ���}�(���•�š�}�Œ�l�•���]�•���•�š�Œ�}�v�P�o�Ç�����•�•�}���]���š�������Á�]�š�Z�����P���X���/�v���š�Z�����À���Œ�Ç���(�]�Œ�•�š���š�Á�}���Ç�����Œ�•�U���š�Z���Œ�����]�•��

�����Œ���‰�]�����]�v���Œ�����•�����]�v���o���v���(�]�o�o�����š�š���v�����v���������v�����]�v���š�Z�����š�}�š���o���š�]�u�����•�‰���v�š�����š���o���v���(�]�o�o���•�]�š���•�X�����•���•�š�}�Œ�l�•���P���š��

�}�o�����Œ�U�� �]�v���]�À�]���µ���o�•�� �•�Z�}�Á�� ���}�v�•�]�����Œ�����o���� �]�u�‰�Œ�}�À���u���v�š�•�� �]�v�� �š�Z���]�Œ�� �•�l�]�o�o�•�U�� �]�v���Œ�����•�]�v�P�� �š�Z���]�Œ�� �����]�o�]�š�Ç�� �š�}��

���������•�•���o���v���(�]�o�o���Œ���•�}�µ�Œ�����•�����v�����š�Z���]�Œ���(�}�Œ���P�]�v�P���‰���Œ�(�}�Œ�u���v���������š���š�Z���•�����•�]�š���•�X���/�����]�����v�}�š���(�]�v�������À�]�����v������

�•�µ�‰�‰�}�Œ�š�]�v�P���š�Z�����•���o�����š�]�À�����•�µ�Œ�À�]�À���o���}�(���]�v���]�À�]���µ���o�•���Á�]�š�Z�������Z�]�P�Z���Œ���‰�Œ�}�‰���v�•�]�š�Ç���š�}�����Æ�‰�o�}�]�š���o���v���(�]�o�o���(�}�}����

�Á���•�š���������Œ�o�Ç���]�v���o�]�(���U�����µ�š���/���(�}�µ�v�����š�Z���š���š�Z���������‹�µ�]�•�]�š�]�}�v�����v�����Œ���(�]�v���u���v�š���}�(���š�Z���������]�o�]�š�Ç���š�}�����Æ�‰�o�}�]�š���š�Z���•����

�Œ���•�}�µ�Œ�����•�� �}�����µ�Œ�•�� ���•�� �]�v���]�À�]���µ���o�•�� ���P���U�� �Œ���•�µ�o�š�]�v�P�� �]�v�� ���� �Z�]�P�Z���Œ�� ���(�(�����š�]�À���v���•�•�� �Á�Z���v�� �µ�•�]�v�P�� �o���v���(�]�o�o��

�Œ���•�}�µ�Œ�����•���]�v�������µ�o�š�Z�}�}���X���d�Z�]�•���š�Œ���v�����]�•�����À�]�����v�š���v�}�š���}�v�o�Ç�����µ�Œ�]�v�P���š�Z�����(�]�Œ�•�š���š�Á�}���Ç�����Œ�•�����µ�š�����o�•�}�����•���•�š�}�Œ�l�•��
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�u���š�µ�Œ���� ���v���� �P���]�v�� ���Æ�‰���Œ�]���v������ �}�À���Œ�� �š�]�u���X�� �d�Z���•���� �(�]�v���]�v�P�•�� �•�µ�‰�‰�}�Œ�š�� �š�Z���� �Z�Ç�‰�}�š�Z���•�]�•�� �š�Z���š�� �(�}�Œ���P�]�v�P��

�����Z���À�]�}�µ�Œ�����v���� �(�}�Œ���P�]�v�P���•�‰�����]���o�]�•���š�]�}�v���]�•�� ���Œ�]�À���v�����Ç�����}�v�š�]�v�µ�}�µ�•�� �o�����Œ�v�]�v�P�����v���� �Œ���(�]�v���u���v�š�U���Œ���š�Z���Œ��

�š�Z���v�����v�������Œ�o�Ç���•���o�����š�]�}�v���}�(���]�v���]�À�]���µ���o�•���Á�]�š�Z�����v���]�v�Z���Œ���v�š�������]�o�]�š�Ç���š�}�����Æ�‰�o�}�]�š���‰�Œ�}�(�]�š�����o�����(�}�}�����•�}�µ�Œ�����•�X��

�/�v�����Z���‰�š���Œ���ð�U���/���µ�•�������o�}�v�P�r�š���Œ�u�����Œ�������]�v�P�������š�����}�(���Á�Z�]�š�����•�š�}�Œ�l�•�������Œ�}�•�•���������Œ�}�������P���}�P�Œ���‰�Z�]����

���Œ�������]�v�P�� ���Œ������ ���v���� �•�Z�}�Á������ �š�Z���š�� �v���•�š�� ���]�•�š���v������ �š�}�� �o���v���(�]�o�o�� �Œ���•�}�µ�Œ�����•�� �]�v�(�o�µ���v�����•�� �•�š�}�Œ�l�� ���Œ�������]�v�P��

�‰���Œ�(�}�Œ�u���v���������v�����‰�}�‰�µ�o���š�]�}�v�������u�}�P�Œ���‰�Z�]���•�X���^�š�}�Œ�l�•���o���Ç���š�Z���]�Œ�����P�P�•�������Œ�o�]���Œ���Á�Z���v���š�Z���Ç�����Œ�������o�}�•���Œ���š�}��

�o���v���(�]�o�o���•�]�š���•�U�����v���������Œ�o�Ç���o���Ç�]�v�P���]�•���•�š�Œ�}�v�P�o�Ç�����•�•�}���]���š�������Á�]�š�Z���o���Œ�P���Œ�����o�µ�š���Z���•�]�Ì���•�����v���������o���Œ�P���Œ���v�µ�u�����Œ��

�}�(�� �(�o�����P�o�]�v�P�•�X�� �&�µ�Œ�š�Z���Œ�u�}�Œ���U�� �(�o�����P�o�]�v�P�•�� �(�Œ�}�u�� �v���•�š�•�� ���o�}�•���Œ�� �š�}�� �o���v���(�]�o�o�•�� �‰�Œ���•���v�š�� �����š�š���Œ�� ���}���Ç��

���}�v���]�š�]�}�v�U�����À���v���Á�Z���v���������}�µ�v�š�]�v�P���(�}�Œ���š�Z�������(�(�����š���}�(���o���Ç�]�v�P�������š���X���E�}�š�����o�Ç�U���}�À���Œ���i�µ�•�š���•�]�Æ���Ç�����Œ�•�U���š�Z����

�}�À���Œ���o�o���v�µ�u�����Œ���}�(���v���•�š�•���]�v���Œ�����•�������•�]�P�v�]�(�]�����v�š�o�Ç�U���Á�]�š�Z���š�Z�]�•���P�Œ�}�Á�š�Z�������]�v�P���u�}�Œ�����•�µ���•�š���v�š�]���o���]�v�����Œ�����•��

���o�}�•���•�š���š�}���o���v���(�]�o�o�•�U���Á�Z�]�o�������š���P�Œ�����š���Œ�����]�•�š���v�����•���š�Z���Œ�����Á���•�����À���v�������•�o�]�P�Z�š���������o�]�v���X���d�Z�]�•���]�v���]�����š���•���š�Z���š��

�‰�}�‰�µ�o���š�]�}�v���P�Œ�}�Á�š�Z���]�•�����]�Œ�����š�������š�}�Á���Œ���•���o���v���(�]�o�o���•�]�š���•���}�À���Œ���š�]�u���X���,���v�����U���u�Ç���Œ���•�µ�o�š�•���Z�]�P�Z�o�]�P�Z�š���š�Z����

�����•�������]�v�P�� ���(�(�����š�•�� �}�(�� �š�Z���� �µ�•���� �}�(�� �o���v���(�]�o�o�� �Œ���•�}�µ�Œ�����•�� �}�v�� �š�Z���� ���Œ�������]�v�P�� �•�µ�������•�•�� ���v���� �‰�}�‰�µ�o���š�]�}�v��

���Ç�v���u�]���•���}�(���•�‰�����]���•���]�v���Œ�����•�]�v�P�o�Ç���Œ���o�Ç�]�v�P���}�v���š�Z���•�����(�}�}�����•�}�µ�Œ�����•�X��

�K�À���Œ���o�o�U�� �]�v�� �š�Z�]�•�� �š�Z���•�]�•�U�� �/�� �‰�Œ�}�À�]������ �]�u�‰�}�Œ�š���v�š�� �l�v�}�Á�o�����P���� �(�}�Œ�� �µ�v�����Œ�•�š���v���]�v�P�� �š�Z����

�����À���o�}�‰�u���v�š�� �‰�Œ�}�����•�•���}�(�� �o���v���(�]�o�o�� �µ�•���� ���Ç�� �Á�Z�]�š���� �•�š�}�Œ�l�•�����v���� �]�š�•�� �Á�]�����Œ���]�u�‰�o�]�����š�]�}�v�•�� �(�}�Œ���‰�}�‰�µ�o���š�]�}�v��

���Ç�v���u�]���•�U���Á�Z�]���Z�������v�����������Æ�š�Œ���‰�}�o���š�������š�}���}�š�Z���Œ���}�‰�‰�}�Œ�š�µ�v�]�•�š�]�����•�‰�����]���•�X��

��

�ñ�X�î�����Œ�}�������Œ�����}�v�š���Æ�š���}�(���š�Z�]�•���W�Z�����Œ���•�����Œ���Z��

�'�W�^���š�Œ�����l�]�v�P�����•�������š�}�}�o���(�}�Œ�����v�]�u���o�������}�o�}�P�Ç�����v�������}�v�•���Œ�À���š�]�}�v��

���v�]�u���o���'�W�^���š�Œ�����l�]�v�P���]�•���Œ���À�}�o�µ�š�]�}�v�]�•�]�v�P���š�Z�����(�]���o���•���}�(�����v�]�u���o�������}�o�}�P�Ç�����v�������}�v�•���Œ�À���š�]�}�v�����Ç��

�‰�Œ�}�À�]���]�v�P�� �Œ���•�����Œ���Z���Œ�•�� �Á�]�š�Z�� �]�v�À���o�µ�����o���� �����š���� �}�v�� �Á�]�o���o�]�(���� �u�}�À���u���v�š�� �‰���š�š���Œ�v�•�U�� �Z�����]�š���š�� �µ�•���U�� ���v����

�(�}�Œ���P�]�v�P�� �����Z���À�]�}�µ�Œ�� �~�<���š�Ì�v���Œ�� �˜�� ���Œ�o���š�š���Ì�U�� �î�ì�î�ì�•�X�� �d�Z�]�•�� �]�v�(�}�Œ�u���š�]�}�v�� �]�•�� ���•�‰�����]���o�o�Ç�� �]�u�‰�}�Œ�š���v�š�� �(�}�Œ��

�µ�v�����Œ�•�š���v���]�v�P�� �Á�]�o���o�]�(���� �u�}�À���u���v�š�� �‰���š�š���Œ�v�•�� ���v���� �•�}�u���� �}�(�� �š�Z���]�Œ�� �•�‰�����]�(�]���� �����Z���À�]�}�µ�Œ�•�U�� �]�����v�š�]�(�Ç�]�v�P��

���Œ�]�š�]�����o�� �Z�����]�š���š�•�U�� ���v���� �����À���o�}�‰�]�v�P�� ���(�(�����š�]�À���� �u���v���P���u���v�š�� �u�����•�µ�Œ���•�� �š�}�� �u�]�š�]�P���š���� �š�Z���� �]�u�‰�����š�•�� �}�(��

�Z�µ�u���v�� �����š�]�À�]�š�]���•�X�� �D�}�����Œ�v�� �'�W�^�� �š�Œ�����l�]�v�P�� �����À�]�����•�� ���Œ���� �]�v���Œ�����•�]�v�P�o�Ç�� �o�]�P�Z�š�Á���]�P�Z�š�� ���v���� �]�v���}�Œ�‰�}�Œ���š������



���Z���‰�š���Œ���ñ�� �� �'���v���Œ���o�����}�v���o�µ�•�]�}�v�•��
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�Á�]�š�Z�� �•���v�•�}�Œ�•�� �š�Z���š�� ���o�o�}�Á�� �o���Œ�P���� ���u�}�µ�v�š�•�� �}�(�� �]�v�(�}�Œ�u���š�]�}�v�� �š�}�� ������ �Œ�����}�Œ�������� �����}�µ�š�� �š�Z���� �u�}�À���u���v�š�•�U��

�����Z���À�]�}�µ�Œ�•�U�� ���v���� ���v���Œ�P�Ç�� ���Æ�‰���v���]�š�µ�Œ���� �}�(�� ���v�]�u���o�•�� �Á�]�š�Z�� �Z�]�P�Z�� �•�‰���š�]���o�r�š���u�‰�}�Œ���o�� �Œ���•�}�o�µ�š�]�}�v�X�� �d�Z���Ç��

�š�Œ���v�•�u�]�š�� �P�o�}�����o�o�Ç�� ���v���� �Z���À���� ���� �o�]�(���•�‰���v�� �}�(�� �•���À���Œ���o�� �Ç�����Œ�•�U�� ���v�����o�]�v�P�� �v���Á�� ���À���v�µ���•�� �}�(�� �Œ���•�����Œ���Z�� �]�v��

�u�}�À���u���v�š�������}�o�}�P�Ç�����v���������Z���À�]�}�µ�Œ���o�������}�o�}�P�Ç�U���‰���Œ�š�]���µ�o���Œ�o�Ç�����Ç���š�Œ�����l�]�v�P�����v�� �]�v���Œ�����•�]�v�P���v�µ�u�����Œ���}�(��

�]�v���]�À�]���µ���o�•���}�À���Œ���u�µ�o�š�]�‰�o�����Ç�����Œ�•�X���d�Z�����À���o�µ�����}�(���š�Z�]�•���•���š���}�(���v���Á���š�Œ�����l�]�v�P�������š�����]�•���µ�v�����v�]�����o���U�����µ�š���Á�Z�]�o����

�u���v�Ç�� �����}�o�}�P�]�����o�� �•�š�µ���]���•�� ���Œ���� �‰�}�]�v�š�]�v�P�� �}�µ�š�� ���]�(�(���Œ���v�š�� ���}�v�•���Œ�À���š�]�}�v�� �]�u�‰�o�]�����š�]�}�v�•�U�� �}�v�o�Ç�� ���� �•�u���o�o��

�‰�Œ�}�‰�}�Œ�š�]�}�v�� �}�(�� �š�Z���•���� �•�š�µ���]���•�� ���Œ���� ���Æ�‰�o�]���]�š�o�Ç�� �]�v���}�Œ�‰�}�Œ���š������ �]�v�š�}�� �P�}�À���Œ�v�u���v�š�� ���}�v�•���Œ�À���š�]�}�v�� ���v����

�u���v���P���u���v�š�� ���•�•���•�•�u���v�š�•�� �~�&�Œ���•���Œ�� ���š�� ���o�X�U�� �î�ì�í�ô�•�X�� �E�}�v���š�Z���o���•�•�U�� ���� �o���Œ�P���� �‰���Œ�š�� �}�(�� �P�}�À���Œ�v�u���v�š��

���}�v�•���Œ�À���š�]�}�v�� �‰�o���v�v�]�v�P�� ���}���µ�u���v�š�•�� �Œ���o�]���•�� �}�v�� �u�}�À���u���v�š�� �����š���U�� �Z�]�P�Z�o�]�P�Z�š�]�v�P�� �]�š�•�� �]�u�‰�}�Œ�š���v������ �(�}�Œ��

���}�v�•���Œ�À���š�]�}�v���~�&�Œ���•���Œ�����š�����o�X�U���î�ì�í�ô�•�X���Z�������v�š���•�š�µ���]���•�����Œ�����µ�•�]�v�P���'�W�^���š�Œ�����l�]�v�P���(�}�Œ�����‰�‰�o�]���������}�v�•���Œ�À���š�]�}�v��

�‰�µ�Œ�‰�}�•���•�U�� �•�µ���Z�� ���•�� �]�����v�š�]�(�Ç�]�v�P�� �‰�}�š���v�š�]���o�� �•�]�š���•�� �(�}�Œ�� �l���Ç�� ���]�}���]�À���Œ�•�]�š�Ç�� ���Œ�����•�� �~�������o�U�� ���š�� ���o�X�U�� �î�ì�î�í�•�U��

�]�v�(�}�Œ�u�]�v�P�� �š�Z���� �����•�]�P�v�� �}�(�� �‰�Œ�}�š�����š������ ���Œ�����•�� �~���Z�}�]�� ���š�� ���o�X�U�� �î�ì�í�õ�•�U�� ���v���� �‹�µ���v�š�]�(�Ç�]�v�P�� �‰�}�o�]�š�]�����o��

�Œ���•�‰�}�v�•�]���]�o�]�š�Ç�� �(�}�Œ�� �š�Z���� ���}�v�•���Œ�À���š�]�}�v�� �}�(�� �u�]�P�Œ���š�}�Œ�Ç�� �•�‰�����]���•�� �����Œ�}�•�•�� ���}�µ�v�š�Œ�]���•�� �~�������o�U�� ���š�� ���o�X�U�� �î�ì�î�í�V��

�'�µ�]�o�Z���Œ�u�������š�����o�X�U���î�ì�î�ï�•�X�������•�‰�]�š�����š�Z�����]�v���Œ�����•�]�v�P���]�v���}�Œ�‰�}�Œ���š�]�}�v���}�(���u�}�À���u���v�š�������š�����]�v���•�š�µ���]���•�U���š�Z���Œ����
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The development and miniaturization of GPS tracking
devices has enabled a better understanding of migration
phenology, but it can be challenging to identify where and
when migration starts and ends, and researchers rely on
multiple methods to infer it. Here, we use GPS tracks of
18 trans-Saharan migrant White StorksCiconia ciconiato
determine how the choice of method in� uences the esti-
mation of migratory timing and discuss its implications.
We evaluate and provide R code for the implementation of
� ve alternative methods: spatial threshold, absolute dis-
placement, spatio-temporal displacement, net squared dis-
placement and change point analysis. Spatial threshold,
absolute displacement and spatio-temporal displacement
methods produce, in most cases, signi� cantly different esti-
mates of migration timing and duration as compared with
net squared displacement and change point analysis.

Keywords: biologging, birds, GPS, GSM loggers,
migration phenology, migratory timing.

Migration phenology, the timing of seasonal movements
between breeding and non-breeding areas, is of para-
mount importance for many biological processes and has
been linked to bird population declines (Møller et al.
2008, Both et al. 2010, Newson et al. 2016). Migration
timing has been used to assess the impacts of weather
conditions, climate change or anthropogenic food subsi-
dies on individuals and populations (Vansteelantet al.
2015, Flack et al. 2016, Usui et al. 2017). For example,
arrival dates of some bird species to the breeding
grounds are advancing in response to climate change,
which has been shown to have� tness consequences,
with birds failing to raise their offspring at the peak of
food abundance (Both et al. 2006) or facing increased
interspeci� c competition for nesting sites (Ahola et al.
2007). However, estimating the timing and duration of
migration is challenging and the impact of choosing
alternative methodological approaches remains largely
unknown.

The study of migration phenology has long relied on
the observation or capture of the � rst arriving or last
departing birds from the breeding or wintering grounds
(Lukas & Marc 2003, Shamoun-Baraneset al., 2006). In
the last few decades, the development and miniaturiza-
tion of tracking devices has allowed scientists to infer
arrival and departure times at the individual level and at
greater spatial resolution. GPS devices, in particular, can
provide very detailed information on movement and
behaviour during individuals’ annual cycles. GPS data
have revealed � tness advantages of earlier migration
onset (Rotics et al. 2016), costs of early departure from
the wintering grounds (Rotics et al. 2018), effects of
weather conditions on migration timing (Vansteelant
et al. 2015, 2017, Illan et al. 2017), and the relationship
between start of migration and migratory route (Hewson
et al. 2016).

Such detailed movement data also present new ana-
lytical challenges. Several methods have been used to
determine the timing of migration using GPS data
(examples in Table S1 of Appendix S1). To establish
the transitions between non-migratory and migratory
behaviours, and thus the start, end and duration of
migration, researchers use a range of methods of vary-
ing complexity. These methods can be broadly classi-
� ed into � ve: spatial threshold (S), absolute
displacement (AD), spatio-temporal displacement (SD),
net squared displacement (NSD) and change point
analysis (CPA).

The simplest one is the S method, in which birds
reach or leave the breeding or wintering grounds after
crossing Y latitude or boundary (L �opez-L�opez et al.
2010, Hewson et al. 2016, Illan et al. 2017, King et al.
2017, Monti et al. 2018). The AD method, which may
incorporate a spatial threshold as well, sets the start of
migration as the � rst day at which daily displacement
(i.e. distance between roosting sites) reaches or exceeds
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a speci� c threshold distance, and the end of migration as
the last day that daily displacement reaches that distance
(Oppel et al. 2015, Flack et al. 2016, Burnside et al.
2017). Rotics et al. (2016) combined the AD and S
methods by setting the start of autumn migration jour-
neys for White Storks Ciconia ciconiabreeding in Ger-
many as the bird’s � rst � ight day (>100 km
displacement) southwards (AD method) and the end of
autumn migration as the day birds crossed 17.5°N
southwards (S method).

The SD method includes both spatial and displace-
ment thresholds, as well as a temporal threshold.
Thus, migration starts on the � rst day of T days where
daily displacement is >X that leads to the crossing of
the Y spatial threshold, and � nishes on the � rst day
after T days where daily displacement is<X, after
crossing the Y spatial threshold (Rodr�õguez-Ruiz et al.
2014, Vansteelant et al. 2015, 2017, Rotics et al.
2018). For example, Vansteelantet al. (2017) studied
the migratory journeys of European Honey Buzzards
Pernis apivorusbreeding in the Netherlands and deter-
mined that migration started on the � rst day after the
last period of three or more consecutive stationary
days in the breeding range (> 51°N) and � nished
on the � rst day after the � rst period of three or more
consecutive stationary days in the non-breeding range
(<10°N).

The NSD method has been widely used for mam-
mals but also in some bird studies (Singhet al. 2016,
Buechley et al. 2018). To determine the start and end
of migration, NSD calculates the square of the straight-
line distance between the track starting location and
each subsequent point. It estimates the start or end of
migration as a function of the distance between sea-
sonal ranges and the proportion of the total movement
distance (see Singhet al. 2016 and Spitz et al. 2017
for a detailed explanation).

Variations of CPA methods have been used to deter-
mine migration phenology in MacQueen’s Bustards
Chlamydotis macqueeniiand Montagu’s Harriers Circus
pygargus (Limi ~nana et al. 2007, Madon & Hingrat
2014). CPA methods segment the tracks in time series
based on abrupt changes in behaviour. These break-
points can be estimated using regressions or change
point algorithms (see Madon & Hingrat 2014 for a
detailed explanation and R scripts).

In this study, we use these� ve techniques to deter-
mine the start, end and duration of migration. We com-
pare the results obtained by the � ve methods and
quantify the differences between methods at an individ-
ual level. Moreover, we also test whether the method of
choice could in� uence estimates of migratory timing at a
population level. To do so, we use a dataset of juvenile
and adult White Storks tagged with GPS/GSM transmit-
ters from Portugal to their wintering sites in sub-Saharan
Africa and back.

METHODS

Tagging and tracking White Storks

For this study we selected GPS tracks of 18 White Storks
(� ve adults in 2017, eight juveniles in 2017 and� ve juve-
niles in 2018) breeding in southern Portugal that performed
trans-Saharan migrations. Juveniles were � rst-year birds
tagged before � edging and adults were breeding birds
(>3 years old). Birds were tagged with GPS/GSM loggers
(Movetech Telemetry and Ornitela, both tag � xes have
negligible location error). Adult birds were caught at land� ll
sites using nylon leg nooses and in nests using a remotely
activated clap net. Juvenile birds were taken from the nest
for tag deployment and returned afterwards. The devices
were back-mounted using a Te� on harness (further details
in Gilbert et al.2016). The mass of the tags plus the harness
was~90 g, 1.8–3.7% of the birds’ body mass. The tags col-
lected GPS positions every~20 min.

Spatial threshold method (S)

Sub-Saharan migratory White Storks breeding in Portugal
cross three main geographical barriers to reach their winter-
ing grounds: the Mediterranean Sea, the Atlas mountains
and the Sahara desert. We therefore established the start of
autumn migration as the� rst day the birds crossed the� rst
barrier, the Mediterranean Sea at the Strait of Gibraltar at
36°N, southwards, and the end of migration was de� ned as
the � rst day birds crossed the south of the Sahara desert at
18�N, southwards. The start of spring migration was estab-
lished as the� rst day birds crossed 18�N northwards and
the end was the� rst day birds crossed 36°N northwards (R
code provided in Appendix S2).

Absolute displacement method (AD)

The start of autumn migration was the� rst day a bird moved
>60 km between consecutive roosting sites that led to the
crossing of 36°N southwards. The 60-km threshold was
de� ned as a conservative estimate of daily distance travelled
during migration, based on the White Stork dataset. The
end of autumn migration was the last day the bird moved
>60 km between consecutive roosting sites after crossing
18°N southwards. The start and end of spring migration was
set as the� rst day a bird moved>60 km between roosting
sites that led to the crossing of 18°N and 36°N northwards,
respectively (R code provided in Appendix S3).

Spatio-temporal displacement method (SD)

The start of autumn (and spring) migration was the� rst
day a bird moved during three consecutive days>60 km
between consecutive roosting sites that led to the
crossing of the breeding (or wintering) range boundary
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(90% kernel probability density). The end of autumn
(and spring) migration was the last day the bird moved
during three consecutive days>60 km between consecu-
tive roosting sites after crossing the wintering (or breeding)
range boundary.

Net squared displacement method (NSD)

To determine migratory timing, we � rst � t several move-
ment models to our tracks using the R package‘Migra-
teR’ (Spitz et al. 2017). The start and end of migration
was calculated as the date at which the top model pre-
dictions (depending on the individual migrant, mix-mi-
grant or disperser) reached p 9 d and (1 � p) 9 d,
respectively, where d represents the distance separating
seasonal ranges andp (0.05) is the threshold fraction of
total distance moved (Spitz et al. 2017) (R code pro-
vided in Appendix S5).

Change point analysis method (CPA)

We followed Madon and Hingrat (2014) to perform a
change point analysis. To determine the transitions
between non-migratory and migratory states, we used the
Pruned Exact Linear Time algorithm. Next, we manually
classi� ed 30% of the track segments into migratory or non-
migratory and used a supervised classi� cation tree to clas-
sify the remaining 70% (R code provided in Appendix S6).

Statistical analyses

To quantify the degree to which the methods were con-
sistent when estimating migration phenology for each
individual, we calculated the intraclass correlation coef� -
cient (ICC) for the start and end of autumn and spring
migration. The ICC varies from 0 to 1, for low to high
correlation within each individual. To calculate the ICC,
we used the R package‘ICC’ (Wolak 2015).

To assess population-level differences among methods,
we performed generalized linear mixed models
(GLMMs), with start, end and duration of migration as
response variables (log-transformed), method as an
explanatory variable and individual as a random factor.
The date of start and end of migration were included in
the models as calendar date (1 January= 1). Next, we
performed multiple comparisons using Tukey contrasts to
determine which methods provided different estimates of
migration phenology.

RESULTS

Spatial range of migration

The start and end of the migratory period varied depend-
ing on the threshold method. Using the S method, the

location of the migration start and end was delimited by
36°N and 18°N (Fig. 1a and Appendix S2). Using the AD
method, departure and arrival locations ranged from the
breeding grounds in Portugal to the Strait of Gibraltar
(Fig. 1b and Appendix S3). The SD method set the arrival
and departure of the breeding grounds in the south of Por-
tugal, and movements between the breeding site and the
Gibraltar Strait were classi� ed as migratory (Fig. 1c and
Appendix S4). The NSD and CPA methods had the high-
est spatial variability between individuals in departure and
arrival locations from and to the breeding grounds, rang-
ing from the south of Portugal to the south of Morocco
(Fig. 1d,e and Appendixes S5 and S6). The location of
the start and end of migration in the wintering grounds
showed great variability amongst individuals, ranging
from 12°N to 18°N when using the AD, SD, NSD or
CPA methods (Fig. 1).

Timing and duration of migration

The median start of autumn migration ranged from 3
August with the AD method to 10 August with the NSD
method (Fig. 2a). Although it showed high consistency
among methods (ICC = 0.89), the model estimates dif-
fered signi� cantly (P = 0.011) due to differences between
the SD and NSD methods (P = 0.003). The end of autumn
migration ranged from 22 August with the S method to 4
September with the CPA method (Fig. 2c), and it showed a
low consistency (ICC = 0.56) and signi� cant differences
among multiple methods (P < 0.001, see Appendix 7 for
Tukey contrasts). Spring migration had a similar pattern.
The start of the migration ranged from 12 January with the
NSD method to 25 January with the S method (Fig. 2b)
and it showed high consistency (ICC= 0.92), but still with
signi� cant differences (P = 0.019), due to different esti-
mates between the S and NSD methods (P = 0.004). The
end of spring migration ranged from 7 February (NSD) to
17 April (SD) (Fig. 2d) and showed low consistency
(ICC = 0.55) and signi� cant differences among multiple
methods (P < 0.001, see Appendix 7 for Tukey contrasts).

Overall, the S, AD and SD methods yielded similar
results (Fig. 3), except for estimates of the duration of
autumn migration under the S and SD methods
(P < 0.001). The NSD and CPA methods also produced
similar estimates (Fig. 3) except, similarly, for the dura-
tion of autumn migration ( P = 0.03). Nevertheless,
these two groups of methods predicted different migra-
tory timings; the estimates of S, AD and SD differed
from the estimates of NSD and CPA in most cases
(Fig. 3, see Appendix 7 for further details).

DISCUSSION

We found substantial differences between methods in
the estimation of the start, end and duration of
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Figure 1. Annual movements of 18 White Storks classi� ed as migratory or non-migratory according to the (a) spatial threshold (S),
(b) absolute displacement (AD), (c) spatio-temporal displacement (SD), (d) net squared displacement (NSD) and (e) change point
analysis (CPA) methods. Dashed lines represent spatial thresholds (36°N and 18°N) used in the S and AD methods. [Colour � gure
can be viewed at wileyonlinelibrary.com]
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Figure 2. Violin plots of the distribution density of the start of (a) autumn and (b) spring migration; end of (c) autumn and (d) spring
migration; and duration in days of (e) autumn and (f) spring migration obtained using different methods. Middle, lower and upper
hinges of the boxplot correspond to the median, 25th and 75th percentiles, respectively. Whiskers correspond to the 95% con� dence
intervals. S, spatial threshold method; AD, absolute displacement method; SD, spatio-temporal displacement method; NSD, net
squared displacement method; CPA, change point analysis.
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migration of juvenile and adult White Storks tracked
from their breeding areas in Portugal to their wintering
areas in sub-Saharan Africa and back. Both autumn and
spring migration are vulnerable to these differences (Figs
2f and 3b), with up to a 12-fold difference in autumn
migration duration depending on the method used, from
10 days using the S method to 120 days using the NSD
method (Table S3 of Appendix S7). Our study high-
lights the need to consider carefully the method used to
determine migration phenology based on GPS tracking
devices and to assess the sensitivity of the data to
the method used.

The sensitivity to the method used varied depending
on the phenological metric estimated; the start of
autumn and spring migrations was more consistently
estimated among methods (ICC= 0.89 and 0.92) than
the end (ICC = 0.56 and 0.55). Importantly, we found
that the NSD and CPA methods were signi� cantly dif-
ferent from the S, AD and SD methods in most esti-
mates. This could be explained by several differences
between these two groups of methods: (1) NSD and
CPA make minimum a priori assumptions, whereas AD
and SD require prior assumptions about daily displace-
ment during migration; and (2) NSD and CPA are based
only on animal movement, whereas S, AD and SD
require ecological knowledge broadly to determine
breeding and wintering areas.

Although we do not advocate a one-size-� ts-all
approach, our results suggest that the low level of
ecological knowledge required by the NDS and CPA
methods is detrimental to the estimation of the migration
phenology of White Storks. The NDS and CPA methods
fail to distinguish a realistic threshold in the breeding
range, which, in this case, leads to autumn migrations
only starting after crossing of the Strait of Gibraltar or
spring migrations ending before crossing of the Strait.

The results also show that the S method produced
similar estimates to the AD and SD methods, but it
does not capture the spatial variability of individual
breeding and wintering sites within the species’ breeding
and wintering ranges. Thus, in the northern hemisphere
for species with large wintering or breeding ranges, indi-
viduals breeding in the northernmost and wintering in
the southernmost areas of their ranges could have their
estimated migration period cut short by multiple days.

(a)

(b)

(c)

Figure 3. Median (maximum) difference in number of days of
the estimated start and end of (a) autumn and (b) spring
migration between methods; and (c) median (maximum) differ-
ence in the duration of autumn and spring migrations. S, spa-
tial threshold method; AD, absolute displacement method; SD,
spatio-temporal displacement method; NSD, net squared dis-
placement method; CPA, change point analysis. [Colour � gure
can be viewed at wileyonlinelibrary.com]
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Although the AD and SD methods yielded similar
results, SD performed better for individuals that had
short stops within the breeding or wintering range
before the end of migration. Both methods require the
establishment of arbitrary thresholds: spatial, displace-
ment and temporal (SD only). Therefore, we suggest (1)
a preliminary exploration of the movement data, to esti-
mate the displacement and temporal thresholds during
migration; and (2) to use GPS locations obtained during
the breeding and wintering periods to perform kernel
density estimates that will identify the breeding and
wintering area boundaries and reduce the arbitrariness of
spatial thresholds adopted.

We recommend that similar studies, comparing the
ef� cacy of these methods in determining the phenology
of migration, should be conducted for other bird species.
Our results suggest that expert knowledge is needed to
determine appropriate spatial, displacement and tempo-
ral thresholds. The choice of method used to determine
migration phenology can in� uence the conclusions, espe-
cially if parts of the migratory journey are excluded.
This is particularly important for studies that examine
the start or end of migration at the individual level, or
the importance of weather conditions during migration.
In this study, some methods would not enable us to
account for the crossing of the Mediterranean Sea at the
Strait of Gibraltar, an important geographical barrier for
White Storks.

In light of the increasing number of species and indi-
viduals that have their migratory journeys recorded
using GPS data (see Table S1 of Appendix S1 for exam-
ples), a certain degree of standardization of the de� ni-
tion of migration, and the method used to estimate it, is
required to obtain consistent estimates across studies. To
facilitate comparisons between studies, we think that
errors associated with estimates of migration phenology
should be considered, particularly in interspeci� c studies
that use tracking data from multiple sources. More
importantly, we encourage researchers to make data
available in data repositories and to report accurately the
methods used. We hope this contribution will raise
awareness of the challenges associated with the study of
migration phenology using GPS tracking data and help
researchers� nd appropriate methods to analyse their
data.

This work was � nanced by the FEDER Funds through the
Operational Competitiveness Factors Program— COMPETE
and by National Funds through FCT – Foundation for Science
and Technology within the scope of the project ‘POCI-01-
0145-FEDER-028176’, by InBIO (UID/BIA/50027/2013 and
POCI-01-0145-FEDER-006821) and FCT/MCTES, and by the
National Environmental Research Council (NERC), via the
EnvEast DTP, and NERC and Engineering and Physical
Sciences Research Council (EPSRC), via the NEXUSS CDT
Training in the Smart and Autonomous Observation of the
Environment. I.C. was supported by contract 383 DL57/2016/

CP1440/CT0023 from FCT. We thank Carlos Pacheco and
everyone who provided � eld assistance and Jos�e Manuel Reyes-
Gonz�alez for his advice on the statistical analyses.

DISCLOSURE OF INTERESTS

The authors declare no competing interests.

Data availability statement

Tracking data are stored in Movebank. R code is avail-
able in the Supporting information.

REFERENCES

Ahola, M.P., Laaksonen, T., Eeva, T. & Lehikoinen, E.
2007. Climate change can alter competitive relationships
between resident and migratory birds. J. Anim. Ecol. 76:
1045–1052.

Both, C., Bouwhuis, S., Lessells, C.M. & Visser, M.E. 2006.
Climate change and population declines in a long-distance
migratory bird. Nature 441: 81.

Both, C., Van Turnhout, C.A.M., Bijlsma, R.G., Siepel, H.,
Van Strien, A.J. & Foppen, R.P.B. 2010. Avian population
consequences of climate change are most severe for long-
distance migrants in seasonal habitats. Proc. R. Soc. Lond.
B 277: 1259–1266.

Buechley, E.R., Oppel, S., Beatty, W.S., Nikolov, S.C.,
Dobrev, V., Arkumarev, V., Saravia, V., Bougain, C.,
Bounas, A., Kret, E., Skartsi, T., Aktay, L., Aghababyan,
K., Frehner, E. & S� ekercio �glu, C� .H. 2018. Identifying
critical migratory bottlenecks and high-use areas for an
endangered migratory soaring bird across three continents.
J. Avian Biol. 49: e01629.

Burnside, R.J., Collar, N.J. & Dolman, P.M. 2017.
Comparative migration strategies of wild and captive-bred
Asian Houbara Chlamydotis macqueenii. Ibis 159: 374–389.

Flack, A., Fiedler, W., Blas, J., Pokrovsky, I., Kaatz, M.,
Mitropolsky, M., Aghababyan, K., Fakriadis, I.,
Makrigianni, E., Jerzak, L., Azafzaf, H., Feltrup-Azafzaf,
C., Rotics, S., Mokotjomela, T.M., Nathan, R. & Wikelski,
M. 2016. Costs of migratory decisions: a comparison across
eight White Stork populations. Sci. Adv. 2: e1500931.

Gilbert, N.I., Correia, R.A., Silva, J.P., Pacheco, C., Catry,
I., Atkinson, P.W., Gill, J.A. & Franco, A.M.A. 2016. Are
White Storks addicted to junk food? Impacts of land� ll use
on the movement and behaviour of resident White Storks
(Ciconia ciconia) from a partially migratory population. Mov.
Ecol. 4: 7.

Hewson, C.M., Thorup, K., Pearce-Higgins, J.W. &
Atkinson, P.W. 2016. Population decline is linked to
migration route in the Common Cuckoo. Nat. Commun. 7:
12296.

Illan, J.G., Wang, G., Cunningham, F.L. & King, D.T. 2017.
Seasonal effects of wind conditions on migration patterns of
soaring American White Pelican. PLoS ONE 12: e0186948.

King, D.T., Wang, G., Yang, Z. & Fischer, J.W. 2017.
Advances and environmental conditions of spring migration
phenology of American White Pelicans. Sci. Rep. 7: 40339.

© 2019 British Ornithologists' Union

Migration phenology in birds through GPS 587



Limi ~nana, R., Soutullo, A. & Urios, V. 2007. Autumn
migration of Montagu’s Harriers Circus pygargus tracked by
satellite telemetry. J. Ornithol. 148: 517–523.

L�opez-L �opez, P., Limi ~nana, R., Mellone, U. & Urios, V.
2010. From the Mediterranean Sea to Madagascar: are
there ecological barriers for the long-distance migrant
Eleonora’s Falcon? Landscape Ecol. 25: 803–813.

Lukas, J. & Marc, K. 2003. Timing of autumn bird migration
under climate change: advances in long-distance migrants,
delays in short-distance migrants. Proc. R. Soc. Lond. B
270: 1467–1471.

Madon, B. & Hingrat, Y. 2014. Deciphering behavioral changes
in animal movement with a ‘multiple change point algorithm-
classi� cation tree’ framework. Front. Ecol. Evol. 2: 30.

Møller, A.P., Rubolini, D. & Lehikoinen, E. 2008.
Populations of migratory bird species that did not show a
phenological response to climate change are declining. Proc
Natl Acad Sci USA 105: 16195–16200.

Monti, F., Gr �emillet, D., Sforzi, A., Sammuri, G., Dominici,
J.M., Bagur, R.T., Navarro, A.M., Fusani, L. & Duriez, O.
2018. Migration and wintering strategies in vulnerable
Mediterranean Osprey populations. Ibis 160: 554–567.

Newson, S.E., Moran, N.J., Musgrove, A.J., Pearce-
Higgins, J.W., Gillings, S., Atkinson, P.W., Miller, R.,
Grantham, M.J. & Baillie, S.R. 2016. Long-term changes in
the migration phenology of UK breeding birds detected by
large-scale citizen science recording schemes. Ibis 158:
481–495.

Oppel, S., Dobrev, V., Arkumarev, V., Saravia, V., Bounas,
A., Kret, E., Velevski, M., Stoychev, S. & Nikolov, S.C.
2015. High juvenile mortality during migration in a declining
population of a long-distance migratory raptor. Ibis 157:
545–557.

Rodr�õguez-Ruiz, J., de la Puente, J., Parejo, D., Valera, F.,
Calero-Torralbo, M.A., Reyes-Gonz �alez, J.M., Zajkov �a, Z.,
Bermejo, A. & Avil �es, J.M. 2014. Disentangling migratory
routes and wintering grounds of Iberian Near-Threatened
European Rollers Coracias garrulus. PLoS ONE 9:
e115615.

Rotics, S., Kaatz, M., Resheff, Y.S., Turjeman, S.F., Zurell,
D., Sapir, N., Eggers, U., Flack, A., Fiedler, W., Jeltsch,
F., Wikelski, M. & Nathan, R. 2016. The challenges of the
� rst migration: movement and behaviour of juvenile vs. adult
White Storks with insights regarding juvenile mortality. J.
Anim. Ecol. 85: 938–947.

Rotics, S., Kaatz, M., Turjeman, S., Zurell, D., Wikelski, M.,
Sapir, N., Eggers, U., Fiedler, W., Jeltsch, F. & Nathan,
R. 2018. Early arrival at breeding grounds: causes, costs
and a trade-off with overwintering latitude. J. Anim. Ecol. 87:
1627–1638.

Shamoun-Baranes, J., Loon, E.V., Alon, D., Alpert, P.,
Yom-Tov, Y. & Leshem, Y. 2006. Is there a connection
between weather at departure sites, onset of migration and
timing of soaring-bird autumn migration in Israel?Glob. Ecol.
Biogeogr. 15: 541–552.

Singh, N.J., Allen, A.M. & Ericsson, G. 2016. Quantifying
migration behaviour using net squared displacement
approach: clari� cations and caveats. PLoS ONE 11:
e0149594.

Spitz, D.B., Hebblewhite, M. & Stephenson, T.R. 2017.
‘MigrateR’: extending model-driven methods for classifying
and quantifying animal movement behavior. Ecography 40:
788–799.

Usui, T., Butchart, S.H.M. & Phillimore, A.B. 2017. Temporal
shifts and temperature sensitivity of avian spring migratory
phenology: a phylogenetic meta-analysis. J. Anim. Ecol. 86:
250–261.

Vansteelant, W.M.G., Bouten, W., Klaassen, R.H.G., Koks,
B.J., Schlaich, A.E., van Diermen, J., van Loon, E.E. &
Shamoun-Baranes, J. 2015. Regional and seasonal � ight
speeds of soaring migrants and the role of weather
conditions at hourly and daily scales. J. Avian Biol. 46: 25–
39.

Vansteelant, W.M.G., Shamoun-Baranes, J., van Manen,
W., van Diermen, J. & Bouten, W. 2017. Seasonal detours
by soaring migrants shaped by wind regimes along the East
Atlantic Flyway. J. Anim. Ecol. 86: 179–191.

Wolak, M. 2015. ICC: Facilitating estimation of the intraclass
correlation coef� cient. Available at: http://github.com/matthe
wwolak/ICC (accessed 15 October 2019).

Received 3 August 2019;
revision accepted 26 November 2019.

Associate Editor: Auriel Fournier.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Appendix S1. List of methodologies used to estimate
migration phenology.

Appendix S2. Spatial threshold method.
Appendix S3. Absolute displacement method.
Appendix S4. Spatio-temporal displacement method.
Appendix S5. Net squared displacement method.
Appendix S6. Change point analysis method.
Appendix S7. Comparison among methods.

© 2019 British Ornithologists' Union

588 A. Soriano-Redondo et al.

http://github.com/matthewwolak/ICC
http://github.com/matthewwolak/ICC


�í�ó�ï��
��

���‰�‰���v���]�Æ���î��

��

��

�&�o�Ç�]�v�P���š�Z�������Æ�š�Œ�����u�]�o�����‰���Ç�•�r�}�(�(�W���&�}�Œ���P�]�v�P���}�v��

���v�š�Z�Œ�}�‰�}�P���v�]�����Á���•�š�������•�������š�]�u�������v�������v���Œ�P�Ç�r�•���À�]�v�P��

�•�š�Œ���š���P�Ç���]�v�������P���v���Œ���o�]�•�š�����]�Œ����

��

��

��

��

��

��

�W�µ���o�]�����š�]�}�v��

�^�}�Œ�]���v�}�r�Z�����}�v���}�U�����X�U���&�Œ���v���}�U�����X���D�X�����X�U�����������]�}�U���D�X�U���D���Œ�š�]�v�•�U�����X���,�X�U���D�}�Œ���]�Œ���U���&�X�U���˜�������š�Œ�Ç�U���/�X���~�î�ì�î�í�•�X��

�&�o�Ç�]�v�P�� �š�Z���� ���Æ�š�Œ���� �u�]�o���� �‰���Ç�•�r�}�(�(�W�� �&�}�Œ���P�]�v�P���}�v�� ���v�š�Z�Œ�}�‰�}�P���v�]���� �Á���•�š���� ���•�� ���� �š�]�u���� ���v���� ���v���Œ�P�Ç�r�•���À�]�v�P��

�•�š�Œ���š���P�Ç���]�v�������P���v���Œ���o�]�•�š�����]�Œ���X���^���]���v�������}�(���d�Z�����d�}�š���o�����v�À�]�Œ�}�v�u���v�š�U���ó�ô�î�U���í�ð�ò�ô�ð�ï�X��

�Z�š�š�‰�•�W�l�l���}�]�X�}�Œ�P�l�í�ì�X�í�ì�í�ò�l�i�X�•���]�š�}�š���v�À�X�î�ì�î�í�X�í�ð�ò�ô�ð�ï��



Flying the extra mile pays-off: Foraging on anthropogenic waste as a time
and energy-saving strategy in a generalist bird

Andrea Soriano-Redondo a,b,� , Aldina M.A. Franco c, Marta Acácio c, Bruno Herlander Martins a,b,c,
Francisco Moreira a,d, Inês Catry a,b,d

a CIBIO/InBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, Laboratório Associado, Universidade do Porto, Campus Agrário de Vairão, Rua Padre Armando Quintas, 4485-601
Vairão, Portugal
b CIBIO/InBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, Laboratório Associado, Instituto Superior de Agronomia, Universidade de Lisboa, 1349-017 Lisbon, Portugal
c School of Environmental Sciences, University of East Anglia, NR4 7TJ Norwich, UK
d REN Biodiversity Chair, CIBIO/InBIO-UP, Centro de Investigação em Biodiversidade e Recursos Genéticos, Universidade do Porto, Campus Agrário de Vairão, Rua Padre Armando Quintas, 4485-601
Vairão, Portugal

H I G H L I G H T S

€ Foraging on land � ll waste is a time- and
energy-saving strategy.

€ Birds travelled further to exploit waste
while breeding, but spent less energy.

€ Exploiting waste reduces foraging time
and an increase in foraging ef � ciency.

€ Upon land � ll closure, storks will have to
radically change their behaviour.
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Food waste disposal represents a major global source of predictable anthropogenic food subsidies and is
exploited by many organisms. However, the energetic cost-bene � ts of foraging on these food subsidies have
remained largely unexplored. Here we investigate the year-round foraging decisions of resident white storks,
Ciconia ciconia, in Iberia, and assess the energetic and time cost-bene � ts of foraging on both land � ll waste and
natural food sources. To do so, we use GPS and acceleration data from 55 individuals tagged in southern
Portugal between 2016 and 2019. We � nd that the probability of attending land � ll sites was 60% during the
non-breeding season and 44% during the breeding season. Moreover, foraging on land � ll waste is a time- and
energy-saving strategy; although birds had to travel 20% further to exploit this resource during the breeding pe-
riod, they spent overall 10% less energy than when foraging on natural prey. We show that this relationship could
be mediated by a reduction in foraging time and an increase in foraging ef � ciency while exploiting land � ll waste.
Surprisingly, we do not � nd any evidence that land � ll specialists experienced any competitive advantage during
land� ll exploitation over birds that visit land � lls occasionally. These insights are key to predict how species that
rely on land � lls can be affected by waste reduction initiatives planned by the European Union, and implement the
necessary management strategies.
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1. Introduction

Humans produce enormous quantities of food waste; estimates sug-
gest that 30 …40% of all food produced is wasted ( Par� tt et al., 2010 ) and
deposited in locations where it can be accessible to wildlife. These pre-
dictable anthropogenic food subsidies (PAFS), in the form of organic
waste on land � lls, � sheries discards or crop residuals, generate impacts
on animal populations at multiple scales, from the individual to the eco-
system ( Oro et al., 2013). Individuals from numerous animal species
have modi � ed their movements, activity, geographical range, and
home range size in response to PAFS (Gilbert et al., 2016 ; López-López
et al., 2014; Newsome et al., 2015; Patrick et al., 2015; van Donk et al.,
2019); which can affect survival and reproduction rates, and subse-
quently the demography of these populations ( Plaza and Lambertucci,
2017).

Land� ll sites, in particular, can potentially sustain high densities of
scavenging individuals ( Oro et al., 2013). The spatial and temporal pre-
dictability, accessibility, and nutritional value of anthropogenic food
waste can provide abundant food resources for wildlife, and has been
shown to be responsible for the demographic explosion of generalist an-
imals (such as foxes, rats and gulls), but also for the sustenance of some
endangered species (Plaza and Lambertucci, 2017). Land� ll use has
been associated with increased body mass in black vultures ( Coragyps
atratus) ( Plaza and Lambertucci, 2018), kelp gull ( Larus dominicanus)
nestlings ( Lenzi et al., 2019), and grizzly bears ( Ursus arctos horribilis)
(Blanchard, 1987). Land� ll use has also been linked to higher reproduc-
tion performance; for example, white storks ( Ciconia ciconia) had larger
clutch sizes ( Djerdali et al., 2008 ), glaucous gulls ( Larus hyperboreus) ex-
perienced higher � edging rate ( Weiser and Powell, 2010 ), and laughing
gull ( Leucophaeus atricilla) chick growth and survival was enhanced
(Dosch, 1997), compared to conspeci � cs foraging in more natural
landscapes.

According to the optimal foraging theory animals choose to forage in
sites that maximize energy intake while minimizing energy and time
expenditure ( Stephens and Krebs, 1986; Ydenberg et al., 1994). Land� ll
waste offers large quantities of high-energy food ( Patenaude-Monette
et al., 2014; van Donk et al., 2019 ) but is localised in space; hence
trade-offs exist between time spent in land � lls sites and energetic
costs of travelling, especially for central-place foragers during the
breeding season (Gilbert et al., 2016 ). Foraging in land � ll sites is likely
to exacerbate inter and intraspeci � c competition (through agonistic in-
teractions and food-robbing), which increases energetic costs, since
they attract large numbers of individuals and at high densities ( Oro
et al., 2013). On the other hand, on natural heterogeneous landscapes,
prey is often patchily distributed and intraspeci � c competition is likely
to be low since individuals tend to forage in smaller groups ( Catry
et al., 2017). These dynamics could lead to the emergence of individual
foraging strategies and specialisation, with less competitive individuals
avoiding land � ll sites. Despite many studies focusing on the � tness ben-
e� ts for individuals exploiting land � ll waste, the energetic cost-bene � ts
of land � ll use have not yet been fully quanti � ed.

Use of land� ll resources, together with the global increase of tem-
perature due to climate change, has likely facilitated the establishment
of non-migratory white stork populations in Iberia ( Catry et al., 2017).
Resident individuals rely on food waste disposal sites for foraging and
no longer complete their annual migrations to and from their sub-
Saharan wintering grounds. In two decades the number of resident
white storks in Portugal has increased from 1187 individuals (18% of
the breeding population) in 1995 to 14,434 (62% of the breeding popu-
lation) in 2015 ( Catry et al., 2017). White storks' use of land � ll resources
in Iberia has been investigated, and evidence shows that storks nesting
close to land � ll sites heavily relied on them ( Gilbert et al., 2016 ). More-
over, breeding success for these individuals was higher than for individ-
uals nesting further away ( Gilbert, 2015 ).

While this increasing number of white storks in Iberia is widely at-
tributed to their high adaptability and behavioural plasticity, new EU

directives (1999/31/UE and, more recently, 2018/850/UE), regulating
waste disposal, can greatly revert this trend. These directives have
established new circular economy targets aiming to reduce municipal
waste land � lled to 10% in the next decade. Recent evidence shows
that land � ll closure can lead to a decline on survival, body mass, egg vol-
ume and/or clutch size in several gull species ( Payo-Payo et al., 2015;
Pons and Migot, 1995 ; Steigerwald et al., 2015 ) (but see Katzenberger
et al., 2019). Therefore, it is crucial to understand foraging decisions,
and how animals search for and exploit land � ll waste, as opposed to
natural prey, to predict how animal populations might respond when
food waste is drastically reduced, and to develop appropriate conserva-
tion and management strategies.

Here we investigate (i) the foraging decisions of resident white
storks feeding on PAFS and natural food sources in Iberia; (ii) the ener-
getic and time cost-bene � ts of these foraging decisions during the
breeding and non-breeding seasons; and (iii) whether birds highly
specialised on land � lls gain a competitive advantage while exploiting
PAFS, by increasing their foraging ef � ciency and decreasing the foraging
time necessary to meet their energetic requirements, over birds that
only visit land � lls occasionally. These insights will be key to understand
the drivers of land � ll use and to predict how storks „ and to some ex-
tent other birds found regularly in large numbers at land � lls (e.g. egrets,
herons, gulls and some raptors) „ may be affected by reductions in
PAFS. This understanding is key for a species that has substantially in-
creased in numbers in the last decades due to the exploitation of land-
� lls ( Catry et al., 2017), and for which density dependent effects of
food depletion are associated with high nestling mortality ( Denac,
2006; Zurell et al., 2015 ).

In this study we examine 4 years of GPS and tri-axial acceleration
data from resident white storks in Iberia and determine their behaviour,
energy expenditure, foraging decisions, and land � ll use. We use struc-
tural equation models (SEM) ( Lefcheck et al., 2016; Lefcheck, 2016) to
understand the relationships among foraging movements, energy ex-
penditure and behaviour. We hypothesize that the choice of food re-
sources (anthropogenic waste or natural prey) will lead to different
foraging strategies, for example at land � lls sites birds will reduce the
time devoted to foraging and increase energy ef � ciency given the spa-
tiotemporal predictability of organic waste deposition. Moreover, we
predict that foraging strategies might differ between the breeding and
non-breeding season, as breeding birds will have to return to the nest
frequently, so their foraging range will be reduced, and land � ll sites
might then be outside the range. In this context, fundamental trade-
offs between energetic and nutritional requirements in parental provi-
sioning strategies are expected ( Wright et al., 1998 ). Finally, we predict
that land � ll specialists will have competitive advantage over birds that
only use land � lls occasionally.

2. Material and methods

2.1. Bird capture and GPS tracking

Our dataset included GPS data with tri-axial acceleration from 55
resident adult white storks, tagged between 2016 and 2019 in southern
Portugal. Resident individuals overwintered in the Iberian Peninsula
and did not cross the Strait of Gibraltar. Storks were tagged with •Flyway
50• GPS/GSM loggers from Movetech Telemetry (4 different models
varying slightly in weight) and •Ornitrack-50 • GPS/GSM loggers from
Ornitela. Adult birds were caught at multiple land � ll sites using nylon
leg nooses, and at several breeding colonies using a remotely activated
clap net at the nests. Birds were measured and ringed, and the devices
were mounted on the back of the birds as backpacks with a Te � on har-
ness. The tag and harness together weighted 60 …90 g, which repre-
sented 1.5…3.7% of a given bird's body mass at the time of tagging.
Most birds were resighted in the days following tag deployment and
no abnormal behaviour or adverse effects due to tagging were observed.
The procedure was approved by the Instituto da Conservação da
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Natureza e Florestas (Portugal). The tags were programmed to record 9
consecutive GPS positions at 1 Hz every 20 min, and concurrently a 9 s
tri-axial acceleration burst at 1 Hz. We kept the � rst GPS position re-
corded, thus location and acceleration matched. GPS data was visually
examined to detect potential outliers, which were subsequently re-
moved, together with the associated acceleration burst. We identi � ed
75 nest locations for the tagged birds across the years after visually
inspecting the GPS tracks and visiting the sites. The nests were situated
between 1.5 and 40.2 km away from the closest land � ll site (mean =
17. 3 km).

2.2. Data selection and processing

From each acceleration burst we derived two metrics, ODBA (overall
dynamic body acceleration, 1 G = 9.8 m/s 2), a proxy of energy expendi-
ture invested in locomotion, and behaviour ( Gleiss et al., 2011; Shepard
et al., 2008b). ODBA was obtained from tri-axial acceleration bursts by
subtracting the smoothing of total acceleration, using a running-mean
of 4 s, from the total acceleration, as recommended in Gleiss et al.
(2011) and Shepard et al. (2008a, 2008b) . To determine the bird behav-
iour at each burst, we used the tri-axial acceleration data to train ran-
dom forest machine-learning algorithms (R package •randomForest •
ver. 4.6 (Liaw and Wiener, 2002 )). Movetech Telemetry tags and
Ornitela tags differ in their sensor characteristics (e.g. position of the
sensor and axes orientation) hence we created device speci � c algo-
rithms. We characterised four behaviours: foraging, resting (including
preening), � apping, and soaring � ight (including gliding and orographic
and thermal soaring). To train the algorithm we manually labelled 250
tri-axial acceleration bursts for each behaviour and tag type; 70% of
the data was used for training the algorithm and 30% for testing it. To
label the training data we compiled information from several sources:
(i) 9 tags that were programmed to continuously record GPS and accel-
eration data which allowed a detailed understanding of the birds' move-
ments and behaviour, (ii) video recordings of captive white storks that
were � tted with the tracking devices, and (iii) from the 9 consecutive
GPS locations that allowed to infer birds' speed and movement during
the acceleration burst. The random forest model had 96% accuracy for
Movetech Telemetry tags data and 97% accuracy for Ornitela tags data.
For this study, � apping and soaring � ight were aggregated and consid-
ered as � ying, as both behaviours occurred infrequently, representing
only 5.7% of locations.

Land� ll sites were determined through visual inspection of satellite
images, and in all cases, they were con � rmed by visits or contact with
local authorities. Each GPS location was classi� ed as either inside or out-
side a land� ll. Subsequently, using the behavioural and GPS data, we
created daily foraging strategy metrics for each individual stork. We
only included in the analyses days with more than 10 daylight GPS po-
sitions and acceleration bursts (median GPS positions per day was 29)
and with more than 4 positions classi � ed as•foraging •to guarantee rep-
resentative metrics.

We built two different datasets for the subsequent analyses. First, to
assess individual and seasonal differences in attendance to land � ll sites,
we created a •daily attendance dataset •. In this dataset each day was
classi� ed as a•land� ll attendance day • when at least one foraging loca-
tion occurred on a land � ll in the corresponding 24-h period, or as a
•non-land � ll attendance day • when no foraging locations occurred on
land� lls. Second, to understand the foraging movements, behaviour
and energy expenditure of feeding on anthropogenic waste or natural
prey we built a •daily foraging strategy dataset • that only included
days where birds displayed either one or the other strategy, thus remov-
ing days where birds foraged on both waste and natural prey. To do so,
we created a variable, •foraging site • with two levels: •land� ll foraging
day•, when 70% of the daily foraging positions occurred in land � ll
sites, and •non-land � ll foraging day •, when 70% of the foraging positions
for a given day occurred outside land � ll sites. We chose this threshold as
it ensured birds spent most of the day in one of the two areas, while it
minimized the number of days that had to be removed from the dataset
to less than 20%.

The activity and energetic trade-offs between foraging on land � lls vs
natural prey were explored using several metrics: (i) daily distance
travelled (km), calculated as the summed distance between consecutive
locations for each day; (ii) daily relative � ight time, calculated by divid-
ing the number of burst classi � ed as � ying by the total of bursts ob-
tained in a day; (iii) mean ODBA (G) as a proxy of daily energy
expenditure ( Gleiss et al., 2011), calculated as the mean ODBA of the ac-
celerometer bursts obtained in a day; (iv) daily relative foraging time,
calculated by dividing the number of burst classi � ed as foraging by the
total of burst in a day; and (v) mean foraging ODBA (G), as a proxy for
foraging ef � ciency (lower mean foraging ODBA values indicate higher
foraging ef � ciency), calculated as the daily mean ODBA for the foraging
bursts. Daily distance travelled and relative � ight time were highly cor-
related (Pearson correlation = 0.75), which indicates that the metrics

Fig. 1. Foraging areas of tracked white storks in southern Iberia (Portugal and Spain) between 2016 and 2019 during a) the breeding and b) the non-breeding per iods. Stars indicate land � ll
sites.
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were largely insensitive to the number of � xes; we only retained daily
distance travelled in further analyses.

To account for the potential effect of season on the foraging site
choice (land � ll sites or non-land � ll sites), we located the nesting site
of each individual, and using the GPS data, we de � ned the beginning
of the breeding season as the � rst three consecutive days that an indi-
vidual occupied the nest; and the end of the breeding period as last
three consecutive days the nest was occupied.

To explore if birds that visited land � ll sites more often had a compet-
itive advantage when exploiting this resource, we used the •daily atten-
dance dataset• to create a land � ll specialisation index, from 0 (natural
prey specialist; never visits land � ll sites) to 1 (waste specialist; only for-
ages on land� ll sites), for each individual. We divided the number of
days that the bird attended a land � ll by the total numbers of days that
the bird was tagged.

2.3. Statistical analysis

To understand seasonal variability in foraging site attendance we
� tted a generalised linear mixed-effects model (GLMM) with foraging
site attendance (land � ll or non-land � ll) as the response variable and
season (breeding or non-breeding) as the explanatory variable, using
the glmmPQLfunction with a binomial structure (R package •MASS•
ver. 7.3 (Ripley et al., 2013)); the model included bird ID nested in tag
type (5 levels: 4 types of Movetech tags and 1 type of Ornitela tag) as
random effects and an autocorrelation structure of order 1 to account
for the potential temporal correlation between consecutive days. Subse-
quently, to understand the potential constraints of reproduction in the
choice of foraging site, we used the data from the breeding season to
� t a GLMM with a binomial structure, using the glmer function (R pack-
age •lme4• ver. 1.1-21 ( Bates et al., 2015)). We considered foraging site
attendance as the response variable, and included as explanatory vari-
ables, distance from the nest site to the closest land � ll site, and its qua-
dratic term, to account for potential non-linearity in the relationship;
we also included bird ID nested in tag type as random effects. We
used the R package •MASS• when the inclusion of an autocorrelation
structure was necessary as •lme4• does not allow the implementation
of GLMMs with that structure.

Using the •daily foraging strategy dataset •, we explored the effect of
land� ll use on time and energy budgets, by implementing 3 linear
mixed-effects models (LMM) with daily distance travelled (km), mean
ODBA (G), and mean foraging ODBA (G) as response variables and for-
aging site (land � ll or non-land � ll), season (breeding or non-breeding),
and its interaction, as explanatory variables, using the lme function (R
package•nlme•ver. 3.1 (Pinheiro et al., 2017 )). The model with daily dis-
tance travelled as response variable, included an additional covariate,
the number of GPS positions, to account for its the potential effect on
the response. We implemented a GLMM with the glmmPQLfunction
for relative foraging time with a binomial structure that included forag-
ing site, season, and its interaction as � xed effects as well. All four
models included bird ID nested in tag type as random effects and an

Fig. 2. Estimates from GLMMs explaining the probability of white storks attending a
land� ll during the breeding season as a function of the distance from the nesting site to
the closest land � ll.

Table 1
Estimates from LMMs and GLMM explaining (a) total distance travelled, (b) mean overall
dynamic body acceleration (mean ODBA), (c) relative foraging time, and (d) mean forag-
ing ODBA. Reference level for season is•breeding•, and for foraging site is •land� ll •.

Estimate SE t p

(a) Distance travelled
Fixed effects

Intercept 20.32 1.50 13.58 <0.001
Season � 13.90 0.81 � 17.15 <0.001
Foraging site � 5.001 0.71 � 7.07 <0.001
Season:Site 7.65 0.87 8.83 <0.001
GPS positions 0.23 0.04 6.05 <0.001

Random effects
Bird ID | Tag type 4.98
Tag type 0.01
AR(1) 0.50
Residual variance 15.50

Marginal R 2 0.08
Conditional R 2 0.17

(b) Mean ODBA
Fixed effects

Intercept 0.09 0.01 10.36 <0.001
Season � 0.02 0.00 � 16.24 <0.001
Foraging site 0.01 0.00 12.57 <0.001
Season:Site 0.00 0.00 � 1.78 0.0755

Random effects
Bird ID | Tag type 0.01
Tag type 0.02
AR(1) 0.54
Residual variance 0.03

Marginal R 2 0.17
Conditional R 2 0.46

(c) Relative foraging time
Fixed effects

Intercept � 0.83 0.06 14.08 <0.001
Season � 0.20 0.03 � 5.82 <0.001
Foraging site 0.33 0.03 11.91 <0.001
Season:Site � 0.03 0.03 � 0.90 0.3694

Random effects
Bird ID | Tag type 0.25
Tag type 0.05
AR(1) 0.59
Residual variance 1.58

Marginal R 2 0.01
Conditional R 2 0.03

(d) Foraging ODBA
Fixed effects

Intercept 0.17 0.01 15.46 <0.001
Season � 0.02 0.002 � 9.59 <0.001
Foraging site 0.02 0.002 15.42 <0.001
Season:Site � 0.02 0.002 � 8.71 <0.001

Random effects
Bird ID | Tag type 0.01
Tag type 0.02
AR(1) 0.32
Residual variance 0.03

Marginal R 2 0.15
Conditional R 2 0.44
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autocorrelation structure of order 1. Subsequently, we calculated for
each model the coef � cient of determination R 2 (Nakagawa et al., 2017).

We explored the relative contribution of individuals' foraging deci-
sions into the overall energy expenditure when using different foraging
sites and during different seasons. To do so, we implemented multi-
group analysis for piecewise SEM with foraging site and season as
grouping variables, using the functions psemand multigroup (R package
•piecewiseSEM• ver. 2.1 (Lefcheck et al., 2016; Lefcheck, 2016)). The
SEM included two sub-models: 1. an LMM with mean ODBA as the re-
sponse variable, and daily distance travelled, relative foraging time
and mean foraging ODBA as explanatory variables; and 2. a GLMM
with relative foraging time as the response variable, and mean foraging
ODBA as explanatory variables. Both models included random effects
and autocorrelation structure as described above. The global structure
of the SEM model was well supported according to the global
goodness-of- � t: Fisher's C = 0.098 with p = 0.952.

To test the role of land � ll specialisation on land � ll exploitation we
selected only days classi� ed as land� ll foraging days. We modelled a
LMM with mean foraging ODBA and a GLMM with relative foraging
time as the response variables, and season and specialisation index as
explanatory variables. We used random effects and an autocorrelation

structure as previously speci � ed. Normality of the residuals was
checked for all LMMs performed.

3. Results

We obtained two datasets of movement and acceleration data; the
•daily attendance dataset • contained data of 12,616 stork-days (median
± SE; 162 ± 28 days per individual); and the •daily foraging strategy
dataset•of 10,183 stork-days (136 ± 22 days per individual, see detailed
information in Tables S1 and S2). During both the breeding and non-
breeding season foraging occurred in southern Portugal, but during the
non-breeding season white storks increased their foraging range towards
southern Spain ( Fig. 1). All individuals but one foraged both on land � ll
sites and outside of land � ll sites. The probability of attending land � ll
sites varied with season (estimate = 0.63; SE = 0.07; p < 0.001); it
was 60% during the non-breeding season and 44% during the breeding
season. Moreover, during the breeding season, the probability of attend-
ing a land � ll was constrained by the distance from the nest to the closest
land� ll site (estimate = � 0.16; SE = 0.03; p < 0.001) in a linear way
(quadratic term was non-signi � cant; � 2 = 2.882; p = 0.09), with individ-
uals nesting closer to a land � ll site foraging there more often ( Fig. 2).

Fig. 3. Predicted values and 95% con� dence intervals from GLMMs explaining (a) daily distance travelled, (b) mean overall dynamic body acceleration (ODBA), (c) relative foraging time,
and (d) mean foraging ODBA of foraging white storks, as a function of season (breeding or non-breeding) and foraging site (land � ll or non-land � ll).
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White storks travelled further during the breeding season to visit
land� ll sites (estimate ± SE; 27.02 ± 0.98 km) than when foraging out-
side land� ll areas (22.01 ± 0.79 km); while during the non-breeding
season, storks travelled less overall, and birds that used land � lls trav-
elled shorter distances (13.11 ± 0.82 km) than those feeding outside
of land � lls (15.76 ± 0.80, Table 1, Fig. 3). The results for mean ODBA,
relative foraging time and mean foraging ODBA were similar. The
three parameters were higher during the breeding season in days that
birds foraged outside land � ll sites (mean ODBA 0.10 ± 0.01 G; relative
foraging time 0.37 ± 0.05; mean foraging ODBA 0.19 ± 0.01 G, Table 1,
Fig. 3), and decreased during the non-breeding season and in days that
birds foraged in land � ll sites, reaching the lowest values when both
conditions occurred (mean ODBA 0.07 ± 0.01 G; relative foraging
time 0.26 ± 0.05; mean foraging ODBA 0.15 ± 0.01 G, Table 1, Fig. 3).
Thus, mean ODBA, relative foraging time, and mean foraging ODBA de-
creased 34.6%, 30.1%, and 12.4%, respectively, from the days that birds
foraged outside land � lls during the breeding season to days that birds
foraged in land � lls during the non-breeding season.

The multigroup analysis for piecewise SEM indicated that mean ODBA
increased when white storks had to travel further, when they spent a
higher proportion of time foraging, and for storks that presented higher
mean foraging ODBA ( Table 2). The effect was stronger when foraging oc-
curred outside of land � lls during the breeding season ( Fig. 4). The rela-
tionship between relative foraging time and mean foraging ODBA
differed depending on the foraging site ( Table 2). When foraging on out-
side of land � lls, an increase on mean foraging ODBA led to a signi � cant in-
crease in relative foraging time; while on land � ll sites, an increase on
mean foraging ODBA led to slight decrease in foraging time ( Fig. 5).

Finally, we did not � nd any relationship between relative foraging
time and land � ll specialisation, and between mean foraging ODBA and
land� ll specialisation when birds foraged on land � ll waste ( Table 3).

4. Discussion

This study unravels some of the mechanisms that determine land � ll
use in a generalist and opportunistic species. In Iberia, expansion and
population growth of white storks is widely attributed to their high
adaptability and behavioural plasticity, which allow them to ef � ciently
use opportunities provided by anthropized environments such as land-
� lls ( Catry et al., 2017; Elliott et al., 2020 ). Here, we show that foraging
on land � ll waste is a time- and energy-ef � cient strategy for white storks
compared to foraging on natural habitats. Remarkably, although storks
had to travel further to exploit this resource during the breeding period,
they spent overall less energy in terms of locomotion than when forag-
ing on natural prey ( Fig. 3). Our results indicate that this could be medi-
ated by a reduction in foraging time and an increase in foraging
ef� ciency (i.e. a decrease in mean foraging ODBA) while exploiting
land� ll waste ( Fig. 3). These � ndings contrasts with previous evidence
from herring gulls ( Larus argentatus), which increase energy expendi-
ture 34% when foraging on PAFS compared to natural prey ( van Donk
et al., 2019). These differences between species are likely to be ascribed
to their � ight mode; while herring gulls tend to use � apping � ight,
which is energetically costly, white storks soar, which allow them to
� y longer distances to reach land � ll sites at a cheaper energetic cost, es-
pecially at certain times of day when � ight conditions (e.g. uplift) are fa-
vorable ( Duriez et al., 2014).

Nevertheless, we � nd that white storks experience constraints dur-
ing the breeding season and reduce land � ll attendance to 44% of days
compared to 60% in the non-breeding period. This reduction is mostly
a function of distance to nest location, as location white storks nesting
further to land � ll sites visit them less often than birds nesting closer
(Fig. 2). These differences in foraging site preference indicate that the
energetic compensation of longer � ights, with increased foraging ef � -
ciency and decreased foraging time at land � ll sites, compensate for lon-
ger � ights only up to a certain limit, after which it is no longer bene � cial
to travel further to forage at land � lls.

The hindrance imposed by reproduction is re � ected on all the pa-
rameters that we studied; storks increased distance travelled, energy
expenditure, foraging time, and mean foraging ODBA during the breed-
ing season (Fig. 3). These parameters are likely to increase in response
to the spatial restrictions that impose returning to the nest frequently
and the higher energetic demands derived from raising chicks ( Johst
et al., 2001). On the contrary, during the non-breeding period, storks
are not constrained by nest location and often roost closer to land � ll
sites, thus reducing daily distances travelled. Moreover, foraging just
to meet their own energy demands could be leading to a reduction in
foraging time and daily energy expenditure.

Our results show that daily energy expenditure is highly in � uenced
by distance travelled, foraging time and foraging ef � ciency, with higher
energy expenditure with increasing distance travelled and foraging
time and decreasing foraging ef � ciency ( Fig. 4). The slopes of these rela-
tionships were maintained when foraging at land � ll sites and non-
land� ll sites, both during the breeding and non-breeding season. How-
ever, in all cases the intercept was lower when foraging at land � ll sites,
indicating that there could be other unaccounted factors decreasing the
daily energy expenditure on days that birds forage at land � ll sites, such
as a reduction on � ight energetics, a change of � ight mode (soaring vs
� apping), or a decrease on time spent preening.

Interestingly, we found that the relationship between relative forag-
ing time and energy ef � ciency differed depending on the foraging site.
At natural sites, birds with high levels of energy expenditure (low energy
ef� ciency) during foraging, increased the time spent foraging. On the
contrary, at land � ll sites, birds that were less energy-ef � cient during for-
aging spent less time foraging, this effect was stronger during the non-
breeding season (Fig. 5). This divergence is likely to steam from the differ-
ent characteristics of foraging on land � ll waste versus natural prey. Indi-
viduals foraging at land � ll sites, where large numbers of white storks
congregate, are likely to experience easy access to food but also density

Table 2
Estimates from structural equation models (SEM) explaining the relationship among total
distance travelled, mean overall dynamic body acceleration (ODBA), relative foraging
time, and mean foraging ODBA. Estimates for (a) the whole model, (b) breeding period
outside land � lls, (c) non-breeding period outside land � lls, (d) breeding period in land � lls,
and (e) non-breeding period in land � lls.

Predictor Estimate SE p

(a) Model-wide interactions
Response

Mean ODBA Distance travelled <0.001
Mean ODBA Relative foraging time <0.001
Mean ODBA Foraging ODBA <0.001
Relative foraging time Foraging ODBA <0.001

(b) Breeding, non-land� ll
Response

Mean ODBA Distance travelled 0.0005 0.0000 <0.001
Mean ODBA Relative foraging time 0.1049 0.0020 <0.001
Mean ODBA Foraging ODBA 0.3150 0.0091 <0.001
Relative foraging time Foraging ODBA 0.8266 0.2827 0.0035

(c) Non-breeding, non-land � ll
Response

Mean ODBA Distance travelled 0.0005 0.0000 <0.001
Mean ODBA Relative foraging time 0.1016 0.0020 <0.001
Mean ODBA Foraging ODBA 0.2536 0.0091 <0.001
Relative foraging time Foraging ODBA 1.6589 0.3157 <0.001

(d) Breeding, land� ll
Response

Mean ODBA Distance travelled 0.0006 0.0000 <0.001
Mean ODBA Relative foraging time 0.0985 0.0068 <0.001
Mean ODBA Foraging ODBA 0.2218 0.0184 <0.001
Relative foraging time Foraging ODBA � 0.0627 0.5119 0.9026

(e) Non-breeding, land� ll
Response

Mean ODBA Distance travelled 0.0004 0.0000 <0.001
Mean ODBA Relative foraging time 0.0691 0.0033 <0.001
Mean ODBA Foraging ODBA 0.1696 0.0085 <0.001
Relative foraging time Foraging ODBA � 0.7308 0.2773 0.0085
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Fig. 4. (a) Graphical explanation of the structural equation model (SEM) showing the relative contribution of white storks' foraging decisions into the mea n overall dynamic body
acceleration (ODBA). Black arrows indicate relationships represented in the � gure and the grey arrow relationship not represented in the � gure. Mean ODBA as a function of daily
distance travelled for (b) the breeding season and (c) the non-breeding season; mean ODBA as a function of relative foraging time for (d) the breeding s eason and (e) the non-
breeding season; and mean ODBA as a function of mean foraging ODBA for (f) the breeding season and (g) the non-breeding season. Solid line on land � ll sites and dashed line on non-
land� ll sites.
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dependence effects, such as direct competition from conspeci � cs (Oro
et al., 2013). This could lead to an increase of energy expenditure during
foraging due to antagonistic interactions with other individuals, but also
to a reduction in foraging time, since birds could be displaced from opti-
mal foraging sites ( Burger, 1981). On natural areas, however, white storks
hunt large invertebrates and small vertebrates and do not aggregate in
such large numbers ( Elliott et al., 2020 ). Thus, an increase of mean

foraging ODBA is likely to be linked to active hunting, which could then
favor an increase in relative foraging time.

Surprisingly, we did not � nd any evidence that land � ll specialists ex-
perienced any competitive advantage during land � ll exploitation in
terms of foraging time and energy ef � ciency. Thus, our results suggest
that land � ll use is mainly driven by distance from the nest to the nearest
land� ll site, rather than by the ability of individuals to exploit this re-
source. Therefore, it is likely that white storks compete for nests located
in close proximity to land � ll sites ( Itonaga et al., 2011; Janiszewski et al.,
2015).

In this study we have quanti � ed one of the aspects required to de � ne
optimal foraging strategies: time allocation and energy expenditure re-
lated to locomotion. However, we could not quantify energy intake, a
key aspect for energetic balances. Natural prey is patchily distributed,
and energetic values can be variable. For example, the energetic value of
red-swamp cray � sh (Procambarus clarkii), an invasive alien species that
occurs in rice � elds and is widely consumed by white storks ( Ferreira
et al., 2019; Negro et al., 2000; Tablado et al., 2010), is ~3 kJ/g (Elvira
et al., 1996). On the other hand, land � ll waste is abundant, easily accessi-
ble and predictable in space and time, and highly energetic (up to 10 …25
kJ/g (van Donk et al., 2019, 2017 )). Recent evidence shows that white
stork nestlings in Iberia whose parents exploit land � ll sites present better
body condition and nutritional status than nestlings whose parents feed
on natural resources, which complements our � ndings ( Pineda-
Pampliega et al., 2021).

Land� ll waste exploitation can also have associated costs, such as
higher exposure to heavy metals, poisons, pathogens, and plastics
(Ahlstrom et al., 2018 ; de la Casa-Resino et al., 2014; Plaza and
Lambertucci, 2017 ; Tongue et al., 2019). For example, a recent study of
white storks in Iberia found that nestlings from birds foraging on land � ll
waste had a higher presence of antibiotic-resistant Escherichia colithan
nestlings from birds feeding on natural resources ( Pineda-Pampliega
et al., 2021); while another found that nestlings from white storks near
land� ll sites presented higher blood levels of lead, mercury, selenium,

Fig. 5. (a) Graphical explanation of the structural equation model (SEM) showing the relative contribution of white storks' foraging decisions into the mea n overall dynamic body
acceleration (ODBA). Black arrows indicate relationships represented in the � gure and the grey arrow relationship not represented in the � gure. Relative foraging time as a function of
mean foraging ODBA for (b) the breeding season and (c) the non-breeding season. Solid line on land � ll sites and dashed line on non-land � ll sites.

Table 3
Estimates from GLMM and LMM explaining (a) relative foraging time, and (b) mean for-
aging overall dynamic body acceleration (ODBA), while foraging on land � lls. Reference
level for season is •breeding •.

Estimate SE t p

(a) Relative foraging time
Fixed effects

Intercept � 1.21 0.11 � 11.29 <0.001
Season � 0.03 0.09 � 0.28 0.7795
Specialisation index 0.31 0.19 1.65 0.1062
Season:Specialisation index � 0.11 0.14 � 0.79 0.4323

Random effects
Bird ID | Tag type 0.14
Tag type 0
AR(1) 0.25
Residual variance 1.01

(b) Foraging ODBA
Fixed effects

Intercept 0.16 0.01 11.22 <0.001
Season � 0.02 0.01 � 2.51 0.0120
Specialisation index 0.01 0.01 0.42 0.6756
Season:Specialisation index 0.01 0.01 0.82 0.4142

Random effects
Bird ID | Tag type 0.01
Tag type 0.02
AR(1) 0.10
Residual variance 0.03
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iron, zinc, and arsenic, which can be toxic at high concentrations ( de la
Casa-Resino et al., 2014). Moreover, the occurrence of plastics in land � lls
can lead to their ingestion, which can damage the digestive organs of the
birds ( Peris, 2003).

Overall, our study shows that white storks nesting in the proxim-
ity of land � ll sites and foraging there frequently save energy and
time, thus exploiting land � ll waste can be an advantageous strategy.
Increased breeding success and population growth driven by waste
exploitation has been described for other bird species ( Bialas et al.,
2020; Djerdali et al., 2008 ; Gilbert, 2015 ; Tauler-Ametller et al.,
2017), thus a potential reduction of land � ll waste could have dra-
matic impacts on the population, since alternative food resources
might not be available to meet the energetic requirements of such
large number of individuals (but see Katzenberger et al., 2019 ). In
light of the European Union directives that will lead to a substantial
reduction of land � ll waste in the next few years, our results indicate
that species that heavily rely on land � ll waste will be severely af-
fected and will have to radically change their behaviour, for example
by increasing foraging time and energy expenditure while foraging,
affecting energetic and time balances. However, it is currently un-
known whether alternative foraging resources will be able to sustain
these populations in the future.
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Abstract

Alternative migratory strategies can coexist within animal populations and

species. Anthropogenic impacts can shift the fitness balance between these

strategies leading to changes in migratory behaviors. Yet some of the mecha-

nisms that drive such changes remain poorly understood. Here we investigate

the phenotypic differences, and the energetic, behavioral, and fitness trade-offs

associated with four different movement strategies (long-distance and

short-distance migration, and regional and local residency) in a population of

white storks (Ciconia ciconia) that has shifted its migratory behavior over the

last decades, from fully long-distance migration toward year-round residency.

To do this, we tracked 75 adult storks fitted with GPS/GSM loggers with

tri-axial acceleration sensors over 5 years, and estimated individual displace-

ment, behavior, and overall dynamic body acceleration, a proxy for

activity-related energy expenditure. Additionally, we monitored nesting colo-

nies to assess individual survival and breeding success. We found that

long-distance migrants traveled thousands of kilometers more throughout the

year, spent more energy, and >10% less time resting compared with

short-distance migrants and residents. Long-distance migrants also spent on
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average more energy per unit of time while foraging, and less energy per unit

of time while soaring. Migratory individuals also occupied their nests later

than resident ones, later occupation led to later laying dates and a lower num-

ber of fledglings. However, we did not find significant differences in survival

probability. Finally, we found phenotypic differences in the migratory proba-

bility, as smaller sized individuals were more likely to migrate, and they might

be incurring higher energetic and fitness costs than larger ones. Our results

shed light on the shifting migratory strategies in a partially migratory popula-

tion and highlight the nuances of anthropogenic impacts on species behavior,

fitness, and evolutionary dynamics.

K E Y W O R D S
breeding success, GPS tracking, movement, overall dynamic body acceleration, survival

INTRODUCTION

The migratory strategies of many animal species are rap-
idly changing due to anthropogenic influences, such as
land transformation and climate change (Cox,2010;
Maclean et al., 2008; Sutherland, 1998; Visser et al.,
2009). These changes are multifaceted and can encom-
pass modifications in the timing of migration departure
and arrival (Cotton, 2003; Gordo & Sanz,2006; Jenni &
Kéry, 2003), the shortening or diversion of migratory
routes (Eichhorn et al.,2009; Sutherland, 1998), or the
complete disruption of migration and the transition
toward residency (Plummer et al., 2015; Pulido &
Berthold, 2010; Satterfield et al.,2015). Ultimately, these
adjustments can influence ecological and evolutionary
processes at multiple scales, from the individual to the
ecosystem (Dingle,2014; Nathan et al.,2008).

Substantial within-population variability can exist in
the propensity to migrate, with some individuals from
the population being resident and others migrating
(Chambon et al., 2018; Lok et al., 2017; Sanz-Aguilar
et al., 2012). In many species and populations, migration
strategies form a continuum and many alternative strate-
gies coexist, such as long-, medium-, or short-distance
migrations, ranging movements, or localized residency,
which generates partially migratory populations
(Reid et al., 2018). Several studies have shown that
migration is energetically costly, with individuals travel-
ing longer distances incurring higher energy costs, often
measured using the overall dynamic body acceleration
(ODBA) (Flack et al., 2016; Somveille et al., 2018).
Additionally, migration has been shown to increase mor-
tality in a diverse range of taxa (Buchan et al.,2020;
Klaassen et al.,2016; Rotics et al.,2017; Sillett & Holmes,
2002, but see Conklin et al.,2017). Yet, in some cases,
selective pressures on survival fluctuate, with migrants

presenting lower survival rates in years with average
climatic conditions, but higher survival in years with
extreme weather events (Acker, Burthe, et al.,2021;
Acker, Daunt, et al.,2021; Sanz-Aguilar et al.,2012).

The migratory strategy might also affect breeding
performance. For instance, in European shags
(Gulosus aristotelis) and older Eurasian spoonbills
(Platalea leucorodia) individuals performing longer
migrations breed later than short-distance migrants or res-
ident individuals, and late breeders have lower reproduc-
tive outcomes (Grist et al., 2017; Lok et al., 2017).
Therefore, innovations in the migration strategy can be
under strong selection if they provide individual fitness
advantages over the rest, and can be retained and spread
across the population through social learning or evolution-
ary change (de Zoeten & Pulido,2020; Newton, 2008). In
extreme cases, partial migration can become an unstable
strategy and migration could even disappear if migratory
individuals suffer increased fitness-associated costs.

The advantages for an individual of adopting either a
migratory or a resident strategy can be dependent upon
its phenotype (Chapman et al.,2011). For example, in
house finches (Carpodacus mexicanus), small individuals
that cannot endure extremely cold temperatures, or large
individuals less able to tolerate heat, migrate to areas
with milder climates (Able & Belthoff, 1998; Belthoff &
Gauthreaux Jr., 1991). Density-dependent intraspecific
competition can also play a role in maintaining partial
migration (Chapman et al.,2011; Lundberg, 1987, 2013);
in blue tits (Cyanistes caeruleus) and blackbirds
(Turdus merula) smaller subordinate individuals migrate
to avoid competition for limited resources, while larger
dominant individuals remain in the breeding grounds
year-round (Lundberg,1985; Nilsson et al.,2008; Smith &
Nilsson, 1987). This leads to a frequency-dependent evo-
lutionary stable state and can induce highly dynamic
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temporal patterns on the ratio of resident to migratory
individuals in the population (Chapman et al., 2011).
Differences in the trophic niche specialization among indi-
viduals can also explain differential migration strategies,
with individuals whose trophic niche is more affected by
seasonal changes being more prone to migrate (Aparicio,
2000). In such cases, partial migration results in an evolu-
tionarily stable strategy, where the fitness consequences
for individuals that migrate are balanced against the con-
sequences of remaining in the breeding area throughout
the year (Buchan et al.,2020; Chapman et al.,2011).

Additionally, human activities can alter the trade-offs
between migratory strategies by providing a competitive
advantage or disadvantage to individuals following a certain
strategy (Buchan et al.,2020). However, the mechanisms
that tip the balance between strategies remain largely
unknown. The white stork (Ciconia ciconia) provides a
unique opportunity to study the factors favoring the emer-
gence of residency, as it displays a range of migratory strate-
gies with different effects in terms of behavior, energetics,
and fitness. For example, a comparison across eight white
stork populations following diverse migratory strategies
revealed that energy expenditure invested in locomotion
increased with distance traveled (Flack et al.,2016), while a
study on juvenile white storks found that individuals that
migrated to Africa presented alower survival, and increased
movements, foraging range, and energy than those
overwintering in Europe (Rotics et al.,2017).

Here, we assess the phenotypic differences, trade-offs,
and fitness consequences of migration in adult white
storks from a partially migratory population breeding in
Portugal that is transitioning toward residency
(Catry et al.,2017; Gilbert et al., 2016). Whereas juvenile
white storks perform annual migrations to Africa during
their first year of life, when they reach adulthood, indi-
viduals show a range of fixed seasonal migratory strate-
gies (Ac�acio et al., 2022; Catry et al., 2017; Marcelino
et al., 2023). Some individuals are year-round residents,
remaining either locally or regionally in Southwest
Europe; others migrate during the wintering period to
Northwest Africa or the sub-Sahara region (Catry et al.,
2017). Markedly, the number of white storks breeding in
Portugal has increased substantially in the last two
decades, from approximately 3300 individuals in 1994 to
11,700 in 2017 (Catry et al.,2017). Simultaneously, the
percentage of resident individuals has steeply increased,
from 18% in 1995 to 62% in 2015 (Catry et al.,2017). This
shift toward residency is likely to have been due to
increased food availability (Catry et al.,2017) and milder
temperatures during the winter in the breeding grounds.
Landfill waste has become a key food resource for
white storks, with individuals attending landfill sites on
44% of the days during the breeding season, and 60% of

the days during the wintering season (Soriano-Redondo
et al.,2021).

Current trends suggest that partial migration in the
Portuguese white stork population is not an evolution-
arily stable strategy, as residents are disproportionally
increasing in numbers (Catry et al.,2017). Thus, this pro-
vides a rare opportunity to investigate the ecological and
evolutionary consequences of different migratory strate-
gies throughout the annual cycle. Specifically, we investi-
gated (1) the behavioral differences and estimated
energetic costs, measured through ODBA, of birds under-
taking various migratory strategies; (2) the fitness conse-
quences of migration in terms of survival and
reproduction; and (3) whether individual phenotype
affects the migratory probability of adult white storks.
We predict that migratory individuals will present higher
energy expenditure because most evidence suggests that
migrating is energetically costly (Flack et al.,2016). We
also predict that migrants will suffer higher fitness costs
(Buchan et al.,2020; Rotics et al.,2017), as is reflected by
the current population shift toward residency.

MATERIALS AND METHODS

Fieldwork

We captured, measured, blood-sampled, ringed, and tagged
75 breeding adult white storks in Southern Portugal
between 2016 and 2020 (4 in 2016, 13 in 2017, 8 in 2018,
43 in 2019, and 7 in 2020). Storks were captured either at
their nest using remotely activated clap nets or at landfill
sites using nylon leg nooses. GPS/GSM loggers (Movetech
Telemetry and Ornitela) were mounted on the backs of the
birds as backpacks with a Teflon harness; the total weight
of the logger and harness was 60–90 g, 1.5%–3.7% of the
bird body mass. The loggers were programmed to record
GPS positions and tri-axial acceleration samples every
20 min at 1 Hz for 9 s. At deployment, morphometric mea-
surements (wing, tarsus, and bill length ± 1 mm and
weight ± 1 g) were taken for each individual. Blood
(<50 � L) was collected from the medial metatarsal vein
and a few drops were preserved in vials with ethanol for
molecular sexing. All birds were colored-ringed following a
unique scheme. All procedures were performed under
license of the Instituto da Conservaç̃ao da Natureza e
Florestas, Portugal (license numbers: 493/2016/CAPT,
661/2017/CAPT, 662/2017/CAPT, 548/2018/CAPT, 549/
2018/CAPT, 248/2019/CAPT, 365/2020/CAPT, 366/2020/
CAPT, and 367/2020/CAPT). Approval from an ethics com-
mittee was not required for this study.

Nesting sites were identified for all adults by visually
inspecting GPS tracks, and they were visited weekly
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during the breeding season in subsequent years to
determine stork breeding parameters (i.e., laying date,
and number of fledglings). Nests were visited annually
during the breeding season after the logger stopped
recording to assess if this was due to tag failure or bird
mortality; this was a reliable method due to high levels of
nest faithfulness. Moreover, when an individual was not
found in the nest it had used in the previous year, other
nests of the colony and nearby colonies were also visited
to confirm if the individual had not moved to a neighbor-
ing nest. In total, ~420 nests were monitored on a weekly
basis during the 2016–2020 breeding seasons.

GPS and acceleration data

We used the 9 s tri-axial acceleration bursts to calculate
two movement parameters: ODBA (G), a proxy of energy
expenditure invested in locomotion, and bird behavior
(Gleiss et al., 2011; Shepard et al., 2008). Following
Soriano-Redondo et al. (2021), to calculate ODBA we
subtracted the smoothing of the acceleration, using a
running mean of 4 s, from the total acceleration. To
estimate the bird behavior at each burst we trained
two random forest machine-learning algorithms, one for
Movetech Telemetry tags and the other for Ornitela tags,
using 1000 manually labeled tri-axial acceleration bursts
encompassing four behaviors: foraging, resting, soaring
and flapping (for details see Soriano-Redondo et al.,
2021). The random forest models had 96% accuracy for
Movetech Telemetry tags and 97% accuracy for
Ornitela tags.

Characterization of migration strategies

We used the GPS trajectories to classify the migratory
strategy of each individual every year. We visually exam-
ined the GPS data to detect and remove potential outliers.
Storks were classified as resident or migratory depending
on whether they remained in Southwest Europe or crossed
the Strait of Gibraltar after the breeding period. Birds were
subsequently classified into four subcategories depending
on their wintering grounds. Resident birds were catego-
rized as either local when they remained in proximity to
the nest year around (i.e., <50 km away from it); or
regional, when they ranged further away from the nest
across Southwest Europe (i.e., >50 km away from the
nest). We chose this threshold as it ensured that birds clas-
sified as local did not commute between different areas in
Portugal and always remained close to their nesting site.
Migrants who crossed the Strait of Gibraltar and spent the
winter in Northwest Africa were classified as Northwest

African, and sub-Saharan when they crossed the Sahara
Desert as well and wintered in the Sahel.

To establish the migratory phenology of tracked birds
we followed Soriano-Redondo et al. (2020). Each annual
cycle was divided into four seasons: autumn, wintering,
spring, and breeding. For migratory individuals, we
defined the start of autumn and spring (i.e., migrations)
as the first day a bird moved >60 km between roosts for
3 days consecutively, which led to the departure of the
breeding range during autumn migration, and the win-
tering range during spring migration. The end of autumn
and spring was the last day the bird moved >60 km
between roosts for 3 days consecutively, after departing
from the wintering range during autumn migration, and
from the breeding range during spring migration. For res-
ident individuals, we derived the thresholds between
periods using the median date of the thresholds of the
migratory birds. The start of the autumn period was
the 4 August and the end was on 5 September; the start
of the wintering period began on 6 September and the
end was on 12 December; the start of the spring period
was on 13 December and the end was on 22 January; and
the start of breeding period was on 23 January and the
end was on 3 August.

Breeding parameters estimation

The nest occupation date was determined using the GPS
locations, and was defined as the first day that a bird vis-
ited its nest for 3 days consecutively. Laying date and
number of fledglings were determined by regularly exam-
ining the nests using a camera attached to a pole, or by
using a drone.

Statistical analysis

We explored the potential effects of migratory strategy
(four levels: local, regional, Northwest Africa, and
sub-Saharan) on bird movements and ODBA. To do that,
we first fitted a linear mixed model (LMM) with annual
displacement (i.e., the sum of all the distances moved
throughout the year) as the response variable and migra-
tory strategy as explanatory variables. To control for
potential differences in tag recordings and individual
behavior, we included the number of GPS positions as a
fixed factor and individual IDs as a random effect.
Second, to understand the implications of the different
migratory strategies on the annual energy expenditure,
we fitted a linear mixed effects model with mean annual
ODBA as the response variable, migratory strategy as the
explanatory variable, and individual ID nested in tag type
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(five levels: four tag types from Movetech Telemetry and
one from Ornitela) as a random effect. We included tag
type to account for different sensitivities of the tags to
record the acceleration measures. Third, to understand
the differences in ODBA linked to foraging, resting, soar-
ing, and flapping among the four migratory strategies, we
fitted four LMM with mean annual ODBA during forag-
ing, resting, soaring, and flapping as response variables
and migratory strategy as an explanatory variable, and
individual ID nested in tag type as a random effect. To
implement the models, we used the R packagelme4
(Bates et al.,2015, p. 4). To assess the differences between
migratory strategies, whenever this variable was signifi-
cant in the model, we performed Tukey’s contrasts.

To understand the behavioral budgets associated with
each migratory strategy we fitted generalized LMMs
(GLMMs) with Beta distribution, using the R package
glmmTMB (Brooks et al., 2017). The response variable
was the mean proportion of time per day spent
performing a certain behavior in an annual cycle. Thus,
we fitted four models with the proportion of time forag-
ing, resting, soaring, and flapping. In each, the explana-
tory variable was migratory strategy and individual ID
nested in tag type was a random effect. In the cases in
which migratory strategy was significant, we assessed the
differences between groups by implementing Tukey’s
contrasts.

To understand at which stage of the seasonal cycle
differences in the bird ODBA, movements, and behavior
occurred, we fitted the same models as previously used,
with migratory strategy and individual ID (nested in tag
type for the ODBA and behavior parameters), but includ-
ing season as well (four levels: autumn, wintering, spring,
and breeding) and the interaction of migratory strategy
and season as fixed effects. In this case, the response vari-
ables were seasonal displacement, mean seasonal ODBA,
mean seasonal ODBA during foraging, resting, soaring,
and flapping, and mean proportion of time per day spent
foraging, resting, soaring, and flapping during the season.
For seasonal displacement, because the duration of the
season differed depending on the bird, we also included
the duration as a covariate. We implemented Tukey’s
contrasts to assess the differences between seasons and
migratory strategies.

We assessed the direct and indirect effects of the
migratory strategies on the subsequent breeding perfor-
mance. We tested whether migratory strategy directly
affected the number of fledglings produced and/or
whether there was a cascading effect, with migratory
strategy affecting the number of fledglings through
changes in nesting and laying dates, as has been reported
in other species (Grist et al.,2017; Lok et al., 2017). To do
so, we fitted a structural equation model containing three

linear models (Figure1) using the piecewiseSEMR pack-
age (Lefcheck,2016; Lefcheck et al.,2016). We fitted an
LMM with nest occupation date (day of the year) as a
response variable, migratory strategy as the explanatory
variable and individual ID as the random effect. This was
followed by a LMM model linking laying date (as the
response) and nest occupation date as a fixed effect, and
with individual ID as the random effect. Last, we fitted a
GLMM with a Poisson distribution with the number of
fledglings as the response, laying date and migratory
strategy as covariates, and individual ID as a random
effect. The direct and indirect relationships were also
tested outside the structural equation model to extract
the effects.

Finally, to determine whether the probability of migra-
tion was linked to individual characteristics, we fitted a gen-
eralized linear model (GLM) with a binomial link function,
with migration probability ( resident or migrant) as the
response variable, and wing length, sex, and their interac-
tion as explanatory variables. Wing length is correlated with
culmen (Pearson’s correlation= 0.629,p < 0.001) and tar-
sus lengths (Pearson’s correlation= 0.548,p < 0.001), and
thus a good proxy of body size. Although males tend to be
larger than females, collinearity between sex and wing size
was relatively low (variance inflation factor [VIF= 1.83]).
All model assumptions were checked using theDHARMa
R package.

Survival estimation

Survival, GPS signal loss and resighting probabilities
were simultaneously estimated by means of multievent
capture–recapture models (Pradel,2005). The multievent
framework distinguishes what can be observed in the

Migratory strategy

No. fledglings 

Nest occupation date

Laying date

F I G U R E 1 Path diagram of piecewise structural equation
modeling to establish the direct (solid line) and indirect (dashed
lines) relationship between the migratory strategy and the
reproductive success.
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field from the underlying biological states of the individ-
uals, which must be inferred (Pradel,2005). Live encoun-
ter data were collected during the breeding season of
each year between 2016 and 2021 and coded into individ-
ual encounter histories. Here, the events were“0” for
individuals not observed in a given year. Observed indi-
viduals were stratified according to whether they had an
active GPS tag or not. We assigned“1” to individuals
detected with active GPS devices and“2” to
individuals observed alive that either had an inactive
GPS device or had lost the GPS device but could be iden-
tified by means of rings. In addition to live encountered
data, dead recoveries (n = 10) were detected by fixed
location in GPS signal and confirmed by local scientists.
Dead encounters were coded as“3.”

We specified the multievent model with three sets of
parameters: (1) the initial state probabilities; (2) the state
transition probabilities that included the probability of
losing the GPS signal and the probability of survival; and
(3) the probabilities of resight and recovery. The model
included four underlying biological states: two states for
live individuals, coded Aa (alive with active GPS) and Ai
(alive with inactive GPS), and two states for dead individ-
uals, coded Ra (recently dead with active GPS signal);
and LD (long dead).

The multievent model (see details in AppendixS1:
Section S3) estimated the probabilities of transition
between the states (GPS signal loss and survival) and the
probabilities of the events (resighting and recovery). Given
our knowledge of the system, our starting model consid-
ered the following constraints: initial state probability (� )
was certain for every individual, as all individuals started
as alive with an active GPS device deployed (� _Aa = 1).
Because all recoveries were from individuals with active
GPS loggers, we fixed the recovery probability as 1 (r = 1).
Likewise, the probability of resighting individuals with
active GPS devices was fixed to 1 (pAa = 1). Finally, the
model included migratory strategy (resident or migratory)
in resighting probability because the probability of
resighting individuals without the GPS signal was higher
for residents than for migrants. We ran two models, the
first model to estimate survival as a function of the migra-
tory strategy with four levels: local, regional, Northwest
Africa and sub-Saharan that could not estimate all the
parameters due to the small sample size. Thus, we ran a
second model, in which we only tested differences in sur-
vival between resident and migratory individuals. To test
whether there were significant differences between migra-
tory and resident individuals we compared Quasi-Akaike
Information Criterion (QAIC) values between this model
and a null model, where only recapture probability was
influenced by migratory strategy. We ran a goodness-of-fit
test (GOF [Choquet et al.,2009]) in R2UCARE (Gimenez

et al., 2018) that suggested the presence of transience
effects, but this was not significant (� 2 = 9.3, df = 4,
p-value= 0.052). The remaining tests were not estimable.
We used 2.52 as a VIF and used it to correct all models
constructed in E-SURGE (Choquet et al.,2005).

RESULTS

We tracked 75 adult white storks (36 males and 39 females)
using GPS/GSM loggers equipped with acceleration sen-
sors during a total of 212 annual cycles (78 complete
annual cycles), from 2016 to 2021. Individuals displayed
four different strategies: they remained in Southwest
Europe either locally (Figure2a) or regionally (Figure2b),
or they migrated and overwintered in Northwest Africa
(Figure 2c) or sub-Saharan Africa (Figure2d). Overall,
58 individuals were residents spending the nonbreeding
periods in Southwest Europe (9 locally and 42 regionally,
and 7 changed across years), and 16 were migratory and
spent the nonbreeding period in Africa (6 in Northwest
Africa and 10 in sub-Saharan Africa). With one exception,
adult white storks tracked over multiple years were consis-
tent in their tendency to migrate.

Behavioral and energetic consequences of
migration

Our results showed that the migratory strategy affected
annual displacement (Figure 3a, migratory strategy:
� 2 = 313.743, p < 0.001; number of GPS positions:
� 2 = 44.931,p < 0.001), with sub-Saharan winterers travel-
ing thousands of kilometers more than all the other storks
(Appendix S1: Table S1). A similar pattern was observed
in annual ODBA derived from the acceleration sensors
(Figure 3b, � 2 = 36.239,p < 0.001): individuals migrating
to sub-Saharan countries presented >20% higher ODBA
than individuals that migrated to Northwest Africa or that
remained in Southwest Europe (AppendixS1: Table S2).
Finally, ODBA linked to foraging (Figure3c, � 2 = 23.172,
p < 0.001) and soaring (Figure3d, � 2 = 70.927,p < 0.001)
was also affected by the migratory strategy, but ODBA
linked to resting and flapping was not (resting:� 2 = 1.806,
p = 0.614; flapping: � 2 = 1.287, p = 0.732). Sub-Saharan
migrants presenteda ~ 10% higher ODBA while foraging,
and a ~ 25% lower ODBA while soaring than residents
and birds that migrated to Northwest Africa (AppendixS1:
TablesS3and S4).

The differences in ODBA could be partly mediated by
differences in behavioral budgets. While the proportion
of time devoted to foraging and flapping was similar
across migratory strategies (Figure 4a; foraging:
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� 2 = 2.178, p = 0.536; Figure 4d, flapping: � 2 = 3.108,
p = 0.375), birds that migrated to sub-Saharan Africa
spent overall less time resting (Figure4b, � 2 = 40.2,
p < 0.001; AppendixS1: Table S5) and more time soaring
(Figure 4c, � 2 = 227.54,p < 0.001; AppendixS1: TableS6)
compared with the remaining strategies.

Distance traveled varied depending on season
(� 2 = 10.391, p = 0.015; Appendix S1: Figure S1) and
migratory strategy (� 2 = 408.161,p < 0.001; AppendixS1:

Figure S1), with a significant interaction between them
(� 2 = 275.684,p < 0.001; AppendixS1: Figure S1). We con-
trolled for the number of GPS positions (� 2 = 47.154,
p < 0.001), and the duration of the season (� 2 = 14.258,
p < 0.001). Sub-Saharan migrants traveled longer distances
during autumn, spring, and winter than birds that adopted
other strategies (AppendixS1: Figure S1, TableS7). ODBA
also differed among seasons (� 2 = 232.97, p < 0.001;
Appendix S1: Figure S2) and migratory strategies
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F I G U R E 2 Migratory strategies of white storks breeding in Portugal that are resident (a) locally and (b) regionally, and those that
migrate to (c) Northwest Africa and (d) sub-Saharan Africa. Shades of green represent males and shades of orange females.
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(� 2 = 136.40,p < 0.001; AppendixS1: FigureS2), with a sig-
nificant interaction effect (� 2 = 174.66, p < 0.001;
Appendix S1: Figure S2). During both autumn and spring,
migratory birds (including sub-Saharan and Northwest
Africa winterers) presented higher ODBA than birds that
remained in Southwest Europe (both locally and regionally;
Appendix S1: Figure S2, Table S8). During the winter,
sub-Saharan migrants continued to have higher ODBA

than other birds, while during the breeding period all birds
had similar levels of ODBA (Appendix S1: Figure S2,
Table S8). We also found that ODBA during foraging and
soaring varied depending on the season (foraging:
� 2 = 190.665,p < 0.001; AppendixS1: Figure S3; soaring:
� 2 = 26.219,p < 0.001; Appendix S1: Figure S4) and the
migratory strategy (foraging: � 2 = 54.181, p < 0.001;
Appendix S1: Figure S3; soaring: � 2 = 40.801,p < 0.001;
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Appendix S1: FigureS4), with a significant interaction effect
(foraging: � 2 = 107.219,p < 0.001; AppendixS1: Figure S3;
soaring: � 2 = 50.293,p < 0.001; Appendix S1: Figure S4).
Interestingly, sub-Saharan migrants had significantly higher
ODBA while foraging during the autumn than resident
birds, and during the winter in sub-Saharan Africa com-
pared with the other strategies. In the other seasons, how-
ever, all birds presented similar levels of ODBA

(Appendix S1: Figure S3, Table S9). By contrast,
sub-Saharan migrants had significantly lower ODBA while
soaring compared with residents and short-distance
migrants during both migrations and the wintering period
(Appendix S1: FigureS4, TableS10).

Migratory strategy and season also affected the pro-
portion of time devoted to each behavior (AppendixS1:
FiguresS5–S8, TablesS11–S15). Sub-Saharan birds spent
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less time resting (AppendixS1: Figure S6, TableS16) and
more time soaring (AppendixS1: Figure S7, Table S17)
during both migrations and during winter. In addition,
they allocated more time to foraging during the winter
period and less during the spring (Appendix S1:
Figure S5, Table S15). Birds that migrated to Northwest
Africa, also increased soaring time and decreased resting
time during both migrations, but their behavior during
the winter period was similar to that of resident birds
(Appendix S1: FiguresS6and S7, TablesS16–S18).

Breeding success

We did not find a direct link between migratory strategy
and number of fledglings raised, but we did find an indi-
rect relationship between these two variables (Table1).
The migratory strategy of each individual affected its
arrival time to the nest location (Figure5a, � 2 = 25.697,
p < 0.001): birds that moved across Southwest Europe
occupied the nest significantly later than birds that
remained locally (Tukey’s contrasts: local–regional
z = 3.092, p = 0.008), whereas sub-Saharan migrants
occupied their nest significantly later than resident birds
(Tukey’s contrasts: local–sub-Saharan z = 5.021,
p < 0.001; regional–sub-Saharanz = 3.364,p = 0.004). In
turn, a later occupancy of the nest led to a later laying
date for those birds (Figure5b; � 2 = 9.756, p = 0.002),
which ultimately reduced breeding success, that is, birds
laying eggs later raised a lower number of fledglings
(Figure 5c; � 2 = 4.874,p = 0.027).

Survival

We did not find significant differences between residents
(local and regional) and migrants (to Northwest and
sub-Saharan Africa) in survival probability, as the null
model including only the effect of migration in recapture
probability presented a lower QAICc than the full model
(null model QAICc = 112.88; full model QAICc = 114.92;
� QAICc = 2.05). However, the full model suggests that
residents might be experiencing slightly higher survival

than migrants (migrants: survival probability= 0.89, con-
fidence interval [CI] = 0.65–0.97; residents: survival
probability = 0.91, CI= 0.83–0.95; Figure 5d), but a
larger sample size would be needed to confirm this. The
probability of recapture when the signal had been lost
was much lower for migrants (0.14) than residents (0.63).

Phenotypic differences in migration
strategy

We found that migration probability was affected by wing
length, a proxy for individual size (� 2 = 8.371,p = 0.004),
but was not affected by sex (� 2 = 0.641,p = 0.423), or the
interaction of wing length and sex (� 2 = 0.142,
p = 0.706). The significant negative relationship between
wing length and migration probability shows that larger
birds were more likely to be resident while smaller birds
tended to be migratory (Figure6).

DISCUSSION

In this study we showed the behavioral and energetic
trade-offs of different migratory strategies throughout the
whole annual cycle of a long-lived bird. While we do not
find a direct effect of migration strategy on fitness, we did
find that migratory birds occupied their nests later, and
later occupation led to delayed laying dates and a lower
number of fledglings. We also found that trans-Saharan
migrants traveled longer annual distances, spent more
time flying and less resting, and incurred higher energetic
costs than storks adopting other movement strategies. By
contrast, individuals that migrated to Northwest Africa
did not differ in behavior or energy expenditure from res-
ident birds (except during spring and autumn). These
results are in concordance with previous evidence from
juvenile white storks that suggested that wintering in
Europe was less demanding compared with sub-Saharan
Africa (Rotics et al.,2017).

The behavioral and energetic contrast between birds
wintering in Southwest Europe or Northwest Africa and
birds traveling to the Sahel is particularly acute during

T A B L E 1 Analysis of variance for the structural equation model to establish the direct and indirect relationship between the migratory
strategy and the reproductive success.

Response Predictor F-statistic df p

Nest occupation date Migratory strategy 25.7 3 <0.001

Laying date Nest occupation date 9.8 1 0.0018

No. fledglings Laying date 5.1 1 0.0239

No. fledglings Migratory strategy 5.1 1 0.0640

Note: Bold values representp < 0.05.
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the winter, but also during spring and autumn, whereas
during the breeding period all birds have a similar energy
expenditure and behavior. These differences are likely to
occur due to several factors. First, the Sahel is 2500 km
away from the breeding grounds and reaching this win-
tering area requires substantial investments in terms of

time and energy. Nevertheless, our results also showed
that thermal conditions in the Sahel are likely to be more
favorable, as reflected by the lower ODBA estimates of
individuals while soaring (Flack et al.,2016). Previous
evidence from juvenile white storks from Southwest
Germany showed similar results, with individuals
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overwintering in Northwest Africa moving less during
stopover days and having lower ODBA values com-
pared with birds wintering south of the Sahara (Flack
et al., 2016). By contrast, residents and individuals that
overwintered in Northwest Africa had access to
low-cost foraging areas at landfills throughout the year
(Ciach & Kruszyk, 2010; Flack et al., 2016; Marcelino
et al., 2023), while sub-Saharan migrants forage on
natural prey in the Sahel (Elliott et al.,2020), which is
likely to be energetically more expensive, as reflected
by their higher foraging ODBA. Finally, the longer
daylight availability in the Sahel region, compared
with Southwest Europe and Northwest Africa during
the nonbreeding period, could enable sub-Saharan
individuals to increase their diurnal movement activi-
ties (Pokrovsky et al.,2021).

Our results show that trans-Saharan migrants present
higher ODBA, a proxy for energy expenditure, than storks
adopting other movement strategies, but we could not
quantify the absolute or relative differences in energy
expenditure between migratory strategies, as we could not
calibrate the relationship between ODBA and energy
expenditure (Halsey & Bryce,2021). Data on the daily
energy expenditure of juvenile white storks (quantified
using continuous heart rate and fine-scale movement
tracking of the individuals) show that their heart rate
increases linearly with ODBA and supports our

conclusions (Flack et al.,2020). However, other physiolog-
ical factors may also influence energy expenditure, the
costs for thermoregulation and hydroregulation can be sig-
nificantly different for individuals overwintering in
Southwest Europe and Northwest Africa compared with
those in the Sahel affecting the overall higher energy
expenditure (Cabello-Vergel et al.,2021). Finally, we could
not record other components of energy balance, such as
energy intake, which is likely to differ substantially among
individuals overwintering in different areas and with dif-
ferent accessibility to landfill resources.

Notably, our results showed that smaller sized indi-
viduals are more likely to migrate than larger sized ones,
a pattern that is highly consistent over time (i.e., birds
used the same wintering grounds every year). However,
given the correlational nature of the analysis, we could
not establish a direct causality between size and migra-
tory strategy. Nevertheless, several hypotheses could
explain these behavioral differences. Smaller birds may
be outcompeted at landfill sites, as in these areas birds
gather in large numbers that exacerbates competition
and aggression (Gilbert et al.,2016; Soriano-Redondo
et al., 2021). An alternative, nonexclusive explanation is
that smaller individuals are more sensitive to harsher
wintering conditions in Southwest Europe and migrate to
warmer areas in the Sahel.

Our results suggest that differential fitness between
migratory and resident birds is likely to exist and might
have influenced the recent increase in the ratio of resident
to migratory individuals in the population (Catry et al.,
2017). As larger birds tend to be residents, occupy the nest
earlier and thus are more likely to reproduce, this could be
favoring an overall increase in body size in the population,
potentially increasing the prevalence of residency.
However, the fast-ongoing population transition toward
full residency suggests that other factors may be involved
as well. We did not find differences in survival between res-
idents and migrants, but this should be further investigated
with larger sample sizes, as the probability of recapture
when the GPS signal had been lost was much lower for
migrants than residents, and could partially mask the
effects on survival.

The availability of landfill waste in Portugal and
Spain is expected to decrease substantially in the next
few years, as recent EU directives (1999/31/UE and
2018/850/UE) regulating waste disposal have established
a reduction of municipal waste landfilled to 10% in the
next decade. A dramatic decrease in food availability in
the main European wintering areas can have unforeseen
consequences for white stork populations. Yet, based on
our findings, we predicted an increase in migratory pro-
pensity, with only larger individuals being able to remain
on the breeding grounds throughout the year. Carry-over
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effects may include increased mortality and reduced
reproduction success, which could slow down the current
increase in population numbers and might even lead to a
decrease in population size. Our results highlight the
nuances of anthropogenic impacts on species behavior,
fitness, and evolutionary dynamics.
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