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be viewed at wileyonlinelibrary.com]
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|bom�-|�Ѵo��ror�Ѵ-|bom�vb�;v�Ő�o�u1_-lr�;|�-Ѵĺķ�ƐƖƖƖķ�ƑƏƏѶĸ�"|;r_;mv�
ş�"�|_;uѴ-m7ķ�ƐƖƖƖőĺ�+;|ķ�|_;u;�-u;�f�v|�-�=;��1-v;v�7;v1ub0bm]�-�7;lo-

]u-r_b1��ѴѴ;;�;==;1|�bm�vo1b-Ѵ�vr;1b;v�Ő0�|�v;;��;�m-m�ş�!b7Ѵ;�ķ�ƑƏƐѵőķ�
-m7�;lrbub1-Ѵ�1om=bul-|bom�o=�|_bv�_�ro|_;vbv� bv�v|bѴѴ� Ѵ-1hbm]� Ő�m]�Ѵoķ�
!-vl�vv;mķ� �-17om-Ѵ7ķ� ş� �o�u1_-lrķ� ƑƏƐƒĸ� �-|;l-mķ� ��]�Ѵķ�
�o�Ѵvomķ�ş��Ѵ�||omŊ��uo1hķ� ƑƏƐƑĸ� "ol;uvķ��u-=ķ� "��hl-mķ� "Ѵo|o�ķ�ş�
��vv;|ķ�ƑƏƏѶĸ�)oo7uo==;ķ�ƑƏƐƐőĺ

ƐĺƑՊ|Պ$_;�blrou|-m1;�o=�vo1b-Ѵ�v|u�1|�u;

"o1b-Ѵ�vr;1b;v�-u;�7b==;u;m|�=uol�-vo1b-Ѵ�vr;1b;v�0;1-�v;�7�m-lb1v�o=�
|_;bu�ror�Ѵ-|bomv�-u;�bm=Ѵ�;m1;7�0��-mo|_;u�Ѵ;�;Ѵ�o=�ou]-mbv-|bomĹ�|_;�
vo1b-Ѵ�]uo�rĺ���|�rb1-Ѵ�]uo�r�bv�-�vo1b-Ѵ��mb|ķ�v�1_�-v�-�r-1h�o=��=ub1-m�
�bѴ7�7o]v�ou�-�rub7;�o=�Ѵbomvĺ�$_;��-��bm7b�b7�-Ѵv�bm|;u-1|��b|_bm�vo-

1b-Ѵ�]uo�rv�1-m�0;�7b==;u;m|�=uol�|_;��-��bm7b�b7�-Ѵv�bm|;u-1|�0;|�;;m�
|_;lĺ�ou�;�-lrѴ;ķ�lov|�1oor;u-|bom�o11�uv�-lom]�bm7b�b7�-Ѵv�o=�|_;�
v-l;� ]uo�rķ��_bѴ;�l-|bm]�l-��o11�u� 0;|�;;m� bm7b�b7�-Ѵv� =uol�7b=-
=;u;m|� ]uo�rvĺ��m� |_;� o|_;u� _-m7ķ� 1olr;|b|b�;� bm|;u-1|bomv�l-��0;�
v|uom];u� -lom]� bm7b�b7�-Ѵv� =uol�7b==;u;m|� ]uo�rv� |_-m� -lom]� bm7b-
�b7�-Ѵv�o=�|_;�v-l;�]uo�rĺ

�-hbm]�ru;7b1|bomv�-0o�|�r-||;umv�o=�ror�Ѵ-|bom�7�m-lb1v�=ou�vo-

1b-Ѵ�vr;1b;v� bv�1_-ѴѴ;m]bm]��b|_o�|�|_;�-b7�o=�-m�-rruorub-|;�1om1;r-

|�-Ѵ� =u-l;�ouhĺ��;1-�v;� bm7b�b7�-Ѵv� =oul�-]]u;]-|bomv� |o�l-�blbv;�
|_;bu�=b|m;vv�Ő�0;mvr;u];uķ�!b�;u-ķ�ş��-�;vķ�ƑƏƐƑĸ��bm]l-ķ�"-m|;l-ķ�
$-0ouvh�ķ�ş��ol7;�uķ�ƑƏƐƓĸ�"bѴhķ�ƑƏƏƕőķ��;�lb]_|�;�r;1|��ѴѴ;;�;==;1|v�
to occur at the level of social organisation in which the benefit is high-

;v|� Ő]uo�rvķ�ror�Ѵ-|bomvőĺ��o�;�;uķ��ѴѴ;;�;==;1|v�o11�uubm]�-|�7b==;u-
ent levels of organisation simultaneously will make any assessment of 

v|uom]�7;lo]u-r_b1��ѴѴ;;�;==;1|v�u-|_;u�bm|ub1-|;ĺ
);� u;�b;��-�-bѴ-0Ѵ;�;�b7;m1;�o=��ѴѴ;;�;==;1|v� -|�7b==;u;m|� Ѵ;�;Ѵv�

o=� vo1b-Ѵ� ou]-mbv-|bomķ� �vbm]� ;�-lrѴ;v� -1uovv� �-ubo�v� vr;1b;v� �b|_�
1om|u-v|bm]� vo1b-Ѵ� v|u�1|�u;ķ� bm1Ѵ�7bm]�1-umb�ou;vķ�0-|vķ�rubl-|;v�-m7�
;�vo1b-Ѵ� bmv;1|vĺ�);� ru;v;m|� -� �mb=�bm]� 1om1;r|�-Ѵ� =u-l;�ouh� |_-|�
1-|;]oubv;v��ѴѴ;;�;==;1|v�bm�u;Ѵ-|bom�|o�vr;1b;v�vo1b-Ѵ�v|u�1|�u;ĺ�);�7bv-
|bm]�bv_��ѴѴ;;�;==;1|v�or;u-|bm]�-|�|_;�ror�Ѵ-|bom�Ѵ;�;Ѵ�-m7�|_ov;�or-

;u-|bm]�-|�|_;�]uo�r�Ѵ;�;Ѵĺ��|_;u�-�|_ouv�_-�;�7;=bm;7�-m7��v;7�vblbѴ-u�
terms: group-level Allee effect� Ő�-|;l-mķ� �o�Ѵvomķ� ş� �Ѵ�||omŊ��uo1hķ�
ƑƏƐƐĸ��-|;l-m�;|�-Ѵĺķ�ƑƏƐƑĸ���t�;ķ��bu-�7ķ�ş��o�u1_-lrķ�ƑƏƐƒő�-m7�
group Allee effect� Ő�m]�Ѵo� ;|�-Ѵĺķ� ƑƏƐƒĸ� �;�m-m� ş� !b7Ѵ;�ķ� ƑƏƐѵőķ� 0�|�
1Ѵ;-u� 7;v1ubr|bomv� o=� 0o|_� |_;� ruo1;vv;v� bm�oѴ�;7� -m7� |_;� u;v�Ѵ|bm]� 
blrѴb1-|bomv�-u;�m;;7;7ĺ

);� -Ѵvo� bm|;]u-|;� 7;lo]u-r_b1� =-1|ouvķ� m-l;Ѵ�� |_;� m�l0;u�
o=� ]uo�rv� -m7� ]uo�r� vb�;� _;|;uo];m;b|�ķ� -m7� 0;_-�bo�u-Ѵ� =-1|ouv�
u;ru;v;m|;7� 0�� bm|;u]uo�r� bm|;u-1|bomvĺ� �m� r-u|b1�Ѵ-uķ� �;� 7;�;Ѵor�
-� l-|_;l-|b1-Ѵ� lo7;Ѵ� |o� v|�7�� ;==;1|v� o=� ]uo�r� vb�;� _;|;uo];m;-

b|�� -m7� bm|;u]uo�r� bm|;u-1|bomv� om� |_;� v|u;m]|_� o=� ror�Ѵ-|bomŊ�Ѵ;�;Ѵ�

7;lo]u-r_b1��ѴѴ;;� ;==;1|vķ� ]b�;m� -� v|uom]� ]uo�rŊ�Ѵ;�;Ѵ� 7;lo]u-r_b1�
�ѴѴ;;� ;==;1|ĺ�);� =bm7� |_-|� 0o|_� |_;v;� =-1|ouv� -==;1|� |_;� v|u;m]|_� o=�
ror�Ѵ-|bomŊ�Ѵ;�;Ѵ� 7;lo]u-r_b1��ѴѴ;;� ;==;1|vĺ� "r;1b=b1-ѴѴ�ķ� ror�Ѵ-|bomv�
�b|_�_b]_�]uo�r�vb�;�_;|;uo];m;b|��-m7�bm��_b1_�|_;�bm7b�b7�-Ѵ�vo1b-Ѵ�
]uo�rv�1oor;u-|;�_-�;�0;;m�=o�m7�|o�0�==;u�lov|�|_;��ѴѴ;;�;==;1|vķ�
-m7�l-��|_�v�ruo�b7;�-m�;�rѴ-m-|bom�=ou��_��;�|bm1|bomv�7�;�|o��ѴѴ;;�
;==;1|v�-u;�u-u;�bm�vo1b-Ѵ�vr;1b;vĺ

ƑՊ |Պ��������$����������$"����
"������"�����"

�Ѵ-vvb1-ѴѴ�ķ��ѴѴ;;�;==;1|v�-u;�1_-u-1|;ubv;7�-v�-�1-�v-Ѵ� u;Ѵ-|bomv_br�
bm��_b1_�|_;�ru;7b1|ou�bv�ror�Ѵ-|bom�vb�;�-m7�|_;�u;vromv;��-ub-0Ѵ;�
bv�;b|_;u�|_;�r;u�1-rb|-�ror�Ѵ-|bom�]uo�|_�u-|;�Ő7;lo]u-r_b1��ѴѴ;;�
;==;1|vő� ou� -m��r;u� 1-rb|-� �b|-Ѵ� u-|;� 1om|ub0�|bm]� |o� b|� Ő1olrom;m|�
�ѴѴ;;� ;==;1|vő� Ő�o��Ɛőĺ� �m� vo1b-Ѵ� vr;1b;vķ� 1olrom;m|� �ѴѴ;;� ;==;1|v�
should manifest themselves at different levels of social organisation 

Ő_;u;-=|;u� levelső� 7;r;m7bm]� om� |_;� �b|-Ѵ� u-|;� ru;v;m|bm]� �ѴѴ;;� ;=-
=;1|vĺ��11ou7bm]Ѵ�ķ�1olrom;m|��ѴѴ;;�;==;1|v�1-m�o11�u�-|�|_;�ror�-

Ѵ-|bom� Ѵ;�;Ѵ� �_;m� |_;� �b|-Ѵ� u-|;� 1ouu;vrom7v� |o� bm7b�b7�-Ѵv� o=� |_;�
�_oѴ;�ror�Ѵ-|bomķ�v�1_�-v�|_;�v�u�b�-Ѵ�o=�7bvr;uvbm]�bm7b�b7�-Ѵvķ�ou�
-|� |_;� ]uo�r� Ѵ;�;Ѵ� �_;m� |_;� �b|-Ѵ� u-|;� 1ouu;vrom7v� |o� bm7b�b7�-Ѵv�
bm� -m�� vbm]Ѵ;� ]uo�rķ� v�1_� -v� r;u� 1-rb|-� ruo7�1|b�b|�� bm� |_;� ]uo�rĺ�
�omv;t�;m|Ѵ�ķ�|_;��b|-Ѵ�u-|;�Őu;vromv;��-ub-0Ѵ;ő�7;|;ulbm;v�|_;�Ѵ;�;Ѵ�
-|��_b1_�|_;��ѴѴ;;�;==;1|�bv�l-mb=;v|;7�Ő-v�v_o�m�bm��o��Ɛőĺ��;Ѵo�ķ�
�;�ruo�b7;�;�-lrѴ;v�o=�1olrom;m|��ѴѴ;;�;==;1|v�-|�;-1_�o=�|_;v;�
Ѵ;�;Ѵv�bm�7b==;u;m|�vo1b-Ѵ�vr;1b;vĺ

ƑĺƐՊ|Պ�uo�rŊ�Ѵ;�;Ѵ�1olrom;m|��ѴѴ;;�;==;1|v

�;1-�v;� 0;m;=b|v� o=� 1oor;u-|b�;� 0;_-�bo�u� o11�u� l-bmѴ�� �b|_bm�
]uo�rvķ�l-m���b|-Ѵ�u-|;v�-u;�rovb|b�;Ѵ��u;Ѵ-|;7�|o�]uo�r�vb�;�-m7�|_�v�
blrѴ��1olrom;m|��ѴѴ;;�;==;1|v�-|�|_;�]uo�r�Ѵ;�;Ѵĺ��Ѵ|_o�]_�|_;�1ol-

lom�ru;7b1|ou�o=� v�1_��b|-Ѵ� u-|;v� bv� ]uo�r� vb�;ķ� b|� 1o�Ѵ7� -Ѵvo�0;� |_;�
m�l0;u�o=�-7�Ѵ|v�ou�l-Ѵ;v� bm� |_;�]uo�rķ�ou�;�;m�o|_;u��-ub-0Ѵ;vķ�-v�
v_o�m�bm�|_;�;�-lrѴ;v�|_-|�=oѴѴo�ĺ

�|�_-v�0;;m�v�]];v|;7�|_-|�0-|v�0;m;=b|�=uol�vo1b-Ѵ�=ou-]bm]ĺ�oo7�
u;vo�u1;v� -u;� o=|;m� ;r_;l;u-Ѵ� -m7� r-|1_bѴ�� 7bv|ub0�|;7ķ� -m7� 1-m� 0;�
located more easily if several animals search for them. Velvety free- 

|-bѴ;7�0-|v�ŐMolossus molossus) from the same colony forage together 

lou;� =u;t�;m|Ѵ�� |_-m�;�r;1|;7�0��1_-m1;� Ő	;1_l-mmķ��u-mv|-�0;uķ�
�b00vķ�ş�)bh;Ѵvhbķ�ƑƏƐƏőĺ��-|v�lb]_|�-Ѵvo�|u-mv=;u�bm=oul-|bom�-0o�|�
=;;7bm]� vb|;v� -lom]� 1oѴom��l;l0;uv� Ő)bѴhbmvomķ� ƐƖƖƑőĺ� ou� ;�-l-

rѴ;ķ�]u;-|;u�vr;-uŊ�mov;7�0-|v�ŐPhyllostomus hastatus) emit social calls 

|o� u;1u�b|� -m7� 1oou7bm-|;� =ou-]bm]� �b|_� �mu;Ѵ-|;7� ]uo�r� l;l0;uv�
Ő)bѴhbmvom�ş�);mub1hŊ��o�]_l-mķ� ƐƖƖѶőĺ��;m;=b|v� o=� |_;v;� hbm7v�o=�
social behaviour could manifest themselves in several vital rates of all 

l;l0;uv� o=� |_;� =ou-]bm]� ]uo�r� -m7� -u;� Ѵbh;Ѵ�� |o� 7;r;m7� om� 1oѴom��
vb�;�Ő�;u|_ķ�ƑƏƏѶőĺ�"blbѴ-uѴ�ķ� bm�]u-��0-|v�ŐMyotis grisescens), juveniles 

reared in larger roosts grow faster than those in smaller roosts, which 

has been attributed to the communal warming effect in larger roosts 

Ő�u;]ou��ş��om;vķ�ƑƏƐƏĸ�$�||Ѵ;ķ�ƐƖƕѵőĺ
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�m�rubl-|;vķ�u;ruo7�1|b�;�v�11;vv�l-��0;�_b]_;u�bm�Ѵ-u];u�]uo�rvķ�
;�;m��_;m�lov|�]uo�r�l;l0;uv�0u;;7�-m7�1-u;� =ou� |_;bu�o�m�o==-
vrubm]� bm7;r;m7;m|Ѵ�ĺ�$_bv� bv� |_;�1-v;� =ou� |_;�,-m�b0-u� u;7�1oѴo0�v�
ŐProcolobus kirkiiő� Ѵb�bm]� bm�l-m]uo�;� =ou;v|vĹ� Ѵ-u];u� ]uo�rv� 7;lom-

v|u-|;�_b]_;u� u-|;v�o=� bm=-m|�v�u�b�-Ѵ� |_-m�vl-ѴѴ;u�]uo�rv� Ő�o�-h�ş�
�;;ķ�ƑƏƐƐőĺ�$_;�0;m;=b|v�o=�]uo�r� Ѵb�bm]� bm�rubl-|;v�-u;�1omvb7;u;7�
|o� bm1Ѵ�7;�lou;� ;==;1|b�;� -m|bŊ�ru;7-|ou� v|u-|;]b;v� -m7� u;7�1;7� r;u�
1-rb|-� ;==;1|v� o=� bm|;u]uo�r� 1olr;|b|bom� bm� Ѵ-u];u� ]uo�rv� Ő"m-b|_�ş�

�_-rl-mķ� ƑƏƏѶőĺ� ou� ;�-lrѴ;ķ� bm� �uvbm;� 1oѴo0�v�lomh;�v� ŐColobus 

vellerosusőķ�Ѵ-u];�]uo�rv�-u;�lou;�;==;1|b�;�-|��b]bѴ-m1;��_;m�u;v|bm]�
Ő$;b1_uo;0�ş�"b1o||;ķ�ƑƏƐƑőĺ��ou;�v�0|Ѵ�ķ� |_;�;==;1|b�;m;vv�o=�-m|bŊ�
ru;7-|ou�v|u-|;]b;v�1o�Ѵ7�7;r;m7�om�|_;�m�l0;u�o=� bm7b�b7�-Ѵv�o=�-�
r-u|b1�Ѵ-u�v;��bm�-�]uo�rĺ��m��=ub1-m�u;7�1oѴo0�v�lomh;�v�ŐPiliocolobus 

tephroscelesőķ�|_;�u-|;�o=�v�11;vv=�Ѵ�7;=;m1;�o=�-�]uo�r�bv�1ouu;Ѵ-|;7�
rovb|b�;Ѵ���b|_�0o|_�]uo�r�vb�;�-m7�|_;�m�l0;u�o=�l-Ѵ;v�bm�|_;�]uo�r�
Ő"|-m=ou7ķ�ƑƏƏƑőĺ

Box 1Ս$�r;v�-m7�Ѵ;�;Ѵv�o=��ѴѴ;;�;==;1|��vbm]�|�o�;�-lrѴ;v�o=�_b]_Ѵ��vo1b-Ѵ�vr;1b;vĹ�|_;��bѴ7�7o]�-m7�|_;��u];m|bm;�-m|
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�rruo�bl-|;Ѵ�� ƐƔѷ� o=� -ѴѴ� 1-umb�ou;v� o11�u� bm� vo1b-Ѵ� ]uo�rv� o=�
�-u�bm]�1o_;vbomĺ�"ro||;7�_�;m-v�ŐCrocuta crocuta) or brown hyenas 

ŐParahyaena brunneaő�7bvrѴ-��]uo�rv��_;u;�-]]u;]-|bom�bv�mo|�;vv;m-

|b-Ѵ� =ou� ]uo�r� r;uvbv|;m1;ĸ� ]uo�rv� -u;� mo|� _b]_Ѵ�� 1o_;vb�;ķ� -7_;ubm]�
|o� =bvvbomŋ=�vbom� ]uo�r�7�m-lb1v� Ő"-m7;uvomķ� �o00bmvķ�ş��Ѵ;�-m7;uķ�
ƑƏƐƓőĺ�"o1b-Ѵ�]uo�r�v|u�1|�u;v�-u;ķ�_o�;�;uķ�;vv;m|b-Ѵ�|o�o0Ѵb]-|;�1o-

or;u-|b�;�0u;;7;uvķ��_;u;�0u;;7bm]� bv� ];m;u-ѴѴ�� u;v|ub1|;7� |o�omѴ�� -�
=;��o=� |_;�ro|;m|b-ѴѴ�� u;ruo7�1|b�;� bm7b�b7�-Ѵv�o=� |_;�]uo�r� Ő�o��Ɛőĺ�
�m��=ub1-m��bѴ7�7o]vķ� b|� _-v�0;;m� v_o�m� |_-|� ]uo�r��b|-Ѵ� u-|;vķ� v�1_�
-v� r;u� 1-rb|-� ruo7�1|b�b|�� ou� r�r� v�u�b�-Ѵķ� -u;� u;Ѵ-|;7� |o� ]uo�r� vb�;�
Ő�m]�Ѵo� ;|�-Ѵĺķ� ƑƏƐƒőĺ��ou;o�;uķ� ]uo�r� u;ruo7�1|b�;� r;u=oul-m1;� bv�
linked more strongly to the number of males than to the number of fe-

l-Ѵ;v�bm�|_;�r-1h�Ő�1��||�ş�"bѴhķ�ƑƏƏѶőĺ��m�l;;uh-|vķ�Ѵo�;u�ruo0-0bѴb|��
of litter survival and higher juvenile mortality have been observed in 

vl-ѴѴ�]uo�rvķ�o�bm]�|o�|_;�_b]_;u�1ov|v�o=�=ou-]bm]�ou�0-0�vb||bm]��_;m�
|oo� =;�� -7�Ѵ|v� -u;� ru;v;m|� Ő�Ѵ�||omŊ��uo1hķ��o7];ķ�ş� Ѵo�;uķ� ƑƏƏѶĸ�
Clutton- Brock et al., 1998; Russell et al., 2002).

�-|�u;� 1oѴom�� vb�;� o=� ;�vo1b-Ѵ� bmv;1|v� ;�_b0b|v� |u;l;m7o�v�
�-ub-|bom� -lom]� vr;1b;vķ� =uol� =;�;u� |_-m�ƐƏ� bm7b�b7�-Ѵv� Ő;ĺ]ĺ� 1oѴ-
omb;v� o=� _-Ѵb1|b7� 0;;vő� |o� |;mv� o=�lbѴѴbomv� Ő;ĺ]ĺ� -ul�� -m|vķ�)bѴvomķ�
ƐƖƕƐőĺ��Ѵ|_o�]_� |_;u;� -u;� f�v|� -� =;�� v|�7b;v� ;�rѴb1b|Ѵ�� bm�;v|b]-|-
bm]��ѴѴ;;�;==;1|v� bm�;�vo1b-Ѵ� bmv;1|v� Ő��t�;�;|�-Ѵĺķ�ƑƏƐƒĸ��bh_;�;�ķ�
$1_bm]mo�l0-ķ��;m7;uvomķ�ş��Ѵomvoķ� ƑƏƏѶőķ�l-m�� v|�7b;v� b7;m|b-
fied a variety of mechanisms through which colonies benefit from 

bm1u;-vbm]� |_;�m�l0;u�o=� bm7b�b7�-Ѵvĺ�ou�;�-lrѴ;ķ�r;u�1-rb|-�ruo-

7�1|b�b|��o=�-�1oѴom��Őbĺ;ĺ�|_;�ruo7�1|bom�o=�m;���ouh;uvő�bm1u;-v;v�
�b|_� 1oѴom�� vb�;� bm� l-m�� ;�vo1b-Ѵ� bmv;1|� vr;1b;v� Ő��t�;� ;|�-Ѵĺķ�
ƑƏƐƒőĺ�"blbѴ-uѴ�ķ�|_;�Ѵbh;Ѵb_oo7�o=�u;ruo7�1|bom�o=�-�1oѴom��Őbĺ;ĺ�|_;�
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ants, colony survival increases with worker abundance due to better 
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Ѵ;�;Ѵ�1olrom;m|��ѴѴ;;�;==;1|�Ő1ķ�-uuo��Ɠő�
ou�-�]uo�rŊ�Ѵ;�;Ѵ�7;lo]u-r_b1��ѴѴ;;�;==;1|�
Ő-uuo��Ɣőĺ���]uo�rŊ�Ѵ;�;Ѵ�7;lo]u-r_b1�
�ѴѴ;;�;==;1|�lb]_|�];m;u-|;�-�ror�Ѵ-|bomŊ�
Ѵ;�;Ѵ�7;lo]u-r_b1��ѴѴ;;�;==;1|�Ő-uuo��ѵőĺ�
��u�;v�u;ru;v;m|�|_;�rovb|b�;�1om|ub0�|bom�
of individual vital rates with increasing 

m�l0;uv�-m7�v_o��-�7;1Ѵbm;�u;ru;v;m|bm]�
rovvb0Ѵ;�m;]-|b�;�7;mvb|��7;r;m7;m1;�-|�
high numbers [Colour figure can be viewed 

at wileyonlinelibrary.com]

(a) (b)

(c) (d)
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;==;1|ő� -m7� bm1u;-vbm]� |_;bu� ruo0-0bѴb|�� o=� v�u�b�-Ѵ� -m7� u;ruo7�1|bom�
Ő|_;�]uo�rŊ�Ѵ;�;Ѵ�1olrom;m|��ѴѴ;;�;==;1|ő�Ő�7-lv�ş�$v1_bmh;Ѵķ�ƐƖƖƔ-ķ�
ƐƖƖƔ1őĺ�$_bv��o�Ѵ7�mo|�o11�u��b|_� Ѵo��]uo�r�m�l0;uv�0;1-�v;� |_;�
ruo0-0bѴb|��o=�u-b7v�7;1u;-v;vĺ

�m� vol;� |;uub|oub-Ѵ� 1oor;u-|b�;� 0u;;7;uvķ� v�1_� -v� l;;uh-|vķ� bm-

1u;-vbm]� |_;� ]uo�r� m�l0;u� l-�� 0;� 7;|ubl;m|-Ѵķ� ;vr;1b-ѴѴ�� =ou� |_;�
vl-ѴѴ;v|� ]uo�rvķ� �_b1_� v�==;u� lov|� =uol� bm|u-vr;1b=b1� 1olr;|b|bom�

Ő�Ѵ�||omŊ��uo1h�;|�-Ѵĺķ�ƐƖƖƖőĺ�$_bv�;==;1|��bѴѴ�Ѵbh;Ѵ��0;�v|uom];v|�-|�_b]_�
ror�Ѵ-|bom�7;mvb|b;v�0;1-�v;�];o]u-r_b1�7bv|-m1;�_-v�0;;m�v_o�m�|o�
0;�-� u;Ѵb-0Ѵ;�ru;7b1|ou�o=� bm|;u]uo�r�;m1o�m|;uv� Ő	u;�;ķ��-77;mķ�ş�
�;-u1;ķ�ƑƏƏƖőĺ��m�|_bv�1-v;ķ��b|_�m;]-|b�;�bm|;u-1|bomv�-lom]�]uo�rv�
Ő]uo�rv� 1olr;|;őķ� -� 1olrom;m|� ou� 7;lo]u-r_b1��ѴѴ;;� ;==;1|� -|� |_;�
]uo�r� Ѵ;�;Ѵ�l-��0;�;�-1;u0-|;7�-v�]uo�r�m�l0;u� bm1u;-v;v� Őbĺ;ĺ� |_;�
;==;1|� o=� bm1u;-vbm]� ]uo�r� vb�;� bm1u;-v;v� |_;� ruo0-0bѴb|�� o=� ]uo�r� 
;�|bm1|bomĸ�b]�u;�ƒ1őĺ

ƒĺƒՊ|Պ�m=Ѵ�;m1;�o=�]uo�r�vb�;�_;|;uo];m;b|��-m7�
bm|;u]uo�r�bm|;u-1|bomv

�=� -ѴѴ� ]uo�rv� bm� -� ror�Ѵ-|bom��;u;� o=� vblbѴ-u� vb�;ķ� |_;m� b|� �o�Ѵ7� 0;�
v|u-b]_|=ou�-u7� |o� ru;7b1|� ror�Ѵ-|bom� ;�|bm1|bom� 7�;� |o� �ѴѴ;;� ;=-
=;1|vĺ��|�_-v�0;;m�_�ro|_;vbv;7�|_-|��ѴѴ;;�;==;1|v�-1|bm]�-|�|_;�]uo�r�
Ѵ;�;Ѵ� v_o�Ѵ7� v1-Ѵ;� �r� |o� |_;� ror�Ѵ-|bom� Ѵ;�;Ѵ� Ő-uuo�� ѵ� bm� b]�u;�Ƒő�
Ő�o�u1_-lrķ��Ѵ�||omŊ��uo1hķ�ş��u;m=;ѴѴķ�ƑƏƏƏĸ�"|;r_;mv�;|�-Ѵĺķ�ƐƖƖƖőĺ�
$_;ou;|b1-Ѵ� v|�7b;v� v�]];v|� |_-|� b=� ]uo�r�]uo�|_� u-|;v� -u;� v�m1_uo-

mbv;7ķ�|_;m�r-||;umv�o=�]uo�r�]uo�|_�-u;�Ѵbh;Ѵ��|o�u;v;l0Ѵ;�r-||;umv�
o=�ror�Ѵ-|bom�]uo�|_�0;1-�v;ķ� bm�r-u|ķ�|_;�ror�Ѵ-|bom�bv�l-7;��r�o=�
_olo];m;o�v� ]uo�r� vb�;v� Ő�-|;l-m� ;|�-Ѵĺķ� ƑƏƐƐĸ� �o�u1_-lr� ;|�-Ѵĺķ�
ƑƏƏƏőĺ��ou;o�;uķ� ]uo�r� vb�;� v�m1_uom�� �o�Ѵ7� rov;� -� ubvh� bm� -77b-
|bom�|o�|_-|�o=�o�;u-ѴѴ�7�m-lb1-Ѵ�v�m1_uom��Ő�-umķ�!o_-mbķ�ş��u;m=;ѴѴķ�
ƐƖƖѶőĺ�+;|ķ�u;1;m|�;lrbub1-Ѵ�v|�7b;v�o=�1oor;u-|b�;�0u;;7;uv�v�]];v|�
|_-|�|_bv�ruo1;vv�bv�mo|��mb�;uv-Ѵķ�-m7�|_;�blrѴb1-|bomv�o=�]uo�rŊ�Ѵ;�;Ѵ�
7;lo]u-r_b1��ѴѴ;;�;==;1|�om�o�;u-ѴѴ�ror�Ѵ-|bom�7�m-lb1v�u;l-bm��m-

1;u|-bm� Ő�-|;l-m�;|�-Ѵĺķ� ƑƏƐƑĸ�)oo7uo==;ķ� ƑƏƐƐő� -m7�lb]_|� 7;r;m7�
om�|_;�_;|;uo];m;b|��o=�]uo�r�vb�;v�Ő�m]�Ѵo�;|�-Ѵĺķ�ƑƏƐƒőĺ�$_;�o11�u-
u;m1;�o=� -� ror�Ѵ-|bomŊ�Ѵ;�;Ѵ� 7;lo]u-r_b1��ѴѴ;;� ;==;1|�lb]_|� 0;� -Ѵvo�
bm=Ѵ�;m1;7�0��|_;�|�r;�o=�bm|;u]uo�r�bm|;u-1|bomvĺ��m|;u;v|bm]Ѵ�ķ�0o|_�
|_;v;�=-1|ouv�l-��0;�r-u-ѴѴ;Ѵ�|o�|_ov;�7ub�bm]�l;|-ror�Ѵ-|bom�7�m-l-

b1vķ�m-l;Ѵ��r-|1_�1omm;1|b�b|��-m7�r-|1_�vb�;�_;|;uo];m;b|��Ő�-uubvom�
ş�$-�Ѵouķ�ƐƖƖƕĸ�"�-u|�ş��-�;vķ�ƐƖƖѵőĺ

$o�v|�7��|_;� blr-1|v�o=� |_;v;�=-1|ouvķ��;�7;�;Ѵor�-�vblrѴ;�vbl-

�Ѵ-|bom�lo7;Ѵ�|_-|�1omvb7;uv�7�m-lb1v�o=�-�ror�Ѵ-|bom�7bv|ub0�|;7�bm�
vo1b-Ѵ�]uo�rv�-m7�-vv�l;v� |_-|� |_;u;� bv�-� v|uom]�7;lo]u-r_b1��ѴѴ;;�
;==;1|�-|�|_;�]uo�r�Ѵ;�;Ѵ�Őv;;��rr;m7b��"Ɛőĺ�);�;�rѴou;��_;|_;u�|_bv�
vb|�-|bom�u;v�Ѵ|v�bm�-�v|uom]�7;lo]u-r_b1��ѴѴ;;�;==;1|�-|�|_;�ror�Ѵ-|bom�
Ѵ;�;Ѵķ�-m7ķ� b=��;vķ�_o��b|v�v|u;m]|_��-ub;v��b|_�|_;�Ѵ;�;Ѵ�o=�]uo�r�vb�;�
_;|;uo];m;b|��-m7�|_;�|�r;�o=�bm|;u]uo�r�bm|;u-1|bomvĺ��m�r-u|b1�Ѵ-uķ��;�
lo7;Ѵ��-ub-|bom�bm�]uo�r�vb�;�_;|;uo];m;b|��bm�|_;�ror�Ѵ-|bom�-m7�_o��
bm|;u]uo�r� bm|;u-1|bomv� -==;1|� ]uo�r� ]uo�|_� 7�m-lb1vķ� 1omvb7;ubm]�
mbm;�v1;m-ubovĹ�|_u;;�Ѵ;�;Ѵv�o=�]uo�r�vb�;�_;|;uo];m;b|��ŐѴo�ķ�l;7b�lķ�
_b]_ő�-m7�|_u;;�|�r;v�o=�bm|;u]uo�r�bm|;u-1|bomv�Ő1olr;|b|b�;ķ�m;�|u-Ѵķ�
1oor;u-|b�;őĺ�ou�;-1_�v1;m-uboķ��;�Ѵooh�=ou�|_;�u;v�Ѵ|bm]�ror�Ѵ-|bomŊ�
Ѵ;�;Ѵ��ѴѴ;;� |_u;v_oѴ7� 0���-u�bm]� |_;� bmb|b-Ѵ� |o|-Ѵ� ror�Ѵ-|bom� vb�;� -m7�
-vv;vvbm]�|_;�;�|bm1|bom�ruo0-0bѴb|��o=� |_;�ror�Ѵ-|bom� Őv;;��rr;m7b��
"Ɛ�=ou�|;1_mb1-Ѵ�7;|-bѴvőĺ

��v|uom]�ror�Ѵ-|bom�7;lo]u-r_b1��ѴѴ;;�;==;1|�;l;u];7�=uol�-�v|uom]�
]uo�r�7;lo]u-r_b1��ѴѴ;;�;==;1|�Őb]�u;�Ɠőĺ��ou;�blrou|-m|Ѵ�ķ�-v�]uo�r�
vb�;�_;|;uo];m;b|��7;1u;-v;7ķ�|_;��ѴѴ;;�|_u;v_oѴ7�0;1-l;�Ѵ-u];u�-m7�|_;�
;�|bm1|bom� ruo0-0bѴb|�� o=� -|� Ѵ;-v|� vl-ѴѴ� ror�Ѵ-|bomv� bm1u;-v;7ĺ�$_;� Ѵb=;�
1�1Ѵ;�o=�vol;�|;lr;u-|;��-vrv�bv�v;-vom-ѴѴ��v�m1_uombv;7�-m7�|_;u;�bv�

 ��&!� �ƒՊ��-lrѴ;v�o=�ro|;m|b-Ѵ�bm|;u-1|bomv�0;|�;;m�|_;�
m�l0;u�o=�]uo�rv�bm�|_;�ror�Ѵ-|bom�Ő]uo�r�m�l0;uő�-m7�|_;�]uo�r�
vb�;�om��b|-Ѵ�u-|;vķ�bm�u;Ѵ-|bom�|o�|_;�|�r;�o=�bm|;u-1|bomv�-lom]�
]uo�rvĹ�Ő-ő�1oor;u-|b�;�bm|;u-1|bomĸ�Ő0ő�m;�|u-Ѵ�bm|;u-1|bom�-m7�Ő1ő�
1olr;|b|b�;�bm|;u-1|bomĺ���1olrom;m|�ou�7;lo]u-r_b1��ѴѴ;;�;==;1|�
bv�u;ru;v;m|;7�0��-�u;7�Ѵbm;ķ��_bѴ;�mo��ѴѴ;;�;==;1|�bv�u;ru;v;m|;7�0��-�
blue line [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(b)

(c)
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mo�1olr;|b|bom�-lom]�1oѴomb;v�Ő�b1_;m;uķ�ƐƖƖƏĸ��b|;vv;uķ�);bvv;Ѵķ�ş�
"|uo_lķ�ƑƏƏѵőĺ�$_;v;�vr;1b;v�|_�v�-rr;-u�|o�=-ѴѴ��m7;u�|_;�Ѵo��_;|;uo-

geneity and neutral interactions scenario for which a relatively strong 

7;lo]u-r_b1��ѴѴ;;�;==;1|�bv�ru;7b1|;7�-|�|_;�ror�Ѵ-|bom�Ѵ;�;Ѵ�Őb]�u;�Ɠ=őĺ
�m��=ub1-m��bѴ7�7o]vķ� b|�_-v�0;;m�v�]];v|;7�|_-|�|_;�ru;v;m1;�o=�

]uo�rŊ�Ѵ;�;Ѵ�7;lo]u-r_b1��ѴѴ;;�;==;1|v�-m7�|_;�-0v;m1;�o=�ror�Ѵ-|bom�
;�|bm1|bom�1o�Ѵ7�0;�7�;�|o�l�|�-Ѵ� bm|;u]uo�r�-�ob7-m1;ķ��b|_� Ѵ-u];u�
r-1hv� -ѴѴo�bm]� vl-ѴѴ;u� r-1hv� |o� �|bѴbv;� -7f-1;m|� |;uub|oub;v� �b|_o�|�
_-u-vvl;m|� Ő�m]�Ѵo� ;|�-Ѵĺķ� ƑƏƐƒőĺ� $_bv� 0;_-�bo�u� bv� 1omvbv|;m|� �b|_�
|_;�_b]_�_;|;uo];m;b|��-m7�m;�|u-Ѵ� bm|;u-1|bomv�v1;m-ubo� Őb]�u;�Ɠ7őķ�
v�]];v|bm]� -� |;v|-0Ѵ;� ru;7b1|bom� |_-|� |_;� v|u;m]|_� o=� -� ro|;m|b-Ѵ�
ror�Ѵ-|bomŊ�Ѵ;�;Ѵ�7;lo]u-r_b1��ѴѴ;;�;==;1|�lb]_|�0;�Ѵo��7�;�|o�-v�m-

1_uom��bm�r-1h�7�m-lb1vĺ

��u�lo7;Ѵv�-Ѵvo�v_o��|_-|�|_;��ѴѴ;;�|_u;v_oѴ7�bv�u;7�1;7�-m7�|_;�
ror�Ѵ-|bom�;�|bm1|bom�ruo0-0bѴb|��7;1Ѵbm;v�-v�bm|;u-1|bomv�]o�=uol�1ol-

r;|b|b�;�|_uo�]_�m;�|u-Ѵ�|o�1oor;u-|b�;�Őb]�u;�Ɠ�-m7��rr;m7b��"Ɛőĺ��m�
-77b|bomķ�0;1-�v;�|_;�;==;1|v�o=�]uo�r�vb�;�_;|;uo];m;b|��-u;�Ѵ-u];u�=ou�
1olr;|b|b�;�bm|;u-1|bomv�|_-m�=ou�1oor;u-|b�;�om;vķ�|_;�v1;m-ubo��b|_�
|_;�Ѵo�;v|�ror�Ѵ-|bomŊ�Ѵ;�;Ѵ�7;lo]u-r_b1��ѴѴ;;�|_u;v_oѴ7�bv�-�1ol0b-
m-|bom�o=�_b]_�]uo�r�vb�;�_;|;uo];m;b|��-m7�1oor;u-|b�;�bm|;u]uo�r�bm-

|;u-1|bomv�Őb]�u;�Ɠ]őĺ�$_;�1oor;u-|b�;�v1;m-ubov�Őb]�u;�Ɠ]ķ_ķbő�1o�Ѵ7�
0;�;�;lrѴb=b;7�0��l-m��bm�-vb�;�-m|�vr;1b;v�bm��_b1_�|_;u;�bv�mo�bm-

|u-vr;1b=b1�-]]u;vvbom�0�|�u-|_;u�-m�-1|b�;�1oor;u-|bom�-lom]�m;v|vĹ�
v�r;u1oѴomb-Ѵb|��Ő�-vv;u-ķ�ƐƖƖƓőĺ

��u� u;v�Ѵ|v� l-�� -Ѵvo� _-�;� blrou|-m|� ru-1|b1-Ѵ� blrѴb1-|bomvĺ�
�uo�r�vb�;�_;|;uo];m;b|��l-��0;�7ub�;m�0��|_;��-ub-0Ѵ;�t�-Ѵb|��-m7�

 ��&!� �ƓՊ�or�Ѵ-|bom�;�|bm1|bom�ruo0-0bѴb|��-v�-�=�m1|bom�o=�|_;�bmb|b-Ѵ�|o|-Ѵ�ror�Ѵ-|bom�vb�;ķ�=ou�|_u;;�7;]u;;v�o=�]uo�r�vb�;�_;|;uo];m;b|��
-m7�|_u;;�|�r;v�o=�bm|;u]uo�r�bm|;u-1|bomvĺ�$_;�or;m�0Ѵ-1h�7o|v�-u;�|_;�vbl�Ѵ-|bom�u;v�Ѵ|vķ�|_;�u;7�1�u�;v�-u;�=b|v�o=�-m�;�|bm1|bom�ruo0-0bѴb|��
=�m1|bomķ�-m7�|_;�0Ѵ�;�voѴb7�7o|v�-u;�bm=Ѵ;1|bom�robm|v�o=�|_-|�=�m1|bomķ��_b1_�1ouu;vrom7�|o�7;|;ulbmbv|b1��ѴѴ;;�|_u;v_oѴ7vĺ�$_;�v_-7;7�-u;-v�
;lr_-vbv;�Ѵo1-|bomv�o=�|_;��ѴѴ;;�|_u;v_oѴ7vķ�1-m�0;�1olr-u;7�-1uovv�v1;m-ubovķ�-m7�u;Ѵ-|;�|o�|_;�v|u;m]|_�o=�|_;�ror�Ѵ-|bomŊ�Ѵ;�;Ѵ�7;lo]u-r_b1�
�ѴѴ;;�;==;1|ĺ�$_bv�=b]�u;�v_o�v�u;v�Ѵ|v�=ou�f�v|�om;�o=�|_;�=o�u�lo7;Ѵ��-ub-m|v�-m7�u;v�Ѵ|v�=ou�-ѴѴ�|_ov;��-ub-m|v�-u;�1omvbv|;m|ĺ�ou�lou;�7;|-bѴv�v;;�
�rr;m7b��"Ɛ�Œ�oѴo�u�=b]�u;�1-m�0;��b;�;7�-|��bѴ;�omѴbm;Ѵb0u-u�ĺ1olœ
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r-|1_�� 7bv|ub0�|bom� o=� v�b|-0Ѵ;� _-0b|-|� Ő�o_mvomķ� �-�vķ� �Ѵ-1h�;ѴѴķ�
ş� �-17om-Ѵ7ķ� ƑƏƏƑőĺ� �o�;�;uķ� -v� -m|_uoro];mb1� -1|b�b|b;v� 7;-

]u-7;� t�-Ѵb|�� -m7� t�-m|b|�� o=� v�b|-0Ѵ;� _-0b|-|ķ� ]uo�r� vb�;v� lb]_|�
homogenise which, according to our results, means an increased 

Ѵbh;Ѵb_oo7�o=�ror�Ѵ-|bom�;�|bm1|bom�7�;�|o��ѴѴ;;�;==;1|vĺ��-0b|-|�7;]-

u-7-|bomķ�v�1_�-v�u;vo�u1;�7;rѴ;|bomķ�lb]_|�bm1u;-v;�|_;�]uo�r�vb�;v�
u;t�bu;7�=ou�]uo�r�;v|-0Ѵbv_l;m|ķ�u;7�1bm]��-ub-0bѴb|��bm�]uo�r�vb�;vĺ�
ou� ;�-lrѴ;ķ� vl-ѴѴ� ]uo�rv� o=��=ub1-m��bѴ7� 7o]v� -u;� 1olruolbv;7�
;m;u];|b1-ѴѴ�� -m7� -u;� ;�r;1|;7� |o� 0;� vb]mb=b1-m|Ѵ�� lou;� blr-1|;7�
|_-m�Ѵ-u];�]uo�rv�7�;�|o�_�l-m�-1|b�b|��ru;�;m|bm]�v�11;vv=�Ѵ�_�m|v�
Őv�1_�-v�_�m|bm]�ou�;1o|o�ubvlő�ou�ruolo|bm]� bm|;uvr;1b=b1�1olr;-

|b|bom�Őbm1Ѵ�7bm]�hѴ;r|or-u-vb|bvlő�Ő!-vl�vv;m�ş��-17om-Ѵ7ķ�ƑƏƐƑĸ�
!-vl�vv;m�;|�-Ѵĺķ�ƑƏƏѶőĺ��|_;u�;�|;um-Ѵ� =-1|ouv� |_-|�7;1u;-v;�v�u-
�b�-Ѵ�u-|;v�Őv�1_�-v�7bv;-v;vķ�"-m7;uvom�;|�-Ѵĺķ�ƑƏƐƓő�1o�Ѵ7�-Ѵvo�1u;-

-|;�-�7bv;-v;Ŋ�7ub�;m��ѴѴ;;�;==;1|� ŐvblbѴ-uѴ�� |o� |_;�ru;7-|bomŊ�7ub�;m�
�ѴѴ;;� ;==;1|ķ� �m]�Ѵoķ� !o;l;uķ� �;u;1ķ� �-v1ob]m;ķ� ş� �o�u1_-lrķ�
ƑƏƏƕő�-m7�|_;� Ѵovv�o=� bm7b�b7�-Ѵv�v_o�Ѵ7�1olruolbv;�vl-ѴѴ�]uo�rv�
vr;1b=b1-ѴѴ�ĺ

ƓՊ |Պ$���"&��!�&�҃���(������������$

�m�vr;1b;v��b|_�v|uom]�vo1b-Ѵ�0;_-�bo�uķ�-� |_bu7� Ѵ;�;Ѵ�o=�ou]-mbv-|bom�
l-�� 0;� 7;v1ub0;7Ĺ� |_;� v�0]uo�r� Őv;;� �o��Ɛőĺ� ��-lrѴ;v� o=� -� |�rb1-Ѵ�
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Effects of group size heterogeneity and intergroup interactions on strength of population 

demographic Allee effect 

Here, we develop a simple simulation model that considers the dynamics of a population 

distributed in social groups. Assuming that each group has a strong demographic Allee effect at 

the group level, we explore whether it results in a strong demographic Allee effect at the 

population level. We further explore how the strength of the population demographic Allee 

effect varies with the level of group size heterogeneity and the type of intergroup interactions. 

 

Group dynamics with a strong demographic Allee effect 

We employ a phenomenological model of group dynamics that produces a strong demographic 

Allee effect. Denoting by 𝑁(𝑡) the size of group i at time t, the model is as follows: 

𝑁(𝑡 + 1) = 𝜆𝑁(𝑡) ∙ ൬
1

1 + 𝑁(𝑡)/𝛽
൰ ∙ ቆ

𝑁(𝑡)
𝑁(𝑡) + 𝐿ቇ

                                                                          (𝑒𝑞𝑛  1) 

In the absence of both fractions we have a geometric growth (a discrete-time equivalent of the 

classical exponential growth), where 𝜆 is the per capita growth rate of the group. The fraction 
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1 (1 + 𝑁(𝑡) 𝛽⁄ )⁄  then represents a level of within-group competition that limits the maximum 

group size; the positive parameter 𝛽 accounts for the strength of this competitive interaction. 

The geometric growth combined with this competitive term is commonly referred to as a 

Beverton-Holt formulation of discrete-time dynamics (a discrete-time equivalent of the classical 

logistic dynamics) (Brännström	  &	  Sumpter	  2005). The second fraction 𝑁(𝑡) (𝑁(𝑡) + 𝐿⁄ ) is a 

generic term often used to trigger a strong demographic Allee effect in population models, here 

in the group, and thus represents a level of within-group cooperation; the positive parameter 𝐿 

scales the strength of this cooperative interaction (McCarthy 1997; Schreiber 2003). The 

resulting per capita group growth rate as a function of the group size, as implied by (eqn 1), is 

exemplified in Fig. 1. This function crosses the replacement line 𝑁(𝑡 + 1)     𝑁(𝑡)⁄ = 1 (red line in 

Fig. 1) at two important points. The lower of these points is the group Allee threshold or the 

critical group size below which the group growth rate is negative and the group goes extinct 

(under deterministic dynamics) due to an insufficient number of individuals in the group. The 

upper of these points is a stable equilibrium attained by the group of an initial size above the 

Allee threshold (again under deterministic dynamics). 

 

Figure 1: The per capita group growth rate as a function of group size, demonstrating a strong 

group demographic Allee effect. Fixing model parameters to  𝜆 = 2, 𝛽 = 40 and 𝐿 = 5.5 gives the 

group Allee threshold at about 8.5 (group size corresponding to the lower crossing of the red 
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line and black curve) and the stable equilibrium at about 26 (group size corresponding to the 

upper crossing of the red line and black curve). 

In simulations of group and population dynamics, we use two variants of the model (eqn 1), both 

accounting for environmental stochasticity. First, we assume that the mean value of the 

parameter 𝜆 is constant and the same for all groups forming the population but its actual value 

varies among groups and from year to year following a Gamma distribution (Melbourne & 

Hastings 2008). We refer to this way of modelling stochasticity as intragroup stochasticity 

because it affects just one component of group dynamics. Alternatively, we consider a kind of 

Moran effect (Royama 1992). Assuming 𝐺 groups, we implement this effect by adding to the 

model composed of 𝐺 equations of type (eqn 1) a multivariate normal random variable with the 

zero mean and a 𝐺 × 𝐺 variance-covariance matrix  Σ that has (for the sake of simplicity) all 

diagonal elements equal to 𝜎ଶ and all non-diagonal elements equal to  𝜌𝜎ଶ. This simple structure 

of Σ means that each group is exposed to environmental variance 𝜎ଶ and that there is a 

correlation 𝜌 between dynamics of different groups due to spatially correlated environmental 

effects. We refer to this way of modelling stochasticity as intergroup stochasticity because it 

affects the overall group growth rate. Both approaches allow us to set different levels of group 

size heterogeneity by varying variance of the Gamma distribution and the correlation 

parameter  𝜌, respectively, which we need for assessing the effect of group size heterogeneity on 

the occurrence and strength of the population demographic Allee effect. 

 

Simulation framework 

Before we specify how we deal with group size heterogeneity and how we introduce intergroup 

interactions, we present our general simulation framework. Fixing the number of groups to  𝐺, 

then for each adopted level of group size heterogeneity (low, medium, high) and type of 

intergroup interactions (competitive, neutral, cooperative) we vary the initial total population 

size  𝑁, from 𝐺 to 40. For each 𝑁 we run the population model consisting of  𝐺 equations – 
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stochastic versions of the model (eqn 1) – for 500 time steps and 200 replicates, storing the 

proportion of replicates for which the population as a whole went extinct. This proportion 

provides an estimate of the extinction probability of the population composed of 𝐺 groups and 

starting with  𝑁 individuals. 

We then fit a Weibull distribution function (see below) to simulation data to describe the 

population extinction probability as a function of the initial total population size  𝑁, and compare 

the resulting functions (also referred to as the extinction probability curves) for all nine 

scenarios we consider. In particular, we seek a strong population demographic Allee effect by 

looking for an inflection point of the extinction probability curve because this point represents 

the stochastic analogue of the deterministic Allee threshold (Dennis 1989). 

Specifically, we fit the Weibull distribution function 

𝑃௫௧(𝑁) = expቆ−൬
𝑁
𝛼
൰
௪
ቇ                                                                                                   (𝑒𝑞𝑛  2) 

to simulation data to obtain estimates of the parameters 𝛼 (scale parameter) and 𝑤 (shape 

parameter). Once the estimate of 𝑤 is greater than 1, we can calculate the inflection point of 

𝑃௫௧(𝑁) as (the second derivative of 𝑃௫௧(𝑁) with respect to N has to equal zero at the inflection 

point) 

𝑁 = 𝛼 ൬
𝑤 − 1
𝑤

൰
భ
ೢ
                                                                                                                              (𝑒𝑞𝑛  3) 

 

Group size heterogeneity 

Following the two types of environmental stochasticity we introduced above, we model group 

size heterogeneity in two ways. Under intragroup stochasticity, we vary variance of the Gamma-

distributed maximum per capita group growth rate 𝜆 (higher variance of 𝜆 means higher group 
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size heterogeneity). Under intergroup stochasticity, we vary the spatial environmental 

correlation  𝜌 (lower value of 𝜌 means higher group size heterogeneity). 

 

Intergroup interactions 

For simplicity and clarity of presentation, we assume that there is no migration (i.e., no exchange 

of individuals) between groups and no fission-fusion group dynamics (i.e., number of groups 

does not vary in time), but only assume that groups may interact in a competitive way, not 

interact at all (neutral interaction), or interact in a cooperative way. A possible competitive 

interaction occurs when close enough groups compete for food or territory. For example, larger 

groups of meerkats harass smaller ones (Clutton-Brock et al. 1999; Drewe, Madden & Pearce 

2009; Bateman et al. 2015). An example of neutral interaction is avoidance behaviour that most 

African wild dog packs display against each other. Packs tolerate proximity of other packs, 

simply avoiding using the same area (Angulo et al. 2013). Finally, a possible cooperative 

interaction may occur in the Argentine ant invading a new area. Typical of many invasive ant 

species is cooperation among different nests in a supercolony, which potentiates enhanced 

foraging, competition over other species, survival, and population expansion (Sagata & Lester 

2009). Enhanced mate finding due to encounters of individuals from different groups (the classic 

Allee effect) also seems to fit under this category. 

We adopt two ways of modelling competitive and cooperative interactions. First, we assume that 

intergroup interactions effectively augment the current group size. In particular, we let the 

effective group size due to the intergroup interactions equal  𝑁(𝑡) = 𝑁(𝑡) + 𝑐𝑁(𝑡) where 

𝑁(𝑡) is the total number of individuals in the groups other than the focal group at time 𝑡 and 𝑐 is 

a positive constant determining the interaction strength. Furthermore, following the above 

examples we assume that when competition among groups occurs, the term 1/(1 + 𝑁/𝛽) of the 

model (eqn 1) is affected by the augmentation and the model (eqn 1) becomes 
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𝑁(𝑡 + 1) = 𝜆𝑁(𝑡) ∙ ൬
1

1 + 𝑁(𝑡)/𝛽
൰ ∙ ቆ

𝑁(𝑡)
𝑁(𝑡) + 𝐿ቇ

                                                                              (𝑒𝑞𝑛  4) 

Indeed, as 𝑁(𝑡) > 0 and hence 𝑁(𝑡) > 𝑁(𝑡) the effect of other groups is to depress the per 

capita group growth rate of any group in a population of any size relative to the baseline model 

(eqn 1). On the other hand, when cooperation among groups occurs, we assume that the term 

𝑁/(𝑁 + 𝐿) of the model (eqn 1) is affected by 𝑁(𝑡) and the modified model then is 

𝑁(𝑡 + 1) = 𝜆𝑁(𝑡) ∙ ൬
1

1 + 𝑁(𝑡)/𝛽
൰ ∙ ቆ

𝑁(𝑡)
𝑁(𝑡) + 𝐿ቇ

                                                                                (𝑒𝑞𝑛  5) 

Here, since 𝑁(𝑡) > 0 implies 𝑁(𝑡) > 𝑁(𝑡) the effect of other groups is to enhance the per 

capita group growth rate of any group in a population of any size relative to the baseline model 

(eqn 1). Finally, for neutral interactions, we use the original model (eqn 1). We refer to this way 

of modelling intergroup interactions as group size modification. 

Alternatively, we impose a population-wide suppression (competition), no change (neutral 

interaction), or population-wide boost (cooperation) to the group growth rate, depending on the 

population size. In particular, we consider the group growth rate modifying 

term  𝑐𝑁(𝑡) (1 + 𝑁(𝑡))⁄ 𝑁(𝑡), where 𝑁(𝑡) and 𝑐 have the same meaning as in the previous 

paragraph. We add this term to the right-hand side of model (eqn 1) in the case of cooperation, 

but subtract it in the case of competition; no term is added or subtracted in the case of neutral 

interaction. Since the modelled group size has the potential to become negative if competition 

occurs and 𝑁(𝑡) and/or 𝑐 are large, we assume that once the group size becomes negative the 

group is considered extinct and its size is set to zero for the remaining simulation time (since we 

do not assume exchange of individuals among groups). This actually means that the per capita 

group growth rate is reduced or enhanced by  𝑐𝑁(𝑡)/(1 + 𝑁(𝑡)), a term that grows from 0 to 𝑐 

as 𝑁(𝑡) increases. Because this way of modelling competitive and cooperative interactions 

modifies locations of unstable (group Allee threshold) and stable equilibria of the model (eqn 1), 

it may represent the situation when the presence of other groups modifies efficiency of 
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performance of the focal group. We refer to this way of modelling intergroup interactions as 

group growth modification. We believe that these two approaches to modelling competitive and 

cooperative interactions may approximate numerous realistic cases. 

 

Results 

A strong population demographic Allee effect emerges from a strong group demographic Allee 

effect. The consistent trend is a decline of the population Allee threshold and hence a weakening 

of the population demographic Allee effect when group size heterogeneity increases and/or 

intergroup interactions go from competitive through neutral to cooperative (Figs 2-5). In 

addition, for any initial population size, the population extinction probability declines and the 

effect of group size heterogeneity appears to become weaker as interactions go from 

competitive through neutral to cooperative (Figs 2-5). All this appears to occur regardless of 

how we model group size heterogeneity and the effect of intergroup interactions, and hence to 

be quite robust. 
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Figure 2: Population extinction probability as a function of the initial total population size 𝑁 for 

three levels of group size heterogeneity induced by intergroup stochasticity and three types of 

intergroup interactions induced by group size modification (panels a, d, g: 𝜌 = 0.05 (low group 

dynamics synchronicity), panels b, e, h:  𝜌 = 0.5 (medium group dynamics synchronicity), panels 

c, f, i:  𝜌 = 0.95 (high group dynamics synchronicity)). Parameters: G = 5 (i.e., five groups), c = 0.1 

for cooperative interaction, c = 0.1 also for competitive interaction, and  𝜎 = 2. Other parameters 

are as in Fig. 1. The open black dots are the simulation results, the red curves are fits of the 

function 𝑃௫௧(𝑁) (eqn 2), and the blue solid dots are their inflection points 𝑁 (eqn 3), which 

correspond to deterministic Allee thresholds (Dennis 1989). The shaded areas serve to 

emphasize the size of the population Allee threshold across different scenarios, and therefore 

the strength of the population demographic Allee effect.  
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Figure 3: Population extinction probability as a function of the initial total population size 𝑁 for 

three levels of group size heterogeneity induced by intergroup stochasticity and three types of 

intergroup interactions induced by group growth modification (panels a, d, g: 𝜌 = 0.05 (low 

group dynamics synchronicity), panels b, e, h:  𝜌 = 0.5 (medium group dynamics synchronicity), 

panels c, f, i:  𝜌 = 0.95 (high group dynamics synchronicity)). Parameters: G = 5, c = 0.25 for 

cooperative interaction, c = 0.05 for competitive interaction, and  𝜎 = 2. Other parameters and 

legend are as in Fig. 2. 
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Figure 4: Population extinction probability as a function of the initial total population size 𝑁 for 

three levels of group size heterogeneity induced by intragroup stochasticity and three types of 

intergroup interactions induced by group size modification (panels a, d, g: 𝑣𝑎𝑟  𝜆 = 2, panels b, e, 

h:  𝑣𝑎𝑟  𝜆 = 1, panels c, f, i:  𝑣𝑎𝑟  𝜆 = 0.1). Parameters: G = 5, c = 0.1 for cooperative interaction, c = 

0.1 also for competitive interaction, and  𝜎 = 2. Other parameters and legend are as in Fig. 2. 
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Figure 5: Population extinction probability as a function of the initial total population size 𝑁 for 

three levels of group size heterogeneity induced by intragroup stochasticity and three types of 

intergroup interactions induced by group growth modification (panels a, d, g: 𝑣𝑎𝑟  𝜆 = 2, panels 

b, e, h:  𝑣𝑎𝑟  𝜆 = 1, panels c, f, i:  𝑣𝑎𝑟  𝜆 = 0.1). Parameters: G = 5, c = 0.25 for cooperative 

interaction, c = 0.05 for competitive interaction, and  𝜎 = 2. Other parameters and legend are as 

in Fig. 2. 
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