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�m7;u� |_;� "r;1b;v� -|� !bvh� �1|� Ő��"�)��ķ� ƑƏƏѶő� 0�|� -u;� 1omvb7-
;u;7� �;-v|� �om1;um� �m7;u� �&��� u;7ŊѴbv|� 7;vb]m-|bom� Ő�bu7�b=;�
�m|;um-|bom-Ѵķ�2021ő� r-u|b-ѴѴ�� 7�;� |o� |_;bu� Ѵ-u];� u-m];� -m7� _;|;uo-
];m;o�v� 7;1Ѵbm;vĺ� �-m-7-�)-u0Ѵ;uvķ� 7;vrb|;� |_;bu� ro|;m|b-ѴѴ�� _b]_�
7bvr;uv-Ѵ� 1-r-1b|�ķ� ;�_b0b|� _b]_� 0u;;7bm]� vb|;� =b7;Ѵb|�� �_b1_� 1o�Ѵ7�
Ѵ;-7� |o� ];molb1� ror�Ѵ-|bom� v|u�1|�u;� -1uovv� |_;� 0u;;7bm]� u-m];�
Ő�-ѴѴ�ou|_�;|�-Ѵĺķ�ƑƏƏѶőĺ��u;�bo�v�];m;|b1�u;v;-u1_ķ��vbm]�;b]_|�lb-
1uov-|;ѴѴb|;�l-uh;uv� =uol� |_u;;�0u;;7bm]� vb|;vķ� =o�m7� |_-|� 0bu7v� bm�
|_;� "o�|_;um� rou|bom� o=� |_;� u-m];� �;u;� ];m;|b1-ѴѴ�� 7bv|bm1|� =uol�
0bu7v�bm�|_;��-v|;um�-m7��ou|_�;v|;um�rou|bomv�o=�|_;�u-m];ķ�0�|�|_;�
�-v|;um�-m7��ou|_�;v|;um�0bu7v��;u;�mo|�7bv|bm1|�=uol�;-1_�o|_;u�
Ő
;uu-ub�;|�-Ѵĺķ�ƑƏƐѶőĺ�$_;u;� bv�-�1Ѵ;-u�m;;7� =ou�];m;|b1� bm=oul-|bom�
-0o�|� ror�Ѵ-|bom� v|u�1|�u;� �b|_bm� |_;� vr;1b;vķ� �_;|_;u� 7;1Ѵbm;v�
_-�;� 0;;m� =o1�v;7� bm� -u;-v� |_-|� 1om|-bm� �mbt�;� ];m;|b1� 7b�;uvb|�ķ�
-m7��_b1_�ror�Ѵ-|bomv�-u;�Ѵbh;Ѵ��|o�0;�lov|���Ѵm;u-0Ѵ;�|o�1_-m]bm]�
climate conditions.

);� �v;7� �_oѴ;Ŋ];mol;� u;v;t�;m1bm]� |o� ;�-lbm;� ror�Ѵ-|bom�
v|u�1|�u;�-1uovv�|_;��-m-7-�)-u0Ѵ;u�0u;;7bm]�u-m];�-m7�b7;m|b=b;7�
r�|-|b�;Ѵ�� -7-r|b�;� Ѵo1b� -m7� m;�|u-Ѵ� Ѵo1bĺ�);� �v;7� |_;� =u-l;�ouh�
ruorov;7�0��$�u0;h�;|�-Ѵĺ�Ő2023ő�|o�]�b7;��&�7;vb]m-|bom�bm�_b]_Ѵ��
lo0bѴ;�ou]-mbvlvĺ��m�-77b|bomķ��;�-vv;vv;7��_;u;�l-m-];l;m|�bm-
|;u�;m|bomv��o�Ѵ7�0;�lov|�blrou|-m|�0��t�-m|b=�bm]�-0�m7-m1;�-m7�
|u;m7��b|_�7;lo]u-r_b1�7-|-ķ�-m7�;v|bl-|bm]��_b1_�ror�Ѵ-|bomv�l-��
=-1;�|_;�lov|�1Ѵbl-|;Ŋu;Ѵ-|;7���Ѵm;u-0bѴb|��7�;�|o�];m;ŋ;m�buoml;m|�
lbvl-|1_�Őbĺ;ĺ�];molb1�o==v;|ĸ��-r0Ѵ-m1t�;|�-Ѵĺķ�2020ĸ�
b|�r-|ub1h�ş�
�;ѴѴ;uķ�2015; Rellstab, 2021; Ruegg et al., ƑƏƐѶőĺ�$_;�u;v�Ѵ|bm]�7-|-�
ruo�b7;�-�=u-l;�ouh�=ou�bm|;]u-|bm]��&�7;vb]m-|bomv��b|_�;v|bl-|;v�
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ՊՍՊ |ՊƒMILLER et al.

o=�1Ѵbl-|;���Ѵm;u-0bѴb|��|o�blruo�;�o�u�-0bѴb|��|o�b7;m|b=��-m7�l-m-];�
-|Ŋubvh�ror�Ѵ-|bomv�bm�-�1_-m]bm]��ouѴ7ĺ

ƑՊ |Պ��$��	"

ƑĺƐՊ |Պ !;=;u;m1;�];mol;

$o�1u;-|;�-�u;=;u;m1;�];mol;ķ��;�1-r|�u;7�-�l-Ѵ;��-m-7-�)-u0Ѵ;u�
Őu;1ou7� Ų"
ƐƑ$Əƒő� |o� o0|-bm� 0Ѵoo7� =ou� -� _b]_� loѴ;1�Ѵ-u� �;b]_|�
Ő��)ő�	���v-lrѴ;ĺ�);�-==b�;7�-m�-Ѵ�lbmb�l�0-m7�ŐŲƑѶƓƏƑƖƓƓƔő�
-m7�|ooh�v|-m7-u7�l;-v�u;l;m|vķ�|_;m�7u;��~10 μ��o=�0Ѵoo7��b|_�
-�1-rbѴѴ-u��|�0;�=uol�-�0u-1_b-Ѵ��;bm�r�m1|�u;ĺ�&vbm]�|_;�0Ѵoo7ķ��;�
;�|u-1|;7�	����vbm]�|_;� b-];m��-]�||u-1|���)�	����bmb��b|�
Ő1-|ĺ� moĺ� ѵƕƔѵƒő��b|_�lbmou�lo7b=b1-|bomv� |o� |_;� v|-m7-u7� ;Ѵ�|bom�
ruo|o1oѴĺ�);�=o�m7�|_-|ķ�Ѵbh;Ѵ��0;1-�v;�-�b-m�0Ѵoo7�bv�m�1Ѵ;-|;7ķ�|_;�
DNA became tightly bound to the beads and the standard elution 
ruo|o1oѴ��o�Ѵ7�mo|��b;Ѵ7�v�==b1b;m|���)�	��ĺ��mv|;-7ķ��;�;Ѵ�|;7�
the DNA in 200 μ��o=��-|;u�-m7�Ѵ;=|�b|�om�|_;�lb�;u�Ő-|�Ѵo��vr;;7ő�
=ou�-rruo�bl-|;Ѵ��ƐՓ_ĺ

&vbm]� |_;���)�	���o0|-bm;7� =ou� |_;� u;=;u;m1;�];mol;ķ��;�
�v;7�ƐƏ*�Ѵbmh;7�u;-7�v;t�;m1bm]�|o�];m;u-|;�-��_oѴ;Ŋ];mol;�u;=-
;u;m1;�v;t�;m1;�o=�-��-m-7-�)-u0Ѵ;uĺ�";t�;m1bm]��-v�r-u|�o=�|_;�
ļ�-m";tƐƔƏĽ� ruof;1|� Ő_||rvĹņņ����ĺ�1];mĺ�1-ņ�1-mv;�tƐƔƏŊ�ruof;�1|Ŋ�Ѵbv|ő�
bm�r-u|m;uv_br��b|_��bu7v��-m-7-ņ�bv;-����-m-7-ĺ�ƐƏ×��;molb1v�
Ѵb0u-ub;v� �;u;� ru;r-u;7� -|� $_;� �;m|u;� =ou� �rrѴb;7� �;molb1v� -|�
$_;��ovrb|-Ѵ�=ou�"b1h��_bѴ7u;m�Ő$ouom|oķ��-m-7-ő�-m7�Ѵb0u-ub;v��;u;�
v;t�;m1;7� om� -��b";t�*�l-1_bm;� Ő�ѴѴ�lbm-ķ� "-m�	b;]oő� Ѵ-m;ķ��b|_�
ƐƔƏŊ0r� r-bu;7Ŋ;m7� u;-7vĺ� );� -vv;l0Ѵ;7� |_;� u;=;u;m1;� ];mol;�
�vbm]�"�r;umo�-��ƑĺƐĺƐ� Ő);bv;m=;Ѵ7� ;|� -Ѵĺķ� ƑƏƐƕő��b|_�7;=-�Ѵ|� v;|-
|bm]vķ�;�1;r|�v;||bm]�l-�bl�l�u;-7v�|o��v;�-ѴѴ�u;-7v�ŐƓѶƔՓ�őķ�om�|_;�
�;mmv�Ѵ�-mb-� "|-|;� &mb�;uvb|�ŝv� �mv|b|�|;� =ou� �olr�|-|bom-Ѵ� 	-|-�
"1b;m1;vŝ� !o-u� v�r;u1olr�|;uĺ� );� �v;7� �;m1_l-uhbm]� &mb�;uv-Ѵ�
"bm]Ѵ;Ŋ�or���u|_oѴo]v�Ő�&"��ő�|o�-vv;vv�];mol;�=�m1|bom-Ѵ�1ol-
rѴ;|;m;vv� Ő"bl࢛o� ;|� -Ѵĺķ� 2015ő� -]-bmv|� |_;� r-vv;ub=oul;vōo70ƐƏ�
database.

ƑĺƑՊ |Պ !;v;t�;m1bm]�v-lrѴ;�1oѴѴ;1|bom�-m7�
DNA extraction

);�1oѴѴ;1|;7�v-lrѴ;v�=uol�-m�-77b|bom-Ѵ�ƐѶƐ�0u;;7bm]�-7�Ѵ|��-m-7-�
)-u0Ѵ;uv�=uol�-1uovv�|_;�0u;;7bm]�u-m];� bm��ou|_��l;ub1-� bm�1oѴ-
Ѵ-0ou-|bom��b|_�l�Ѵ|brѴ;��mb�;uvb|��u;v;-u1_;uvķ�rub�-|;�;m�buoml;m-
|-Ѵ�1olr-mb;v�-m7�v|-|;�-m7�=;7;u-Ѵ�-];m1b;v�ŐFigure "Ɛőĺ�
ou�	���
;�|u-1|bomķ��;�1oѴѴ;1|;7�0Ѵoo7�=uol�ƐƒƓ��-m-7-�)-u0Ѵ;uv�Ő~ѶƏՓμ�őķ�
�b-� 0u-1_b-Ѵ� �;mbr�m1|�u;� -m7� ru;v;u�;7� b|� bm� �;;mŝv� Ѵ�vbv� 0�==;u�
-m7� v|ou;7� -|� uool� |;lr;u-|�u;ĺ� �Ѵoo7� ŐƔƏŋѶƏՓμ�ő��-v� ;�|u-1|;7�
�vbm]� b-];m�	�;-v���Ѵoo7�-m7�$bvv�;��b|v� Ő �����ő�-m7�;Ѵ�|;7�
bm|o� ƐƏƏՓμ�� o=� ruo�b7;7� ��� 0�==;uĺ� 
ou� |_;� u;l-bmbm]� Ɠƕ� �-m-7-�
)-u0Ѵ;uvķ� �;� 1oѴѴ;1|;7� |-bѴ� =;-|_;uv� 0�� r�ѴѴbm]� |�o� |-bѴ� =;-|_;uv�
=uol�;-1_�0bu7�-m7�v|oubm]�=;-|_;uv�-|�ƴƑƏŦ�ĺ�);�1�|�|_;�1-Ѵ-l�v�
o=�om;�=;-|_;u�=uol�|_;�v_-=|�-m7�;�|u-1|;7�|_;�1-Ѵ-l�v��vbm]�|_;�

lo7b=b;7� b-];m�	�;-v���Ѵoo7� -m7�$bvv�;�ruo|o1oѴ� Ő"1_�;b�;u�ş�
	;"-b�ķ�2023őĺ��=|;u�	���;�|u-1|bomķ��;�t�-m|b=b;7�v-lrѴ;v��vbm]�
Qubit dsDNA assay.

ƑĺƑĺƐՊ ŇՊ 	���u;v;t�;m1bm]

);�ru;r-u;7�|_;�v-lrѴ;v�=ou�Ѵo��1o�;u-];��_oѴ;�];mol;�v;t�;m1-
bm]��vbm]�-�lo7b=b;7��;�|;u-�ru;r�Ő"1_�;b�;u�ş�	;"-b�ķ�2023ő��b|_�
moul-Ѵb�;7�	���bmr�|ĺ�);�v;t�;m1;7�v-lrѴ;v�bm�|�o�Ѵb0u-ub;vķ�ƐƐƏ�
v-lrѴ;v�om�-m� �ѴѴ�lbm-��b";t�ƓƏƏƏ��vbm]�r-bu;7�;m7�ƐƔƏՓ0r�u;-7v�
-m7� ƕƐ� v-lrѴ;v� om� -m� �ѴѴ�lbm-� �o�-";t� ѵƏƏƏ� �vbm]� r-bu;7� ;m7�
ƐƔƏՓ0r� u;-7vĺ� $_;� ƕƐ� v-lrѴ;v� om� |_;� �o�-";t� �;u;� v;t�;m1;7�
-1uovv� l�Ѵ|brѴ;� Ѵ-m;v� |o� ];|� |o� |_;� |-u];|;7� v;t�;m1bm]� 7;r|_� o=�
Ƒŋƒ*� 1o�;u-];� r;u� v-lrѴ;� Ő=ou� v;t�;m1bm]� v1_;l;ķ� v;;�Table "Ɛő�
-m7�bm1Ѵ�7;7�u;rѴb1-|;v�o=�ƒƑ�v-lrѴ;v��b|_�Ѵo�;u�|_-m�ƐĺƔ*�1o�;u-
-];�=uol�|_;��b";t�ƓƏƏƏ�u�mĺ

ƑĺƑĺƑՊ ŇՊ �bobm=oul-|b1�ruo1;vvbm]

);��v;7��om7-��ƓĺƐƒĺƏ�Ő�m-1om7-�	o1�l;m|-|bomķ�2020ő�;m�buom-
l;m|v� |o�l-m-];� 0bobm=oul-|b1� r-1h-];v� om� |_;� !����� "�llb|�
v�r;u1olr�|;u�l-m-];7� fobm|Ѵ�� 0���oѴou-7o� "|-|;�&mb�;uvb|�� -m7�
&mb�;uvb|��o=��oѴou-7oķ��o�Ѵ7;uĺ�$o�ruo1;vv�u-��=-v|tv�=uol�|_;�ƐѶƐ�
v-lrѴ;v� |_-|��m7;u�;m|� Ѵo��1o�;u-];��_oѴ;�];mol;�v;t�;m1bm]ķ�
�;� �v;7� $ubl� �-Ѵou;� �Əĺѵĺƕ� Ő�u�;];uķ� 2012őķ� -� �u-rr;u� =ou� 1�|--
7-r|��ƐĺƐѶ� Ő�-u|bmķ�2011ő� -m7�
-v| ���ƏĺƐƐĺƖ� Ő�m7u;�vķ�2010ő� |o�
|ubl�-m��u;l-bmbm]� �ѴѴ�lbm-�-7-r|ouv� bm�|_;�=-v|tvĺ��;�|ķ�0-v;7�om�
u;1oll;m7-|bomv� =ou� Ѵo�� 1o�;u-];�7-|-� ];m;u-|;7��b|_��o�-";t�
rѴ-|=oulv�Ő�o��ş�$_;uhbѴ7v;mķ�2022őķ��;�r;u=oul;7�-�vѴb7bm]��bm7o��
1�|�o=�|_;�ƒŊrubl;�;m7�o=�|_;�u;-7v�|o�u;lo�;�Ѵo�Ŋt�-Ѵb|��|-bѴvķ�7;-
=bm;7�-v�=o�u�0-v;v�bm�-�uo���b|_�l;-m� &���v1ou;v�o=�<20, using 
=-v|r��ƏĺƑƑĺƏ�Ő�_;m�;|�-Ѵĺķ�ƑƏƐѶőĺ�);�1_;1h;7�=-v|tv�=ou�t�-Ѵb|���vbm]�

-v| ��-m7���Ѵ|b ���ƐĺƏĺ7;�Ə�Ő��;Ѵv�;|�-Ѵĺķ�2016ő�0;=ou;�-m7�-=|;u�
trimming reads.

�=|;u�ruo1;vvbm]�u-��=-v|tvķ��;�-Ѵb]m;7�v-lrѴ;v�|o�|_;��-m-7-�
)-u0Ѵ;u�u;=;u;m1;�];mol;��vbm]���uuo�vŊ)_;;Ѵ;u��Ѵb]ml;m|�l;l�
�ƏĺƕĺƐƕ�Ő�b�ş�	�u0bmķ�ƑƏƏƖőĺ�$_;m��;�-77;7�u;-7�]uo�r�bm=oul-|bom�
�vbm]� �b1-u7� �ƑĺƑѵĺƐƐ� �77ou!;rѴ-1;!;-7�uo�rv� ŐPicard Toolkit, 
2014/ƑƏƐƖő�-m7�l-uh;7�7�rѴb1-|;�u;-7v��vbm]�v-l|ooѴv��ƐĺƐƐ�l-uh-
7�r� Ő	-m;1;h� ;|� -Ѵĺķ� 2011ő� 0;=ou;�l;u]bm]� v-lrѴ;v� �b|_�l�Ѵ|brѴ;�
0-lvĺ��=|;u�l;u]bm]�0-lvķ��;�1_;1h;7�v-lrѴ;�1o�;u-];��vbm]�0;7-
|ooѴv��ƑĺƒƏĺƏ�];mol;1o��Ő �bmѴ-m�ş��-ѴѴķ�2010ő�-m7�v-lrѴ;v��b|_�
<Ɛ*�1o�;u-];��;u;�u;lo�;7ķ� Ѵ;-�bm]�ƐѵƖ��-m-7-�)-u0Ѵ;uv� bm� |_;�
analysis.

);��v;7�|_;�ruo1;vv;7�0-lv�|o�1-ѴѴ��-ub-m|v�bm�|�o�v;r-u-|;�rbr;-
Ѵbm;v��vbm]���$���ƓĺƑĺƔĺƏ��-rѴo|�r;�-ѴѴ;u� Ő�1�;mm-�;|�-Ѵĺķ�2010ő�
-m7���
|ooѴv��ƐĺƐƔĺƐ�lrbѴ;�r�Ő	-m;1;h�;|�-Ѵĺķ�2021őĺ�$_;mķ��;�v|ubm-
];m|Ѵ�� =bѴ|;u;7� |_;� |�o� �-ub-m|� v;|v� �vbm]� ��
|ooѴvķ� -ѴѴo�bm]� omѴ��
0b-ѴѴ;Ѵb1�vb|;vķ�-�lbmou�-ѴѴ;Ѵ;�=u;t�;m1��o=�>Ɣѷķ� &���v1ou;�o=�>30, 
and <ƐƏѷ�lbvvbm]� -1uovv� |_;�ƐѵƖ� bm7b�b7�-Ѵvĺ�);� bm|;uv;1|;7� |_;�
=bѴ|;u;7��-ub-m|�v;|v�=uol��-rѴo|�r;�-ѴѴ;u�-m7�lrbѴ;�r�|o�1u;-|;�-�
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0oo|v|u-rr;7�_b]_Ŋt�-Ѵb|���-ub-m|�v;|�|o��v;�=ou�0-v;�t�-Ѵb|��v1ou;�
recalibration. Using the intersected variants, we recalibrated the 
v-lrѴ;�0-lv��vbm]���$���-v;!;1-Ѵb0u-|ou� -m7��rrѴ�� "!ĺ�)b|_�
|_;�u;1-Ѵb0u-|;7�0-lvķ��;��v;7��-rѴo|�r;�-ѴѴ;u�|o�1-ѴѴ�-�u;1-Ѵb0u-|;7�
v;|�o=��-ub-m|vĺ�$_;m��;�=bѴ|;u;7�|_;�u;1-Ѵb0u-|;7��-ub-m|�v;|�-ѴѴo�bm]�
omѴ��0b-ѴѴ;Ѵb1�vb|;vķ�-�lbmou�-ѴѴ;Ѵ;�=u;t�;m1��o=�>Ɣѷķ� &���v1ou;�o=�
>30, and <ƑƏѷ�lbvvbm]�7-|-�-1uovv�|_;�ƐѵƖ�v-lrѴ;vĺ

&vbm]� |_;� u;1-Ѵb0u-|;7ķ� =bѴ|;u;7� �-ub-m|� v;|ķ� �;� r;u=oul;7� -m�
;�rѴou-|ou��-m-Ѵ�vbv��vbm]�!�Ő!��ou;�$;-lķ�2022ő�-m7�|_;�r-1h-];�
vuv"|�==� Ő�m7;uvomķ�2020ő� |o� ruo7�1;� vbm]Ѵ;Ŋu;-7� v-lrѴbm]� rubm1b-
r-Ѵ�1olrom;m|v�-m-Ѵ�vbv�Ő���ő�o=��_oѴ;�];mol;�v|u�1|�u;ĺ�);��v;7�
vbm]Ѵ;Ŋu;-7� v-lrѴbm]� 0;1-�v;� 7b==;u;m1;v� bm� |_;� -�;u-];� 1o�;u-];�
-1uovv�v-lrѴ;v�1-m�0;�lbv|-h;m�=ou�ror�Ѵ-|bom�v|u�1|�u;�om�����bm�
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;m|� 1oѴo�uv� o�;uѴ-b7� -m7� 1Ѵbrr;7� |o� -�l-r�o=� |_;��-m-7-�)-u0Ѵ;u�
0u;;7bm]�u-m];��vbm]�|_;�!�r-1h-];v�vrķ�!�	���-m7�!�"$�!�Ő
b1h�ş�
Hijmans, ƑƏƐƕĸ��;0;vl-�ş��b�-m7ķ�2005ő�1u;-|bm]�-�vr-|b-ѴѴ��;�rѴb1b|�
l-r�o=�r�|-|b�;Ѵ��-7-r|b�;�]uo�rvĺ

ƑĺƔՊ |Պ $;v|bm]�=ou�bvoѴ-|bom�0��7bv|-m1;��;uv�v�
isolation by environment

$o� 7;|;ulbm;� b=� |_;� ];o]u-r_b1-ѴѴ�� u;Ѵ;�-m|� 1Ѵ�v|;ubm]� bm� |_;� ����
-m7��	��*$&!��rѴo|��-v�-�u;v�Ѵ|�o=�];o]u-r_��ou�;m�buoml;m|ķ��;�
�v;7�-�1ol0bm-|bom�o=�l-m|;Ѵ�|;v|v�-m7�r-u|b-Ѵ�l-m|;Ѵ�|;v|vĺ�);�];m-
;u-|;7�r-bu�bv;�
ST�1olr-ubvomv��vbm]�-ѴѴ�Ѵo1b�0;|�;;m�vb|;v��b|_�-|�
Ѵ;-v|�=o�u�bm7b�b7�-Ѵvķ�;�1Ѵ�7bm]�|�o�v-lrѴbm]�vb|;v��b|_�=;�;u�|_-m�
=o�u�bm7b�b7�-Ѵvķ��vbm]����"	��ƏĺƖƒƔĺ�);�1-Ѵ1�Ѵ-|;7�|_;�vb|;�-ѴѴ;Ѵ;�
=u;t�;m1�� Ő"�
ő� Ѵbh;Ѵb_oo7v� =ou� ;-1_� v-lrѴ;7� vb|;� =uol� ];mo|�r;�
Ѵbh;Ѵb_oo7�;v|bl-|bom��vbm]�omѴ��"��v��b|_�-�lbmou�-ѴѴ;Ѵ;�=u;t�;m1��
o=�>Ɣѷ� -m7�<ƒƏѷ�lbvvbm]m;vv��b|_bm� |_;� v-lrѴbm]� vb|;ĺ�);� |_;m�
1-Ѵ1�Ѵ-|;7�|_;�Ƒ	�vb|;�=u;t�;m1��vr;1|u�l�Ő"
"ő�=ou�;-1_�r-bu�o=�vb|;v�
-m7ķ��b|_�|_;�r;uŊvb|;�"�
�=bѴ;v�-v�rubouvķ��;�;v|bl-|;7�r-bu�bv;�
ST 
0;|�;;m�;-1_�v-lrѴ;7�vb|;ĺ�);�|_;m�Ѵbm;-ub�;7�
ST 

(

FST

1− FST

)

�-Ѵ�;v�=ou�
;-1_� r-bu�bv;� 1olr-ubvomĺ�);� 1-Ѵ1�Ѵ-|;7� r-bu�bv;� ��1Ѵb7;-m� 7bv-
|-m1;�0;|�;;m�;-1_�vb|;ŝv� Ѵ-|b|�7;�-m7�Ѵom]b|�7;��vbm]�|_;�!�r-1h-
-];�vr�Ő�;0;vl-�ş��b�-m7ķ�2005őĺ�$o�7;|;ulbm;�b=�];m;|b1��-ub-|bom�
�-v�lou;�1Ѵov;Ѵ��Ѵbmh;7�|o�;m�buoml;m|�ou�];o]u-r_�ķ��;�;�|u-1|;7�
;m�buoml;m|-Ѵ��-Ѵ�;v�=ou�|_;�u;7�1;7�;m�buoml;m|-Ѵ��-ub-0Ѵ;�v;|�=ou�
;-1_� vb|;ŝv� Ѵ-|b|�7;� -m7� Ѵom]b|�7;ĺ�$_;m��;� 1;m|u;7�;-1_�;m�buom-
l;m|-Ѵ��-ub-0Ѵ;�|o�1om|uoѴ�=ou�7b==;u;m1;v�bm�-0voѴ�|;��-Ѵ�;v�o=�;-1_�
�-ub-0Ѵ;ķ� -m7� 1-Ѵ1�Ѵ-|;7� -� r-bu�bv;� ;m�buoml;m|-Ѵ� 7bv|-m1;� �vbm]�
|_;�!�r-1h-];� v|-|v� Ő!��ou;�$;-lķ�2022őĺ�);� |;v|;7� =ou� bvoѴ-|bom�
by distance and isolation by environment with Mantel tests in the R 
r-1h-];��;]-m��ƑĺѵŊƑ�Ő�hv-m;m�;|�-Ѵĺķ�2022ő�-m7�r-u|b-Ѵ��-m|;Ѵ�|;v|v�
1om7b|bom;7� om� ;m�buoml;m|-Ѵ� 7bv|-m1;� -m7� ];o]u-r_b1� 7bv|-m1;�
u;vr;1|b�;Ѵ�ĺ
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ѵՊ |ՊՊՍ MILLER et al.

ƑĺѵՊ |Պ�;molb1�o==v;|�-m-Ѵ�vbv

�;molb1� o==v;|� bv� |_;� l-]mb|�7;� o=� 1_-m];� m;1;vv-u�� |o� h;;r�
gene–environment associations the same given changing climate 
1om7b|bomv� Ő�-r0Ѵ-m1t� ;|� -Ѵĺķ� 2020ĸ� 
b|�r-|ub1h� ş� �;ѴѴ;uķ� 2015őĺ�
�b]_;u� ];molb1� o==v;|� bm7b1-|;v� |_-|� ror�Ѵ-|bomv� �bѴѴ� m;;7� |o�
1_-m];� -ѴѴ;Ѵ;� =u;t�;m1b;v� lou;� |o� l-bm|-bm� 1�uu;m|� ];m;ŋ;m�b-
uoml;m|�u;Ѵ-|bomv_brv�bm�=�|�u;�1om7b|bomvĺ�$_o�]_�vol;�1-�|bom�
v_o�Ѵ7� 0;� �v;7��_;m� ;�-Ѵ�-|bm]� ];molb1� o==v;|� l;|ub1v� 7�;� |o�
|_;� -vv�lr|bomv� o=� |_;�lo7;Ѵ� Ő=ou� -� |_ouo�]_� 7bv1�vvbom� o=� -v-
v�lr|bomv� -m7� Ѵblb|-|bomvķ� v;;� �_u;mv� ;|� -Ѵĺķ� 2023ĸ� �-r0Ѵ-m1t�
et al., 2020ĸ� 	;"-b�� ;|� -Ѵĺķ� 2022; Rellstab, 2021őķ� _;u;� �;� �v;�
];molb1� o==v;|� |o� b7;m|b=�� �_b1_� �&v� l-�� 0;� |_;� lov|� -|� ubvh�
o=� 1Ѵbl-|;Ŋu;Ѵ-|;7� ��Ѵm;u-0bѴb|�ĺ� &vbm]� |_;� -7-r|b�;� Ѵo1b� =o�m7�
�b|_� �
��� -m7� !	�� -v� o�u� u;vromv;ķ� �;� u-m� ]u-7b;m|� =ou;v|�
Ő�ѴѴbv� ;|� -Ѵĺķ�2012ő� -m7� �v;7� |_;� u;7�1;7� ;m�buoml;m|-Ѵ� �-ub-0Ѵ;�
v;|� -v�ru;7b1|ouv� |o�];m;u-|;�-�lo7;Ѵ�o=� -ѴѴ;Ѵ;� =u;t�;m1�� |�umo-
�;u�-1uovv�|_;�0u;;7bm]�u-m];ĺ�);��v;7�|_bv�lo7;Ѵ�-v�-�0-v;Ѵbm;�
|o� ru;7b1|� ;�r;1|;7� -ѴѴ;Ѵ;� =u;t�;m1b;v� bm� ƑƏѵƐŋƑƏѶƏ� �vbm]� |_;�
ru;7b1|;7� ;m�buoml;m|-Ѵ� u-v|;u� �-Ѵ�;v� =ou� |_;� �;-uv� ƑƏѵƐŋƑƏѶƏ�
�m7;u� "_-u;7Ŋ"o1bo;1omolb1� �-|_�-�v� ƐƑѵ� -m7� ƔѶƔ� Ő""�ƐƑѵ�
-m7� ""�ƔѶƔő� -|� ƐƏƏķƏƏƏ� u-m7ol� robm|v� |_uo�]_o�|� |_;� 0u;;7-
bm]� u-m];ĺ� );� 1_ov;� ""�ƐƑѵ� -m7� ""�ƔѶƔ� -v� u;ru;v;m|-|b�;� o=�
|_;� Ѵo�;v|� -m7�_b]_;v|��-ulbm]� v1;m-ubov� Ő�-�v=-|_;uķ� ƑƏƐƖő� -v�
ru;7b1|;7�=uol�|_;��o�rѴ;7��o7;Ѵ��m|;u1olr-ubvom��uof;1|vĺ�);�
1-Ѵ1�Ѵ-|;7�|_;�];molb1�o==v;|�0;|�;;m�1�uu;m|�-ѴѴ;Ѵ;�=u;t�;m1b;v�
-m7�ru;7b1|;7� =�|�u;� -ѴѴ;Ѵ;� =u;t�;m1b;v��vbm]���1Ѵb7;-m�7bv|-m1;�
Ő�-��;|�-Ѵĺķ�ƑƏƐѶőĺ��b�;m�|_;�bm_;u;m|��m1;u|-bm|��bm�ru;7b1|bm]�b=�ou�
�_;u;�u-m];�v_b=|v��bѴѴ�o11�u�Ő"o=-;u�;|�-Ѵĺķ�ƑƏƐѶőķ��;�7b7�mo|�ru;-
7b1|� ro|;m|b-Ѵ� ];m;ŋ;m�buoml;m|� -vvo1b-|bomv� ou� ];molb1� o==v;|�
o�|vb7;�o=�|_;�1�uu;m|�0u;;7bm]�u-m];ĺ�&vbm]�|_;�vr-|b-ѴѴ��;�rѴb1b|�
l-r�o=�-7-r|b�;�]uo�rvķ��;�1u;-|;7�v_-r;=bѴ;v�o=�;-1_�o=�|_;�r�|--
|b�;�-7-r|b�;�]uo�rv�b7;m|b=b;7�-1uovv�|_;�0u;;7bm]�u-m];ĺ�);�|_;m�
;�|u-1|;7� ];molb1� o==v;|� �-Ѵ�;v� =ou� ""�ƔѶƔ� bmvb7;� |_;� 0o�m7--
ub;v�o=�;-1_�-7-r|b�;�]uo�r� v_-r;=bѴ;� -m7�1-Ѵ1�Ѵ-|;7� |_;�l;7b-m�
];molb1�o==v;|��b|_bm�;-1_�-7-r|b�;�]uo�rĺ�);�-Ѵvo�;�|u-1|;7�|_;�
];molb1�o==v;|��-Ѵ�;v�-1uovv�|_;�;m|bu;�0u;;7bm]�u-m];�-m7�1-Ѵ1�-
Ѵ-|;7�|_;�l;7b-m�];molb1�o==v;|ĺ

ƑĺƕՊ |Պ	;lo]u-r_b1�-m-Ѵ�vbv

);�;v|bl-|;7�u;Ѵ-|b�;�ror�Ѵ-|bom�vb�;�bm7b1;v�-m7�ror�Ѵ-|bom�|u;m7v�
=uol�ƐƖѵѶ�|o�ƑƏƐƖ�=ou�;-1_�o=�|_;�|_u;;��&v�-m7�=ou�-ѴѴ��&v�1ol-
0bm;7� 0-v;7� om� |_;� _b;u-u1_b1-Ѵ� o�;uŊ7bvr;uv;7� �obvvom� lo7;Ѵ� o=�
"-�;u�-m7��bmh�Ő2011ő�-rrѴb;7�|o��u;;7bm]��bu7�"�u�;��7-|-�Ő�-u7b;1h�
et al., 2020őĺ�)_bѴ;�|_;u;�-u;�-Ѵ|;um-|b�;�7-|-�vo�u1;v�=ou�;v|bl-|bm]�
|u;m7v�bm�lb]u-|ou��0bu7v�Ő;ĺ]ĺ�;�bu7őķ�|_;���"�ruo�b7;v�|_;�Ѵom];v|Ŋ
u�mmbm]�-�b-m�lomb|oubm]�7-|-v;|�=ou��ou|_��l;ub1-m�0u;;7bm]�0bu7vķ�
-m7�v_ou|;uŊ|;ul�|u;m7�-m-Ѵ�v;v�ruo7�1;�vblbѴ-u�u;v�Ѵ|v�=ou�0uo-7Ѵ��
7bv|ub0�|;7� vr;1b;v� �vbm]� ;b|_;u� ��"� ou� �mv|u�1|�u;7� 1oll�mb|�Ŋ
v1b;m1;�7-|-�Ő�-uh;u�;|�-Ѵĺķ�2015; Horns et al., ƑƏƐѶőĺ�$_;�=b�;7�v|u-|-�
;==;1|v� bm� |_;� lo7;Ѵ� �;u;� 7;=bm;7� 0-v;7� om� |_;� �&vķ� �b|_� ��"�

uo�|;v�-vvb]m;7�|o��&v�b=�|_;��;�;u�_-7�-��-m-7-�)-u0Ѵ;u�7;|;1|bom�
om�|_;�uo�|;�-m7�b=�|_;�1oou7bm-|;v�o=�|_;�uo�|;�v|-u|bm]�robm|��;u;�
1om|-bm;7��b|_bm�|_;��&�roѴ�]om�0o�m7-u�ĺ��m�-77b|bomķ�uo�|;v��b|_�
�-m-7-�)-u0Ѵ;u�7;|;1|bomv� |_-|��;u;�o�|vb7;�o=��&�roѴ�]omv�0�|�
�b|_bm�-�ƔƏŊhl�0�==;u�o=�-m��&�0o�m7-u���;u;�-vvb]m;7�|o�|_;�m;-u-
;v|��&ĺ��or�Ѵ-|bom�vb�;�bm7b1;v��;u;�7;ub�;7�0��v�ll-ub�bm]�rov|;-
ubou�7bv|ub0�|bomv�o=�l;-m�uo�|;ŊѴ;�;Ѵ�1o�m|v��;b]_|;7�0���&�-u;-�
-m7�ruorou|bomv�o=� uo�|;v��b|_��-m-7-�)-u0Ѵ;u�7;|;1|bomv� Ő"-�;u�
ş��bmhķ�2011őĺ�);�;v|bl-|;7�ror�Ѵ-|bom�vb�;�bm7b1;v�=ou�;-1_��&�0��
v�ll-ub�bm]� rov|;ubou� 7bv|ub0�|bomv� o�;u� |_;� lov|� u;1;m|� ƔՓ�;-uv�
ŐƑƏƐƔŋƑƏƐƖőĺ��om]Ŋ|;ul�|u;m7v�=ou�;-1_��&�-m7�=ou�|_;�o�;u-ѴѴ�ror-
�Ѵ-|bom�Ő0-v;7�om�|_;�v�ll;7�ror�Ѵ-|bom�bm7b1;v�-1uovv��&vő��;u;�
;v|bl-|;7� -v� |_;� ];ol;|ub1�l;-m�o=� �;-uѴ�� 1_-m];v� bm� ror�Ѵ-|bom�
vb�;�=uol�ƐƖѵѶ�|o�ƑƏƐƖ�Ő"-�;u�ş��bmhķ�2011őĺ�);�blrѴ;l;m|;7�|_;�
��"�lo7;Ѵ��b|_����"�ƓĺƒĺƐ�Ő�Ѵ�ll;uķ�2003ő��b-�|_;�f-]v&��Ő�;ѴѴm;u�
ş��;u;7b|_ķ�2021ő�r-1h-];�bm�!�Ő!��ou;�$;-lķ�2022őĺ�);�-vvb]m;7�
�-]�;�rubou�7bv|ub0�|bomv�=ou�-ѴѴ�lo7;Ѵ�r-u-l;|;uv�-m7�_�r;ur-u-l-
;|;uvĺ��ov|;ubou�7bv|ub0�|bomv��;u;�7;ub�;7� =uol�ƓƏķƏƏƏ� vbl�Ѵ-|;7�
�-Ѵ�;v�o=�=o�u�1_-bmv�=uol�|_;�rov|;ubou�7bv|ub0�|bom�-=|;u�-m�-7-r-
|b�;�r_-v;�o=�ƑƏķƏƏƏ�b|;u-|bomv�-m7�0�umŊbm�o=�ƐƏķƏƏƏ�v-lrѴ;v�o=�|_;�
�b00v�v-lrѴ;u�-m7�|_bmmbm]�0��ƒĺ��-uho��1_-bmv��;u;�7;|;ulbm;7�|o�
_-�;�v�11;vv=�ѴѴ��1om�;u];7�0-v;7�om�̂R <ՓƐĺƐ�=ou�rov|;ubou�;v|bl-|;v�
o=�-ѴѴ�r-u-l;|;uv�Ő�;Ѵl-m�ş��bѴѴķ�ƑƏƏƕőĺ�);�-Ѵvo�7;ub�;7�;v|bl-|;v�
o=�ror�Ѵ-|bom�vb�;�bm7b1;v�bm�|_;��;-u�ƑƏѵƖķ�-vv�lbm]�|_;�1�uu;m|�;v-
|bl-|;7�|u;m7�-m7�-mm�-Ѵ��-ub-m1;�u;l-bm�1omv|-m|ķ�0-v;7�om�rov-
|;ubou�v-lrѴ;v�=uol�|_;�lo7;Ѵ�-|�-�|bl;�robm|�ƔƏՓ�;-uv�bm�|_;�=�|�u;ĺ

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ !;=;u;m1;�];mol;


uol� |_;� ƐƏ*� v;t�;m1bm]� Ѵb0u-ub;v� =ou� ];mol;� -vv;l0Ѵ�ķ� �;� o0-
|-bm;7�ƓѶƔĺƒѵ�lbѴѴbom�u;-7vĺ�);�ruo7�1;7�-m�-vv;l0Ѵ���b|_�-�ļu-�Ľ�
1o�;u-];�o=�ƓѶĺѵ*ķ�-�v1-==oѴ7��ƔƏ�vb�;�o=�ƕĺƔƐՓ�0�-m7�];mol;�vb�;�
o=� ƐĺƏƒ� �0r� -v� ;v|bl-|;7� 0�� Supernova� =ou� ƒĺƏƓ� ×ՓƐƏ3� v1-==oѴ7v�
>ƐƏՓh0ĺ� �olrѴ;|;� �&"��"� =o�m7� bm� |_;� -vv;l0Ѵ�� |o|-ѴѴ;7� Ɩƒѷķ�
�b|_�ƖƐѷ�1olrѴ;|;�-m7�vbm]Ѵ;�1or�ķ� bm7b1-|bm]�_b]_�1olrѴ;|;m;vvĺ�
$_;�];mol;�-vv;l0Ѵ��bv�7;rovb|;7�-|�������b|_�-11;vvbom�m�l0;u�
�!���ѵѶƖƒƏѶĺ

ƒĺƑՊ |Պ �bobm=oul-|b1v�ruo1;vvbm]�=ou�	���
u;v;t�;m1bm]

�=� |_;� ƐѶƐ� v-lrѴ;v� =uol� ƐѶ� 7b==;u;m|� vb|;v� -1uovv� |_;� 0u;;7bm]�
u-m];� bm�o�u� bmb|b-Ѵ�7-|-v;|� ŐFigure "Ɛőķ�ƐƑ�v-lrѴ;v��b|_�<Ɛ*�-�;u-
-];�1o�;u-];��;u;�u;lo�;7�-v�r-u|�o=�t�-Ѵb|��=bѴ|;ubm]ķ�Ѵ;-�bm]�ƐѵƖ�
|o|-Ѵ�v-lrѴ;v�ŐTable "Ƒőĺ�$_;�l;7b-m�m�l0;u�o=�v-lrѴ;v�r;u�vb|;��-v�
ƕĺƔ�Őu-m];�ƒŋƑƑőķ��b|_�-m�-�;u-];�7;r|_�o=�1o�;u-];�o=�Ƒĺѵ*�Őu-m];�
ƐŋƑƑ*őĺ� �=|;u� =bѴ|;ubm]� o�|� Ѵo�Ŋt�-Ѵb|�� "��v� -m7� bm7;Ѵvķ��;� =o�m7�
ѵƕƑķƏƔƒ��-ub-m|vĺ��=|;u�=bѴ|;ubm]�=ou�rѴ-|=oul�;==;1|v�ŐFigure "Ƒőķ��;�
u;|-bm;7�ѵƔƓķƑƑѵ�"��vĺ
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ƒĺƒՊ |Պ �"&�b7;m|b=b1-|bom

&vbm]� ���ķ� �;� =o�m7� |_;u;� �-v� -� v�0|Ѵ;� ror�Ѵ-|bom� v|u�1|�u;�
|_uo�]_o�|�|_;�0u;;7bm]�u-m];� ŐFigure 2aőĺ�"-lrѴ;v��;u;�]uo�r;7�
bm|o�|_u;;�u;]bom-Ѵ�1Ѵ�v|;uvĹ�|_;��ou|_�;v|��b|_�vb|;v�=uol��Ѵ0;u|-ķ�
|_;��-v|��b|_�vb|;v�u-m]bm]�=uol��-mb|o0-�|o��;mmv�Ѵ�-mb-ķ�-m7�|_;�
"o�|_��b|_�vb|;v�=uol�);v|�(bu]bmb-�|o��ou|_��-uoѴbm-ĺ�"-lrѴ;v�=uol�
|_;��ou|_�;v|�-m7�"o�|_�v;r-u-|;7�-Ѵom]���Ƒķ��b|_�v-lrѴ;v�=uol�
|_;� �-v|;um� rou|bom� o=� |_;� u-m];� =-ѴѴbm]� 0;|�;;m� |_;v;� 1Ѵ�v|;uvĺ�
��;u-ѴѴ��-ub-|bom�;�rѴ-bm;7�0��|_;�=buv|�|�o����-�;v��-v�Ѵo�Ŋ�ƏĺƖƓѷ�
-m7� ƏĺƖƏѷ� om� ��v� Ɛ� -m7� Ƒ� u;vr;1|b�;Ѵ�ĺ�);� =bѴ|;u;7� o�|� �-ub-m|v�
bm� Ѵbmh-];� 7bv;t�bѴb0ub�l� -m7� u;|-bm;7� ƓƔƐķƔƕƐ� "��vķ� |_;m� -v-
v;vv;7�ror�Ѵ-|bom�v|u�1|�u;�=ou��-Ѵ�;v�o=�K�Ɛŋѵ��vbm]��	��*$&!��
ŐFigure "Ɠőĺ�!;v�Ѵ|v� =uol��	��*$&!��v�]];v|� |_-|� |_;�lov|�v�r-
rou|;7�K was 1.

&vbm]� ���"� �b|_� |_;� =bѴ|;u;7� �-ub-m|vķ� �;� =o�m7� |_-|� |_;u;�
bv� -� v|uom]�0-uub;u� |o�];m;� =Ѵo��0;|�;;m� |_;�"o�|_;um�ror�Ѵ-|bom�
-m7�|_;��-v|;um�ror�Ѵ-|bomv� bm� |_;��;mmv�Ѵ�-mb-ņ�;��+ouh�u;]bom�
ŐFigure 2bőĺ

ƒĺƓՊ |Պ�&�b7;m|b=b1-|bom

);�=o�m7�ƓѶƒƑ�"��v�-m7�ƖƑƐƑ�"��v�-vvo1b-|;7��b|_�|_;�;m�buom-
l;m|-Ѵ� �-ub-0Ѵ;v��vbm]�!	�� ŐFigure 3ő� -m7��
���u;vr;1|b�;Ѵ�ĺ� $o�
1u;-|;�|_;�v;|�o=�r�|-|b�;Ѵ��-7-r|b�;�"��vķ��;�1ol0bm;7�"��v�=o�m7�
0��0o|_�l;|_o7v�=ou�-�7-|-v;|�o=�ƐƐķƓƓƐ��mbt�;�"��vĺ

);� �v;7� ���� �b|_� |_;� r�|-|b�;Ѵ�� -7-r|b�;� "��v� -m7� =o�m7�
|_u;;�ro|;m|b-Ѵ�1Ѵ�v|;uv�ŐFigure "ѵőĺ�);��v;7��	��*$&!��|o�-vv;vv�

ror�Ѵ-|bom�v|u�1|�u;�=ou��-Ѵ�;v�o=�K�Ɛŋѵ�ŐFigure "ƕő�-m7�=o�m7�|_;�
0;v|�v�rrou|;7�K��-v�ƒ�Ő�(Փ=ՓƏĺƒƒѶƑƑő�=ou�r�|-|b�;Ѵ��-7-r|b�;�Ѵo1b�
ŐFigure 4aőĺ� );� �v;7� |_;� 0;v|� v�rrou|;7� K to assign individuals 
|o� r�|-|b�;��&v� -m7� ruo7�1;7� -� vr-|b-ѴѴ�� ;�rѴb1b|�l-r�o=� r�|-|b�;�
�&v�ŐFigure 4bőĺ�$_;��&v�-u;�]uo�r;7� bm|o�|_u;;�u;]bom-Ѵ�1Ѵ�v|;uvĹ�
|_;��ou|_�;v|�;�|;m7bm]�=uol�|_;��;v|;um�0ou7;u�o=��-mb|o0-�|o�
|_;��ou|_�;v|;um�$;uub|oub;vķ�|_;��-v|�;�|;m7bm]�=uol�|_;�;-v|;um�
;7];�o=��-mb|o0-� |o�;-v|;um�v;-0o-u7�-m7� bm|o��;mmv�Ѵ�-mb-ķ� -m7�
|_;�"o�|_�u;ru;v;m|bm]�|_;��rr-Ѵ-1_b-m��o�m|-bmv�|_uo�]_��ou|_�
Carolina.

ƒĺƔՊ |Պ $;v|bm]�=ou�bvoѴ-|bom�0��7bv|-m1;�ou�bvoѴ-|bom�
by environment

�-bu�bv;� 
"$� -1uovv� -ѴѴ� t�-Ѵb|�Ŋ=bѴ|;u;7� "��v� u-m];7� =uol� Ə� |o�
ƏĺƏƑƕѵƕ� ŐTable "Ɠőĺ��-m|;Ѵ� |;v|v� u;�;-Ѵ;7�-�v|uom]�1ouu;Ѵ-|bom�0;-
|�;;m� ;m�buoml;m|� -m7� ];m;|b1v� ŐrՓ=ՓƏĺƔƖѶƓķ� rՑ=ՓĺƏƏƐőķ� -v� �;ѴѴ� -v�
];o]u-r_��-m7�];m;|b1v� ŐrՓ=ՓĺѵѵƖƖķ�pՓ=ՓĺƏƏƐőĺ�)_;m��;��v;7�-�r-u-
tial mantel test, the correlation between environment and genetics 
7b7�mo|�u;l-bm�vb]mb=b1-m|��_;m�-11o�m|bm]�=ou�];o]u-r_��ŐrՓ=ՓĺƑƐƔƕķ�
pՓ=ՓĺƐőķ�0�|�|_;�1ouu;Ѵ-|bom�0;|�;;m�];o]u-r_��-m7�];m;|b1v�u;l-bm;7�
vb]mb=b1-m|��_;m�-11o�m|bm]�=ou�;m�buoml;m|�ŐrՓ=ՓĺƓƑƔѵķ�pՓ=ՓĺƏƏƐőĺ

ƒĺѵՊ |Պ�;molb1�o==v;|�-m-Ѵ�vbv

&vbm]� |_;� lo7;Ѵ� o=� =�|�u;� 1Ѵbl-|;� �m7;u� |_;� ;lbvvbomv� r-|_�-��
bm� ""�ƔѶƔ� |_-|� -vv�l;v� |_;� _b]_;v|� Ѵ;�;Ѵ� o=� ;lbvvbomv� r-|_�-�vķ�


 ��&!� �ƑՊ�or�Ѵ-|bom�v|u�1|�u;�o=��-m-7-�)-u0Ѵ;u��vbm]��_oѴ;�];mol;�Ѵo1b�o=�ѵƔƓķƑƑѵ�vbm]Ѵ;�m�1Ѵ;o|b7;�roѴ�lour_bvlv�Ő"��vőĺ�Ő-ő�
�ubm1br-Ѵ�1olrom;m|v�-m-Ѵ�vbv�u;ru;v;m|bm]��_oѴ;�];mol;�v|u�1|�u;ĺ��obm|v�u;ru;v;m|�bm7b�b7�-Ѵ�0bu7v�-vvb]m;7�|o�ror�Ѵ-|bomv�=uol�Ѵ-|b|�7;�
-m7�Ѵom]b|�7;�1oou7bm-|;v�o=�1-r|�u;�vb|;ĺ��ou|_�;v|;um�ror�Ѵ-|bomv�-u;�]u;��|ub-m]Ѵ;vķ��-v|;um�ror�Ѵ-|bomv�-u;�]u;��1bu1Ѵ;vķ��_bѴ;�"o�|_;um�
ror�Ѵ-|bomv�bm�r�urѴ;�vt�-u;vĺ�Ő0ő��v|bl-|;7�rov|;ubou�l;-m�lb]u-|bom�u-|;v�om�-�Ѵo]ƐƏ�v1-Ѵ;�=uol�;v|bl-|;7�;==;1|b�;�lb]u-|bom�v�u=-1;v�
Ő���"őĺ��u;-v��b|_�rovb|b�;�lb]u-|bom�bm�0Ѵ�;�-u;�;v|bl-|;7�|o�_-�;�]u;-|;u�];m;�=Ѵo��|_-m�;�r;1|;7ķ��_bѴ;�-u;-v��b|_�m;]-|b�;�lb]u-|bom�
bm�u;7�-u;�;v|bl-|;7�|o�_-�;�Ѵ;vv�];m;�=Ѵo��|_-m�;�r;1|;7ĺ�$u-mvr-u;m1��bv�v1-Ѵ;7�|o�u;=Ѵ;1|�l-]mb|�7;�o=�;v|bl-|;7�lb]u-|bomĺ��u;��o�|Ѵbm;�
u;=Ѵ;1|v�|_;�0u;;7bm]�u-m];ĺ
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ѶՊ |ՊՊՍ MILLER et al.

];molb1�o==v;|��-v�ru;7b1|;7� |o�0;�_b]_;v|� bm� |_;��ou|_;umŊlov|�
v;1|bomv�o=�|_;�0u;;7bm]�u-m];�ŐFigure 5aőĺ�)_;m�];molb1�o==v;|��-v�
-vv;vv;7�-1uovv�r�|-|b�;�-7-r|b�;�]uo�rvķ�|_;��ou|_�;v|;um�]uo�r�
_-7�|_;�_b]_;v|�ru;7b1|;7�];molb1�o==v;|ķ�=oѴѴo�;7�0��|_;��-v|;um�
-m7�"o�|_;um�]uo�rv�u;vr;1|b�;Ѵ��ŐFigure 5bőĺ

ƒĺƕՊ |Պ	;lo]u-r_b1�-m-Ѵ�vbv

);� �v;7� ѶƐƖ� ��"� uo�|;v� |o� ;v|bl-|;� |_-|� |_;� 0u;;7bm]� u-m];�
_-7� -� u-m];Ŋ�b7;� 7;1Ѵbmbm]� |u;m7� o=� ƴƑĺƏƔѷ� r;u� �;-u� Ő��� ƴƑĺƓƖѷ�
|o�ƴƐĺƔѶѷő�0;|�;;m�ƐƖѵѶ�-m7�ƑƏƐƖĺ�);�vrѴb|� |_;�0u;;7bm]� u-m];�
bm|o� |_;� |_u;;� r�|-|b�;� -7-r|b�;� �mb|vķ� �b|_� ƑѶ� uo�|;v� bm� |_;�
�ou|_�;v|;um��&ķ�ƕƓѶ�uo�|;v� bm�|_;��-v|;um��&�-m7�ƒƒ�uo�|;v� bm�
|_;�"o�|_;um��&ĺ�);�=o�m7� |_-|� |_;��-v|;um��&�_-7� |_;�_b]_;v|�
-u;-Ŋ�;b]_|;7�-0�m7-m1;�o=�Əĺƒƕѵƒ�Ő���ƏĺƒƏƑƏŋƏĺƓƔƖѶőķ�=oѴѴo�;7�
0�� |_;��ou|_�;v|� �&��b|_� ƏĺƏѵƒƕ� Ő��� ƏĺƏƒѵƒŋƏĺƐƐƓƐőķ� -m7� |_;m�
|_;�"o�|_;um��&��b|_�ƏĺƏƏƒƕ�Ő���ƏĺƏƏƑƑŋƏĺƏƏƔƖő�ŐFigure 4cő�0-v;7�
om� u;1;m|� ror�Ѵ-|bom� bm7b1;v� ŐƑƏƐƔŋƑƏƐƖőĺ� $u;m7v� bm� -0�m7-m1;�
=uol� ƐƖѵѶ� |o� ƑƏƐƖ� bm� |_;� "o�|_;um� �&� ŐƏĺƓƓƐѵѷĸ� ��� ƴƏĺƖƔƒƑѷ�
|o� ƐĺƕƖѵƐѷő� -m7� �ou|_�;v|;um� �&� ŐƴƐĺƏѵѶƑѷĸ� ��� ƴƑĺѶƔƓƔѷ� |o�
ƏĺƕѶƒƐѷő��;u;�mo|�1Ѵ;-uѴ��rovb|b�;�ou�m;]-|b�;ķ�0�|�|_;��-v|;um��&�
ŐƴƑĺƐѶƏƒѷĸ����ƴƑĺѵƑƕѵѷ�|o�ƴƐĺƕƐѵѵѷő�_-7�-�v|uom]Ѵ��m;]-|b�;�|u;m7�
ŐFigure 4dőĺ��u;7b1|;7�-u;-Ŋ�;b]_|;7�-0�m7-m1;�bm�ƑƏѵƖ��-v�_b]_Ѵ��
�-ub-0Ѵ;�=ou�0o|_�|_;�"o�|_;um��&�ŐƏĺƏƏƓѶĸ����ƏĺƏƏƐƕŋƏĺƏƐƒƏő�-m7�
�ou|_�;v|;um��&�ŐƏĺƏƒѵƒĸ����ƏĺƏƏƖѶŋƏĺƐƒƒƑőķ�l-hbm]�b|��m1Ѵ;-u�b=�
|_;u;��bѴѴ�0;�7;1Ѵbm;v�ou�bm1u;-v;vķ�0�|�|_;��-v|;um��&�ŐƏĺƏѶѵѵĸ����
ƏĺƏѵƏƖŋƏĺƐƑƑƑő��-v�ru;7b1|;7�|o�7;1Ѵbm;�v|;;rѴ��ŐFigure 4cőĺ

ƓՊ |Պ	�"�&""���

)_bѴ;� ru;v;u�bm]� ];m;|b1� 7b�;uvb|�� bv� blrou|-m|� =ou� |_;� l-bm|;-
m-m1;�o=�1�uu;m|�-m7�=�|�u;�-7-r|b�;�ro|;m|b-Ѵķ�7;=bmbm]��&v�bm�-�
_b]_Ѵ��lo0bѴ;�vr;1b;v�u;l-bmv�-�1_-ѴѴ;m];ĺ��;u;ķ��;�7;lomv|u-|;�
|_;��-Ѵ�;�o=�-�];molb1vŊbm=oul;7�-rruo-1_�0��b7;m|b=�bm]��&v�bm�
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-�;v�Ɛ�-m7�Ƒ�|o�7;Ѵbm;-|;�-7-r|b�;��mb|v�Ő�&vőĺ��oѴo�u;7�robm|v�-u;�
bm7b�b7�-Ѵv�v-lrѴ;7��b|_�|_;��ou|_�;v|��&�bm�]u;;mķ�|_;��-v|;um�
�&�bm�0Ѵ�;ķ�-m7�|_;�"o�|_;um��&�bm�rbmhĺ��uuo�v�u;ru;v;m|�|_;�
l-]mb|�7;�-m7�7bu;1|bom�o=�;m�buoml;m|-Ѵ��-ub-0Ѵ;vĺ
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-7-r|b�;�Ѵo1bĺ�Ő0ő��-r�o=��&�7;vb]m-|bomvĺ��oѴo�uv�u;ru;v;m|�|_;��&v�7;|;ulbm;7�0���	��*$&!��]uo�rvķ��_bѴ;�robm|v�-u;�v-lrѴ;7�vb|;vĺ�
$u-mvr-u;m1��bv�v1-Ѵ;7�|o�|_;�ru;7b1|;7�-11�u-1��o=�-vvb]ml;m|ĺ�Ő1ő��u;-Ŋ�;b]_|;7�l;7b-m�-0�m7-m1;�;v|bl-|;v�bm�;-1_��&ĺ��obm|v�u;ru;v;m|�
|_;�l;7b-m�;v|bl-|;v�=ou�ƐƖѵѶŋƑƏƐƖ�-m7�|ub-m]Ѵ;v�u;ru;v;m|�ru;7b1|;7�l;7b-m�;v|bl-|;v�=ou�ƑƏѵƖĺ�Ő7ő��v|bl-|;7�|u;m7�bm�-u;-Ŋ�;b]_|;7�
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ՊՍՊ |ՊƖMILLER et al.

|_;��-m-7-�)-u0Ѵ;uķ�-�lb]u-|ou��vom]0bu7��b|_�-�Ѵ-u];�u-m];�-m7�
_;|;uo];m;o�v�7;1Ѵbm;vĺ�);�=o�m7�|_-|�o�;u-ѴѴ�];molb1�7b==;u;m-
|b-|bom� bm��-m-7-�)-u0Ѵ;uv��-v� Ѵo�ķ��b|_� Ѵb||Ѵ;�ror�Ѵ-|bom�v|u�1-
|�u;�-1uovv�|_;�0u;;7bm]�u-m];ĺ� �m�1om|u-v|ķ�ror�Ѵ-|bom�v|u�1|�u;�
-|�r�|-|b�;Ѵ��-7-r|b�;� Ѵo1b��-v�-vvo1b-|;7��b|_�vb]mb=b1-m|�7b==;u-
;m1;v�bm�-0�m7-m1;ķ�|u;m7ķ�-m7�ro|;m|b-Ѵ���Ѵm;u-0bѴb|��|o�-�1_-m]-
bm]� 1Ѵbl-|;�-v�7;|;ulbm;7�0��;v|bl-|;v�o=�];molb1�o==v;|� bm� |_;�
=�|�u;ĺ���;u-ѴѴķ�o�u�u;v�Ѵ|v�robm|�lou;�];m;u-ѴѴ��|o�|_;�1om1Ѵ�vbom�
|_-|� ];molb1vŊbm=oul;7��&v�ruo�b7;� bmvb]_|� bm|o� u;]bomŊvr;1b=b1�
|u;m7v�-1uovv�-�0uo-7�vr;1b;v�u-m];�-m7�1-m�_;Ѵr�]�b7;�l-m-];-
ment in a changing world.

ƓĺƐՊ |Պ �"&�b7;m|b=b1-|bom

	;vb]m-|bm]��"&v�0-v;7�om�];molb1v�1-m�0;�1_-ѴѴ;m]bm]�bm�vr;1b;v�
that remain highly connected across their range. Here, we use a 
u;1;m|Ѵ�� 7;v1ub0;7�l;|_o7� =ou� 7;=bmbm]��&v� bm� _b]_Ѵ��lo0bѴ;� vr;-
1b;v�o�|Ѵbm;7�0��$�u0;h�;|�-Ѵĺ�Ő2023ő�-m7�=bm7�|_-|��-m-7-�)-u0Ѵ;uv�
=-ѴѴ�bm|o�|�o��"&vĺ�"r;1b=b1-ѴѴ�ķ�-m-Ѵ�vbv�o=�-ѴѴ�Ѵo1b�u;�;-Ѵ;7�|_-|�|_;�
"o�|_��-v� 7bv|bm1|� =uol� |_;� u;v|� o=� |_;� u-m];ķ� 1om=bulbm]� u;v�Ѵ|v�
=uol� -� ru;�bo�v�lb1uov-|;ѴѴb|;Ŋ0-v;v� -m-Ѵ�vbv� o=� �-m-7-�)-u0Ѵ;uv�
Ő
;uu-ub�;|�-Ѵĺķ�ƑƏƐѶőĺ��Ѵ|_o�]_�o�u��	��*$&!��-m-Ѵ�vbv� bm7b1-|;7�
-� vbm]Ѵ;��"&� ŐKՓ=ՓƐő��b|_� -� �;u�� v|uom]�r-||;um�o=� bvoѴ-|bom�0��7bv-
|-m1;ķ� =�u|_;u�-m-Ѵ�vbv��b|_����"�v�rrou|;7�|_;�;�bv|;m1;�o=� |�o�
�"&vĺ��m�r-u|b1�Ѵ-uķ����v�b7;m|b=b;7�-�ro|;m|b-Ѵ�0-uub;u�|o�];m;�=Ѵo��
bm� |_;��;mmv�Ѵ�-mb-ņ�;��+ouh� u;]bomķ��_b1_�-Ѵb]m;7��b|_� -�ru;�b-
o�vѴ��7o1�l;m|;7�;1oѴo]b1-Ѵ�|u-mvb|bom�=uol�_b]_�;Ѵ;�-|bom�0u;;7-
bm]�vb|;v�bm�|_;�"o�|_;um��rr-Ѵ-1_b-m��o�m|-bmv�|o�Ѵo�;u�;Ѵ;�-|bom�
0u;;7bm]�vb|;v�bm�|_;��ou|_;-v|�Ő�o�;ѴѴķ�ƐƖƐƏőĺ���;u-ѴѴķ�o�u�u;v�Ѵ|v�
v�rrou|�|_;�b7;-�|_-|�-�l�Ѵ|b=-1;|;7�-rruo-1_�=ou��"&�b7;m|b=b1-|bom�
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