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Abstract

Aim: Seasonal migrations, such as those of ungulates, are particularly threatened by 

habitat transformations and fragmentation, climate and other environmental changes 

caused by anthropogenic activities. Mountain ungulate migrations are neglected be�J

cause they are relatively short, although traversing heterogeneous altitudinal gradi�J

�;�m�|�v���r�-�u�|�b�1�†�t�-�u�t�‹���;�Š�r�o�v�;�7���|�o���-�m�|�_�u�o�r�o�]�;�m�b�1���|�_�u�;�-�|�v�:���	�;�|�;�1�|�b�m�]���l�b�]�u�-�|�b�o�m���u�o�†�|�;�v���o�=��

these species and understanding their drivers are therefore of primary importance to 

predict connectivity and preserve ecosystem functions and services. The populations 

�o�=�����t�r�b�m�;���b�0�;�Š��Capra ibex have all been reintroduced from the last remnant source 

population. Despite a general increase in abundance and overall distribution range, 

�b�0�;�Š���r�o�r�†�t�-�|�b�o�m�v���-�u�;���l�o�v�|�t�‹���7�b�v�1�o�m�m�;�1�|�;�7���0�†�|���7�b�v�r�t�-�‹���b�m�|�u�-�J���r�o�r�†�t�-�|�b�o�m���l�b�]�u�-�|�b�o�m�v�:��

�$�_�;�u�;�=�o�u�;�7���b�|�v���1�o�m�v�;�u�ˆ�-�|�b�o�m���b�v���v�|�u�b�1�|�t�‹���t�b�m�h�;�7���|�o���|�_�;���b�m�|�;�u�r�t�-�‹���0�;�|�‰�;�;�m���;�Š�|�;�u�m�-�t���|�_�u�;�-�|�v��

and related behavioural responses, including space use and migration.

Location: ���†�v�|�u�b�-�7����u�-�m�1�;�7�����|�-�t�‹���-�m�7���"�‰�b�|�Œ�;�u�t�-�m�7�:

Methods: ���‹���†�v�b�m�]���’�’�•���l�b�]�u�-�|�o�u�‹���|�u�-�1�h�v���=�u�o�l���“�‘�”�������"�J���1�o�t�t�-�u�;�7���b�m�7�b�ˆ�b�7�†�-�t�v���=�u�o�l���•�”��

���t�r�b�m�;���b�0�;�Š���r�o�r�†�t�-�|�b�o�m�v���7�b�v�|�u�b�0�†�|�;�7���-�1�u�o�v�v���|�_�;�b�u���;�m�|�b�u�;���u�-�m�]�;�7���‰�;���P�b�Q���b�7�;�m�|�b�=�b�;�7���|�_�;���;�m�̂ �b�J

�u�o�m�l�;�m�|�-�t���7�u�b�ˆ�;�u�v���o�=���l�o�ˆ�;�l�;�m�|���1�o�u�u�b�7�o�u�v���b�m���0�o�|�_���v�r�u�b�m�]���-�m�7���-�†�|�†�l�m���-�m�7���P�b�b�Q���1�o�l�r�-�u�;�7��

the ability of a connectivity modelling algorithm to predict migratory movements 

�0�;�|�‰�;�;�m���v�;�-�v�o�m�-�t���u�-�m�]�;�v���o�=���|�_�;���•�”���r�o�r�†�t�-�|�b�o�m�v�7���†�v�b�m�]���;�b�|�_�;�u���r�o�r�†�t�-�|�b�o�m�J���v�r�;�1�b�=�b�1���o�u��

multipopulation datasets, and three validation procedures.
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���t�o�0�-�t���_�†�l�-�m�J���b�m�7�†�1�;�7���;�m�ˆ�b�u�o�m�l�;�m�|�-�t���1�_�-�m�]�;�v���-�u�;���1�-�†�v�b�m�]���v�;�ˆ�;�u�;��

biodiversity loss, and habitat destruction and fragmentation are 

�-�l�o�m�]���|�_�;���l�-�b�m���1�-�†�v�;�v���o�=���|�_�b�v���7�;�1�t�b�m�;���P�		��-�Œ���;�|���-�t�:�7��2019; Newbold 

et al., 2016�Q�:���$�_�;���7�;�ˆ�;�t�o�r�l�;�m�|���o�=���t�b�m�;�-�u���b�m�=�u�-�v�|�u�†�1�|�†�u�;�v���-�v�v�o�1�b�-�|�;�7��

with human activities also contributes to impede species mobility 

�P�$�o�u�u�;�v���;�|���-�t�:�7��2016�Q�:����o�u���b�m�v�|�-�m�1�;�7���|�_�;���;�Š�|�;�m�|���o�=���|�;�u�u�;�v�|�u�b�-�t���l�-�l�l�-�t�b�-�m��

movements was reduced by 50% in areas with a high human foot�J

�r�u�b�m�|���1�o�l�r�-�u�;�7���‰�b�|�_���-�u�;�-�v���†�m�7�b�v�|�†�u�0�;�7���0�‹���_�†�l�-�m���-�1�|�b�ˆ�b�|�b�;�v���P�$�†�1�h�;�u��

et al., 2018�Q�:�����‹���t�b�l�b�|�b�m�]���-�m�b�l�-�t���l�o�ˆ�;�l�;�m�|�v���0�;�|�‰�;�;�m���=�-�ˆ�o�†�u�-�0�t�;���_�-�0�J

itats, human activities and infrastructures also reshape landscape 

�1�o�m�m�;�1�|�b�ˆ�b�|�‹���P�$�-�‹�t�o�u���;�|���-�t�:�7��1993�Q�:���+�;�|�7���1�o�m�m�;�1�|�b�ˆ�b�|�‹���b�v���;�v�v�;�m�|�b�-�t���=�o�u��

individual and gene flows, for the local persistence of populations 

�P���-�m�v�h�b�7��1998�Q���-�m�7���=�o�u���;�1�o�v�‹�v�|�;�l���=�†�m�1�|�b�o�m�b�m�]���P���-�†�;�u���_�����o�‹�;�7��2014�Q�:

���m���|�_�;���1�o�m�|�;�Š�|���o�=���7�;�]�u�-�7�;�7���1�o�m�m�;�1�|�b�ˆ�b�|�‹�7���v�;�-�v�o�m�-�t���l�b�]�u�-�|�b�o�m�v�7��

that is movements to track the spatiotemporal fluctuations in en �J

�ˆ�b�u�o�m�l�;�m�|�-�t���1�o�m�7�b�|�b�o�m�v���o�m���v�;�-�v�o�m�-�t���u�-�m�]�;�v���P�	�b�m�]�t�;���_���	�u�-�h�;�7��2007 �Q�7��

�-�u�;���o�=���r�-�u�|�b�1�†�t�-�u���1�o�m�1�;�u�m���P���o�t�]�;�u���;�|���-�t�:�7��2008�Q�:�����o�v�|���t�-�u�]�;���_�;�u�0�b�ˆ�o�u�;�v�7��

as primary consumers, migrate or may show migration propensity 

�b�m���_�;�|�;�u�o�]�;�m�;�o�†�v���-�m�7���r�u�;�7�b�1�|�-�0�t�;���_�-�0�b�|�-�|�v���P���†�;�t�t�;�u���;�|���-�t�:�7��2011; 

Teitelbaum et al., 2015�Q�:���$�_�;�‹���-�u�;���o�=�|�;�m���u�;�v�|�u�b�1�|�;�7���|�o���‰�;�t�t�J���7�;�=�b�m�;�7��

corridors used by most migrants with low tendency to change mi�J

�]�u�-�|�b�o�m���u�o�†�|�;�v���‰�_�;�m���1�o�u�u�b�7�o�u�v���-�u�;���-�t�|�;�u�;�7���P�v�;�;���;�:�]�:���*�†���;�|���-�t�:�7��2021�Q�:��

Migration can increase survival and reproduction through bet�J

�|�;�u���-�1�1�;�v�v���|�o���_�b�]�_���t�†�-�t�b�|�‹���u�;�v�o�†�u�1�;�v���-�m�7���u�;�7�†�1�;�7���b�m�|�u�-�J�����-�m�7���b�m�|�;�u�J��

�v�r�;�1�b�=�b�1���1�o�l�r�;�|�b�|�b�o�m���o�u���r�u�;�7�-�|�b�o�m���u�b�v�h���P���ˆ�]�-�u���;�|���-�t�:�7��2014�8�����]�]�;�l�-�m��

et al., 2016; van Moorter et al., 2021�Q�:�����o�‰�;�ˆ�;�u�7���l�b�]�u�-�|�o�u�‹���l�o�ˆ�;�J

ments also implies energetic costs and can be risky, or perceived 

�-�v���v�†�1�_�7���-�v���-�m�b�l�-�t�v���l�-�‹�� �l�o�ˆ�;���|�_�u�o�†�]�_���†�m�=�-�l�b�t�b�-�u���-�u�;�-�v���P���t�-�]�7�o�m��

& Johnson, 2021; Klaassen et al., 2014�Q�:�����;�m�1�;�7���l�b�]�u�-�|�b�o�m���b�v���-���0�;�J

havioural tactic whose fitness returns can vary through space and 

time, depending on individual traits, and spatial heterogeneity in oc�J

currence and intensity of predation, harvesting, or competition in a 

�r�o�r�†�t�-�|�b�o�m�]�v���u�-�m�]�;�:�����1�1�o�u�7�b�m�]�t�‹�7���l�b�]�u�-�|�b�o�m���1�-�m���0�;���r�-�u�|�b�-�t�7���‰�b�|�_���v�o�l�;��

individuals choosing to migrate while others are residents, and with 

�b�m�7�b�ˆ�b�7�†�-�t���0�;�_�-�ˆ�b�o�†�u���|�_�-�|���1�-�m���1�_�-�m�]�;���=�u�o�l���‹�;�-�u���|�o���‹�;�-�u���P���-�]�m�-�1�1�b��

et al., 2011�Q�:�����b�ˆ�;�m���|�_�-�|���l�b�]�u�-�|�b�o�m���1�-�m���-�=�=�;�1�|���r�o�r�†�t�-�|�b�o�m���7�‹�m�-�l�b�1�v��

�-�m�7���v�r�;�1�b�;�v���r�;�u�v�b�v�|�;�m�1�;���0�‹���v�_�-�r�b�m�]���|�_�;�b�u���v�r�-�|�b�o�J���|�;�l�r�o�u�-�t���7�b�v�|�u�b�0�†�J

tion, there is a crucial need to increase our understanding of the link 

between habitat use and drivers of movement during seasonal mi�J

gration at a fine spatial scale, the resulting ecological connectivity of 

a landscape and how human activities affect this connectivity level 

�P���-�m�Œ�-�1�1�_�b���;�|���-�t�:�7��2016; Sawyer et al., 2011�Q�:

Migration corridors and their environmental characteristics 

�-�u�;���‰�;�t�t�J���7�o�1�†�l�;�m�|�;�7���b�m���v�r�;�1�|�-�1�†�t�-�u���1�o�t�t�;�1�|�b�ˆ�;���-�m�7���t�o�m�]�J���7�b�v�|�-�m�1�;��

�l�b�]�u�-�|�b�o�m�v���b�m�����o�u�|�_�����l�;�u�b�1�-�m�7���"�1�-�m�7�b�m�-�ˆ�b�-�m���o�u�����=�u�b�1�-�m���†�m�]�†�t�-�|�;�v��

�P���o�o�m�;���;�|���-�t�:�7��2006; Joly et al., 2019; Merkle et al., 2016�8�����-�m�Œ�-�1�1�_�b��

et al., 2016�Q���0�†�|���u�;�l�-�b�m���r�o�o�u�t�‹���h�m�o�‰�m���b�m���o�|�_�;�u���r�-�u�|�v���o�=���|�_�;���‰�o�u�t�7��

�-�m�7���=�o�u���l�-�m�‹���v�r�;�1�b�;�v���P���-�†�=�=�l�-�m���;�|���-�t�:�7��2021�Q�:���!�;�1�;�m�|�t�‹�7���|�_�;���=�o�1�†�v��

has been put on spring migration revealing how migratory species 

�1�-�m���v�†�u�=���|�_�;���]�u�;�;�m���‰�-�ˆ�;���0�‹���|�u�-�1�h�b�m�]���|�_�;���]�u�;�;�m�J���†�r�7���‰�_�b�1�_���l�o�ˆ�;�v��

�t�b�h�;���-���‰�-�ˆ�;���-�1�u�o�v�v���|�_�;���t�-�m�7�v�1�-�r�;���P���b�v�1�_�o�=���;�|���-�t�:�7��2012; Merkle 

et al., 2016�Q�:�����t�|�_�o�†�]�_���t�;�v�v���v�r�;�1�|�-�1�†�t�-�u�7���l�b�]�u�-�|�b�o�m�v���-�t�v�o���o�1�1�†�u���b�m��

mountain ungulate populations occupying highly heterogeneous 

�-�m�7���=�u�-�]�l�;�m�|�;�7���t�-�m�7�v�1�-�r�;�v���P���;�u�=�b�m�7�-�t���;�|���-�t�:�7��2019�Q�7���‰�_�b�1�_���-�u�;��

under threats from rapid climate changes and increasing anthro�J

�r�o�]�;�m�b�1���r�u�;�v�v�†�u�;���P���-�u�l�;�v�-�m���_���+�o�_�;�7��2003; Schmeller et al., 2022�Q�:��

In mountain areas, green waves occur along altitudinal gradients 

�-�m�7���|�_�;�u�;�=�o�u�;���]�u�;�;�m���‰�-�ˆ�;���v�†�u�=�b�m�]���v�;�;�l�v���|�o���m�o�|���-�t�‰�-�‹�v���=�†�t�t�‹���;�Š�J

plain the choice of routes travelled between seasonal home ranges 

�P���-�†�7�u�‹���;�|���-�t�:�7��2015; Herfindal et al., 2019; but see Semenzato 

et al., 2021 for seasonal tracking of the altitudinal green and 

�v�;�m�;�v�1�;�m�1�;���‰�-�ˆ�;�v�Q�:���"�;�ˆ�;�u�-�t���o�|�_�;�u���=�-�1�|�o�u�v���1�-�m���-�=�=�;�1�|���l�b�]�u�-�|�b�o�m��

�u�o�†�|�;�v�7���r�-�u�|�b�1�†�t�-�u�t�‹���b�m���1�o�l�r�t�;�Š���|�o�r�o�]�u�-�r�_�b�1���t�-�m�7�v�1�-�r�;�v�:�����m�7�;�;�7�7��

in addition to the diversity of migratory portfolios, migration is 

most often partial and takes place among multiple winter and sum�J

�l�;�u���u�-�m�]�;�v���P���u�-�l�r�;���;�|���-�t�:�7��2007; Denryter et al., 2021; Lowrey 

et al., 2020 �Q���-�m�7�7���†�r���|�o���m�o�‰�7���t�b�|�|�t�;���b�v���h�m�o�‰�m���-�0�o�†�|���l�b�]�u�-�|�b�o�m���r�-�|�J

�|�;�u�m�v���-�m�7���l�b�]�u�-�|�b�o�m���u�o�†�|�;�v���=�o�u���|�_�;�v�;���l�o�†�m�|�-�b�m���r�o�r�†�t�-�|�b�o�m�v�:���+�;�|�7��

Results: �"�|�;�;�r�7���v�o�†�|�_�J���=�-�1�b�m�]�7���v�m�o�‰�J���=�u�;�;���v�t�o�r�;�v���‰�;�u�;���v�;�t�;�1�|�;�7���‰�_�b�t�;���_�b�]�_���;�t�;�ˆ�-�|�b�o�m��

changes were avoided. This revealed the importance of favourable resources and an 

�-�|�|�;�l�r�|���|�o���t�b�l�b�|���;�m�;�u�]�‹���;�Š�r�;�m�7�b�|�†�u�;�v���-�m�7���r�;�u�1�;�b�ˆ�;�7���r�u�;�7�-�|�b�o�m���u�b�v�h�:���$�_�;���-�0�b�t�b�|�b�;�v���o�=���|�_�;��

modelling methods we compared to predict migratory connectivity from the results 

of those movement analyses were similar.

Main Conclusions: �$�_�;���|�u�-�7�;�J���o�=�=���0�;�|�‰�;�;�m���;�m�;�u�]�‹���;�Š�r�;�m�7�b�|�†�u�;�7���=�o�o�7���-�m�7���1�o�ˆ�;�u���‰�-�v��

the major driver of migration routes and was overall consistent among populations. 

Based on these findings, we provided useful connectivity models to inform conserva�J

�|�b�o�m���o�=�����t�r�b�m�;���b�0�;�Š���-�m�7���b�|�v���_�-�0�b�|�-�|�v�7���-�m�7���-���=�u�-�l�;�‰�o�u�h���=�o�u���=�†�|�†�u�;���u�;�v�;�-�u�1�_���b�m�ˆ�;�v�|�b�]�-�|�b�m�]��

connectivity in migratory species.

� � � � � + � ) � � � ! � 	 � "

corridor mapping, cross validation, habitat selection, integrated step selection analysis, 
migration conservation, mountain ungulate, movement ecology, randomized shortest paths
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�J�M�J |�J �’���o�=���•�”CHAUVEAU ET AL.

this information is essential to improve the conservation of migra�J

�|�o�u�‹���v�r�;�1�b�;�v���P�;�:�]�:���|�_�u�o�†�]�_���|�_�;���;�v�|�-�0�t�b�v�_�l�;�m�|���o�=���r�u�o�|�;�1�|�;�7���-�u�;�-�v�7��

or to inform landscape planning; McCollister & Manen, 2010 �Q���-�m�7��

preserve the ecological functions and ecosystem services mi�J

�]�u�-�|�o�u�‹���v�r�;�1�b�;�v���v�†�r�r�o�u�|���P�"�;�l�l�;�m�v���;�|���-�t�:�7��2011�Q�:�����m���|�_�b�v���1�o�m�|�;�Š�|�7��

the importance of reliable connectivity maps for the identifica �J

�|�b�o�m���o�=���u�;�-�t�b�v�|�b�1���1�o�u�u�b�7�o�u�v���_�-�v���0�;�;�m���v�|�u�;�v�v�;�7���P�"�-�‰�‹�;�u���;�|���-�t�:�7��2011; 

Zeller et al., 2012�Q�:�������7�;�;�r�;�u���†�m�7�;�u�v�|�-�m�7�b�m�]���o�=���|�_�;���t�b�m�h���0�;�|�‰�;�;�m��

�=�b�m�;�J���]�u�-�b�m���_�-�0�b�|�-�|���†�v�;���-�m�7���l�o�ˆ�;�l�;�m�|�v���_�-�v���0�;�;�m���r�-�u�|�b�1�†�t�-�u�t�‹���b�m�J

�ˆ�o�h�;�7�7���-�m�7���†�r�J���|�o�J���7�-�|�;���-�t�]�o�u�b�|�_�l�v���_�-�ˆ�;���0�;�;�m���7�;�ˆ�;�t�o�r�;�7���-�m�7���†�v�;�7��

to model connectivity while accounting from iterative decisions 

�o�=���-�m�b�l�-�t�v���|�u�-�7�b�m�]���o�=�=���;�Š�r�t�o�u�-�|�b�o�m���-�m�7���o�r�|�b�l�-�t���†�v�;���o�=���|�_�;�b�u���;�m�ˆ�b�J

�u�o�m�l�;�m�|���P���o�b�1�o�t�;�-���;�|���-�t�:�7��2021�8�����-�m�Œ�-�1�1�_�b���;�|���-�t�:�7��2016�Q�:�����o�‰�;�ˆ�;�u�7��

�r�o�r�†�t�-�|�b�o�m�J���v�r�;�1�b�=�b�1�� �l�o�ˆ�;�l�;�m�|�� �-�m�-�t�‹�v�;�v�� �-�m�7�� �1�o�m�m�;�1�|�b�ˆ�b�|�‹�� �r�u�;�J

�7�b�1�|�b�o�m�v���l�-�‹���0�;���7�b�=�=�b�1�†�t�|���|�o���]�;�m�;�u�-�t�b�v�;���o�ˆ�;�u���v�r�;�1�b�;�v���-�m�7���1�o�m�|�;�Š�|�v��

when relying on samples from a single population not always rep�J

�u�;�v�;�m�|�-�|�b�ˆ�;���o�=���|�_�;���v�r�;�1�b�;�v�F�_�-�0�b�|�-�|�:�����†�t�|�b�J���r�o�r�†�t�-�|�b�o�m�-�t���-�m�-�t�‹�v�;�v��

�l�-�‹ ���0�;���1�u�†�1�b�-�t���|�o���;�Š�|�;�m�7���r�o�r�†�t�-�|�b�o�m�J���v�r�;�1�b�=�b�1���h�m�o�‰�t�;�7�]�;���|�o���v�r�;�1�b�;�v��

conservation, but such comparative analyses remain particularly 

�v�1�-�u�1�;���P�&�u�0�-�m�o���;�|���-�t�:�7��2021�Q�:

Here, we investigated migration routes in several populations of 

���t�r�b�m�;���b�0�;�Š��Capra ibex���-�1�u�o�v�v���|�_�;�����t�r�v���b�m���o�u�7�;�u���|�o���l�o�7�;�t���-�m�7���r�u�;�7�b�1�|��

connectivity between summer and winter ranges. This emblematic 

�l�o�†�m�|�-�b�m���v�r�;�1�b�;�v���-�t�l�o�v�|���‰�;�m�|���;�Š�|�b�m�1�|���7�†�u�b�m�]���|�_�;���*���*�|�_���1�;�m�|�†�u�‹��

and recovered a large distribution thanks to intensive reintroduc�J

�|�b�o�m���r�u�o�]�u�-�l�l�;�v���P>55,000 individuals distributed across 178 pop�J

ulations still poorly connected; Brambilla et al., 2020�Q�7���-�=�|�;�u���7�u�-�v�|�b�1��

bottlenecks and founder effects that resulted in a very low level of 

�]�;�m�;�|�b�1���7�b�ˆ�;�u�v�b�|�‹���P���b�;�0�-�1�_���_�����;�t�t�;�u�7��2009�Q�:���"�;�-�v�o�m�-�t���l�b�]�u�-�|�b�o�m�v���v�;�;�l��

to occur in most populations but are threatened by the increasing an�J

�|�_�u�o�r�o�]�;�m�b�1���r�u�;�v�v�†�u�;���o�m���l�o�†�m�|�-�b�m���_�-�0�b�|�-�|�v���P�"�1�_�l�;�t�t�;�u���;�|���-�t�:�7��2022�Q�:��

Thus, effective conservation of this species and its migratory move�J

ments would highly benefit from better knowledge of the landscape 

�1�_�-�u�-�1�|�;�u�b�v�|�b�1�v���†�v�;�7���0�‹���b�0�;�Š���7�†�u�b�m�]���l�b�]�u�-�|�b�o�m�7���-�m�7���=�u�o�l���-�m���-�v�v�;�v�v�J

ment of the connectivity offered by available habitats. Owing to a 

�†�m�b�t�†�;�������"�� �|�;�t�;�l�;�|�u�‹���7�-�|�-�v�;�|���=�u�o�l���“�‘�”���b�0�;�Š���-�m�7���•�”���r�o�r�†�t�-�|�b�o�m�v��

across the entire distribution range of the species, we first aimed at 

determining the environmental drivers of migratory tracks account�J

�b�m�]���=�o�u���v�;�ˆ�;�u�-�t���=�-�1�|�o�u�v���_�‹�r�o�|�_�;�v�b�v�;�7���|�o���b�m�=�t�†�;�m�1�;���_�o�‰���b�0�;�Š���1�_�o�o�v�;��

�|�_�;�b�u���l�b�]�u�-�|�b�o�m���u�o�†�|�;�v�:���)�; ���v�r�;�1�b�=�b�1�-�t�t�‹���|�;�v�|�;�7���‰�_�;�|�_�;�u���b�m�7�b�ˆ�b�7�†�-�t�v���P�b�Q��

�l�b�m�b�l�b�v�;�7���;�m�;�u�]�‹���;�Š�r�;�m�7�b�|�†�u�;�v���-�m�7���7�b�=�=�b�1�†�t�|�b�;�v���|�o���|�u�-�ˆ�;�t���0�‹���-�ˆ�o�b�7�J

ing elevation changes, rugged terrain and snowy areas as travelling 

costs are paramount in all optimality models aiming at understand�J

�b�m�]���|�_�;���1�o�v�|�v���-�m�7���0�;�m�;�=�b�|�v���o�=���l�b�]�u�-�|�b�o�m���|�-�1�|�b�1�v���P���o�t�|���_����u�‹�Š�;�t�t�7��2011�Q�7��

�P�b�b�Q���v�;�t�;�1�|�;�7���_�-�0�b�|�-�|�v���o�=�=�;�u�b�m�]���=�o�o�7���u�;�v�o�†�u�1�;�v���-�m�7���u�;�=�†�]�;���=�u�o�l���r�;�u�J

�1�;�b�ˆ�;�7���r�u�;�7�-�|�b�o�m���u�b�v�h�7���P�b�b�b�Q���†�v�;�7���ˆ�b�v�†�-�t���t�-�m�7�l�-�u�h�v���P�t�b�m�;�-�u���=�;�-�|�†�u�;�v���v�†�1�_��

�-�v���u�b�7�]�;�v�7���|�u�;�;���t�b�m�;�v���-�m�7���ˆ�-�t�t�;�‹���0�o�|�|�o�l�v�Q���-�v���<�1�o�l�r�-�v�v�;�v�=���P���t�;�u�v�|�-�l���_��

Bäckman, 2018�Q�7���-�m�7���P�b�ˆ�Q���-�ˆ�o�b�7�;�7���r�u�o�Š�b�l�b�|�‹���|�o���-�m�|�_�u�o�r�o�]�;�m�b�1���b�m�=�u�-�J

�v�|�u�†�1�|�†�u�;�v���P�u�o�-�7�v���-�m�7���v�h�b���u�;�v�o�u�|�v�8��Table 1�Q���7�†�u�b�m�]���l�b�]�u�-�|�b�o�m�:���)�;�� �|�_�;�m��

compared the ability of a connectivity modelling algorithm to predict 

migratory movements between seasonal ranges of the 15 popula�J

�|�b�o�m�v�7���†�v�b�m�]���;�b�|�_�;�u���r�o�r�†�t�-�|�b�o�m�J���v�r�;�1�b�=�b�1���o�u���l�†�t�|�b�J���r�o�r�†�t�-�|�b�o�m���7�-�|�-�v�;�|�v�7��
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locations, a crucial step to provide reliable information for species 

migration conservation across its native range.
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tools to visually identify migrants, migration periods and tracks using 
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riods and migratory tracks started at the last location preceding the 

increase/decrease in the NSD and ended at the first location when 

the NSD stabilised. Migratory movements were identified irrespec�J
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���r�r�;�m�7�b�Š��S4 for details on distance and altitudinal interval between 
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metrics reflecting the energetic costs and difficulties to travel during 
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uring the snowpack on the dates of migration accurately. Furthermore, 

given that the migration often occurs over a matter of days, the snow 
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accessibility and quality of vegetation resources and the presence of 

snow cover, as well as the availability of thermal shelters. Contrary to 

what is commonly done in studies on migratory ungulates, we did not 
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given by the northness and snow cover more relevant considering the 
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We considered ridges, valleys and tree lines as potential visual land�J
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�b�m�=�u�-�v�|�u�†�1�|�†�u�;���|�_�-�|���o�1�1�-�v�b�o�m�-�t�t�‹���o�1�1�†�u�u�;�7���b�m���|�_�;���v�†�u�u�o�†�m�7�b�m�]���o�=���b�0�;�Š��

�r�o�r�†�t�-�|�b�o�m���u�-�m�]�;�v�Q���‰�o�†�t�7���0�;���-�ˆ�o�b�7�;�7���-�v���0�o�|�_���1�-�m���1�o�m�v�|�b�|�†�|�;���0�-�u�u�b�;�u�v��

TA B L E  1�J���‹�r�o�|�_�;�v�;�v���|�;�v�|�;�7���b�m���|�_�;���b�m�|�;�]�u�-�|�;�7���"�|�;�r���"�;�t�;�1�|�b�o�m�����m�-�t�‹�v�;�v���-�m�7���|�_�;�b�u���1�o�u�u�;�v�r�o�m�7�b�m�]���r�u�;�7�b�1�|�b�o�m�v�:

Hypotheses Covariables Predictions References

���0�;�Š���l�b�m�b�l�b�v�;���;�m�;�u�]�‹��
�;�Š�r�;�m�7�b�|�†�u�;�v���-�m�7��
travelling difficulties

Total elevation change ���0�;�Š���v�_�o�†�t�7���r�;�u�=�o�u�l���v�|�;�r�v���‰�b�|�_��
relatively low total elevation change.

���-�v�v�o�m�b���;�|���-�t�:���P2021�Q

Ruggedness ���0�;�Š���v�_�o�†�t�7���-�ˆ�o�b�7���u�†�]�]�;�7���|�;�u�u�-�b�m�7��
which tends to increase movement 
costs and reduce visibility.

���-�t�v�;�‹���-�m�7���)�_�b�|�;���P2017 �Q�7���)�-�t�t���;�|���-�t�:���P2006�Q

�"�m�o�‰���1�o�ˆ�;�u���b�m�7�;�Š ���0�;�Š���v�_�o�†�t�7���-�ˆ�o�b�7���v�m�o�‰�‹���-�u�;�-�v��
�‰�_�b�1�_���b�l�r�;�7�;���b�0�;�Š���l�o�ˆ�;�l�;�m�|�v�:

�!�b�1�_�-�u�7���;�|���-�t�:���P2014�Q�7���"�_�;�r�r�-�u�7���;�|���-�t�:���P2021�Q

���0�;�Š���v�;�t�;�1�|���-�u�;�-�v���|�_�-�|��
can provide forage, 
security and thermal 
shelters.

Northness ���0�;�Š���v�_�o�†�t�7���r�u�;�=�;�u���v�o�†�|�_���;�Š�r�o�v�;�7��
�|�;�u�u�-�b�m���-�v���|�_�;�‹���r�u�;�v�;�m�|���v�m�o�‰�J���=�u�;�;��
areas with access to early growing 
vegetation in spring or thermal 
shelters in autumn.

���u�o�Š�b�l�b�|�‹���|�o���u�;�=�†�]�;�v��
�P�v�|�;�;�r���v�t�o�r�;�v�Q

���0�;�Š���v�_�o�†�t�7���v�|�-�‹���1�t�o�v�;���|�o���v�|�;�;�r��
slopes to reduce perceived 
predation risk.

���u�b�]�m�o�t�b�o���;�|���-�t�:���P2007 �Q�7�����u�b�0�-�u�u�;�m���-�m�7�����o�|�t�;�u���P2012�Q

Forest ���0�;�Š���v�_�o�†�t�7���-�ˆ�o�b�7���=�o�u�;�v�|�v���-�v���|�_�;�‹��
prefer open habitats, being primarily 
grass roughage eaters.

���-�u�u�b�m�b���;�|���-�t�:���P2009�Q

���0�;�Š���†�v�;���t�-�m�7�l�-�u�h�v���=�o�u��
orientation.

���u�o�Š�b�l�b�|�‹���|�o���u�b�7�]�;�v ���0�;�Š���v�_�o�†�t�7���v�;�t�;�1�|���=�o�u���r�u�o�Š�b�l�b�|�‹���|�o��
ridges and follow ridges during their 
migration.

���-�u�1�_�-�m�7���;�|���-�t�:���P2017 �Q

���u�o�Š�b�l�b�|�‹���|�o���ˆ�-�t�t�;�‹��
bottoms

���0�;�Š���v�_�o�†�t�7���-�ˆ�o�b�7���]�o�b�m�]���7�o�‰�m���|�o��
valley bottoms in spring only.

���-�u�1�_�-�m�7���;�|���-�t�:���P2017 �Q

���u�o�Š�b�l�b�|�‹���|�o���|�u�;�;���t�b�m�;�v���0�;�Š���v�_�o�†�t�7���=�o�t�t�o�‰���|�u�;�;���t�b�m�;�v���-�v��
a landmark in sites where the 
population range includes forest.

���-�u�1�_�-�m�7���;�|���-�t�:���P2017 �Q

���0�;�Š���-�ˆ�o�b�7���_�†�l�-�m�J��
linear infrastructures

���u�o�Š�b�l�b�|�‹���|�o���u�o�-�7�v ���0�;�Š���v�_�o�†�t�7���-�ˆ�o�b�7���u�o�-�7�v���1�o�m�v�|�b�|�†�|�b�m�]��
physical barriers or because 
associated with humans.

�"�;�b�]�t�;�J����;�u�u�-�m�7���;�|���-�t�:���P2022�Q

���u�o�Š�b�l�b�|�‹���|�o���v�h�b���u�;�v�o�u�|�v���0�;�Š���v�_�o�†�t�7���-�ˆ�o�b�7���v�h�b���u�;�v�o�u�|�v��
because associated with humans.

�	�b�1�h�b�;���;�|���-�t�:���P2020�Q
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– physical barriers such as roads – or perceived as such because they 

are associated with human presence for both roads and ski resorts.

�‘�:�’�:�‘�J �G�J ���-�0�b�|�-�|���v�;�t�;�1�|�b�o�m���-�m�-�t�‹�v�;�v���7�†�u�b�m�]���l�b�]�u�-�|�b�o�m

�)�;�� �†�v�;�7���b�m�|�;�]�u�-�|�;�7���"�|�;�r���"�;�t�;�1�|�b�o�m�����m�-�t�‹�v�;�v���P�b�"�"���8�����ˆ�]�-�u���;�|���-�t�:�7��2016�Q��

�|�o���-�v�v�;�v�v���|�_�;���;�m�ˆ�b�u�o�m�l�;�m�|�-�t���7�u�b�ˆ�;�u�v���o�=���b�0�;�Š���_�-�0�b�|�-�|���v�;�t�;�1�|�b�o�m���7�†�u�b�m�]��

�l�b�]�u�-�|�o�u�‹���l�o�ˆ�;�l�;�m�|�v�:�����m���b�"�"�����1�o�l�r�-�u�;�v���|�_�;���;�m�ˆ�b�u�o�m�l�;�m�|�-�t���1�_�-�u�-�1�J

�|�;�u�b�v�|�b�1�v���-�t�o�m�]���o�u���-�|���|�_�;���;�m�7���o�=���;�-�1�_���o�0�v�;�u�ˆ�;�7���v�|�;�r���o�=���-�m���-�m�b�l�-�t���P�b�:�;�:��

�l�o�ˆ�;�l�;�m�|���0�;�|�‰�;�;�m���|�‰�o���1�o�m�v�;�1�†�|�b�ˆ�;���t�o�1�-�|�b�o�m�v�Q���‰�b�|�_���|�_�o�v�;���-�t�o�m�]���o�u��

�-�|���|�_�;���;�m�7���o�=���u�-�m�7�o�l���v�|�;�r�v���P�b�:�;�:���u�;�r�u�;�v�;�m�|�b�m�]���-�ˆ�-�b�t�-�0�t�;���v�|�;�r�v���|�_�-�|���|�_�;��

�-�m�b�l�-�t���1�o�†�t�7���_�-�ˆ�;���|�-�h�;�m�Q���†�v�b�m�]���1�o�m�7�b�|�b�o�m�-�t���t�o�]�b�v�|�b�1���u�;�]�u�;�v�v�b�o�m�:�����|���-�t�v�o���-�t�J

lows accounting for the link between movement and habitat selection, 

�r�-�u�|�b�1�†�t�-�u�t�‹���;�Š�r�;�1�|�;�7���7�†�u�b�m�]���l�b�]�u�-�|�b�o�m���7�†�;���|�o���|�_�;���=�u�;�t�†�;�m�|���-�t�|�;�u�m�-�m�1�;��

between actual movements and stopovers. To do so, and depending on 

�|�_�;���-�v�v�†�l�;�7���7�b�v�|�u�b�0�†�|�b�o�m���o�=���v�|�;�r���t�;�m�]�|�_���P�b�:�;�:���;�Š�r�o�m�;�m�|�b�-�t�7���_�-�t�=�J���m�o�u�l�-�t�7��

�]�-�l�l�- ���o�u���t�o�]�J���m�o�u�l�-�t�Q�7���b�m�=�o�u�l�-�|�b�o�m���o�m���l�o�ˆ�;�l�;�m�|���1�_�-�u�-�1�|�;�u�b�v�|�b�1�v���P�b�:�;�:��

�v�|�;�r���t�;�m�]�|�_�7���t�o�]�P�v�|�;�r���t�;�m�]�|�_�Q���-�m�7���1�o�v�b�m�;���o�=���|�†�u�m�b�m�]���-�m�]�t�;�v�Q���b�v���b�m�1�t�†�7�;�7���-�v��

a covariable, together with environmental attributes of each step. The 

�l�o�ˆ�;�l�;�m�|���1�o�l�r�o�m�;�m�|�v���o�=���b�"�"�����-�u�;���‹�;�|���b�m�_�;�u�;�m�|�t�‹���<�1�o�u�u�;�t�-�|�b�o�m�J���r�u�o�m�;�=��

�-�m�7���-�u�;���_�;�m�1�;���ˆ�†�t�m�;�u�-�0�t�;���|�o���;�v�|�b�l�-�0�b�t�b�|�‹���b�v�v�†�;�v���P���ˆ�]�-�u���;�|���-�t�:�7��2016; but 

�v�;�;���0�;�t�o�‰���-�m�7�����r�r�;�m�7�b�Š��S6�Q�:���$�_�;���_�-�0�b�|�-�|���ˆ�-�u�b�-�0�t�;�v���-�t�o�m�]���P�|�o�|�-�t���;�t�;�ˆ�-�J

�|�b�o�m���1�_�-�m�]�;�Q���o�u���-�|���|�_�;���;�m�7���P�-�t�t���o�|�_�;�u���_�-�0�b�|�-�|���ˆ�-�u�b�-�0�t�;�v�Q���o�=���;�-�1�_���†�v�;�7��

�l�o�ˆ�;�l�;�m�|���v�|�;�r���P�1�o�m�v�b�7�;�u�;�7���-�v���|�_�;���v�|�u�-�b�]�_�|���t�b�m�;�v���0�;�|�‰�;�;�m���u�;�1�o�u�7�;�7��

�b�0�;�Š���t�o�1�-�|�b�o�m�v�Q���|�u�-�ˆ�;�t�t�;�7���0�‹���o�m�;���b�m�7�b�ˆ�b�7�†�-�t���b�0�;�Š���7�†�u�b�m�]���l�b�]�u�-�|�b�o�m���‰�;�u�;��

compared with the habitat characteristics along/at the end of 15 avail �J

able steps it could have travelled, using conditional logistic regressions 

�P��o�u�|�b�m���;�|���-�t�:�7��2005; Thurfjell et al., 2014�Q�:���)�;�� �]�;�m�;�u�-�|�;�7���|�_�o�v�;���-�ˆ�-�b�t�-�0�t�;��

�v�|�;�r�v���0�‹���v�-�l�r�t�b�m�]���v�|�;�r���t�;�m�]�|�_�v���P�1�o�u�u�;�1�|�;�7���|�o���]�;�|���|�_�u�;�;�J���7�b�l�;�m�v�b�o�m�-�t��

�t�;�m�]�|�_�v���†�v�b�m�]���-���	������ �-�|���-���u�;�v�o�t�†�|�b�o�m���o�=���‘�”�S�l�7���‰�_�b�1�_���-�u�;���r�-�u�|�b�1�†�t�-�u�t�‹��

�u�;�t�;�ˆ�-�m�|���b�m���l�o�†�m�|�-�b�m�o�†�v���t�-�m�7�v�1�-�r�;�v�Q���-�m�7���|�†�u�m�b�m�]���-�m�]�t�;�v���b�m���r�-�u�-�l�;�|�u�b�1��

�7�b�v�|�u�b�0�†�|�b�o�m�v���P�]�-�l�l�-���7�b�v�|�u�b�0�†�|�b�o�m���=�o�u���|�_�;���v�|�;�r���t�;�m�]�|�_���-�m�7���(�o�m�����b�v�;�v��

distribution for the turning angles; Duchesne et al., 2015�Q���7�;�u�b�ˆ�;�7���=�u�o�l��

the observed step length and turning angle distributions of the used 

steps. We accounted for the variable step duration in our dataset by 

deriving specific distributions for each step duration and checked if 

habitat selection regarding environmental covariates was similar for 

�|�_�;���7�b�=�=�;�u�;�m�|���|�b�l�;�v�|�;�r�v���0�‹���†�v�b�m�]���|�_�;���l�;�|�_�o�7���o�=���&�v�;�7�����-�t�b�0�u�-�|�b�o�m�����t�o�|�v��

�P�v�;�;�����r�r�;�m�7�b�Š��S6�Q�:

�)�;�� �v�1�-�t�;�7���_�-�0�b�|�-�|���ˆ�-�u�b�-�0�t�;�v���-�1�u�o�v�v���-�t�t���r�o�r�†�t�-�|�b�o�m�v���P�b�:�;�:���ˆ�-�u�b�-�0�t�;�v��

�‰�;�u�;���1�;�m�|�u�;�7���-�m�7���7�b�ˆ�b�7�;�7���0�‹���|�_�;�b�u���v�|�-�m�7�-�u�7���7�;�ˆ�b�-�|�b�o�m�Q���|�o���l�-�h�;���|�_�;�b�u��

�;�=�=�;�1�|���v�b�Œ�;���1�o�l�r�-�u�-�0�t�;���b�m���b�"�"�����o�†�|�r�†�|�v�:���)�;�� �-�t�v�o���1�_�;�1�h�;�7���=�o�u���r�o�|�;�m�J

�|�b�-�t���1�o�u�u�;�t�-�|�b�o�m�v���0�;�|�‰�;�;�m���o�†�u�� �ˆ�-�u�b�-�0�t�;�v���†�v�b�m�]�����;�-�u�v�o�m���1�o�u�u�;�t�-�|�b�o�m��

�  � � � � � & � ! � � � � � • �J���o�1�-�|�b�o�m���o�=���|�_�;���•�”�����t�r�b�m�;���b�0�;�Š��Capra ibex���r�o�r�†�t�-�|�b�o�m�v���l�o�m�b�|�o�u�;�7���0�‹�������"���|�;�t�;�l�;�|�u�‹���P�u�;�7�Q���o�ˆ�;�u���|�_�;���7�b�v�|�u�b�0�†�|�b�o�m�-�t���u�-�m�]�;���o�=��
�|�_�;���v�r�;�1�b�;�v���b�m���|�_�;�����t�r�v���P�]�u�;�‹�8��Source: Brambilla et al., 2020�Q�8���v�;�;�����r�r�;�m�7�b�Š��S1 for more details. The pie charts display the proportion of 
�b�m�7�b�ˆ�b�7�†�-�t���v�;�-�v�o�m�-�t���|�u�-�1�h�v���b�7�;�m�|�b�=�b�;�7���-�v���l�b�]�u�-�|�b�o�m���P�]�u�;�;�m�Q���o�u���u�;�v�b�7�;�m�1�‹���P�0�t�†�;�Q���‰�b�|�_�b�m���;�-�1�_���r�o�r�†�t�-�|�b�o�m���P�v�;�;���0�;�t�o�‰���-�m�7�����r�r�;�m�7�b�Š��S3 for details 
�o�m���b�m�7�b�ˆ�b�7�†�-�t���v�|�-�|�†�v���b�7�;�m�|�b�=�b�1�-�|�b�o�m�Q�:
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coefficients. The correlation coefficients were notably > 0.3 for some 

�ˆ�-�u�b�-�0�t�;�v���v�†�1�_���-�v���=�o�u�;�v�|���-�m�7���r�u�o�Š�b�l�b�|�‹���|�o���=�o�u�;�v�|���P��S=�S�•�:�”�Q�7���-�v���‰�;�t�t���-�v���=�o�u��

�l�o�ˆ�;�l�;�m�|���1�_�-�u�-�1�|�;�u�b�v�|�b�1�v�7���b�m�1�t�†�7�b�m�]���v�|�;�r���t�;�m�]�|�_�7���t�o�]�P�v�|�;�r���t�;�m�]�|�_�Q���-�m�7��

�|�o�|�-�t���;�t�;�ˆ�-�|�b�o�m���1�_�-�m�]�;���P��S=�S�•�:�u���v�|�;�r���t�;�m�]�|�_�F�t�o�]�P�v�|�;�r���t�;�m�]�|�_�Q�7��� �S=�S�•�:�u���|�o�|�-�t��

�;�t�;�ˆ�-�|�b�o�m���1�_�-�m�]�;�F�t�o�]�P�v�|�;�r���t�;�m�]�|�_�Q�7��� �S=�S�•�:�–���v�|�;�r���t�;�m�]�|�_�F�|�o�|�-�t���;�t�;�ˆ�-�|�b�o�m��

�1�_�-�m�]�;�Q�7���‰�_�b�1�_���b�v���-���1�o�l�l�o�m���o�0�v�;�u�ˆ�-�|�b�o�m�:���	�;�v�r�b�|�;���|�_�;�v�;���1�o�u�u�;�t�-�|�b�o�m�v�7��

we retained all those covariates in our models to enable testing hy�J

potheses based on movement attributes, such as avoidance of total 
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all other covariates, correlation coefficients were <0.3.

The logistic regressions included the 11 environmental variables 
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step length and log of step length in our regressions since step lengths 
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included an interaction between step length and elevation change co�J
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absent in the distributional range of those populations. We chose to 

fit models at population scale because we were more interested in 
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ted models using the clogit function from the package survival in R V. 
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dictions and observed values of our covariates at or along used steps 
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connectivity in ibex
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build and validate connectivity models based on the 15 populations 
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different pairs of training/validation datasets; Figure  2�Q���7�;�v�b�]�m�;�7��

to understand how our models could inform different management 
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marked individuals in monitored populations. We used the second 
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data from a limited number of animals in a population, we can pre�J

dict the migration paths of other animals. Finally, with the third pro �J

�1�;�7�†�u�;���P�<�t�;�-�ˆ�;���o�m�;���r�o�r�†�t�-�|�b�o�m���o�†�|�=�Q�7���‰�;���-�b�l�;�7���|�o���;�ˆ�-�t�†�-�|�;���b�=�7���0�-�v�;�7��

on all information we have, we can predict migratory movements in 

populations without monitoring.
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We created three sets of training/validation datasets for two 

purposes: developing habitat selection models and building re�J
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90% of individuals from the 15 populations, setting aside 10% for 
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procedure, we randomly sampled 90% of individuals from each 

population for training, using the remaining 10% for validation. We 
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ing dataset, while data from the remaining population served as 

validation.
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on each dataset. For spring and autumn seasons, we built initial 

models containing all environmental and movement covariates. 

We then performed a model selection procedure using the dredge 

function in package MuMIn���P���-�u�|�o	I�7��2022�Q���-�m�7���-�ˆ�;�u�-�]�;�7���l�o�7�;�t��
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season and population because we had 100 different training 

datasets. For both approaches, we could then make 100 resist�J

ance maps for each population, and we obtained 100 connectivity 
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challenging, having multiple connectivity maps per population al�J

lowed us to assess uncertainty measures in our predictions. For 
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and population.
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raster of environmental variables by the corresponding coefficient 

�r�u�o�ˆ�b�7�;�7���0�‹���|�_�;���b�"�"�����l�o�7�;�t���=�b�|�|�;�7���‰�b�|�_���-���]�b�ˆ�;�m���7�-�|�-���v�o�†�u�1�;�:���$�_�;�m�7��

we summed those rasters and applied the inverse logit function to 

get habitat selection maps representing the relative probability that 
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resistance map to model connectivity. To obtain resistance maps, we 

applied the inverse function to the habitat selection maps, consider�J
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et al., 2016; Zeller et al., 2018�Q�:
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summer and winter ranges

We defined seasonal ranges as 95% kernel areas derived from the cor�J
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We restricted our analyses to seasonal ranges connected by migratory 

tracks to limit our connectivity predictions to the areas actually used 
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pair of summer and winter ranges. This algorithm estimates the number of 
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links/edges with variable costs depending on the values of the resistance 
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distance and costs accumulated along a trajectory joining a source and 
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This allows accounting for intermediate strategies between the two most 

commonly used methods to model movements in connectivity analyses. 
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dataset using an optimised stochasticity parameter ����P���r�r�;�m�7�b�Š��S10�Q�:���)�; ��
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averaging the two seasonal connectivity maps for each training dataset. 
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We used two different methods to evaluate the accuracy of our con�J
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during migration versus the 15 associated available steps they could 
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on connectivity values at the end of each step and assigned them a 
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ranking method; Goicolea et al., 2021; McClure et al., 2016�Q�:�����=���-�1�1�†�J

rately predicted, the average rank of used steps should be higher than 

those of available steps. Second, we converted connectivity values to 

�r�;�u�1�;�m�|�b�t�;���1�o�m�m�;�1�|�b�ˆ�b�|�‹���ˆ�-�t�†�;�v���P�;�:�]�:���|�_�;���–�”�|�_���r�;�u�1�;�m�|�b�t�;���1�o�u�u�;�v�r�o�m�7�v���|�o��

�|�_�;���”�w���_�b�]�_�;�v�|���ˆ�-�t�†�;�v���o�=���|�_�;���1�o�m�m�;�1�|�b�ˆ�b�|�‹���l�-�r�Q���-�m�7���7�;�t�b�m�;�-�|�;�7���=�b�ˆ�;��

connectivity corridors as the 80th, 85th, 90th, 95th and 99th connec �J
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collected during migration included in each connectivity corridor as a 
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fall within a given corridor is strongly dependent on the area of this 

corridor, we also computed the proportion of locations in the corridor 
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datasets we set aside previously to validate our three procedures to 

compute connectivity maps.
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tributed between multiple winter and summer ranges within each 

population. On average, the proportion of seasonal tracks identified 
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partial migration. However, it varied greatly between populations, 

from 13% to 75% in the Bargy and Champsaur populations, respec�J
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topographic distance, with population means that varied from 6 to 
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and 13/15 in autumn; Figure 3�Q�:���$�_�;�‹���-�t�v�o���v�;�t�;�1�|�;�7���=�o�u���r�u�o�Š�b�l�b�|�‹���|�o���u�;�=�J
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The three modelling procedures performed relatively well and pro�J
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the migratory tracks were in areas with high connectivity, falling 
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corridor increased rapidly for lower values of the predicted con�J

nectivity corridor, as more than 90% of the tracks were included 

in the 80th connectivity percentile. The best stochasticity value 
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patterns between the diffuse connectivity corridors obtained with 
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�  � � � � � & � ! � � � � � ’ �J���o�;�=�=�b�1�b�;�m�|�v���r�u�o�ˆ�b�7�;�7���0�‹���r�o�r�†�t�-�|�b�o�m�J���v�r�;�1�b�=�b�1���l�o�7�;�t�J���-�ˆ�;�u�-�]�;�7���P�l�o�7�;�t�v���‰�b�|�_����������1�S<�S�‘�Q���b�m�|�;�]�u�-�|�;�7���"�|�;�r���"�;�t�;�1�|�b�o�m�����m�-�t�‹�v�;�v��
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�u�;�r�u�;�v�;�m�|���m�o�m�J���v�b�]�m�b�=�b�1�-�m�|���1�o�;�=�=�b�1�b�;�m�|�v�:���)�;���1�-�t�1�†�t�-�|�;�7���|�_�;���–�”�w���1�o�m�=�b�7�;�m�1�;���b�m�|�;�u�ˆ�-�t���P�����Q���o�=���1�o�;�=�=�b�1�b�;�m�|�v���u�;�v�†�t�|�b�m�]���=�u�o�l���|�_�;���l�o�7�;�t���-�ˆ�;�u�-�]�b�m�]�:��
�����1�o�;�=�=�b�1�b�;�m�|���‰�-�v���v�b�]�m�b�=�b�1�-�m�|���b�=���b�|�v���������m�o�m�J���o�ˆ�;�u�t�-�r�v���‰�b�|�_���Œ�;�u�o�:���)�_�b�|�;���1�;�t�t�v���u�;�r�u�;�v�;�m�|���1�-�v�;�v���=�o�u���‰�_�b�1�_���|�_�;���b�m�=�t�†�;�m�1�;���o�=���-���=�o�1�-�t���_�-�0�b�|�-�|���ˆ�-�u�b�-�0�t�;��
�1�o�†�t�7���m�o�|���0�;���|�;�v�|�;�7���P�m�o�|���u�;�|�-�b�m�;�7���7�†�u�b�m�]���l�o�7�;�t���v�;�t�;�1�|�b�o�m�Q�:

�  � � � � � & � ! � � � � � “ �J�!�;�v�†�t�|�v���o�=���|�_�;���v�;�1�o�m�7��
validation method, representation 
�b�m���1�o�u�u�b�7�o�u�v���P���o�b�1�o�t�;�-���;�|���-�t�:�7��2021�Q�:��
���u�o�r�o�u�|�b�o�m�v���o�=���b�0�;�Š���t�o�1�-�|�b�o�m�v���=�u�o�l��
migratory tracks included in the 
different connectivity corridors defined 
as the 80th, 85th, 90th, 95th and 
99th connectivity percentiles. For the 
three modelling procedures, the mean 
proportion calculated over the 15 
populations is displayed with its standard 
deviation.
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the three validation datasets were all >8, with values from 9 to 11 

�7�;�r�;�m�7�b�m�]���o�m���|�_�;���r�o�r�†�t�-�|�b�o�m�7���-�t�|�_�o�†�]�_���ˆ�-�u�b�-�0�b�t�b�|�‹���‰�-�v���b�l�r�o�u�|�-�m�|���P�•�v�|��

quartile and 3rd quartile ranging from 5 to 15 depending on popu�J
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similar, whatever the training dataset used.

�  � � � � � & � ! � � � � � ” �J���Š�-�l�r�t�;�v���o�=���1�o�m�m�;�1�|�b�ˆ�b�|�‹��
modelling. Observed migration routes 
�P�v�r�u�b�m�]���b�m���]�u�;�;�m���-�m�7���-�†�|�†�l�m���b�m���0�u�o�‰�m�Q��
�-�m�7���v�†�l�l�;�u���-�m�7���‰�b�m�|�;�u���u�-�m�]�;�v���P�o�u�-�m�]�;��
�-�m�7���0�t�†�;�Q���o�=�����t�r�b�m�;���b�0�;�Š���=�u�o�l�����;�t�t�;�7�o�m�m�;�7��
���-�†�u�b�;�m�m�;���-�m�7�����-�u�]�‹���r�o�r�†�t�-�|�b�o�m�v���P�-�7���1�7��
�;�Q�:�����o�m�m�;�1�|�b�ˆ�b�|�‹���l�-�r�v���o�0�|�-�b�m�;�7���=�u�o�l���|�_�;��
�<�t�;�-�ˆ�;���o�m�;���r�o�r�†�t�-�|�b�o�m���o�†�|�=���r�u�o�1�;�7�†�u�;��
�P�0�7���7�7���=�Q�:���$�_�;���0�t�-�1�h���t�b�m�;�v���7�;�t�b�m�;�-�|�;���|�_�;��
connectivity corridors as defined 
�b�m���|�_�;���<�u�;�r�u�;�v�;�m�|�-�|�b�o�m���b�m���1�o�u�u�b�7�o�u�v�=��
validation method. We removed very 
low connectivity values for illustrative 
purposes. Maps made using ggmap 
�r�-�1�h�-�]�;���P���-�_�t�;���_���)�b�1�h�_�-�l�7��2013�Q���-�m�7��
Stamen terrain background for base data.
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Comparable proportions of locations of migratory tracks were 

included in connectivity corridors for the three modelling proce �J

dures: between 90.8 and 93.9% of locations in the 80th connec�J

tivity percentile corridors and between 14.3 and 15.5% in the 99th 

�1�o�m�m�;�1�|�b�ˆ�b�|�‹���r�;�u�1�;�m�|�b�t�;���1�o�u�u�b�7�o�u�v���PFigure 4�7�����r�r�;�m�7�b�Š��S14�Q�:���$�_�;�u�;��

was heterogeneity between populations in the accuracy of the pre�J

dictive models of connectivity, but within the same population, the 

�|�_�u�;�;���1�o�m�m�;�1�|�b�ˆ�b�|�‹���l�o�7�;�t�v���]�-�ˆ�;���v�b�l�b�t�-�u���u�;�v�†�t�|�v���P���r�r�;�m�7�b�Š��S15�Q�:���$�_�;��

ratio of the proportion of locations included in the corridor over 

the corridor surface was superior for the 95th and 99th percentile 

corridors. Therefore, these connectivity corridors captured on av�J
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surface but the variability in this ratio over the 15 populations was 
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Relying on a dataset assembling 337 migratory tracks collected in 
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fied the environmental predictors of corridors in this endemic and 
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areas, providing refuge from perceived predation risk. By contrast, 
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ments. The randomised shortest path algorithm revealed an inter�J
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three modelling procedures we compared to predict migratory con�J

nectivity from the results of those movement analyses, relying on 

�;�b�|�_�;�u���r�o�r�†�t�-�|�b�o�m�J���v�r�;�1�b�=�b�1���o�u���l�†�t�|�b�J���r�o�r�†�t�-�|�b�o�m�-�t���-�r�r�u�o�-�1�_�;�v�7���‰�;�u�;��

comparable. They provided useful connectivity models to inform 
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future research investigating connectivity in migratory species from 

�l�†�t�|�b�J���r�o�r�†�t�-�|�b�o�m�-�t���7�-�|�-�v�;�|�v�:

In addition to spring green wave tracking, as evidenced in com�J

�l�o�m�t�‹���v�|�†�7�b�;�7���t�o�m�]�J���7�b�v�|�-�m�1�;���l�b�]�u�-�|�b�o�m�v���=�u�o�l�����o�u�|�_�����l�;�u�b�1�-�m�7��

�"�1�-�m�7�b�m�-�ˆ�b�-�m���-�m�7�����=�u�b�1�-�m���†�m�]�†�t�-�|�;�v�7���‰�;���u�;�ˆ�;�-�t�;�7���o�|�_�;�u���r�u�;�7�b�1�J

�|�o�u�v�7���l�o�u�;���v�1�-�u�1�;�t�‹���b�m�ˆ�;�v�|�b�]�-�|�;�7�7���l�-�‹���-�t�v�o���7�u�b�ˆ�;�����t�r�b�m�;���b�0�;�Š���7�†�u�b�m�]��
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�v�m�o�‰�J���=�u�;�;���v�t�o�r�;�v�7���b�0�;�Š���l�-�‹���r�-�u�|�t�‹���0�;�m�;�=�b�|���=�u�o�l���;�l�;�u�]�b�m�]���ˆ�;�]�;�|�-�J

�|�b�o�m���7�†�u�b�m�]���v�r�u�b�m�]���l�b�]�u�-�|�b�o�m���P�-�t�|�_�o�†�]�_���‰�;���7�b�7���m�o�|���=�†�t�t�‹���b�m�ˆ�;�v�|�b�]�-�|�;��

the green wave hypothesis, see Section 2; but see Semenzato 

et al., 2021�Q�7���‰�_�b�t�;���t�b�l�b�|�b�m�]���;�m�;�u�]�;�|�b�1�-�t�t�‹���1�o�v�|�t�‹���l�o�ˆ�;�l�;�m�|�v���b�m��

�v�m�o�‰�J���1�o�ˆ�;�u�;�7���-�u�;�-�v�:�����b�l�b�|�b�m�]���;�m�;�u�]�‹���;�Š�r�;�m�7�b�|�†�u�;�v���v�;�;�l�;�7���r�-�u�|�b�1�J

�†�t�-�u�t�‹���b�l�r�o�u�|�-�m�|���b�m���|�_�;�����t�r�b�m�;���b�0�;�Š�7���‰�_�b�1�_���-�t�v�o���v�|�u�o�m�]�t�‹���-�ˆ�o�b�7�;�7��

high elevation changes during migration, despite the relatively 

short distances and durations involved. This behaviour may be 

�-�7�-�r�|�b�ˆ�;���b�m���|�_�;���v�|�;�;�r���-�m�7���u�†�]�]�;�7���|�;�u�u�-�b�m���b�m���‰�_�b�1�_���b�0�;�Š���l�b�]�u�-�|�b�o�m��

�o�1�1�†�u�v���P�v�;�;�����-�v�v�o�m�b���;�|���-�t�:�7��2021� � �=�o�u� � � -�m�o� |�_� ;�u� � � ;�Š� -� l� r� t� ;� � �b�m� � �u�o� ;� � �7� ;� ;�u� �

Capreolus capreolus�Q�:�����m�7�;�;�7�7���‰�_�;�m���|�u�-�ˆ�;�t�t�b�m�]���|�_�u�o�†�]�_���†�m�=�-�l�b�t�b�-�u��

�-�u�;�-�v���=�o�u���l�b�]�u�-�|�b�o�m�7�����t�r�b�m�;���b�0�;�Š���v�;�t�;�1�|�;�7���=�o�u���r�u�o�Š�b�l�b�|�‹���|�o���v�|�;�;�r��

slopes, habitats commonly used by mountain ungulates to limit 

�r�;�u�1�;�b�ˆ�;�7���r�u�;�7�-�|�b�o�m���u�b�v�h���P���u�b�]�m�o�t�b�o���;�|���-�t�:�7��2007, see also Marchand 

et al., 2015 for Mediterranean mouflon Ovis gmelini musimon 

× Ovis sp.; Baruzzi et al., 2017 in chamois Rupicapra rupicapra�Q�:��

���t�|�o�]�;�|�_�;�u�7���|�_�;�v�;���u�;�v�†�t�|�v���v�†�]�]�;�v�|���|�_�;���r�;�u�v�b�v�|�;�m�1�;���o�=���|�_�;���;�m�;�u�]�‹�J��

�=�o�o�7�J���1�o�ˆ�;�u���|�u�-�7�;�J���o�=�=�7���|�_�-�|���b�v���|�_�;���l�o�v�|���b�l�r�o�u�|�-�m�|���r�u�;�7�b�1�|�o�u���o�=���†�m�J

�]�†�t�-�|�;���_�-�0�b�|�-�|���v�;�t�;�1�|�b�o�m���-�t�t���‹�;�-�u���u�o�†�m�7���P���o�†�v�|�o�m���;�|���-�t�:�7��1993; Lima 

& Dill, 1990 ; Mysterud & Østbye, 1999 �Q�7���-�v���-���l�-�f�o�u���7�u�b�ˆ�;�u���o�=�����t�r�b�m�;��

�b�0�;�Š���l�b�]�u�-�|�b�o�m���u�o�†�|�;�v�:���$�_�b�v���|�u�-�7�;�J���o�=�=���l�-�‹���-�t�v�o���;�Š�r�t�-�b�m���|�_�;���b�m�|�;�u�J
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�Œ�-�|�b�o�m���-�m�7���;�Š�r�t�o�u�-�|�b�o�m���7�†�u�b�m�]���l�b�]�u�-�|�o�u�‹���l�o�ˆ�;�l�;�m�|�v�7���-�v���u�;�ˆ�;�-�t�;�7��

by the randomized shortest path algorithm. By contrast, none of 

�|�_�;���t�-�m�7�l�-�u�h�v���|�;�v�|�;�7���v�;�;�l�;�7���|�o���0�;���†�v�;�7���0�‹���l�b�]�u�-�m�|���b�0�;�Š���-�v���1�o�l�J

�r�-�v�v���=�o�u���m�-�ˆ�b�]�-�|�b�o�m���7�†�u�b�m�]���l�b�]�u�-�|�b�o�m�:���+�;�|�7���u�;�1�;�m�|���v�|�†�7�b�;�v���u�;�ˆ�;�-�t�;�7��

how natural landscape features can be used by mountain ungu�J

�t�-�|�;�v�7���b�m�1�t�†�7�b�m�]�����t�r�b�m�;���b�0�;�Š�7���|�o���7�;�t�b�l�b�|���|�_�;�b�u���v�;�-�v�o�m�-�t���_�o�l�;���u�-�m�]�;�v��

and constitute cognitive maps to gather and memorise spatially 

�;�Š�r�t�b�1�b�|���b�m�=�o�u�l�-�|�b�o�m���=�o�u���m�-�ˆ�b�]�-�|�b�o�m���P�"�;�b�]�t�;�J����;�u�u�-�m�7���;�|���-�t�:�7��2022�Q�:��

Further research is hence needed to investigate the importance 

of other navigation cues/mechanisms, and more generally other 

�7�u�b�ˆ�;�u�v���o�=���l�b�]�u�-�|�b�o�m���1�o�u�u�b�7�o�u�v���b�7�;�m�|�b�=�b�;�7���b�m���o�|�_�;�u���1�o�m�|�;�Š�|�v�F�v�r�;�1�b�;�v��

�P�;�:�]�:���l�;�l�o�u�‹�8�����u�-�1�b�v���_�����†�;�t�t�;�u�7��2017, Merkle et al., 2019; social 

learning and cultural transmission; Jesmer et al., 2018�Q���|�_�-�|���‰�;�u�;��

not investigated here in the absence of data to do so.

Combined with the randomised shortest path algorithm, the re�J

�v�†�t�|�v���o�=���|�_�u�;�;���l�o�7�;�t�t�b�m�]���r�u�o�1�;�7�†�u�;�v���u�;�t�‹�b�m�]���;�b�|�_�;�u���o�m���-���r�o�r�†�t�-�|�b�o�m�J��

�v�r�;�1�b�=�b�1�� �-�r�r�u�o�-�1�_�� �o�u�� �o�m�� �-�� �l�†�t�|�b�J���r�o�r�†�t�-�|�b�o�m�� �-�r�r�u�o�-�1�_�� �r�u�o�ˆ�b�7�;�7��
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high levels of agreement between connectivity corridors and actual 

migratory tracks, although the dispersion associated with reliability 

measurements was high. Indeed, in several populations, some pre�J

�7�b�1�|�;�7���_�b�]�_�J���†�v�;���-�u�;�-�v���‰�;�u�;���m�o�|���†�v�;�7���0�‹���b�0�;�Š�7���o�u���b�m�ˆ�;�u�v�;�t�‹�7���b�0�;�Š���†�v�;�7��

areas that were not predicted as providing high connectivity. Thus, 

factors such as local idiosyncrasies in landscape features may be in�J

volved at the population level.

The occurrence of obvious topographic, climate and anthropo�J

genic differences in the areas used by the 15 studied populations 

�-�1�u�o�v�v���|�_�;���‰�_�o�t�;�����t�r�v���r�u�o�0�-�0�t�‹���1�o�m�|�u�b�0�†�|�;�7���|�o���7�b�=�=�;�u�;�m�1�;�v���b�m���l�o�ˆ�;�J
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wide models did not clearly improve the performance of connectivity 

�r�u�;�7�b�1�|�b�o�m�v�7���;�Š�1�;�r�|���b�m���r�o�r�†�t�-�|�b�o�m�v���|�_�-�|���7�b�=�=�;�u�;�7���=�u�o�l���|�_�;���]�;�m�;�u�-�t���r�-�|�J
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avoidance of valley bottoms, ridges, and forest for Champsaur 

�r�o�r�†�t�-�|�b�o�m�7���1�o�m�|�u�-�u�‹���|�o���|�_�;���]�;�m�;�u�-�t���r�-�|�|�;�u�m�7���v�;�;�����r�r�;�m�7�b�Š��S15 for 

�7�;�|�-�b�t�v�Q�:���$�_�;���v�b�l�b�t�-�u���r�;�u�=�o�u�l�-�m�1�;���0�;�|�‰�;�;�m���o�†�u���|�_�u�;�;���l�o�7�;�t�t�b�m�]���r�u�o�J

cedures is likely due to the consistency in the covariates structuring 

habitat selection patterns in most populations, although these pop�J
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environments. However, when assessed with the same validation 

�l�;�|�_�o�7���P�_�;�u�;���<�u�;�r�u�;�v�;�m�|�-�|�b�o�m���b�m���1�o�u�u�b�7�o�u�v�=�7���;�-�v�b�t�‹���|�u�-�m�v�t�-�|�-�0�t�;���b�m�|�o��

management/conservation measures; McClure et al., 2016�Q�7���|�_�;��

performance of our connectivity models was comparable or better 

�|�_�-�m���|�_�o�v�;���u�;�r�o�u�|�;�7���b�m���o�|�_�;�u���v�|�†�7�b�;�v���P�_�;�u�;�7���•�’�w�K�•�v�w���t�o�1�-�|�b�o�m�v���b�m��

�|�_�;���–�•�|�_���r�;�u�1�;�m�|�b�t�;���1�o�u�u�b�7�o�u�7���u�v�w�K�•�‘�w���b�m�����o�o�u���;�|���-�t�:�7��2012 – prong�J

horn Antilocapra americana; 65% in Zeller et al., 2018 – puma Puma 

concolor; 42% in Goicolea et al., 2021���K�����0�;�u�b�-�m���t�‹�m�Š��Lynx pardinus�Q�:��

���o�u�;�o�ˆ�;�u�7���v�b�l�b�t�-�u�t�‹���-�v���|�_�;���-�0�o�ˆ�;�J���l�;�m�|�b�o�m�;�7���v�|�†�7�b�;�v�7���o�†�u���1�o�m�m�;�1�|�b�ˆ�J

ity modelling process implies the transformation of a habitat suit�J

ability surface into a resistance surface. Thus, comparing our results 

to other connectivity modelling methods bypassing this step could 

�0�;���|�;�v�|�;�7���P�;�:�]�:�����†	K�;�Œ���;�|���-�t�:�7��2022�Q�:���$�;�v�|�b�m�]���1�o�m�m�;�1�|�b�ˆ�b�|�‹���r�u�;�7�b�1�|�b�o�m�v��

is an important step often neglected. By assessing the reliability of 

our connectivity models, we confirmed their ability to generalise 

�-�1�u�o�v�v���ˆ�-�u�b�o�†�v���r�o�r�†�t�-�|�b�o�m�v���-�m�7���;�m�ˆ�b�u�o�m�l�;�m�|�-�t���1�o�m�|�;�Š�|�v���‰�b�|�_�b�m���|�_�;��

species' distributional range, even in the absence of spatial data on 

the population of interest. Our connectivity models thus serve as an 

invaluable tool for the conservation of this endemic and emblematic 

species and its habitats.

The migrations of terrestrial species are collapsing worldwide 

due to the development of human infrastructures that bisect mi �J

�]�u�-�|�b�o�m���1�o�u�u�b�7�o�u�v���P���-�†�=�=�l�-�m���;�|���-�t�:�7��2021; Wilcove & Wikelski, 2008�Q�:��
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mate warming and the development of human activities and infra�J

�v�|�u�†�1�|�†�u�;�v�7���r�-�u�|�b�1�†�t�-�u�t�‹���r�u�;�v�;�m�|���b�m���|�_�;�����t�r�v���P���-�u�l�;�v�-�m���_���+�o�_�;�7��2003; 

Schmeller et al., 2022�Q�7���1�o�†�t�7���-�t�u�;�-�7�‹���0�;���-�|���r�t�-�‹���-�|���0�u�o�-�7�;�u���v�r�-�|�b�-�t��

scales and could reshape movement corridors of alpine animals in 

�|�_�;���m�;�-�u���=�†�|�†�u�;���P�,�;�t�t�;�u���;�|���-�t�:�7��2021�Q�:�����m���-�7�7�b�|�b�o�m�7���7�;�v�r�b�|�;���|�_�;���m�†�l�;�u�b�J

�1�-�t���v�†�1�1�;�v�v���o�=���|�_�;���v�r�;�1�b�;�v���u�;�b�m�|�u�o�7�†�1�|�b�o�m���r�u�o�]�u�-�l�l�;�v���o�ˆ�;�u���|�_�;�����t�r�v�7��

���t�r�b�m�;���b�0�;�Š���v�|�b�t�t���=�-�1�;���b�l�r�o�u�|�-�m�|���1�o�m�v�;�u�ˆ�-�|�b�o�m���b�v�v�†�;�v���P�;�:�]�:���7�u�-�l�-�|�b�1�-�t�t�‹��

�t�o�‰���]�;�m�;�|�b�1���7�b�ˆ�;�u�v�b�|�‹�7���t�-�1�h���o�=���=�†�m�1�|�b�o�m�-�t���l�;�|�-�J���r�o�r�†�t�-�|�b�o�m�v�8�����b�;�0�-�1�_���_��

Keller, 2009; Brambilla et al., 2020�Q���-�m�7���l�b�]�u�-�|�b�o�m���1�o�u�u�b�7�o�u�v���u�;�l�-�b�m��

�r�o�o�u�t�‹���r�u�o�|�;�1�|�;�7�:�����m���|�_�b�v���1�o�m�|�;�Š�|�7���r�u�;�v�;�u�ˆ�b�m�]���-�m�7���P�u�;�J���Q�;�v�|�-�0�t�b�v�_�b�m�]��

�1�o�m�m�;�1�|�b�ˆ�b�|�‹���‰�b�|�_�b�m���-�m�7���0�;�|�‰�;�;�m���b�0�;�Š���r�o�r�†�t�-�|�b�o�m�v���‰�b�t�t���r�u�o�0�-�0�t�‹���0�;���-��

�l�-�f�o�u���1�o�m�v�;�u�ˆ�-�|�b�o�m���b�v�v�†�;���b�m���|�_�;���m�;�Š�|���7�;�1�-�7�;�v�7���-�m�7���|�o�o�t�v���v�†�1�_���-�v���o�†�u��

connectivity models could be particularly helpful.

More generally, our study also provided an original methodolog�J

ical framework for future research and conservation efforts dedi �J

cated to connectivity analysis and predictions of movements other 
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corresponding connectivity predictions. Thus, our models could 

be used to predict migratory movements in monitored populations 
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data from all populations. Moreover, we could predict movements 
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locations are known or predicted with habitat selection models. 
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and need around conserving and restoring connectivity within spe�J

cies distribution ranges.
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