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Abstract
Ɛĺ� �o�Ŋ�1o�;u-];��_oѴ;Ŋ�];mol;�v;t�;m1bm]�Ő)�"ő�bv�bm1u;-vbm]Ѵ���v;7�=ou�|_;�v|�7��
o=�;�oѴ�|bom�-m7�;1oѴo]��bm�0o|_�lo7;Ѵ�-m7�momŊ�lo7;Ѵ�ou]-mbvlvĸ�_o�;�;uķ�;=Ŋ
=;1|b�;� -rrѴb1-|bom� o=� Ѵo�Ŋ�1o�;u-];�)�"� 7-|-� u;t�bu;v� |_;� blrѴ;l;m|-|bom� o=�
probabilistic frameworks to account for the uncertainties in genotype likelihoods.

2. Here, we present a probabilistic framework for using genotype likelihoods for 
v|-m7-u7�ror�Ѵ-|bom�-vvb]ml;m|�-rrѴb1-|bomvĺ��77b|bom-ѴѴ�ķ��;�7;ub�;�|_;�
bv_;u�
bm=oul-|bom�=ou�-ѴѴ;Ѵ;� =u;t�;m1��=uol�];mo|�r;� Ѵbh;Ѵb_oo7v�-m7��v;�|_-|� |o�7;Ŋ
scribe a novel metric, the effective sample size, which figures heavily in assignŊ
ment accuracy. We make these developments available for application through 
)�"-vvb]mķ�-m�or;mŊ�vo�u1;�vo=|�-u;�r-1h-];�|_-|� bv�1olr�|-|bom-ѴѴ��;==b1b;m|�
=ou��ouhbm]��b|_��_oѴ;Ŋ�];mol;�7-|-ĺ

3. Using simulated and empirical data sets, we demonstrate the behaviour of our asŊ
vb]ml;m|�l;|_o7�-1uovv�-�u-m];�o=�ror�Ѵ-|bom�v|u�1|�u;vķ�v-lrѴ;�vb�;v�-m7�u;-7�
depths. Through these results, we show that WGSassign can provide highly acŊ
1�u-|;�-vvb]ml;m|ķ�;�;m�=ou�v-lrѴ;v��b|_�Ѵo��-�;u-];�u;-7�7;r|_v�Ő<ƏĺƏƐ*ő�-m7�
among weakly differentiated populations.

Ɠĺ� ��u�vbl�Ѵ-|bom�u;v�Ѵ|v�_b]_Ѵb]_|�|_;�blrou|-m1;�o=�;t�-Ѵb�bm]�|_;�;==;1|b�;�v-lrѴ;�
vb�;v�-lom]�vo�u1;�ror�Ѵ-|bomv�bm�ou7;u�|o�-1_b;�;�-11�u-|;�ror�Ѵ-|bom�-vvb]mŊ
l;m|� �b|_� Ѵo�Ŋ�1o�;u-];�)�"� 7-|-ĺ�);� =�u|_;u� ruo�b7;� v|�7�� 7;vb]m� u;1olŊ
mendations for population assignment studies and discuss the broad utility of 
;==;1|b�;�v-lrѴ;�vb�;�=ou�v|�7b;v��vbm]�Ѵo�Ŋ�1o�;u-];�)�"�7-|-ĺ
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ƐՊ |Պ ��$!�	&�$���

�m� f�v|� -� =;�� �;-uvķ� m;�|Ŋ�];m;u-|bom� v;t�;m1bm]� Ő��"ő� |;1_moѴoŊ
]b;v�_-�;�u;�oѴ�|bomb�;7�|_;�v|�7��o=�;�oѴ�|bom�-m7�;1oѴo]��bm�0o|_�
lo7;Ѵ�-m7�momŊ�lo7;Ѵ�ou]-mbvlvķ�-m7�_-�;�0;1ol;�;v|-0Ѵbv_;7�-v�
v|-m7-u7� |ooѴv� bm� loѴ;1�Ѵ-u� ;1oѴo]�ĺ� �m� r-u|b1�Ѵ-uķ� �_oѴ;Ŋ�];mol;�
v;t�;m1bm]�Ő)�"ő�1-m�ruo�b7;�v;t�;m1;�7-|-�=uol�-�Ѵ-u];�ruorouŊ
|bom�o=�|_;�];mol;�-m7�bv�bm1u;-vbm]�bm��v;ĺ�)_bѴ;�Ѵ-u];Ŋ�v1-Ѵ;�)�"�
ruof;1|v�1-m�0;�ruo_b0b|b�;Ѵ��;�r;mvb�;�-|�|_;�m;1;vv-u��u;-7�7;r|_v�
=ou�-11�u-|;Ѵ�� 1-ѴѴbm]� bm7b�b7�-Ѵ�];mo|�r;vķ� Ѵo�Ŋ�1o�;u-];�)�"�o=Ŋ
=;uv� -� 1ov|Ŋ�;==;1|b�;� -rruo-1_� -bl;7� -|� u;7�1bm]� |_;� u;-7� 7;r|_�
per individual while retaining sufficient information for genomic 
-m-Ѵ�v;vĺ��o�;�;uķ� vbm1;� Ѵo�Ŋ�1o�;u-];�)�"�ru;1Ѵ�7;v� |_;� -0bѴb|��
to call individual genotypes, probabilistic frameworks are used to 
-11o�m|�=ou�|_;��m1;u|-bm|�� bm�-m� bm7b�b7�-Ѵŝv�];mo|�r;� Ő��;uhѴ;�ş�
Gompert, 2013; Nielsen et al., 2011őĺ���|;m7bm]�1ollom�-m-Ѵ�v;v�
in the field of molecular ecology to accommodate genotype uncerŊ
tainty through the direct use of genotype likelihoods is a necessary 
-7�-m1;�=ou�0uo-7;mbm]�|_;��|bѴb|��o=�Ѵo�Ŋ�1o�;u-];�)�"ĺ

$_;�1u;-|bom�o=�ruo0-0bѴbv|b1�=u-l;�ouhv�=ou�-ѴѴ;Ѵ;�=u;t�;m1��;vŊ
|bl-|bomķ�];mo|�r;�1-ѴѴbm]�-m7�vbm]Ѵ;�m�1Ѵ;o|b7;�roѴ�lour_bvl�Ő"��ő�
1-ѴѴbm]�_-�;�l-7;�Ѵo�Ŋ�1o�;u-];�)�"�ru-1|b1-Ѵ�=ou�l-m��-rrѴb1-|bomv�
Ő�bl�;|�-Ѵĺķ�2011; Nielsen et al., 2011, 2012őĺ����=buv|�;v|bl-|bm]�|_;�
fobm|�vb|;�=u;t�;m1��vr;1|u�l�=ou�bm7b�b7�-Ѵv��b|_o�|�1-ѴѴbm]�bm7b�b7Ŋ
�-Ѵ�];mo|�r;vķ�rubouv�om�-ѴѴ;Ѵ;�=u;t�;m1��1-m�blruo�;�|_;�1-ѴѴbm]�o=�
bm7b�b7�-Ѵvŝ�];mo|�r;v�-m7�"��vĺ��or�Ѵ-|bom�];m;|b1�-m-Ѵ�v;v�_-�;�
been further advanced through the development of methods that 
t�-m|b=��];m;|b1�7b==;u;m|b-|bom�-m7�bm�;v|b]-|;�ror�Ѵ-|bom�v|u�1|�u;�
with principal components analysis, while accounting for uncertain 
];mo|�r;v� Ő
�l-]-ѴѴb� ;|� -Ѵĺķ�2013őĺ� "blbѴ-uѴ�ķ� -11�u-|;�;v|bl-|;v�o=�
bm7b�b7�-Ѵ�-7lb�|�u;�ruorou|bomv� Ő"ho||;�;|�-Ѵĺķ�2013ő�-m7�r-bu�bv;�
u;Ѵ-|;7m;vv� Ő�oum;Ѵb�vv;m�ş��oѴ|h;ķ� ƑƏƐƔő� 1-m� 0;� o0|-bm;7� �vbm]�
genotype likelihoods. The widespread use of these methods is faŊ
1bѴb|-|;7�0��vo=|�-u;�|_-|�bv�0o|_��v;uŊ�=ub;m7Ѵ��-m7�1olr�|-|bom-ѴѴ��
;==b1b;m|�Ő;ĺ]ĺ����"	�Ő�oum;Ѵb�vv;m�;|�-Ѵĺķ�2014őķ�m]v$ooѴv�Ő
�l-]-ѴѴb�
et al., 2014őķ���-m]v7� Ő�;bvm;u�ş��Ѵ0u;1_|v;mķ�2018őőĺ��o�;�;uķ�-�
fundamental analysis for molecular ecology yet to be developed for 
Ѵo�Ŋ�1o�;u-];�)�"�7-|-�bv�ror�Ѵ-|bom�-vvb]ml;m|ĺ

�or�Ѵ-|bom�-vvb]ml;m|�l;|_o7v�-u;��v;7�|o�7;|;ulbm;�-m� bm7bŊ
vidual's population of origin and have provided insight into ecological 
-m7�;�oѴ�|bom-u��ruo1;vv;vķ�v�1_�-v�7bvr;uv-Ѵķ�_�0ub7b�-|bom�-m7�lbŊ
gration, as well as informed conservation and management decisions 
Ő�-m;Ѵ�;|�-Ѵĺķ�ƑƏƏƔőĺ�$_;�|u-7b|bom-Ѵ�-vvb]ml;m|�|;v|��v;v�-m�bm7b�b7Ŋ
�-Ѵŝv�l�Ѵ|bѴo1�v�];mo|�r;�-m7�|_;�vo�u1;�ror�Ѵ-|bomvŝ�-ѴѴ;Ѵ;�=u;t�;mŊ
cies to calculate the likelihood of the genotype originating from each 
o=�|_;�ror�Ѵ-|bomv�Ő�-;|h-��;|�-Ѵĺķ�ƐƖƖƔ; Rannala & Mountain, 1997őĺ�
&vbm]�|_bv�=u-l;�ouhķ�|_;�u;1;m|�bm1u;-v;�bm�-�-bѴ-0Ѵ;�l-uh;uv�Ő;ĺ]ĺ�
=uol� !�	v;t� -rruo-1_;vő� _-v� l-7;� rovvb0Ѵ;� _b]_Ѵ�� -11�u-|;� -vŊ
signment of individuals among weakly differentiated populations 
0�� �vbm]� v�0v;|v� o=� bm=oul-|b�;� Ѵo1b� =ou� ror�Ѵ-|bom� v|u�1|�u;� Ő;ĺ]ĺ�
Benestan et al., ƑƏƐƔĸ�	;"-b��;|�-Ѵĺķ�2019; Ruegg et al., 2014őĺ�$_;�
|u-7b|bom-Ѵ� -vvb]ml;m|� |;v|� bv� u;-7bѴ��;�|;m7;7� |o�-m-Ѵ�v;v� v�1_�-v�
];m;|b1� v|o1h� b7;m|b=b1-|bom� Ő�"�őķ� |o� 7;|;ulbm;� |_;� ruorou|bom� o=�

vo�u1;�ror�Ѵ-|bomv�bm�-�lb�|�u;�o=�bm7b�b7�-Ѵv�"lo�v;�;|�-Ѵĺķ�1990. To 
7-|;ķ�l;|_o7v�=ou�r;u=oulbm]�-vvb]ml;m|�|;v|v�u;t�bu;�hmo�m�];mŊ
otypes and have not been implemented to use genotype likelihoods.

�vvb]ml;m|� |;v|v� -u;� �;ѴѴ� v�b|;7� =ou� -rrѴb1-|bom� �b|_� Ѵo�Ŋ�
1o�;u-];�)�"�7-|-ķ�0;1-�v;�|_;��u;Ѵ��_;-�bѴ��om�-ѴѴ;Ѵ;�=u;t�;m1��
estimates, for which a number of approaches are already developed. 
�o�;�;uķ�-�1_-ѴѴ;m];��b|_��vbm]�Ѵo�Ŋ�1o�;u-];�)�"�7-|-�=ou�-vvb]mŊ
l;m|�|;v|v�bv�|_-|�|_;�-ѴѴ;Ѵ;�=u;t�;m1��;v|bl-|;v�l-��0;��m1;u|-bmķ�
which could lead to inaccurate assignment results. While this chalŊ
Ѵ;m];�bv�mo|��mbt�;�|o�Ѵo�Ŋ�1o�;u-];�)�"�7-|-ķ�-v� Ѵo��v-lrѴ;�vb�;�
-Ѵvo� bm1u;-v;v� �m1;u|-bm|�� u;]-u7Ѵ;vv� o=� v;t�;m1bm]� 1o�;u-];ķ� |_;�
1_-ѴѴ;m];� o=� -11�u-|;� -ѴѴ;Ѵ;� =u;t�;m1�� ;v|bl-|bom� bv� 1olro�m7;7�
=ou� Ѵo�Ŋ�1o�;u-];�)�"�0�� Ѵo�� u;-7�7;r|_ĺ�
ou�-11�u-|;�-ѴѴ;Ѵ;� =u;Ŋ
t�;m1�� ;v|bl-|bom� =uol� Ѵo�Ŋ�1o�;u-];�)�"� 7-|-ķ� vr;1b=b1� u;1olŊ
l;m7-|bomv� bm1Ѵ�7;�-blbm]� =ou� bm7b�b7�-Ѵ� v;t�;m1bm]�7;r|_v�o=�Ɛ��
Ő��;uhѴ;� ş� �olr;u|ķ� 2013ő� ou� _-�bm]� -|� Ѵ;-v|� ƐƏ� bm7b�b7�-Ѵv� v;Ŋ
t�;m1;7��b|_� -� |o|-Ѵ� r;uŊ�ror�Ѵ-|bom� v;t�;m1bm]� 7;r|_� o=� -|� Ѵ;-v|�
ƐƏ�� Ő�o��;|� -Ѵĺķ�2021őĺ� $_;�]o-Ѵ�o=� |_;v;� v|u-|;]b;v� bv� |o�l-�blb�;�
bm=oul-|bom�=ou�;v|bl-|bm]�-ѴѴ;Ѵ;�=u;t�;m1b;v�]b�;m�=bmb|;�u;vo�u1;v�
=ou� v;t�;m1bm]� 7;r|_� -m7� m�l0;u� o=� v-lrѴ;vĺ� �o�;u� v;t�;m1bm]�
depth decreases the amount of information about population allele 
=u;t�;m1�ķ��_bѴ;��vbm]�Ѵ-u];u�v-lrѴ;�vb�;v�bm1u;-v;v�|_;�-lo�m|�o=�
bm=oul-|bomĺ��o�;�;uķ�bm=oul-|bom�bv�mo|�7bu;1|Ѵ��t�-m|b=b;7�bm�|_;v;�
studies; rather comparison of known versus simulated allele freŊ
t�;m1b;v��-v��v;7�|o�-uub�;�-|�|_;v;�];m;u-Ѵ�u�Ѵ;v�o=�|_�l0�Ő��;uhѴ;�
& Gompert, 2013; Lou et al., 2021őĺ�$_;�7;�;Ѵorl;m|�o=�-m� bm=ouŊ
mation metric that accounts for read depth variation across genoŊ
|�r;v��o�Ѵ7�ruo�b7;�-��-Ѵ�-0Ѵ;�l;|_o7�|o�t�-m|b=��|_;�|_u;v_oѴ7v�
o=�bm=oul-|bom�m;;7;7�=ou�r-u-l;|;u�;v|bl-|bom��b|_�Ѵo�Ŋ�1o�;u-];�
WGS data. For population assignment tests, an information metric 
of this sort would allow researchers to more directly identify the 
m;1;vv-u��v-lrѴ;�vb�;�-m7�v;t�;m1bm]�7;r|_�m;;7;7�|o�r;u=oul�-1Ŋ
curate assignment given the genetic differentiation of their samples. 

�u|_;ulou;ķ�]b�;m�|_-|��m;t�-Ѵ�v-lrѴ;�vb�;�-lom]�u;=;u;m1;�rorŊ
ulations is a source of bias in assignment tests with called genotypes 
Ő)-m]ķ�2017őķ�-m�bm=oul-|bom�l;|ub1��o�Ѵ7�-ѴѴo��|_;�b7;m|b=b1-|bom�
and mitigation of biased assignment due to the combined influence 
o=��m;t�-Ѵ�v-lrѴ;�vb�;v�-m7�v;t�;m1bm]�7;r|_v�-lom]�ror�Ѵ-|bomvĺ

�;u;ķ��;�ru;v;m|�)�"-vvb]mķ�-m�or;mŊ�vo�u1;�vo=|�-u;�r-1h-];�
of population assignment tools for genotype likelihood data from 
Ѵo��1o�;u-];�)�"ĺ�$_;�o0f;1|b�;v�o=�)�"-vvb]m�-u;�ŐƐő�|o�ruo�b7;�
common assignment methods that use genotype likelihoods, instead 
o=�1-ѴѴ;7�];mo|�r;vĸ�ŐƑő�|o�;�-Ѵ�-|;�|_;�bm=oul-|bom�-�-bѴ-0Ѵ;�bm�Ѵo�Ŋ�
u;-7�7;r|_�v;t�;m1bm]�7-|-�=ou�-ѴѴ;Ѵ;�=u;t�;m1��;v|bl-|bomĸ�-m7�Őƒő�
to achieve computational efficiency for processing large numbers of 
v-lrѴ;v��b|_�];mol;Ŋ��b7;�7-|-ĺ�)�"-vvb]m�ruo�b7;v�l;|_o7v�=ou�
bm7b�b7�-Ѵ�-vvb]ml;m|�-m7�Ѵ;-�;Ŋ�om;Ŋ�o�|�1uovvŊ��-Ѵb7-|bom�o=�v-lrѴ;v�
o=�hmo�m�oub]bmĺ��77b|bom-ѴѴ�ķ�b|�1-Ѵ1�Ѵ-|;v�-�zŊ�v1ou;�l;|ub1�|_-|�1-m�
indicate when samples originate from an unsampled source popŊ
ulation. For the second objective, we calculate Fisher information 
Ő�-v;ѴѴ-�ş��;u];uķ�2021ő�-m7�7;|;ulbm;�|_;�effective sample size—the 
number of samples with completely observed genotypes that would 
yield the same amount of statistical information for estimating allele 
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=u;t�;m1��-v�|_;�o0v;u�;7�];mo|�r;�Ѵbh;Ѵb_oo7v�bm�-�7-|-�v;|ĺ�$_bv�
1-Ѵ1�Ѵ-|bom�o=�;==;1|b�;�v-lrѴ;�vb�;�_-v�0uo-7��|bѴb|��=ou�ror�Ѵ-|bom�
];molb1v�v|�7b;v��vbm]�Ѵo�Ŋ�1o�;u-];�)�"ĺ

We validate WGSassign and investigate its behaviour with an 
;�|;mvb�;�v;|�o=�vbl�Ѵ-|bomv�-m7�7;lomv|u-|;�b|v��v;�om�|�o�;lrbuŊ
b1-Ѵ�7-|-�v;|vĺ��m�|_;�=buv|ķ��;�-rrѴ��)�"-vvb]m�|o��;-hѴ��7b==;u;m|bŊ
-|;7�]uo�rv�o=��;ѴѴo���-u0Ѵ;uv�ŐSetophaga petechiaőĺ��m�|_;�v;1om7ķ�
�;� -rrѴ�� )�"-vvb]m� |o� |�o� �;ѴѴŊ�7b==;u;m|b-|;7� �_bmooh� v-Ѵlom�
ŐOncorhynchus tshawytschaő�ror�Ѵ-|bomv�|o�7;lomv|u-|;�|_-|��_;m�
v�==b1b;m|�;==;1|b�;�v-lrѴ;�vb�;v�o=�|_;�vo�u1;�ror�Ѵ-|bom�-u;�-�-bѴŊ
-0Ѵ;ķ� �mhmo�m� bm7b�b7�-Ѵv� 1-m�0;� -vvb]m;7� -11�u-|;Ѵ�ķ� ;�;m� -|� ;�Ŋ
tremely low read depths.

ƑՊ |Պ��$��	"

)�"-vvb]m� bv��ub||;m� bm� ��|_om� ƒ� Őhttps:// www. python. org/ ő� -m7�
u;t�bu;v�|_;�=oѴѴo�bm]�lo7�Ѵ;vĹ�m�lr��Őhttps:// numpy. org/ őķ�1�|_om�
Őhttps:// cython. org/ ő�-m7�v1br��Őhttps:// scipy. org/ őĺ�	;|-bѴ;7�bmv|u�1Ŋ
tions for using WGSassign are available at https:// github. com/ mgdes 
-b�ņ�)�"-v�vb]m�Ő	;"-b�ķ�2023őĺ

ƑĺƐՊ |Պ �or�Ѵ-|bom�-vvb]ml;m|

We assume that there are K sampled source populations to which 
an individual can be assigned using data from L biallelic loci in the 
genome. Let a diploid individual's genotype at locus !� Ő1 ≤ ! ≤ Lő�
be represented by G! ∈ {0,1,2}, which counts the number of alleles 
matching the reference genome carried by the individual at locus 
!ĺ� 	;mo|;� 0�� !k,!� |_;� |u�;Ō0�|� |�rb1-ѴѴ�� �mhmo�mŌ=u;t�;m1�� o=�
the alternate allele at locus ! within source population k. Under the 
-vv�lr|bom� o=��-u7�ŋ);bm0;u]� ;t�bѴb0ub�lķ� |_;� ruo0-0bѴb|�� o=�G!, 
when the individual is from population k is:

)b|_�Ѵo�Ŋ�1o�;u-];�v;t�;m1bm]�7-|-ķ�G! is not observed with cerŊ
tainty. Rather, evidence about the unknown genotype is obtained 
=uol� v;t�;m1bm]� u;-7v� 1o�;ubm]� |_;� Ѵo1�vĺ� �;|�R! denotes the seŊ
t�;m1bm]�u;-7�7-|-�=uol�-m�bm7b�b7�-Ѵ�-|� Ѵo1�v�!. The evidence for 
the state of G!� =uol�|_;�u;-7�7-|-� bv�v�ll-ub�;7�-v�|_;� Ѵbh;Ѵb_oo7�
of the genotype given the read data, which is simply the probability 
of the read data given the genotype, considered as a function of the 
genotype:

Without loss of generality, we consider these likelihoods to be scaled 
so that they sum to one: g!,0 + g!,1 + g!,2 = 1. Such likelihoods are typŊ
ically a function of the number of reads of each allele observed and 
|_;�1ouu;vrom7bm]�0-v;�t�-Ѵb|��v1ou;vķ�-m7�|_;��-u;�1olr�|;7�7�ubm]�
];mo|�r;�1-ѴѴbm]�0��-��-ub;|��o=�ruo]u-ll;v�v�1_�-v�01=|ooѴv�Ő�bķ�2011; 
Li et al., 2009őķ���$��Ő�1�;mm-�;|�-Ѵĺķ�2010ő�-m7����"	�Ő�oum;Ѵb�vv;m�
et al., 2014őĺ��m�-11;vvb0Ѵ;� u;�b;��o=� |_;�7b==;u;m|�lo7;Ѵv�ruo�b7bm]�
];mo|�r;�Ѵbh;Ѵb_oo7v�bv�=o�m7�bm��o��;|�-Ѵĺ�Ő2021őĺ

�;u=oulbm]�ror�Ѵ-|bom�-vvb]ml;m|��vbm]�u;-7�7-|-�=uol�-m�bm7bŊ
�b7�-Ѵ�Őu-|_;u�|_-m�=uol�7bu;1|Ѵ��o0v;u�;7�];mo|�r;vő�u;t�bu;vķ�=ou�
each locus, !, the likelihood that the individual came from a source 
population k, say, given the individual's read data. This is simply the 
probability of the read data from the individual given that the individŊ
ual came from source population kķ��b|_�-ѴѴ;Ѵ;�=u;t�;m1b;v�!k,!. Thus, 
�;� u;t�bu;�P

(
R!| !k,!

)
, which can be calculated from �t�-|bomv ŐƐő 

and ŐƑő using the law of total probability:

�=�|_;�L�Ѵo1b�bm�|_;�];mol;�-u;�mo|�bm�Ѵbmh-];�7bv;t�bѴb0ub�l�Ő�	ő�
and are hence independent of one another, within source populaŊ
tions, then the likelihood of source population k given R, the read 
v;t�;m1bm]� 7-|-� -1uovv� |_;� ;m|bu;� ];mol;ķ� bv� vblrѴ�� |_;� ruo7�1|�
over loci.

where !k denotes the set of all L� -ѴѴ;Ѵ;� =u;t�;m1b;v� bm�ror�Ѵ-|bom�
k Քĺ��=�1o�uv;ķ��b|_�)�"ķ�vol;��-ub-m|v�l-��0;�m;-u�om;�-mo|_;u�
-m7��bѴѴ�|_;m�Ѵbh;Ѵ��0;�bm��	ĺ��m�v�1_�-�1-v;ķ��t�-|bom ŐƓő is not corŊ
u;1|ķ� 0�|ķ� u-|_;uķ� bv� -� 1olrovb|;Ŋ�Ѵbh;Ѵb_oo7� -rruo�bl-|bom� |o� |_;�
|u�;� Ѵbh;Ѵb_oo7�Ő�_b1_� bv� Ѵ-u];Ѵ�� bm|u-1|-0Ѵ;őĺ��olrovb|;� Ѵbh;Ѵb_oo7�
estimators often produce unbiased results, but, because they do 
not take account of the dependence of different variables in the 
likelihood, they typically underestimate the uncertainty in the esŊ
|bl-|;v�Ő�-uub0;�ş�
;-um_;-7ķ�2011őĺ��b�;m�|_;��m0b-v;7�m-|�u;�o=�
1olrovb|;�Ѵbh;Ѵb_oo7�;v|bl-|ouvķ��	�ru�mbm]�o=�|_;�)�"�7-|-�bv�mo|�
necessary. For each individual of unknown origin, this likelihood 
can be computed for each source population, k, and the relative 
values of those likelihoods give the evidence that the individual 
1-l;� =uol�;-1_� o=� |_;� vo�u1;� ror�Ѵ-|bomvĺ� �=� |_;� rubou� ruo0-0bѴŊ
ity !k that an individual came from source population k is available 
for k ∈ {1, … ,K}, then the likelihoods can be used to compute the 
posterior probability that the individual came from each of the 
source populations:

where Z is a random variable indicating the origin of the individual.

ŐƐőP
(
G!|!k,!

)
=

⎧
⎪
⎪
⎨
⎪
⎪⎩

(
1−!k,!

)2
if G! =0

2
(
!k,!

)(
1−!k,l

)
if G! =1

(
!k,!

)2
if G! =2.

ŐƑő
P
(
R!|G!

)
=

⎧
⎪
⎪
⎨
⎪
⎪⎩

g!,0 for G! =0

g!,1 for G! =1

g!,2 for G! =2.

Őƒő
P
(
R!| !k,!

)
=

2∑
G!=0

P
(
R!|G!

)
P
(
G!| !k,!

)

=g!,0
(
1−!k,!

)2
+g!,12

(
!k,!

)(
1−!k,!

)
+g!,2

(
!k,!

)2
.

ŐƓőP
(
R| !k

)
=

L∏
!=1

P
(
R!| !k,!

)
,

ŐƔőP
(
Z = k|R, !1, … , !K ,"1, … ,"K

)
=

"kP
(
R| !k

)
∑K

i=1
"kP

(
R| !k

) ,
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ƓՊ |ՊՊՍ DeSAIX et al.

�m�ru-1|b1;ķ�|_;�-ѴѴ;Ѵ;�=u;t�;m1b;v�bm�;-1_�vo�u1;�ror�Ѵ-|bom�-u;�
mo|�hmo�m��b|_�1;u|-bm|�ĺ��11ou7bm]Ѵ�ķ� |_;v;� =u;t�;m1b;v�l�v|�0;�
;v|bl-|;7�=uol�v;t�;m1bm]�u;-7�7-|-�=uol�bm7b�b7�-Ѵv�hmo�m�|o�0;�
=uol�|_;�vo�u1;�ror�Ѵ-|bomv� Ő|_;v;�-u;�o=|;m�u;=;uu;7�|o�-v� ļu;=;uŊ
;m1;� v-lrѴ;vĽőĺ� );� ;v|bl-|;� |_;v;� 0�� l-�bl�l� Ѵbh;Ѵb_oo7ĺ� $_;�
probability of the read data, R(i)

!
, from the ith reference sample, given 

that it came from source population k, is, following �t�-|bom Őƒő,

where the genotype likelihoods are now adorned with a superscript 
Őiő�|o�7;mo|;�|_;��-u;�=ou�|_;�i|_�u;=;u;m1;�v-lrѴ;ĺ��vv�lbm]�|_;�v-lŊ
ples from source population k�-u;�mo|�u;Ѵ-|;7ķ�|_;�Ѵo]Ŋ�Ѵbh;Ѵb_oo7�=ou�!k,! 
given the read data from all nk reference samples from population k is:

�m� o�u� blrѴ;l;m|-|bomķ� �;� =buv|� �v;� |_;� ;�r;1|-|bomŋl-�Ŋ
blb�-|bom� -Ѵ]oub|_l� Ő	;lrv|;u� ;|� -Ѵĺķ� 1977ő� =uol� ���"	� Ő�bl�
et al., 2011ő� -m7� |_;�1o7;�-v� blrѴ;l;m|;7� bm���-m]v7� Ő�;bvm;u�ş�
�Ѵ0u;1_|v;mķ� 2018őķ� |o� o0|-bm� |_;� l-�bl�l� Ѵbh;Ѵb_oo7� ;v|bl-|;v�
Ő���vő�o=�|_;�ror�Ѵ-|bom�-ѴѴ;Ѵ;�=u;t�;m1b;vķ�"̂k,!, from the reference 
samples. Then, when calculating P

(
R| !k

)
, we substitute !̃k,! for !k,!, 

calculated as follows:

where, again, nk is the number of reference samples from source popŊ
ulation kĺ�$_bv�ruo�b7;v�-�1ouu;1|bom�=ou�1-v;v�bm��_b1_�|_;�-ѴѴ;Ѵ;�;�bv|v�
in a source population, but was not detected in the reference samples 
from that population—effectively, it adds one more individual to the 
sample that carries one copy of the allele not previously seen in that refŊ
erence population. Without this correction, the P

(
R(i)

!
| !k,!

)
= 0 in the 

absence of an allele and the L
(
!k,!

)
 cannot be calculated. This approach 

bv�b7;m|b1-Ѵ�|o�|_;�ļ
u;t�;m1���ub|;ubomĽ��v;7�bm��������""�ƑĺƏ��b|_�
|_;�ļ-7f�v|-0Ѵ;�7;=-�Ѵ|��-Ѵ�;Ľ�v;|�|o�1∕ (2n + 1)ĺ��mo|_;u�-rruo-1_ķ�7�;�
|o�!-mm-Ѵ-�-m7��o�m|-bm�Ő1997őķ�|_-|�rѴ-1;v�0;|-�rubouvķ�bm7;r;m7;m|Ѵ��
=ou�;-1_�ror�Ѵ-|bom�-m7�Ѵo1�vķ�om�|_;�-ѴѴ;Ѵ;�=u;t�;m1b;vķ�_-v�-Ѵvo�0;;m�
�b7;Ѵ���v;7�bm�ror�Ѵ-|bom�-vvb]ml;m|�l;|_o7vĺ��lrѴ;l;m|bm]�|_-|�-rŊ
proach with genotype likelihoods is more computationally challenging 
|_-m��b|_�o0v;u�;7�];mo|�r;vķ� -m7�vbm1;�;�|;mvb�;� vbl�Ѵ-|bomv� Őmo|�
v_o�mő�u;�;-Ѵ;7�mo�v�0v|-m|b-Ѵ�7b==;u;m1;v�0;|�;;m�|_;�|�o�l;|_o7vķ�
�;�-7or|;7�|_;�ļ
u;t�;m1���ub|;ubomĽ�-rruo-1_ĺ

ƑĺƑՊ |Պ 
bv_;u�bm=oul-|bom�-m7�;==;1|b�;�v-lrѴ;�vb�;

�v�v_o�Ѵ7�0;�1Ѵ;-u�=uol�|_;�ru;1;7bm]�7;�;Ѵorl;m|ķ�|_;�-11�u-1��o=�
population assignment depends, at least in part, on the accuracy of 
|_;�;v|bl-|;v�o=�|_;�-ѴѴ;Ѵ;�=u;t�;m1b;v�=uol�;-1_�vo�u1;�ror�Ѵ-|bomĺ�

�m�|_bv�v;1|bomķ��;�7;�;Ѵor�|_;�|_;ou��Ő�_b1_�bv�|_;m�blrѴ;l;m|;7�
bm�)�"-vvb]mő�|_-|�ruo�b7;v�|_;��v;u��b|_�-�l;-v�u;�o=�-ѴѴ;Ѵ;�=u;Ŋ
t�;m1��;v|bl-|;�-11�u-1�ķ�1-Ѵ1�Ѵ-|;7�=uol�|_;�];mo|�r;�Ѵbh;Ѵb_oo7v�
bm�|_;�u;=;u;m1;�v-lrѴ;vķ�|_-|�|-h;v�-11o�m|�o=�0o|_�v-lrѴ;�vb�;�-m7�
read depth. We define this metric as the effective sample size: The 
number of diploid individuals with called genotypes that provide the 
v-l;� -lo�m|� o=� bm=oul-|bom� =ou� -ѴѴ;Ѵ;� =u;t�;m1�� -v� |_;� o0v;u�;7�
bm=oul-|bom�=uol�|_;�Ѵo�Ŋ�1o�;u-];�)�"�v-lrѴ;vĺ�
;�;u�bm7b�b7�-Ѵv�
v-lrѴ;7�-m7�Ѵo�;u�v;t�;m1bm]�7;r|_��bѴѴ�u;v�Ѵ|�bm�Ѵ;vv�bm=oul-|bom�
bm�|_;�7-|-�u;]-u7bm]�-ѴѴ;Ѵ;�=u;t�;m1�ĺ

�v� mo|;7� -0o�;ķ� ;v|bl-|;v� o=� |_;� -ѴѴ;Ѵ;� =u;t�;m1b;v� -u;�l-7;�
0��l-�bl�l�Ѵbh;Ѵb_oo7��vbm]�|_;�v;t�;m1bm]�7-|-�om�|_;�u;=;u;m1;�
samples from each source population. Fisher information is a statisŊ
|b1-Ѵ�l;|ub1� |_-|�t�-m|b=b;v� |_;�-lo�m|�o=� bm=oul-|bom� bm�-� v-lrѴ;�
=ou� ;v|bl-|bm]� -m� �mhmo�mķ� 1om|bm�o�v� r-u-l;|;u� Ő
bv_;uķ� 1922őĺ�
�|�l;-v�u;v� |_;� 1�u�-|�u;�o=� |_;� Ѵo]Ŋ�Ѵbh;Ѵb_oo7� =�m1|bom�-m7� bv� bmŊ
�;uv;Ѵ�� u;Ѵ-|;7� |o� |_;� �-ub-m1;ĺ� �m� �bv�-Ѵ� |;ulvķ� -� v_-urѴ�� r;-h;7�
Ѵo]Ŋ�Ѵbh;Ѵb_oo7�1�u�;�Őbĺ;ĺ�om;��b|_�]u;-|;u�1�u�-|�u;ő�=ou�-�r-u-l;Ŋ
|;u�bm7b1-|;v�]u;-|;u�1;u|-bm|��bm�|_;�;v|bl-|;7�r-u-l;|;u�Ő-m7ķ�-Ѵvo�
_b]_;u� 
bv_;u� bm=oul-|bomő� |_-m� -� =Ѵ-||;u� Ѵo]Ŋ�Ѵbh;Ѵb_oo7� =�m1|bomĺ�
Formally, the curvature is measured by the negative second derivŊ
-|b�;�o=�|_;�Ѵo]Ŋ�Ѵbh;Ѵb_oo7�=�m1|bomĺ�$_;�observed Fisher information 
=ou�-ѴѴ;Ѵ;�=u;t�;m1��bv�|_-|�m;]-|b�;�v;1om7�7;ub�-|b�;�;�-Ѵ�-|;7�-|�
the MLE:

�rr;m7b��� shows how I(i)o
(
!k,!

)
, the observed Fisher information for 

!k,! in the reads from a single individual, i , is found to be:

The observed Fisher information from all nk reference samples is then 
simply, Io

(
!k,!

)
=
∑nk

i=1
I(i)o
(
!k,!

)
.

To derive ñlķ�o�u�;==;1|b�;�v-lrѴ;�vb�;�l;|ub1�=ou�Ѵo1�v�!, we comŊ
pare this observed Fisher information to the expected Fisher inforŊ
mation that would be obtained from 2ñ! gene copies with allelic type 
7bu;1|Ѵ��o0v;u�;7�Ő�rr;m7b���ő�=uol�-�ror�Ѵ-|bom�bm��_b1_�|_;�|u�;�
-ѴѴ;Ѵ;�=u;t�;m1��bv�"̂k,!:

�t�-|bm]�Io
(
!k,!

)
 to Ie

(
!k,!

)
 and solving for ñ! yields:

ŐѵőP
(
R(i)

!
| !k,!

)
= g(i)

!,0

(
1−!k,!

)2
+ g(i)

!,1
2
(
!k,!

)(
1 − !k,!

)
+ g(i)

!,2

(
!k,!

)2
,

ŐƕőL
(
!k,!

)
=

nk∑
i=1

log P
(
R(i)

!
|!k,!

)
.

ŐѶő!̃k,! =

⎧
⎪
⎪
⎨
⎪
⎪⎩

!̂k,! if 0< !̂k,! <1,

1

2
(
nk+1

) if !̂k,! =0,

1−
1

2
(
nk+1

) if !̂k,! =1,

ŐƖőIo
(
!k,!

)
= −

"2L
(
!k,!

)

"!2
k,!

||||||!k,!=!̂k,!
.

ŐƐƏő

I(i)
o

(
!k,!

)
=

⎡
⎢
⎢
⎢⎣

2
(
g(i)
!,0

+g(i)
!,2

−2g(i)
!,1

)

g(i)
!,0

(
1− !̂k,!

)2

+g(i)
!,1
2!̂k,!

(
1−!k,!

)
+g(i)

!,2
!̂
2

k,!

+

⎛
⎜
⎜
⎜⎝

2!̂k,!

(
g(i)
!,0

+g(i)
!,2

−2g(i)
!,1

)
+2

(
g(i)
!,1

−g(i)
!,0

)

g(i)
!,0

(
1− !̂k,!

)2

+g(i)
!,1
2!̂k,!

(
1− !̂k,!

)
+g(i)

i,2
!̂
2

k,!

⎞
⎟
⎟
⎟⎠

2⎤
⎥
⎥
⎥⎦
.

ŐƐƐőIe
(
!k,!

)
=

2ñ!

!̂k,!

(
1 − !̂k,!

) .

ŐƐƑőñ! =
1

2
Io
(
!k,!

)
× !̂k,!

(
1 − !̂k,!

)
.
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ՊՍՊ |ՊƔDeSAIX et al.

This is the number of diploid individuals with perfectly observed genŊ
o|�r;v�|_-|�ruo�b7;v�|_;�v-l;� bm=oul-|bom� Ő-m7�_;m1;�-11�u-1�ő� =ou�
estimating !k,!�-v�bv�-�-bѴ-0Ѵ;�=uol�|_;�v;t�;m1bm]�u;-7�7-|-�=uol�|_;�
nk reference samples from source population k. We term ñ!, calculated 
as above, the effective sample size of the read data from the reference 
samples of source population k at locus !ĺ��m�ru-1|b1;ķ�|o�-�ob7�bvv�;v�
o=�momŊ�7b==;u;m|b-0bѴb|��om�|_;�0o�m7-ub;v�o=�|_;�vr-1;�Őbĺ;ĺ�-|�! = 0 or 
! = 1őķ��;�1-Ѵ1�Ѵ-|;�ñ! using !̃k,!ĺ�$_;�;==;1|b�;�v-lrѴ;�vb�;�=ou�-�ror�Ѵ-Ŋ
tion is then derived by taking the mean of ñl across all loci, ñ = 1

L

∑L
l=1

ñlՔĺ�
�m�ru-1|b1;ķ�|_;�;v|bl-|;v�o=�bm=oul-|bom�-u;�_b]_Ѵ���-ub-0Ѵ;�=ou�u-u;�-ѴŊ
leles; therefore, we recommend this calculation be done for loci with a 
lbmou�-ѴѴ;Ѵ;�=u;t�;m1��> 0.05.


bv_;u� bm=oul-|bom� -m7� ;==;1|b�;� v-lrѴ;� vb�;� 1-Ѵ1�Ѵ-|;7� bm� |_bv�
�-��-u;��v;=�Ѵ�v�ll-ub;v�=ou��m7;uv|-m7bm]�|_;�|u-7;Ŋ�o==v�0;|�;;m�
v;t�;m1bm]�lou;�bm7b�b7�-Ѵv�-|�Ѵo�;u�7;r|_��;uv�v�=;�;u�bm7b�b7�-Ѵv�
at higher depth, at least as it pertains to accurately estimating allele 
=u;t�;m1b;vĺ��m�|_;�1om|;�|�o=�ror�Ѵ-|bom�-vvb]ml;m|ķ�|_;�;==;1|b�;�
v-lrѴ;�vb�;ķ�bm�r-u|b1�Ѵ-uķ�ruo�b7;v�-m�-11;vvb0Ѵ;�l;|ub1�=ou�_o��]oo7�
Őou�0-7ő�|_;�vo�u1;Ŋ�ror�Ѵ-|bom�-ѴѴ;Ѵ;�=u;t�;m1b;v�1-m�0;�;�r;1|;7�|o�
0;ĺ��v��;��bѴѴ�v;;�Ѵ-|;uķ�
bv_;u�bm=oul-|bom�-Ѵvo�ruo�b7;v�-��-Ѵ�-0Ѵ;�
�-��|o�v|-m7-u7b�;�|_;�;==;1|b�;�v-lrѴ;�vb�;�o=�|_;�u;=;u;m1;�v-lŊ
ples from each population—an important consideration when using 
)�"-vvb]mĺ����v;=�Ѵ�v|-|bv|b1�=ou�-11olrѴbv_bm]�|_bv�bv�|_;�bm7b�b7�-ѴŊ�
vr;1b=b1�-�;u-];�;==;1|b�;�vb�;�=ou�bm7b�b7�-Ѵ� i :

where I(i)o
(
!k,!

)
 is the contribution to the observed Fisher information 

of the reads from individual i :

ñ(i) ranges between 0 and 1.
We also implement a zŊ�v1ou;�1-Ѵ1�Ѵ-|bom�=ou�7;|;ulbmbm]��_;|_;u�

an individual's genotype is unlikely to have come from one of the K 
source populations, but rather, from an unsampled population. The 
=�ѴѴ�7;ub�-|bom�o=�|_;�l;|_o7�bv�v_o�m�bm��rr;m7b��Bĺ� �m�v_ou|ķ��;�
7;|;ulbm;�|_;�;�r;1|;7�7bv|ub0�|bom�o=� Ѵo]�ruo0-0bѴb|b;v�o=�-m�bm7bŊ
�b7�-Ѵŝv� ];mo|�r;� Ѵbh;Ѵb_oo7v� -ubvbm]� =uol� -� ror�Ѵ-|bom� Ő]b�;m� |_;�
individual's allele counts across loci and the population's allele freŊ
t�;m1b;vőķ��vbm]�-�1;m|u-Ѵ�Ѵblb|�|_;ou;l�-rruo�bl-|bomĺ�$_;�zŊ�v1ou;�
bv�|_;m�1-Ѵ1�Ѵ-|;7�0��v�0|u-1|bm]�|_;�l;-m�;�r;1|;7�Ѵbh;Ѵb_oo7�=uol�
the observed likelihood and dividing the difference by the standard 
7;�b-|bom�o=�|_;�;�r;1|;7�Ѵbh;Ѵb_oo7vĺ��b�;m�|_-|�|_;�-1|�-Ѵ�7bv|ub0�Ŋ
tion of the zŊ�v1ou;�bv�Ѵbh;Ѵ��|o�7;�b-|;�=uol�-�v|-m7-u7�moul-Ѵ�7bv|ubŊ
0�|bomķ��;�=�u|_;u�v|-m7-u7b�;�|_;�o0v;u�;7�zŊ�v1ou;�0��|_;�zŊ�v1ou;v�
o=�|_;�u;=;u;m1;�bm7b�b7�-Ѵv�=uol�|_;�vo�u1;�ror�Ѵ-|bomvĺ��m7b�b7�-Ѵv�
|u�Ѵ�� =uol� -m� -vvb]m;7� ror�Ѵ-|bom� -u;� ;�r;1|;7� |o� _-�;� zŊ�v1ou;v�
�b|_bm�v;�;u-Ѵ� Ő;ĺ]ĺ�|_u;;ő�v|-m7-u7�7;�b-|bomv�o=�|_;�moul-Ѵ�7bv|ubŊ
bution, while individuals from an unsampled but differentiated popŊ
�Ѵ-|bom�-u;�;�r;1|;7�|o�_-�;�zŊ�v1ou;v�|_-|�=-ѴѴ�0;Ѵo��|_;�;�r;1|;7�

range of a standard unit normal random variate. The determination 
o=� |_;� vr;1b=b1� v|-m7-u7� 7;�b-|bom� 1�|Ŋ�o==� =ou� |_;� zŊ�v1ou;�l�v|� 0;�
determined from the specific empirical data.

ƑĺƒՊ |Պ "bl�Ѵ-|bomv�|o�bѴѴ�v|u-|;�|_;�;==;1|b�;�
sample size

We used the R programming language to run simulations that illusŊ
|u-|;�_o��
bv_;u�bm=oul-|bom�-m7�;==;1|b�;�v-lrѴ;�vb�;��-u��-1uovv�
-� u-m];�o=� vbl�Ѵ-|;7� u;-7�7;r|_v� -m7� |u�;� -ѴѴ;Ѵ;� =u;t�;m1b;vĺ���u�
vbl�Ѵ-|bomv�-vv�l;7�-�v-lrѴ;�vb�;�o=�ƐƏƏ�7brѴob7�bm7b�b7�-Ѵv�-m7�-�
single biallelic locus, with allelic types within individuals being indeŊ
pendent of each other.


ou�;-1_�bm7b�b7�-Ѵķ��;�vbl�Ѵ-|;7�u;-7�7;r|_�=uol�-��obvvom�7bvŊ
tribution with mean Dave and allelic types upon each read by sampling 
=uol�|_;�|�o�];m;�1orb;v��b|_bm�|_;�bm7b�b7�-Ѵ��b|_�;t�-Ѵ�ruo0-0bѴŊ
ity and switching the allelic type with probability 0.01 for each read 
|o�vbl�Ѵ-|;�v;t�;m1bm]�;uuouvĺ��;mo|�r;�Ѵbh;Ѵb_oo7v�=uol�|_;�u;-7v�
were calculated according to the simulation model. We calculated 
|_;�l-�bl�l�Ѵbh;Ѵb_oo7�;v|bl-|;�Ő���ő�=ou�! from the genotype data 
-v�|_;�o0v;u�;7�ruorou|bom�o=�-ѴѴ;Ѵ;vķ�-m7�=ou�|_;�v;t�;m1bm]�u;-7�
data, we used the EM algorithm to compute the MLE. Using these 
estimates, we then computed the observed information from the 
genotypes and from the genotype likelihoods.

$o� 7;|;ulbm;� |_;� ;==;1|b�;� v-lrѴ;� vb�;ķ��;� 1-Ѵ1�Ѵ-|;7� |_;� ;�Ŋ
pected information for observed genotypes, assuming the true 
value of ! was the MLE from the genotype likelihoods and then used 
�t�-|bom ŐƐƑő.

We ran these simulations across values of Dave∈{0.1,0.5,1,2,3,4,5,

7,10,15,20,30,50} and values of ! ∈ {0.01,0.05,0.10, … ,0.90,0.95,0.99}, 
vbl�Ѵ-|bm]�ƔƏ�u;rѴb1-|;�v-lrѴ;v�=ou�;-1_�1ol0bm-|bomĺ

ƑĺƓՊ |Պ�;m;|b1�vbl�Ѵ-|bomv

To demonstrate the efficacy of WGSassign in performing population 
assignment for a range of samples, read depths and genetic differŊ
entiation among populations we simulated a series of genetic data 
v;|v� �vbm]� |_;� 1o-Ѵ;v1;m|� vbl�Ѵ-|bom� ruo]u-lķ� lvrubl;� Ő�;ѴѴ;_;u�
et al., ƑƏƐѵőĺ� $_;� =buv|� vbl�Ѵ-|bom� bm1Ѵ�7;7� |�o� ror�Ѵ-|bomvķ� ;-1_�
�b|_�-m�;==;1|b�;�vb�;v�o=�ƐƏƏƏķ�;�1_-m]bm]�lb]u-m|vĺ�);�vbl�Ѵ-|;7�
-m1;v|u��=ou�-�];molb1�v;t�;m1;�o=�108 bases with a recombination 
rate of 10−8 and a mutation rate of 10−7, per site and per generation. 
To vary the genetic differentiation between populations, we varied 
|_;�Ѵbm;-];�lb]u-|bom�u-|;�r-u-l;|;u�0;|�;;m�ƏĺƏƏƏƔ�-m7�ƏĺƏƔ�bm�ƐƏ�
;t�-Ѵ�bm1u;l;m|vĺ�
uol�0o|_�ror�Ѵ-|bomvķ��;�v-lrѴ;7�ƐƏķ�ƔƏķ�ƐƏƏ�ou�
ƔƏƏ�bm7b�b7�-Ѵvĺ��-bu�bv;�FST was calculated between the two popuŊ
lations using the sampled individuals and the genetic variants were 
o�|r�|�bm��-ub-m|�1-ѴѴ�=oul-|�Ő(�
őĺ

)b|_� |_;� (�
� =bѴ;� o�|r�|� =uol� lvrubl;ķ� �;� �v;7� 01=|ooѴv�
Ő�bķ�2011; Li et al., 2009ő� |o� u;lo�;�-m��"��v��b|_�-�lbmou�-ѴѴ;Ѵ;�
=u;t�;m1�� Ő��
ő� Ѵ;vv� |_-m� ƏĺƏƔ� -m7� u-m7olѴ�� v;Ѵ;1|;7� ƐƏƏķƏƏƏ�
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ѵՊ |ՊՊՍ DeSAIX et al.

o=�|_;�u;l-bmbm]�"��vĺ��;mo|�r;�Ѵbh;Ѵb_oo7v��;u;�ruo7�1;7��b|_�
�1=]Ѵ� Őhttps:// github. com/ isina ltink aya/ vcfgl ő� 0-v;7� om�l;-m� u;-7�
7;r|_v�o=�ƏĺƐ*ķ�ƏĺƔ*ķ�Ɛ*ķ�Ɣ*ķ�ƐƏ*�ou�ƔƏ*ĺ�
ou�;-1_�o=�|_;�ƑƓƏ�r-Ŋ
u-l;|;u�1ol0bm-|bomv�ŐƐƏ�lb]u-|bom�u-|;vķ�Ɠ�v-lrѴ;�vb�;v�-m7�ѵ�u;-7�
7;r|_vőķ��;�vbl�Ѵ-|;7�ƐƏ�u;rѴb1-|;vķ� =ou�-� |o|-Ѵ�o=�ƑƓƏƏ�vbl�Ѵ-|;7�
data sets. Genotype likelihood output was converted to Beagle file 
format with custom scripts, and we used these data as input into 
WGSassign.

To determine the influence of genetic differentiation on asŊ
vb]ml;m|� -11�u-1�ķ� �;� 1-Ѵ1�Ѵ-|;7� |_;� ;==;1|b�;� v-lrѴ;� vb�;� -m7�
Ѵ;-�;Ŋ�om;Ŋ�o�|� Ő���ő� -vvb]ml;m|� -11�u-1�� =ou� ;-1_� ror�Ѵ-|bomĺ� �m�
)�"-vvb]mķ�����bv�r;u=oul;7�0��b|;u-|b�;Ѵ��u;lo�bm]�-m�bm7b�b7�-Ѵ�
of known origin from its source population, calculating allele freŊ
t�;m1b;v��b|_bm�|_;�vo�u1;�ror�Ѵ-|bomv��vbm]�|_;�u;l-bmbm]�bm7b�b7Ŋ
uals and then calculating the likelihood that the removed individual 
oub]bm-|;7�=uol�;-1_�o=�|_;�7b==;u;m|�vo�u1;�ror�Ѵ-|bomvĺ�$_;�����
method is widely used to avoid the bias that arises from using trainŊ
ing data that also include data being tested. The assigned population 
�-v�7;|;ulbm;7�0��l-�bl�l�Ѵbh;Ѵb_oo7ĺ

�m�|_;�v;1om7�vbl�Ѵ-|bomķ��;�1om7�1|;7�-�7;;r;u�-vv;vvl;m|�o=�
|_;�0;_-�bo�u�o=�;==;1|b�;�v-lrѴ;�vb�;�-m7�b|v� bm=Ѵ�;m1;�om�-vvb]mŊ
l;m|� -11�u-1�ĺ�);� blrѴ;l;m|;7� |�oŊ�ror�Ѵ-|bom� bvѴ-m7�lo7;Ѵv� -v�
in the previous simulation, but included all sample combinations of 
ƐƏķ�ƒƏķ�ѵƏ�-m7�ƐƏƏ�bm7b�b7�-Ѵv�=ou�-�ror�Ѵ-|bom�-m7�u;-7�7;r|_v�o=�
ƏĺƔ*ķ�ƏĺƕƔ*ķ�Ɛ*ķ�Ƒ*ķ�Ɠ*�-m7�ѵ*��b|_�ƐƏ�u;rѴb1-|;v�=ou�-�|o|-Ѵ�o=�ƔƕѵƏ�
vbl�Ѵ-|bomvĺ�);�v;|�lb]u-|bom�u-|;�-|�ƏĺƏƏƔ�=ou�lo7;u-|;�];m;|b1�7b=Ŋ
=;u;m|b-|bom�0-v;7�om�|_;�ru;�bo�v�vbl�Ѵ-|bomĺ��m�;-1_�u�mķ��;�vblŊ
�Ѵ-|;7�-m�;�|u-�ƑƏ�bm7b�b7�-Ѵv�=uol�;-1_�o=�|_;�|�o�ror�Ѵ-|bomv�-m7�
|_;v;� bm7b�b7�-Ѵv��;u;�_;Ѵ7�o�|� =uol�-ѴѴ;Ѵ;� =u;t�;m1��1-Ѵ1�Ѵ-|bomv�
for the respective population and used for standard assignment 
-11�u-1�ĺ��=|;u�r;u=oulbm]�bmb|b-Ѵ�-vvb]ml;m|ķ�b=�-�ror�Ѵ-|bom�_-7�-�
_b]_;u�;==;1|b�;�v-lrѴ;�vb�;�|_-m�|_;�o|_;u�ror�Ѵ-|bomķ�|_;m�bm7b�b7Ŋ
�-Ѵv��;u;� u;lo�;7� |o� v|-m7-u7b�;� |_;� ;==;1|b�;� v-lrѴ;� vb�;vķ� -m7�
-vvb]ml;m|��-v�r;u=oul;7�-]-bmĺ� �m�|_bv�vbl�Ѵ-|bomķ�-ѴѴ�"��v��;u;�
used that had MAF > 0.05.

�m� |_;� |_bu7� vbl�Ѵ-|bomķ� �;� -vv;vv;7� |_;� r;u=oul-m1;� o=� |_;�
WGSassign zŊ�v1ou;� l;|ub1� =ou� 7;|;ulbmbm]� �_;|_;u� -m� bm7b�b7�-Ѵ�
of unknown origin that is assigned to a population is actually from 
-m� �mv-lrѴ;7� ror�Ѵ-|bomĺ� );� blrѴ;l;m|;7� -� |_u;;Ŋ�ror�Ѵ-|bom�
v|;rrbm]Ŋ�v|om;�lo7;Ѵ��b|_�ƑƏķ�ѵƏ�ou�ƐƐƏ�bm7b�b7�-Ѵv�r;u�ror�Ѵ-|bom�
using msprime. We varied the migration rate parameter between 
ƏĺƏƏƏƐ�-m7�ƏĺƏƐ�bm�ƑƏ�;t�-Ѵ�bm1u;l;m|vĺ��m7b�b7�-Ѵv�_-7�vbl�Ѵ-|;7�
l;-m�u;-7�7;r|_v�o=�Ɛ*�ou�Ɣ*ĺ�);��v;7�ror�Ѵ-|bomv�Ɛ�-m7�Ƒ�bm�|_;�
v|;rrbm]Ŋ�v|om;�lo7;Ѵ�-v� u;=;u;m1;�ror�Ѵ-|bomv�-m7�1-Ѵ1�Ѵ-|;7� |_;�
reference zŊ�v1ou;v� �vbm]�)�"-vvb]m� =uol�-ѴѴ� 0�|� ƐƏ� bm7b�b7�-Ѵv� bm�
these two populations. We assigned 10 individuals from population 
ƒ�-m7�ƐƏ�=uol�ror�Ѵ-|bom�Ƒ�|o�|_;�u;=;u;m1;�ror�Ѵ-|bomv�ŐƐ�-m7�Ƒő�
using WGSassign. We calculated the zŊ�v1ou;v�o=� |_;v;� bm7b�b7�-Ѵvŝ�
assignments to demonstrate the behaviour of the zŊ�v1ou;� l;|ub1�
=ou�1ouu;1|Ѵ��-vvb]m;7� bm7b�b7�-Ѵv� Őbĺ;ĺ� |_;� bm7b�b7�-Ѵv� =uol�ror�Ѵ-Ŋ
|bom�Ƒ� |_-|��;u;�-vvb]m;7�|o�ror�Ѵ-|bom�Ƒő��;uv�v� bm7b�b7�-Ѵv� =uol�
-m��mv-lrѴ;7�ror�Ѵ-|bom�Őbĺ;ĺ�|_;�bm7b�b7�-Ѵv�=uol�ror�Ѵ-|bom�ƒ�|_-|�
�;u;�-vvb]m;7�|o�ror�Ѵ-|bom�Ƒőĺ


bm-ѴѴ�ķ� |o� bѴѴ�v|u-|;� |_;� u;Ѵ-|bom� o=� ;==;1|b�;� v-lrѴ;� vb�;� |o�
u;-7� 7;r|_� -m7� -0voѴ�|;� v-lrѴ;� vb�;� =ou� |_;� r�urov;� o=� v|�7��
7;vb]mķ� �;� vbl�Ѵ-|;7� =uol� -� |�oŊ�ror�Ѵ-|bom� bvѴ-m7Ŋ�lo7;Ѵ� 1oŊ
alescent to produce 10 replicates of all combinations of samŊ
rѴ;� vb�;v� bm� {10,12,15,20,30,60,80,120} and read depths in 
{0.5X,0.75X, 1X, 2X, 3X, 4X, 5X, 6X}�=ou�-�|o|-Ѵ�o=�ѵƓƏ�vbl�Ѵ-|bomvĺ�$_;�
two populations had the same number of samples and read depths, 
-m7�|_;�lb]u-|bom�u-|;��-v�v;|�-|�ƏĺƏƏƔĺ��==;1|b�;�v-lrѴ;�vb�;��-v�
calculated for all these replicate simulations. These values were choŊ
v;m�v�1_�|_-|� ļ;t�-Ѵ�v;t�;m1bm]�;==ou|Ľ�1o�Ѵ7�0;�1olr-u;7ķ� bm� |_bv�
1-v;�=ou�-�|o|-Ѵ�v;t�;m1bm]�7;r|_�o=�ѵƏ*�Ő;ĺ]ĺ�ƐƑƏ�bm7b�b7�-Ѵv�-|�ƏĺƔ*�
|o�ƐƏ�bm7b�b7�-Ѵv�-|�ѵƏ*őĺ

ƑĺƔՊ |Պ�rrѴb1-|bom�|o�;lrbub1-Ѵ�7-|-

We used WGSassign on data from yellow warblers to test its accuracy 
�_;m�-rrѴb;7�|o�bm7b�b7�-Ѵv�=uol�-�vr;1b;v�;�_b0b|bm]�bvoѴ-|bom�0��7bvŊ
|-m1;�Ő�-��;|�-Ѵĺķ�2021; Gibbs et al., 2000őĺ��u;�bo�v��ouh�om��;ѴѴo��
warblers has found weak differentiation between populations, with 
pairwise FST��-Ѵ�;v�om�|_;�ou7;u�o=�ƏĺƏƐ�ou�Ѵ;vv�Ő�b00v�;|�-Ѵĺķ�2000őĺ�
�Ѵoo7�v-lrѴ;v�=uol�ƐƏƔ�bm7b�b7�-Ѵv��-v�1oѴѴ;1|;7��b-�0u-1_b-Ѵ��;mbŊ
puncture in the years 2020 and 2021. These served as reference 
samples from three populations—North, Central and South—preŊ
�bo�vѴ��7;v1ub0;7� bm��-��;|� -Ѵĺ� Ő2021ő� -m7��b00v�;|� -Ѵĺ� Ő2000őĺ�);�
;�|u-1|;7�	��� =uol� 0Ѵoo7� �vbm]� |_;�l-m�=-1|�u;uŝv� ruo|o1oѴ� =ou�
 b-];m� 	��-v�� �Ѵoo7� -m7� $bvv�;� �b|vĺ� )_oѴ;Ŋ�];mol;� v;t�;m1Ŋ
bm]� Ѵb0u-ub;v� �;u;� ru;r-u;7� =oѴѴo�bm]� lo7b=b1-|bomv� o=� �ѴѴ�lbm-ŝv�
�;�|;u-� �b0u-u�� �u;r-u-|bom� ruo|o1oѴ� Ő"1_�;b�;u� ş�	;"-b�ķ�2023ő�
-m7�v;t�;m1;7�om�-��b";t�ƓƏƏƏ�-|��o�o];m;��ourou-|bom��m1ĺķ��b|_�
-�|-u];|�v;t�;m1bm]�7;r|_�o=�Ƒ*�r;u�bm7b�b7�-Ѵĺ

";t�;m1;v��;u;�|ubll;7��b|_�$ubl�-Ѵou;��;uvbom�ƏĺѵĺƔ�Őhttps:// 
]b|_�0ĺ�1olņ�
;Ѵb���u�;]�;uņ�$ubl��-Ѵou;�ő� -m7� l-rr;7� |o� |_;� �����
�;ѴѴo�� �-u0Ѵ;u� u;=;u;m1;� ];mol;� Ő"-�;uv� ;|� -Ѵĺķ� 2022ő� Ő-11;vvbom�
m�l0;u� ����!�ƏƐƏƏƏƏƏƏƏő� �vbm]� |_;� ��uuo�vŊ�)_;;Ѵ;u� �Ѵb]m;u�
vo=|�-u;��;uvbom�ƏĺƕĺƐƕ�Ő�b�ş�	�u0bmķ�2009őĺ��=|;u�l-rrbm]ķ�|_;�u;Ŋ
v�Ѵ|bm]�"���=bѴ;v��;u;�vou|;7ķ�1om�;u|;7�|o�����=bѴ;v�-m7�bm7;�;7�
�vbm]�"-l|ooѴv��;uvbom�ƐĺƖ�Ő�b�;|�-Ѵĺķ�2009őĺ�);��v;7��-uh	�rѴb1-|;v�
=uol���$���;uvbom�ƓĺƐĺƓĺƏ�Ő�1�;mm-�;|�-Ѵĺķ�2010ő�|o�l-uh�u;-7�7�Ŋ
rѴb1-|;v� -m7� 1Ѵbrr;7� o�;uѴ-rrbm]� u;-7v��b|_� |_;� 1Ѵbr��;uѴ-r� =�m1Ŋ
|bom� =uol� 0-l&|bѴ� Őhttps:// genome. sph. umich. edu/ wiki/ BamUt il:_ 
1Ѵbr���;uѴ-rőĺ� $o� u;7�1;� v;t�;m1bm]� 7;r|_� �-ub-|bomķ� �;� �v;7� |_;�
	o�mv-lrѴ;"-l� =�m1|bom� =uol���$�� |o� 7o�mv-lrѴ;� u;-7v� =uol�
����=bѴ;v��b|_�]u;-|;u�|_-m�Ƒ*�1o�;u-];ķ�|o�Ƒ*�1o�;u-];ĺ�$o�b7;m|b=��
];m;|b1�l-uh;uv� =uol� Ѵo�Ŋ�1o�;u-];�)�"� 7-|-ķ��;� �v;7� v|ubm];m|�
=bѴ|;ubm]�or|bomv�bm����"	��;uvbom�ƏĺƖĺƓƏ�Ő�oum;Ѵb�vv;m�;|�-Ѵĺķ�2014ő�
o=�l-rrbm]� t�-Ѵb|��>ƒƏ� -m7� 0-v;� t�-Ѵb|��>ƒƒĺ�);� u;|-bm;7� "��v�
�b|_�u;-7�7-|-�bm�-|�Ѵ;-v|�ƔƏѷ�o=�bm7b�b7�-Ѵv�-m7�-m�MAF > 0.05. The 
genetic data are stored at _||rvĹņņ�7obĺ�ou]ņ�ƐƏĺ�ƔƏѵƐņ�7u�-7ĺ�_Ɩ�Ə��|Ɠrf 
Ő	;"-b��;|�-Ѵĺķ�2023őĺ

);�blrѴ;l;m|;7�rubm1br-Ѵ�1olrom;m|v�-m-Ѵ�vbv�Ő���ő�|o�;mv�u;�
reference samples from each of our source populations actually 
v_o�;7�];o]u-r_b1�vb]m-|�u;v�o=�1Ѵ�v|;ubm]�bm�|_;����ĺ��m�ou7;u�|o�
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assess our ability to accurately assign individuals of unknown origin 
to breeding populations, we determined the accuracy of assignment 
o=�|_;�hmo�m�0u;;7bm]�oub]bm� bm7b�b7�-Ѵv��vbm]�)�"-vvb]mŝv� Ѵ;-�;Ŋ�
om;Ŋ�o�|�-rruo-1_ĺ

For the second empirical data set, we applied WGSassign 
|o� ru;�bo�vѴ�� r�0Ѵbv_;7� 7-|-� =uol� �_bmooh� v-Ѵlom� Ő$_olrvom�
et al., 2020ő�|o�-vv;vv�b|v��|bѴb|��bm�vb|�-|bomv��b|_�Ѵo��|o�;�|u;l;Ѵ��
Ѵo��u;-7�7;r|_�-m7�roouŊ�t�-Ѵb|��	��ĺ�
ou�|_bv�v1;m-uboķ��;�;m|;uŊ
|-bm;7�|_;�|-vh�o=�-vvb]mbm]��_bmooh�v-Ѵlom�|o�;b|_;u�|_;��Ѵ-l-|_�
!b�;u�0-vbmķ�ou�|_;�"-1u-l;m|o��-vbmĺ�$_;v;�ror�Ѵ-|bomv�-u;�t�b|;�
distinct, with pairwise FST values between the basins on the order 
o=�ƏĺƐĺ�"oķ�b|�v_o�Ѵ7�0;�t�b|;�;-v��|o�7bv|bm]�bv_�=bv_�=uol�|_;�|�o�
0-vbmvĺ��o�;�;uķ�bm�)�"�7-|-�=uol�$_olrvom�;|�-Ѵĺ�Ő2020őķ�|_;u;�
�;u;�v;�;u-Ѵ�=bv_�=uol�ub�;uv�bm�|_;��Ѵ-l-|_�0-vbm�1oѴѴ;1|;7�=uol�
1-u1-vv;v� �b|_� Ѵo�� u;-7� 7;r|_ĺ� $_;v;� =bv_� �;u;� ;�1Ѵ�7;7� =uol�
lov|� -m-Ѵ�v;v� bm� $_olrvom� ;|� -Ѵĺ� Ő2020ő� 0;1-�v;� |_;�� 7b7� mo|�
u;Ѵb-0Ѵ��1Ѵ�v|;u��b|_�o|_;u� =bv_� =uol�|_;bu�ror�Ѵ-|bomv�om�-����ĸ�
however, we evaluate here if their basin of origin can be recovŊ
;u;7� �vbm]� )�"-vvb]mĺ� �77b|bom-ѴѴ�ķ� |_uo�]_� 7o�mv-lrѴbm]� o=�
u;-7v�=uol�|_;�����=bѴ;vķ��;�bm�;v|b]-|;�b=�-�;u-];�u;-7�7;r|_v�-v�
Ѵo��-v�ƏĺƏƏƐ*�bm�|_;�v-lrѴ;�0;bm]�-vvb]m;7�1-m�7;Ѵb�;u�-11�u-|;�
assignments.

We included fish from the closely related Feather River Spring, 

;-|_;u� !b�;u� 
-ѴѴķ� "-m� �o-t�bm� 
-ѴѴ� -m7��oѴ;l-m� �-|;� 
-ѴѴ� 1oѴѴ;1Ŋ
tions as members of the Sacramento River source population, 
while fish from the closely related Salmon River Fall and Spring and 
Trinity River Fall and Spring collections constitute samples from the 
�Ѵ-l-|_�!b�;u�vo�u1;�ror�Ѵ-|bomĺ�)b|_�ѵƓ�=bv_�bm�;-1_�vo�u1;�rorŊ
ulation, we removed the 12 fish from each that had the fewest seŊ
t�;m1bm]�u;-7v�|o�v;u�;�-v�o�u�ƑƓ�ļ�mhmo�mĽ�=bv_�|o�0;�-vvb]m;7�|o�
|_;�ror�Ѵ-|bomvĺ�$_;�u;l-bmbm]�ƔƑ�bm�;-1_�ror�Ѵ-|bom�v;u�;7�-v�|_;�
reference samples.

$_;�];mo|�r;�Ѵbh;Ѵb_oo7v�=ou�|_;�u;=;u;m1;�v-lrѴ;��;u;�bm�-�(�
�
=bѴ;� ruo7�1;7�0����$�ĺ�$_bv��-v� =bѴ|;u;7��vbm]�01=|ooѴv� Ő	-m;1;h�
et al., 2021ő� |o� u;|-bm�omѴ��0b-ѴѴ;Ѵb1�"��v��b|_�-�MAF > 0.05 which 
�;u;�lbvvbm]�7-|-� bm�=;�;u�|_-m�ƒƏѷ�o=�|_;�v-lrѴ;vĺ��77b|bom-ѴѴ�ķ�
data from chromosome 28, which holds a region strongly differenŊ
|b-|;7�0;|�;;m�vrubm]Ŋ�u�m�-m7�=-ѴѴŊ�u�m��_bmooh�v-Ѵlom�Ő$_olrvom�
et al., 2020őķ��;u;�;�1Ѵ�7;7ĺ�$_;v;�];mo|�r;�Ѵbh;Ѵb_oo7v��;u;�v|ou;7�
bm�-��;-]Ѵ;Ŋ�=oul-||;7�=bѴ;��vbm]�-�1�v|ol�v1ubr|ĺ

$_;�7-|-� =ou� |_;� |;v|� v-lrѴ;v��;u;�;�|u-1|;7� =uol�����=bѴ;vĺ�
We used samtools stats�Ő�b�;|�-Ѵĺķ�2009ő�|o�7;|;ulbm;�|_;�-�;uŊ
-];�u;-7�7;r|_�bm�;-1_�����-m7��v;7�|_-|�m�l0;u��b|_�samtools 
view�|o�7o�mv-lrѴ;�;-1_�����=b�;�|bl;v��b|_�=b�;�v;r-u-|;�v;;7v�
|o�-�;u-];�u;-7�7;r|_�Ѵ;�;Ѵv�o=�ƏĺƏƏƐ*ķ�ƏĺƏƏƔ*ķ�ƏĺƏƐ*ķ�ƏĺƏƔ*ķ�ƏĺƐ*ķ�
ƏĺƔ*�-m7�ƐĺƏ*ķ��_;m�|_ov;�u;-7�7;r|_v��;u;�Ѵo�;u�|_-m�|_;�=�ѴѴ�u;-7�
depth of the file. Genotype likelihoods for the 24 individuals were 
|_;m�1-ѴѴ;7��b|_����"	��ƏĺƖƓƏ�Ő�oum;Ѵb�vv;m�;|�-Ѵĺķ�2014ő��vbm]�|_;�
- sites�or|bomv�|o�1-ѴѴ�omѴ��|_;�vb|;v�=o�m7�bm�|_;��;-]Ѵ;Ŋ�=oul-||;7�
=bѴ;�o=�|_;�u;=;u;m1;�v-lrѴ;vĺ��=|;u�];mo|�r;�Ѵbh;Ѵb_oo7�;v|bl-|bom�
in the test samples, the Beagle file of reference samples was filtered 
|o�bm1Ѵ�7;�omѴ��|_;�vb|;v�o�|r�|�0�����"	ĺ�$_;�|o|-Ѵ�m�l0;u�vb|;v�
in each data set was recorded, as was the number of informative 

vb|;v� Ő|_ov;��b|_��m;t�-Ѵ� Ѵbh;Ѵb_oo7v� =ou� |_;� |_u;;�7b==;u;m|�];moŊ
|�r;vő��b|_bm�;-1_� bm7b�b7�-Ѵĺ�$_;�u;v�Ѵ|bm]��;-]Ѵ;� =bѴ;v��;u;� |_;m�
passed to WGSassign to compute the likelihood of population origin 
for each of the test fish, and the results were plotted using R version 
ƓĺƏ�Ő!��ou;�$;-lķ�2022őĺ

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ �==;1|b�;�v-lrѴ;�vb�;�vbl�Ѵ-|bomv


bv_;u�bm=oul-|bom�-m7�;==;1|b�;�v-lrѴ;�vb�;�-u;�v_o�m�=ou�|_u;;�u;rŊ
resentative values of !�ŐƏĺƏƔķ�Əĺƒ�-m7�ƏĺƔő�bm�Figure 1ĺ��v�;�r;1|;7ķ�
o0v;u�;7�
bv_;u� bm=oul-|bom� =ou� -ѴѴ;Ѵ;� =u;t�;m1�� =uol�v;t�;m1bm]�
u;-7� 7-|-� bm1u;-v;v� -v� |_;� -�;u-];� v;t�;m1bm]� 7;r|_� bm1u;-v;vķ�
reaching a limit at the observed information from fully observed 
genotypes. The absolute value of the observed Fisher information 
�-ub;v� �b7;Ѵ�� o�;u� |_;� 7b==;u;m|� -ѴѴ;Ѵ;� =u;t�;m1b;vĸ� _o�;�;uķ� |_;�
u;Ѵ-|b�;��-Ѵ�;v�o=�bm=oul-|bom�=uol�];mo|�r;v�-m7�=uol�v;t�;m1bm]�
u;-7v��-u�� Ѵ;vvķ� -m7� |_;�;==;1|b�;� v-lrѴ;� vb�;� bv� Ѵ-u];Ѵ��1omvbv|;m|�
-1uovv�|_;�u-m];�o=�lbmou�-ѴѴ;Ѵ;�=u;t�;m1b;v�=uol�ƏĺƏƔ�|o�ƏĺƔķ�v_o�Ŋ
bm]� |_;�;==;1|b�;� v-lrѴ;� vb�;� |o�0;�-��v;=�Ѵ�l;|ub1ĺ�$_;� =Ѵ-||;mbm]�
o=� |_;� 1�u�;v� =ou� o0v;u�;7� bm=oul-|bom� =uol� v;t�;m1bm]� 7-|-� -v�
the average read depth increases indicates the diminishing returns 
o=�-77b|bom-Ѵ�v;t�;m1bm]�7;r|_��;uv�v�-77b|bom-Ѵ�v-lrѴ;vķ�=ou�;v|bŊ
l-|bm]�-ѴѴ;Ѵ;�=u;t�;m1b;v�|_-|�_-v�0;;m�mo|;7�ru;�bo�vѴ��Ő��;uhѴ;�ş�
Gompert, 2013; Fumagalli, 2013; Lou et al., 2021őĺ

ƒĺƑՊ |Պ�;m;|b1�vbl�Ѵ-|bomv

�m�|_;�=buv|�vbl�Ѵ-|bomķ�];m;|b1�7b==;u;m|b-|bom�0;|�;;m�|_;�v-lrѴ;7�
bm7b�b7�-Ѵv� =uol� |_;� |�o�ror�Ѵ-|bomv� u-m];7� =uol�ƴƏĺƏƏƒ� |o�ƏĺƐƒ�
FSTՔĺ��1uovv�-ѴѴ�u;-7�7;r|_v��b|_bm�;-1_�1-|;]ou��o=�m�l0;u�o=�v-lŊ
rѴ;v�ŐƐƏķ�ƔƏķ�ƐƏƏķ�ƔƏƏőķ�-vvb]ml;m|�-11�u-1��bm1u;-v;7��b|_�];m;|b1�
differentiation and generally high assignment accuracy was achieved 
;�;m� �b|_� Ѵo�� ];m;|b1� 7b==;u;m|b-|bom� ŐFigure 2őĺ� �11�u-1�� -0o�;�
ƖƏѷ��-v� u;-1_;7� =ou� -ѴѴ� vbl�Ѵ-|bomv��b|_bm� |_;� ƔƏƏ� v-lrѴ;v� 1-|Ŋ
egory with FST > 0.004, 100 samples category with FST > 0.006ķ�ƔƏ�
samples category with FST > 0.015 and the 10 samples category with 
FST > 0.043ĺ�)b|_bm� ;-1_� v-lrѴ;� vb�;� 1-|;]ou�ķ� bm1u;-vbm]� -�;u-];�
u;-7�7;r|_ķ�-m7�|_;u;=ou;�;==;1|b�;�v-lrѴ;�vb�;ķ�u;v�Ѵ|;7� bm�_b]_;u�
assignment accuracy, especially when populations had weak genetic 
7b==;u;m|b-|bom�ŐFigure 2őĺ

Runtime for the simultaneous calculation of Fisher informaŊ
|bomķ� ;==;1|b�;� v-lrѴ;� vb�;� -m7� -ѴѴ;Ѵ;� =u;t�;m1�� =ou� ror�Ѵ-|bomv� bm�
WGSassign was fast. With two populations and 100,000 loci being 
-m-Ѵ�v;7�bm�r-u-ѴѴ;Ѵ��b|_�ƑƏ�|_u;-7vķ�u�m|bl;��-v�Ѵ;vv�|_-m�ƐƏՓv�=ou�
ror�Ѵ-|bomv� �b|_� ƐƏƏ� v-lrѴ;v� ou� Ѵ;vvķ� -m7� 0;|�;;m� ƐƔ� -m7� ƒƏՓv�
=ou� ror�Ѵ-|bomv� �b|_� ƔƏƏ� v-lrѴ;vĺ� �;-�;Ŋ�om;Ŋ�o�|� -vvb]ml;m|� u;Ŋ
t�bu;v� ror�Ѵ-|bom� -ѴѴ;Ѵ;� =u;t�;m1�� |o� 0;� u;1-Ѵ1�Ѵ-|;7� =ou� ;-1_� bmŊ
7b�b7�-Ѵ� bm�|_;�ror�Ѵ-|bomķ�-m7�|bl;�u;t�bu;7�=ou�|_-|�u;1-Ѵ1�Ѵ-|bom�
bm1u;-v;v� Ѵbm;-uѴ�� �b|_� v-lrѴ;� vb�;ĺ� �11ou7bm]Ѵ�ķ� u�m|bl;� =ou� ����
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1uovvŊ��-Ѵb7-|bom�bv�;�r;1|;7�|o�bm1u;-v;�t�-7u-|b1-ѴѴ���b|_�bm1u;-vbm]�
m�l0;u�o=�v-lrѴ;v�r;u�ror�Ѵ-|bomķ�-m7��;�o0v;u�;�|_bvĹ�
�!�ƐƏƏ�
v-lrѴ;v�=ou�|_;�|�o�ror�Ѵ-|bomv�-|�Ɛ*�l;-m�bm7b�b7�-Ѵ�u;-7�7;r|_ķ�
����-vvb]ml;m|�_-7�-�l;-m�u�m|bl;�o=�ƔƐՓv�-m7ķ�=ou�ƔƏƏ�v-lrѴ;vķ�
u�m�|bl;��-v�ƐƕƓƒՓvĺ

The second set of simulations showed that at weak to moderŊ
-|;� ];m;|b1� 7b==;u;m|b-|bom� Ől;-m� FST = 0.0055őķ� -vvb]ml;m|� -11�Ŋ
u-1�� �-v� 1Ѵov;� |o� ƐƏƏѷ� �_;m� ;==;1|b�;� v-lrѴ;� vb�;v� o=� |_;� |�o�
ror�Ѵ-|bomv��;u;�;t�-Ѵ�-m7�_-7�-|� Ѵ;-v|�;b]_|�;==;1|b�;�bm7b�b7�-Ѵv�
ŐFigure 3aőĺ��o�;�;uķ� -|�_b]_;u�l;-v�u;v�o=�;==;1|b�;� v-lrѴ;� vb�;ķ�
|_;�|�o�ror�Ѵ-|bomv�1o�Ѵ7�_-�;�7b==;u;m|�;==;1|b�;�v-lrѴ;v�vb�;v�-m7�
v|bѴѴ�_-�;�_b]_�-vvb]ml;m|�-11�u-1�� Ő;ĺ]ĺ�;==;1|b�;�v-lrѴ;v�vb�;v�o=�
ƑƏ��vĺ�ƐƏƏőĺ��vvb]ml;m|�0b-v�o11�uu;7��_;m�|_;u;��;u;�v�==b1b;m|�
7b==;u;m1;v�0;|�;;m�|_;�;==;1|b�;�v-lrѴ;�vb�;v�|_-|�bm7b�b7�-Ѵv��;u;�
omѴ��0;bm]�bm1ouu;1|Ѵ��-vvb]m;7�=uol�|_;�Ѵo�;u�;==;1|b�;�v-lrѴ;�vb�;�
ror�Ѵ-|bom�ŐFigure 3bőĺ

�lrou|-m|Ѵ�ķ� �_;m� ;==;1|b�;� v-lrѴ;� vb�;� bv� uo�]_Ѵ�� ;t�b�-Ŋ
lent between the two populations but the number of samples and 
read depth differ, assignment accuracy is still high and unbiased 
ŐFigure 3c,dőĺ�$_bv�r-||;um��-v�-rr-u;m|��r� |_uo�]_� |_;�l-�bl�l�
|;v|;7�l-]mb|�7;�7b==;u;m1;�o=�ƐƑ�ŐFigure 3c,dőĺ

�|�_b]_;u�];m;|b1�7b==;u;m|b-|bom�ŐFST > 0.1őķ�v-lrѴ;v�1-m�u;-7bѴ��
be identified as coming from an unsampled population using the zŊ�
v1ou;�l;|ub1� bm�)�"-vvb]m� ŐFigure 4őĺ��|�v�1_�_b]_�7b==;u;m|b-|bomķ�
individuals from an unsampled population tend to have zŊ�v1ou;v�Ѵ;vv�
|_-m�ƴƒ�1olr-u;7�|o�bm7b�b7�-Ѵv�1ouu;1|Ѵ��-vvb]m;7�|o�-�ror�Ѵ-|bom�
having zŊ�v1ou;v� bm�( − 3, 3)ķ� -v�;�r;1|;7�o=� -� v|-m7-u7��mb|�moul-Ѵĺ�
)b|_� �;-h;u� ];m;|b1� 7b==;u;m|b-|bom� ŐFST < 0.1őķ� v-lrѴ;� vb�;� -m7�
read depth have a more noticeable effect on the behaviour of the 
zŊ�v1ou;�l;|ub1� ŐFigure 4őĺ��;m;u-ѴѴ�ķ� _b]_;u� u;=;u;m1;� v-lrѴ;� vb�;v�
and read depths allow individuals from unsampled populations to be 
distinctively identified from individuals that are truly from a sampled 
source population.

The simulations demonstrating the relationship of read depth and 
-0voѴ�|;�v-lrѴ;�vb�;�=ou�ruo7�1bm]�;==;1|b�;�v-lrѴ;�vb�;�bm�-�vbm]Ѵ;�
ror�Ѵ-|bom�_b]_Ѵb]_|;7�|_-|�ruboub|b�bm]�v-lrѴ;�vb�;�o�;u�v;t�;m1bm]�
7;r|_�u;v�Ѵ|v�bm�_b]_;u�;==;1|b�;�v-lrѴ;�vb�;ĺ��m�|_;�ruo�b7;7�;�-lrѴ;�
o=�-m�;t�-Ѵ�v;t�;m1bm]�;==ou|�o=�ѵƏ*�Őbĺ;ĺ�|o|-Ѵ�v;t�;m1bm]�7;r|_�o=�-�
vbm]Ѵ;�ror�Ѵ-|bomőķ�;==;1|b�;�v-lrѴ;�vb�;�bm1u;-v;7�-v�lou;�v-lrѴ;v�
at a lower read depth were used—with the lowest effective sample 
vb�;�o=�ƕĺѶ�=ou�ƐƏ�bm7b�b7�-Ѵv�-|�ѵ*��_b1_�bm1u;-v;7�|_u;;=oѴ7�|o�ƑƓĺƔ�
=ou�ƐƑƏ�bm7b�b7�-Ѵv�-|�ƏĺƔ*�ŐFigure Ɣőĺ��m�o|_;u��ou7vķ�b=�-�u;v;-u1_;u�


 ��&!� �ƐՊŐ-ő��0v;u�;7�bm=oul-|bom�1-Ѵ1�Ѵ-|;7�=ou�vbl�Ѵ-|;7�7-|-�v�ll-ub�;7�;b|_;u�-v�=�ѴѴ��o0v;u�;7�];mo|�r;v�Őr�urѴ;ő�ou�-v�];mo|�r;�
Ѵbh;Ѵb_oo7v�Őou-m];ő�1olr�|;7�=uol�v;t�;m1bm]�u;-7�7-|-�o=�7b==;u;m|�7;r|_v�vbl�Ѵ-|;7�=uol�|_;�];mo|�r;vĺ�
�ѴѴ��o0v;u�;7�];mo|�r;�7-|-�
are not affected by read depth, but an independent set of fully observed genotypes was simulated for each different value of read depth, 
-m7�|_;v;�-u;�-ѴѴ�v_o�m�bm�|_;�=b]�u;ĺ�Ő0ő��==;1|b�;�v-lrѴ;�vb�;v�1-Ѵ1�Ѵ-|;7�=ou�vbl�Ѵ-|;7�];mo|�r;�Ѵbh;Ѵb_oo7�7-|-ĺ��m�;-1_�=b]�u;ķ�|_;�=-1;|�
_;-7;uv�]b�;�|_;�|u�;�ror�Ѵ-|bom�-ѴѴ;Ѵ;�=u;t�;m1�ķ�|_;�xŊ�-�bv�]b�;v�|_;�-�;u-];�u;-7�7;r|_�bm�|_;�vbl�Ѵ-|bomv�-m7�|_;�7bv|ub0�|bom�o=�t�-m|b|b;v�
in the y�7bu;1|bom�bv�v�ll-ub�;7�-v�0o�rѴo|v�v_o�bm]�|_;�l;7b-m�Ő7-uh�Ѵbm;ő�|_;�=buv|�-m7�|_bu7�t�-u|bѴ;v�Ő|_;�;7];v�o=�|_;�0o�;vő�|_;�Ѵ-u];v|�
Őou�vl-ѴѴ;v|ő��-Ѵ�;�mo�=�u|_;u�|_-m�1.5×�|_;�bm|;ut�-u|bѴ;�u-m];�=uol�|_;�=buv|�Ő|_bu7ő�t�-u|bѴ;v�Ő|_;��_bvh;uvő�-m7�o�|Ѵb;uv�0;�om7�|_;��_bvh;uv�
Őbm7b�b7�-Ѵ�robm|vőĺ��ѴѴ�vbl�Ѵ-|bomv�_-7�ƐƏƏ�bm7b�b7�-Ѵvĺ
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ՊՍՊ |ՊƖDeSAIX et al.

_-7�|_;�or|bom�|o�v;t�;m1;�ƐƏ�bm7b�b7�-Ѵv�-|�ѵ*�=uol�-�ror�Ѵ-|bom�ou�
ƐƑƏ�bm7b�b7�-Ѵv�-|�ƏĺƔ*ķ�|_;�Ѵ-||;u�v|u-|;]���o�Ѵ7�ruo�b7;�o�;u�|_u;;�
|bl;v�-v�l�1_�bm=oul-|bom�u;]-u7bm]�-ѴѴ;Ѵ;�=u;t�;m1��;v|bl-|bom�7;Ŋ
vrb|;�|_;�v-l;�v;t�;m1bm]�;==ou|ĺ

ƒĺƒՊ |Պ�rrѴb1-|bom�|o�;lrbub1-Ѵ�7-|-

(-ub-m|�1-ѴѴbm]��b|_�|_;�+;ѴѴo���-u0Ѵ;u�v-lrѴ;v�b7;m|b=b;7�ƔķƒƏƐķѵƑƕ�
"��vĺ�&vbm]�-ѴѴ�"��vķ�+;ѴѴo���-u0Ѵ;u�u;=;u;m1;�v-lrѴ;v��;u;�-11�Ŋ
rately assigned to either the North, Central or East populations using 
Ѵ;-�;Ŋ�om;Ŋ�o�|�v;Ѵ=Ŋ�-vvb]ml;m|ĺ��ѴѴ�ƒƔ�u;=;u;m1;�v-lrѴ;v�=uol�0o|_�
|_;��ou|_�-m7��-v|�ror�Ѵ-|bomv��;u;�-vvb]m;7��b|_�ƐƏƏѷ�-11�u-1�ķ�
-m7�o=�|_;�ƒƔ�0bu7v�=uol�|_;��;m|u-Ѵ�ror�Ѵ-|bomķ�ƒƓ��;u;�1ouu;1|Ѵ��
assigned.

Chinook salmon were accurately assigned to either the 
"-1u-l;m|o�ou��Ѵ-l-|_�ub�;u�0-vbmv�;�;m�-|�u;-7�7;r|_v�-v� Ѵo��-v�
ƏĺƏƏƐ*� ŐFigure ѵőĺ� �ѴѴ� ƐƑ� |;v|� v-lrѴ;v� =uol� |_;� "-1u-l;m|o� ub�;u�
were correctly assigned at all read depth levels, and, of the 12 
�Ѵ-l-|_�|;v|�=bv_ķ�ƐƐ��;u;�1ouu;1|Ѵ��-vvb]m;7�-|�-ѴѴ�u;-7�7;r|_�Ѵ;�Ŋ
;Ѵvķ��_bѴ;�om;��-v�1ouu;1|Ѵ��-vvb]m;7�-|�-ѴѴ�u;-7�7;r|_�Ѵ;�;Ѵv�;�1;r|�
=ou�om;�o=�|_;�=b�;�u;rѴb1-|;v�-|�u;-7�7;r|_�ƏĺƏƏƐ*ĺ�$_;�=o�u�v-lŊ
rѴ;v��b|_�Ѵo�;v|�=�ѴѴ�u;-7�7;r|_�Ő|_;�=o�u�-|�|_;�0o||ol�o=�Figure ѵő�
_-�;�Ѵo]Ŋ�Ѵbh;Ѵb_oo7�u-|bov�|_-|�-u;�mo|b1;-0Ѵ��vl-ѴѴ;u�|_-m�|_ov;�o=�
the remaining 20 fish even when downsampled to similar read depth 
levels, suggesting that these samples suffer from factors other than 
Ѵo�� u;-7� 7;r|_ķ� v�1_� -v� roou� t�-Ѵb|��	���ou� 1om|-lbm-|bomĺ� $_;�
m�l0;u� o=� bm=oul-|b�;� vb|;v� r;u� bm7b�b7�-Ѵ� �-ub;7� =uol� ƐƐķѶѵѵ� |o�
ƖƏѵķƔƏƔ�-|�=�ѴѴ�u;-7�7;r|_ķ�-m7�=uol�ƒƕƏ�|o�ƒƑƔƕ�-|�ƏĺƏƏƐ*ķ��_bѴ;�
|_;�|o|-Ѵ�m�l0;u�o=�vb|;v��-ub;7�=uol�ƖƔƔķƐѶƔ�-|�=�ѴѴ�7;r|_�|o�ƓѶķƑƑƏ�
-|�ƏĺƏƏƐ*� ŐTable 1őĺ� ��b7;m|Ѵ�ķ� -|� Ѵo�� u;-7�7;r|_vķ� ;-1_� bm7b�b7�-Ѵ�
-vvb]ml;m|� u;Ѵb;v�om�-� v;|�o=� bm=oul-|b�;�"��v� |_-|�o�;uѴ-rv� Ѵb||Ѵ;�
�b|_�|_;�bm=oul-|b�;�"��v�bm�o|_;u�bm7b�b7�-Ѵvĺ

ƓՊ |Պ	�"�&""���

Here, we present WGSassign and demonstrate its utility for popuŊ
Ѵ-|bom�-vvb]ml;m|��b|_� Ѵo�Ŋ�1o�;u-];�)�"�7-|-ĺ���u� u;v�Ѵ|vķ� =uol�
0o|_� vbl�Ѵ-|;7� -m7� ;lrbub1-Ѵ� 7-|-ķ� v_o�� |_-|� Ѵo�Ŋ�1o�;u-];�)�"�
data can be used to achieve high assignment accuracy even among 
�;-hѴ��7b==;u;m|b-|;7�ror�Ѵ-|bomv�ŐFST < 0.01őĺ�);�v_o��|_-|�0-Ѵ-m1Ŋ
bm]�;==;1|b�;�v-lrѴ;�vb�;�-lom]�ror�Ѵ-|bomv�bv�;vv;m|b-Ѵ�=ou�-�ob7bm]�
-vvb]ml;m|�0b-v�7�;�|o��-ub-|bom�bm�|_;�ru;1bvbom�o=�-ѴѴ;Ѵ;�=u;t�;m1��
;v|bl-|bom�=ou�7b==;u;m|�ror�Ѵ-|bomvĺ��==;1|b�;�v-lrѴ;�vb�;�1-m�-Ѵvo�
be used to guide decisions in study design for choosing the number 
o=�v-lrѴ;v�-m7�v;t�;m1bm]�7;r|_�bm�-�]b�;m�ror�Ѵ-|bomĺ�$_;�-0bѴb|��
to perform population assignment on large numbers of individuals, 
1ov|Ŋ�;==;1|b�;Ѵ�� v;t�;m1;7� -|� Ѵo�Ŋ�1o�;u-];� -1uovv� |_;� �_oѴ;� ];Ŋ
mol;ķ�=�u|_;u�;�r-m7v�|_;��|bѴb|��o=�Ѵo�Ŋ�1o�;u-];�)�"�=ou�ror�Ѵ-Ŋ
tion and conservation genomics.

ƓĺƐՊ |Պ �;u=oul-m1;�o=�)�"-vvb]m�-m7�blrѴb1-|bomv�
for population assignment studies

��u�blrѴ;l;m|-|bom�o=�)�"-vvb]m�-ѴѴo�v��v;uv�|o�r;u=oul�ror�Ѵ-Ŋ
tion assignment analyses from genotype likelihood data. Features 
o=�)�"-vvb]m�bm1Ѵ�7;�v|-m7-u7�-m7�Ѵ;-�;Ŋ�om;Ŋ�o�|�Ő���ő�ror�Ѵ-|bom�


 ��&!� �ƑՊ�-1_�robm|�u;ru;v;m|v�-�vbm]Ѵ;�vbl�Ѵ-|bom�u�m�o=�|_;�
|�oŊ�ror�Ѵ-|bom�bvѴ-m7�lo7;Ѵ��_;m�;==;1|b�;�v-lrѴ;�vb�;v��;u;�
]u;-|;u�|_-m�ƏĺƐ�bm7b�b7�-Ѵvĺ��-m;Ѵv�-u;�ou7;u;7�0��|_;�m�l0;u�
o=�bm7b�b7�-Ѵv�ŐƐƏķ�ƔƏķ�ƐƏƏķ�ƔƏƏő�v-lrѴ;7�=uol�;-1_�o=�|_;�|�o�
populations. The proportion of correctly assigned individuals, via 
����1uovvŊ��-Ѵb7-|bom�=ou�om;�ror�Ѵ-|bom�bv�]b�;m�om�|_;�yŊ�-�bv�-m7�
];m;|b1�7b==;u;m|b-|bom�ŐFSTő�0;|�;;m�|_;�|�o�ror�Ѵ-|bomv�bv�om�
the xŊ�-�bvĺ�$_;�robm|v�-u;�1oѴo�u;7�0��;==;1|b�;�v-lrѴ;�vb�;�Őlog10 
v1-Ѵ;ő�o=�|_;�ror�Ѵ-|bomĺ��vvb]ml;m|�-11�u-1��bm�vbl�Ѵ-|bom�u�mv�
with similar genetic differentiation increases with greater effective 
v-lrѴ;�vb�;v�ŐѴb]_|;u�1oѴo�uvőĺ
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ƐƏՊ |ՊՊՍ DeSAIX et al.

-vvb]ml;m|ķ�-v��;ѴѴ�-v�1-Ѵ1�Ѵ-|bomv�o=�;==;1|b�;�v-lrѴ;�vb�;v�Őo=�0o|_�
bm7b�b7�-Ѵv� -m7� ror�Ѵ-|bomvő� -m7� -� zŊ�v1ou;�l;|ub1� =ou� 7;|;ulbmbm]�
�_;|_;u�-m�bm7b�b7�-Ѵ�bv�=uol�-m��mv-lrѴ;7�ror�Ѵ-|bomĺ��lrou|-m|Ѵ�ķ�
-v�blrѴ;l;m|;7ķ�|_;v;�-m-Ѵ�v;v�1-m�0;�r-u-ѴѴ;Ѵb�;7�-1uovv�Ѵo1bķ��_b1_�
-ѴѴo�v� =ou� =-v|� 1olr�|-|bom� o=� 7-|-� ruo7�1;7� =uol� Ѵo�Ŋ�1o�;u-];�
)�"ķ�;�;m�=ou�1olr�|-|bom-ѴѴ��bm|;mvb�;�-rrѴb1-|bomv�v�1_�-v�����

assignment. Studies of wild populations are typically limited in the 
m�l0;u� o=� v-lrѴ;v� -�-bѴ-0Ѵ;� =ou� v;t�;m1bm]ķ� �_;u;� ƔƏ�l-�� 0;� -�
large number of samples for a given population. With such a samŊ
rѴ;�vb�;ķ�Ѵ;-�;Ŋ�om;Ŋ�o�|�-vvb]ml;m|�-|�-�v|-m7-u7�Ѵo�Ŋ�1o�;u-];�u;-7�
7;r|_�o=�Ɛ*�1o�Ѵ7�0;�;�r;1|;7� |o�_-�;�-� u�m|bl;�om� |_;�ou7;u�o=�
minutes for multiple populations and a million loci.


 ��&!� �ƒՊ�;-m�-vvb]ml;m|�-11�u-1��Ő-ő�-m7�l;-m�7b==;u;m1;�bm�-vvb]ml;m|�-11�u-1��Ő0ĸ�-vvb]ml;m|�-11�u-1��o=�ror�Ѵ-|bom�
ƑՓƴՓror�Ѵ-|bom�Ɛő��;u;�1olr-u;7�=ou�ror�Ѵ-|bomv��b|_�-m�-uu-��o=�;==;1|b�;�v-lrѴ;�vb�;vķ�Ѵbv|;7�om�|_;�-�;v�-v�u-m];vĺ��t�-Ѵ�;==;1|b�;�
v-lrѴ;�vb�;v�-u;�-Ѵom]�|_;�rѴo|vŝ�7b-]om-Ѵvĺ��vvb]ml;m|�-11�u-1���-v�_b]_��_;m�;==;1|b�;�v-lrѴ;�vb�;v��;u;�v�==b1b;m|Ѵ��_b]_ķ�;�;m��_;m�
�m0-Ѵ-m1;7ĺ�)_;m�;==;1|b�;�v-lrѴ;�vb�;v��;u;�-rruo�bl-|;Ѵ��;t�-Ѵķ�-vvb]ml;m|�-11�u-1���-v�_b]_�u;]-u7Ѵ;vv�o=�|_;�1ol0bm-|bom�o=�u;-7�
7;r|_v�-m7�m�l0;u�o=�v-lrѴ;v�Ő1ķ�7őĺ��rruo�bl-|;Ѵ��;t�-Ѵ�;==;1|b�;�v-lrѴ;�vb�;v�-u;�=o�m7�-Ѵom]�|_;�7b-]om-Ѵ��_;u;�|_;�-�;v�7bvrѴ-��-�u-m];�
o=�|_;�l-]mb|�7;�o=�7b==;u;m1;�=ou�7;r|_�ŐyŊ�-�bvő�-m7�v-lrѴ;�vb�;�ŐxŊ�-�bvő�=ou�ror�Ѵ-|bom�Ƒ�bm�u;Ѵ-|bom�|o�ror�Ѵ-|bom�Ɛ�Ő;ĺ]ĺ�2∕3 − 1.5x indicates 
|_;�m�l0;u�o=�bm7b�b7�-Ѵv�bm�|_;�v-lrѴ;�=uol�ror�Ѵ-|bom�Ƒ�bv�0;|�;;m�|�oŊ�|_bu7v�-m7�|_u;;Ŋ�_-Ѵ�;v�o=�|_;�v-lrѴ;�vb�;�=uol�ror�Ѵ-|bom�Ɛőĺ�
The centre tile of the plot, 2∕3 − 1.5xķ�bm7b1-|;v��_;m�;==;1|b�;�v-lrѴ;�vb�;�bv�;t�-Ѵ�7�;�|o�-rruo�bl-|;Ѵ��vblbѴ-u�v-lrѴ;�m�l0;uv�-m7�u;-7�
depth.
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ՊՍՊ |ՊƐƐDeSAIX et al.

�lrѴb1b|�bm�v|-m7-u7�ror�Ѵ-|bom�-vvb]ml;m|�|;v|v�bv�|_-|�|_;u;��bѴѴ�
-Ѵ�-�v�0;� -�ror�Ѵ-|bom��b|_� -�l-�bl�l� Ѵbh;Ѵb_oo7�o=� -vvb]ml;m|ķ�
even if the individual does not originate from any of the reference 
populations. To address this issue, we developed a zŊ�v1ou;�l;|ub1�=ou�
testing whether an individual could be from an unsampled populaŊ
tion. The zŊ�v1ou;�bv�0-v;7�om�|_;�bm7b�b7�-Ѵŝv�o0v;u�;7�Ѵbh;Ѵb_oo7�o=�
-vvb]ml;m|�bm�u;Ѵ-|bom�|o�|_;�;�r;1|;7�Ѵbh;Ѵb_oo7�=uol�-�_�ro|_;|Ŋ
ical individual from the same population with the same allele count 
data as the individual being tested. The zŊ�v1ou;� l;|ub1� =�m1|bomv�
-v� ;�r;1|;7� -|� _b]_;u� ];m;|b1� 7b==;u;m|b-|bom� ŐFST > 0.05ő� -m7��b|_�
larger reference samples by distinguishing the majority of individuŊ
als incorrectly assigned as having much lower zŊ�v1ou;v�Őo�|vb7;�|_;�
ƖƏѷ�;�r;1|;7�l-vv�o=� |_;�7bv|ub0�|bom�o=� zŊ�v1ou;vő� |_-m� 1ouu;1|Ѵ��
assigned individuals. We recommend that any studies that may have 
incomplete sampling coverage of all genetically distinct populations 
test for correct assignment with the zŊ�v1ou;�l;|ub1ĺ��o�;�;uķ�vbm1;�
|_bv�l;|ub1� bv� Ѵblb|;7� 0�� v-lrѴ;� vb�;� -m7� ];m;|b1� 7b==;u;m|b-|bomķ� -�
robust approach towards using it would involve, first, observing the 
metric's behaviour by testing it upon individuals of known origin, 
calculating zŊ�v1ou;v�0o|_�=ou�|_;�ror�Ѵ-|bom�|_;��-u;�=uol�-m7�|_;�
other populations.

For high assignment accuracy, source populations need to have 
v�==b1b;m|� ;==;1|b�;� v-lrѴ;� vb�;v� bm� u;Ѵ-|bom� |o� ];m;|b1� 7b==;u;m|b-Ŋ
|bom�-lom]�|_;�ror�Ѵ-|bomvĺ�
ou�;�-lrѴ;ķ�bm�o�u�vbl�Ѵ-|bomv�=ou�Ѵo��

|o� lo7;u-|;� Ѵ;�;Ѵv� o=� ];m;|b1� 7b==;u;m|b-|bom� Ől;-m�FST = 0.0055őķ�
-m�;==;1|b�;�v-lrѴ;�vb�;�o=�uo�]_Ѵ��;b]_|� bm7b�b7�-Ѵv��-v�v�==b1b;m|�
�_;m�;==;1|b�;�v-lrѴ;�vb�;v��;u;�0-Ѵ-m1;7�ŐFigure 3őĺ� �=�|_;�u;=;uŊ
;m1;�ror�Ѵ-|bomvŝ�;==;1|b�;�v-lrѴ;�vb�;v�-u;�v�==b1b;m|Ѵ��_b]_�=ou�|_;�
given genetic differentiation, individual samples being assigned can 
_-�;�;�|u;l;Ѵ��Ѵo��u;-7�7;r|_�=ou�-11�u-|;�-vvb]ml;m|ĺ���u�u;v�Ѵ|v�
from downsampled Chinook salmon data showed that individuals 
�;u;�v|bѴѴ�1ouu;1|Ѵ��-vvb]m;7�|o�ror�Ѵ-|bomv�ŐFST = 0.1ő��_;m�bm7b�b7Ŋ
�-Ѵ�v-lrѴ;v�_-7�-�;u-];�u;-7�7;r|_v�-v� Ѵo��-v�ƏĺƏƏƐ*ĺ�)_bѴ;� |_;�
lbmbl�l�v;t�;m1bm]�1o�;u-];�m;;7;7�=ou�_b]_Ѵ��-11�u-|;�ror�Ѵ-Ŋ
tion assignment depends on genetic differentiation, this has powerŊ
ful implications for population assignment studies, especially those 
|_-|�-u;�1om7�1|;7�-|�-�Ѵ-u];�v1-Ѵ;ĺ�
ou�;�-lrѴ;ķ�bm�|_;�lb7Ŋ�ƑƏƏƏvķ�
-m� -u7�o�vķ� bm|;um-|bom-Ѵķ� l�Ѵ|bŊ�Ѵ-0ou-|ou�� v|�7�� �-v� �m7;u|-h;m�
|o�v|-m7-u7b�;�-�	���7-|-0-v;�o=�Ɛƒ�lb1uov-|;ѴѴb|;�Ѵo1b�=ou�];m;|b1�
v|o1h� b7;m|b=b1-|bom�o=��_bmooh�v-Ѵlom�-|�-�1o-v|Ŋ��b7;�v1-Ѵ;� Ő";;0�
et al., 2007őĺ�)b|_�|o7-�ŝv�v;t�;m1bm]�ro�;uķ�-�Ѵo�Ŋ�1o�;u-];�)�"�
-rruo-1_�1o�Ѵ7�ruo�b7;�-�1ov|Ŋ�;==;1|b�;�l;|_o7�=ou�1u;-|bm]�-�u;=;uŊ
;m1;�0-v;Ѵbm;�o=�hmo�m�ror�Ѵ-|bomv��b|_o�|�|_;�m;;7�=ou�;�|;mvb�;�
v|-m7-u7b�-|bom�o=�];m;|b1�l-h;uvĺ�
bv_�o=��mhmo�m�oub]bm�1o�Ѵ7�0;�
v;t�;m1;7�-|��;u��Ѵo��u;-7�7;r|_ķ�-m7�v|bѴѴ�0;�-11�u-|;Ѵ��-vvb]m;7�|o�
populations from the reference baseline. Furthermore, using WGS 
data streamlines the process of adding new reference populations to 
compare to previous analyses because the loci used for assignment 


 ��&!� �ƓՊ!;v�Ѵ|v�=uol�|_;�|_u;;Ŋ�ror�Ѵ-|bom�v|;rrbm]�v|om;�lo7;Ѵ�7;lomv|u-|;�|_;�0;_-�bo�u�o=�|_;�zŊ�v1ou;�l;|ub1�bm�b7;m|b=�bm]�
bm7b�b7�-Ѵv�=uol�-m��mv-lrѴ;7�ror�Ѵ-|bom�Ő�orƒő�-vvb]m;7�|o�-�ror�Ѵ-|bom�bm�|_;�u;=;u;m1;�1olr-u;7�|o�bm7b�b7�-Ѵv�1ouu;1|Ѵ��-vvb]m;7�|o�
|_;bu�vo�u1;�ror�Ѵ-|bom�o=�oub]bm�Ő�orƑőĺ�$_;�1oѴ�lm�=-1;|v�Ѵbv|�|_;�m�l0;u�o=�v-lrѴ;v��v;7�=ou�|_;�u;=;u;m1;�ror�Ѵ-|bomv��_bѴ;�|_;�uo�v�-u;�
|_;�ror�Ѵ-|bom�o=�oub]bm�-m7�v;t�;mm]�7;r|_ĺ�"�ll;|ub1�Ѵbm;v�v�0|;m7bm]�ƖƏѷķ�ƖƖѷ�-m7�ƖƖĺƖѷ�o=�|_;�l-vv�o=�-�v|-m7-u7��mb|�moul-Ѵ�u-m7ol�
�-ub-|;�-u;�]b�;m�0���;u|b1-Ѵ�Ѵbm;v�Ő7o||;7ķ�7-v_;7�-m7�voѴb7ķ�u;vr;1|b�;Ѵ�őĺ��m�|_bv�vbl�Ѵ-|bomķ��orƒ�bm7b�b7�-Ѵv�-u;�;�r;1|;7�|o�0;�bm1ouu;1|Ѵ��
-vvb]m;7�|o��orƑ�Ővbm1;�|_;u;�-u;�mo��orƒ�bm7b�b7�-Ѵv�bm�|_;�u;=;u;m1;�v;|ő�-m7�-11ou7bm]Ѵ��|_;��Ŋ�v1ou;�l;|ub1�v_o�Ѵ7�7;rb1|�|_bv�0��=-ѴѴbm]�
outside the mass of the standard unit normal random variate.
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ƐƑՊ |ՊՊՍ DeSAIX et al.

-u;�mo|�ru;Ŋ�v;Ѵ;1|;7�|o�l-�blb�;�];m;|b1�7b==;u;m|b-|bom�-m7�|_;u;0��
potentially subject to ascertainment bias.

We note that WGSassign can be used in conjunction with other 
1Ѵ�v|;ubm]� -rruo-1_;v� =ou� Ѵo�Ŋ�1o�;u-];�)�"� 7-|-� Ő;ĺ]ĺ� ��-m]v7ĸ�
�;bvm;u�ş��Ѵ0u;1_|v;mķ�2018őĺ��o|-0Ѵ�ķ� |_;� =oul-Ѵ� ror�Ѵ-|bom� -vŊ
vb]ml;m|� blrѴ;l;m|;7� bm�)�"-vvb]m� u;t�bu;v� -� ruboub� 7;Ѵbm;-|bom�
o=� ror�Ѵ-|bomvĺ� �m� vr;1b;v� |_-|� Ѵb�;� bm� 7bv1u;|;� ror�Ѵ-|bom� ]uo�rvķ�
this can be done without genetic data. However, when species 
are distributed more continuously, then unsupervised clustering 
-rruo-1_;v� bm� |-m7;l� �b|_� ];o]u-r_�� -m7� o|_;u� 1o�-ub-|;v� Ő;ĺ]ĺ�
0;_-�bo�uķ�lour_oѴo]�ő� 1-m�0;��v;7� |o�7;Ѵbm;-|;� u;=;u;m1;�ror�Ŋ
Ѵ-|bomvĺ��vvb]ml;m|�-11�u-1��=uol�)�"-vvb]m�om�-�v;|�o=�_oѴ7Ŋ�o�|�
individuals can be used to determine if the identified populations 
are informative for assignment. The use of complementary clusterŊ
ing methods is also informative for identifying if test samples are 
from populations not represented in the reference samples as well as 
b7;m|b=�bm]�-7lb�;7�bm7b�b7�-Ѵvĺ��lrou|-m|Ѵ�ķ�1Ѵ�v|;ubm]�l;|_o7v�=ou�
ror�Ѵ-|bom�v|u�1|�u;�1-m�0;�0b-v;7�0���-ub-|bom�bm�v;t�;m1bm]�7;r|_�
-lom]�bm7b�b7�-Ѵv�Ő�o��;|�-Ѵĺķ�2021őķ��_bѴ;�)�"-vvb]m�bv� Ѵ;vv� bm=Ѵ�Ŋ
;m1;7�0��|_-|��-ub-|bom�bm�v;t�;m1bm]�7;r|_ĺ��11ou7bm]Ѵ�ķ�)�"-vvb]m�
bv�;�r;1|;7�|o�]b�;�lou;�u;Ѵb-0Ѵ;�-vvb]ml;m|�bm�|_;�=-1;�o=�v;t�;m1Ŋ
ing depth variation than unsupervised clustering approaches.

ƓĺƑՊ |Պ�11o�m|bm]�=ou�ror�Ѵ-|bom�v-lrѴ;�vb�;�-m7�
read depth with effective sample size

��u�7;�;Ѵorl;m|�o=�|_;�;==;1|b�;�v-lrѴ;�vb�;�l;|ub1�ruo�b7;v�-�ro�Ŋ
;u=�Ѵ�|ooѴ�=ou�ror�Ѵ-|bom�];molb1v�v|�7b;v��vbm]�Ѵo�Ŋ�1o�;u-];�)�"�
7-|-� -m7� bm=oulbm]� v|�7�� 7;vb]mĺ� �u;�bo�v� v|�7b;v� _-�;� ruo�b7;7�
u;1oll;m7-|bomv� =ou� |_;� m�l0;u� o=� bm7b�b7�-Ѵv� -m7� v;t�;m1bm]�
7;r|_�u;t�bu;7� |o�-11�u-|;Ѵ��;v|bl-|;�-ѴѴ;Ѵ;� =u;t�;m1b;v��b|_� Ѵo�Ŋ�
1o�;u-];�)�"� 7-|-� Ő��;uhѴ;� ş� �olr;u|ķ� 2013; Fumagalli, 2013; 
Lou et al., 2021őĺ��==;1|b�;�v-lrѴ;�vb�;�ruo�b7;v�-�l;|ub1�|o�t�-m|b=��
these recommendations and determine the precision of allele freŊ
t�;m1��;v|bl-|bom�m;;7;7�=ou�7b==;u;m|�-rrѴb1-|bomvĺ�
ou�;�-lrѴ;ķ�
|_;�u;1oll;m7-|bom�o=�Ő�o��;|�-Ѵĺķ�2021ő�-|�Ѵ;-v|�ƐƏ�bm7b�b7�-Ѵv��b|_�
Ɛ*�-�;u-];�v;t�;m1bm]�7;r|_�=ou�-ѴѴ;Ѵ;�=u;t�;m1��;v|bl-|bom�1-m�0;�
t�-m|b=b;7�-v�-m�;==;1|b�;�v-lrѴ;�vb�;�o=�ƑĺƓ�bm7b�b7�-Ѵv�bm�|_;�vbl�Ŋ
Ѵ-|bomv�=uol�|_bv�v|�7��ŐFigure Ɣő�-m7�7o;v�1ouu;vrom7�|o�v�==b1b;m|�
precision to achieve accurate assignment at moderate genetic difŊ
=;u;m|b-|bom� ŐFigure 3őĺ��o�;�;uķ� -|��;-h;u�];m;|b1�7b==;u;m|b-|bom�
-lom]�ror�Ѵ-|bomvķ�;==;1|b�;�v-lrѴ;�vb�;�m;;7v�|o�0;�bm1u;-v;7�=ou�
accurate assignment. Quantifying the amount of information gain 
for different study designs can inform researchers on how to more 
;==b1b;m|Ѵ��-ѴѴo1-|;�u;vo�u1;v�=ou�v;t�;m1bm]�;==ou|vĺ


 ��&!� �ƔՊ$_;�u;Ѵ-|bom�0;|�;;m�u;-7�7;r|_�-m7�m�l0;u�o=�v-lrѴ;v�bm�7;|;ulbmbm]�|_;�;==;1|b�;�v-lrѴ;�vb�;�=ou�-�vbm]Ѵ;�ror�Ѵ-|bom�
highlights the potential for different sampling design strategies. Notably, effective sample increases more rapidly with changes in number 
of samples than read depth. The xŊ�-�bv�ruo�b7;v�|_;�m�l0;u�o=�v-lrѴ;v�=uol�-�vbm]Ѵ;�ror�Ѵ-|bomķ�|_;�yŊ�-�bv�bv�|_;�l;-m�u;-7�7;r|_�=ou�|_;�
1ouu;vrom7bm]�ror�Ѵ-|bomķ�-m7�|_;��-Ѵ�;�Ѵbv|;7�bv�|_;�l;-m�;==;1|b�;�v-lrѴ;�vb�;�-1uovv�ƐƏ�u;rѴb1-|;�vbl�Ѵ-|bomv��vbm]�-ѴѴ�"��v��b|_�lbmou�
-ѴѴ;Ѵ;�=u;t�;m1��> 0.05�ŐƐƑѵķƏƐƖŋƐƔѶķѶƕƐőĺ�$bѴ;v�o�|Ѵbm;7�bm�u;7�_-�;�;t�-Ѵ�v;t�;m1bm]�;==ou|�0-v;7�-uo�m7�ѵƏ�bm7b�b7�-Ѵv�-|�Ɛ*ĺ��b�;m�|_;�
v-l;�-lo�m|�o=�v;t�;m1bm]�;==ou|ķ�;==;1|b�;�v-lrѴ;�vb�;�bm1u;-v;v��_;m�|_;�m�l0;u�o=�v-lrѴ;v�bv�ruboub|b�;7�o�;u�v-lrѴbm]�7;r|_ķ��b|_�-�
Ѵo��o=�ƕĺѶ�=ou�ƐƏ�bm7b�b7�-Ѵv�-|�ѵ*�-m7�-�_b]_�o=�ƑƓĺƔ�=ou�ƐƑƏ�bm7b�b7�-Ѵv�-|�ƏĺƔ*ĺ��==Ŋ�7b-]om-Ѵ��-Ѵ�;v�-ѴѴo��|_;�1olr-ubvom�o=�v-lrѴbm]�7;vb]m�
v|u-|;]b;v�o=�7b==;u;m|�v;t�;m1bm]�;==ou|ķ�=ou�;�-lrѴ;ķ�v;t�;m1bm]�ƑƏ�bm7b�b7�-Ѵv�-|�Ɛ*�Ő;==;1|b�;�v-lrѴ;�vb�;Փ=ՓѵĺƐő��;uv�v�v;t�;m1bm]�ƐƏ�
bm7b�b7�-Ѵv�-|�Ƒ*�Ő;==;1|b�;�v-lrѴ;�vb�;Փ=ՓƓĺѵőĺ
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ՊՍՊ |ՊƐƒDeSAIX et al.

&m0-Ѵ-m1;7� ;==;1|b�;� v-lrѴ;� vb�;v� -lom]� vo�u1;� ror�Ѵ-|bomv�
can result in biased assignment of individuals to the populations 
�b|_�|_;�_b]_;v|�;==;1|b�;�v-lrѴ;�vb�;vĺ�);�u;1oll;m7�|_-|�rorŊ
�Ѵ-|bom�-vvb]ml;m|�v|�7b;v��v;�|_;�����-vvb]ml;m|� bm�)�"-vvb]m�
|o� 7;|;ulbm;� b=� 0b-v;7� -vvb]ml;m|� bv� o11�uubm]ĺ� �=� -ѴѴ� bm7b�b7�-Ѵv�
across populations have similar average read depths, then subsetŊ
ting source populations to the same number of samples for allele 

=u;t�;m1��1-Ѵ1�Ѵ-|bom� v_o�Ѵ7� u;lo�;� |_bv�0b-vĺ��o�;�;uķ�7b==;u;m|�
populations may tend to have higher or lower read depths, espeŊ
1b-ѴѴ��b=�7b==;u;m|�	���vo�u1;v�-u;��v;7ķ��_b1_��bѴѴ�u;v�Ѵ|�bm�7b==;u;m|�
;==;1|b�;�v-lrѴ;�vb�;v�7;vrb|;�;t�-Ѵ�m�l0;uv�o=�bm7b�b7�-Ѵvĺ��m�|_bv�
1-v;ķ�|_;�bm7b�b7�-Ѵ�;==;1|b�;�v-lrѴ;�vb�;�Ő�t�-|bom 13ő�o�|r�|�=uol�
)�"-vvb]m�1-m�0;��v;7�|o�7;|;ulbm;�_o��l-m��Ő-m7��_b1_ő�bm7b�b7Ŋ
uals to remove from the populations with the highest effective samŊ
rѴ;�vb�;vĺ��Ѵ|;um-|b�;Ѵ�ķ�bm7b�b7�-Ѵv�1o�Ѵ7�0;�=�u|_;u�7o�mv-lrѴ;7�|o�
u;7�1;�|_;bu�;==;1|b�;�v-lrѴ;�vb�;ķ��_b1_��o�Ѵ7�7;1u;-v;�|_;�o�;u-ѴѴ�
ror�Ѵ-|bomŝv�;==;1|b�;�v-lrѴ;�vb�;ĺ�"|�7b;v��vbm]�Ѵo�Ŋ�1o�;u-];�)�"�
7-|-�=ou�ror�Ѵ-|bom�-vvb]ml;m|�1-m�;�rѴou;�|_;v;�7b==;u;m|�v|u-|;Ŋ
gies with WGSassign to determine what is most effective for their 
data sets.

ƓĺƒՊ |Պ 
�u|_;u�blruo�;l;m|v�=ou�
population assignment

Currently in our implementation of WGSassign, the issue of only a 
single allele being observed in a population, and thereby producing 
a likelihood of 0, is avoided by correcting a population with a minor 
-ѴѴ;Ѵ;�=u;t�;m1��o=�Ə�-|�-�]b�;m�Ѵo1�v�|o� 1

2n+ 2
, where n is the number 

of individuals in the population. Essentially, this treats the locus as 
having a rare allele that would be observed in a single copy if anŊ
o|_;u� bm7b�b7�-Ѵ��-v� |o�0;� v-lrѴ;7ĺ��mo|_;u� -rruo-1_� vr;1b=b;v� -�
=oul-Ѵ�rubou� =ou� |_;�-ѴѴ;Ѵ;� =u;t�;m1b;v� bm�;-1_�ror�Ѵ-|bom� Ő!-mm-Ѵ-�
& Mountain, 1997őĺ�);�mo|;�|_-|�|_;�Ѵ-||;u�-rruo-1_��b;Ѵ7v�r;u=ouŊ
mance that is very similar to ours; however, implementing a prior 
=ou� -ѴѴ;Ѵ;� =u;t�;m1b;v� |_-|� -11o�m|v� =ou� |_;� -� ruboub� ;�r;1|-|bom�


 ��&!� �ѵՊ�o]Ŋ�Ѵbh;Ѵb_oo7�u-|bov�=ou�-vvb]ml;m|�-|�7b==;u;m|�u;-7�7;r|_�Ѵ;�;Ѵv�=ou�|_;��_bmooh�v-Ѵlom�7-|-ĺ��m�|_;�yŊ�-�bv�-u;�7b==;u;m|�
�_bmooh�v-Ѵlom�v-lrѴ;vķ�Ѵ-0;ѴѴ;7�0��|_;bu�ror�Ѵ-|bomķ�-�1oѴomķ�|_;bu��	�m�l0;u�-m7�|_;m�bm�r-u;m|_;v;v�|_;�-�;u-];�u;-7�7;r|_�o=�
|_;bu�-Ѵb]m;7�7-|-�-|�=�ѴѴ�7;r|_ĺ��m�|_;�xŊ�-�bv�bv�|_;�Ѵo]Ŋ�Ѵbh;Ѵb_oo7�u-|bo�bm�=-�o�u�o=�-vvb]ml;m|�|o�|_;bu�o�m�Ő1ouu;1|ő�ror�Ѵ-|bom�om�-�
ļrv;�7oŊ�Ѵo]Ľ�v1-Ѵ;�|_-|�-11ollo7-|;v�m;]-|b�;��-Ѵ�;vĺ��ovb|b�;�m�l0;uv�bm7b1-|;�1ouu;1|�-vvb]ml;m|ĺ��oѴo�uv�7;mo|;�|_;�u;-7�7;r|_v�
after downsampling. There are five points for each individual at each value of downsampling, reflecting the five different seeds used for 
downsampling.
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Sacramento: T145086 (1.56)
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Sacramento: T145058 (1.76)
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Sacramento: T145066 (2.20)
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TA B L E  1Պ��l0;uv�o=�bm=oul-|b�;�"��v�Őbĺ;ĺ�|_ov;�1o�;u;7�0��-|�
Ѵ;-v|�om;�u;-7ķ�v�1_�|_-|�|_;�];mo|�r;�Ѵbh;Ѵb_oo7�bv�mo|�;t�-Ѵ�=ou�-ѴѴ�
|_u;;�];mo|�r;vő�-|�7b==;u;m|�7o�mv-lrѴ;7�1o�;u-];�Ѵ;�;Ѵv�o=�|_;�
Chinook salmon data.

Coverage

Within individuals

TotalMin Mean Max

Full depth ƐƐķѶѵѵ ƔƕƕķƖѶƑ ƖƏѵķƔƏƔ ƖƔƔķƐѶƔ

ƐĺƏ* 49,432 ѵƐƏķƐƒƕ ƕƔѵķƖƕƏ ƖƔƔķƐƔƔ

ƏĺƔ* 31,032 ƓƑѵķƓƏƔ ƔƔƓķƓƕƏ ƖƔƔķƏƐѶ

ƏĺƐ* 31,032 ƐƔƖķƏƕƕ ƐƖƔķƖƑѵ ѶѶƓķƓƕƔ

ƏĺƏƔ* ƐƐķѶѵѵ 88,712 114,431 734,813

ƏĺƏƐ* ƒƕѵƖ 21,337 28,044 ƒƏƕķѶƐƔ

ƏĺƏƏƔ* 1882 ƐƐķƐƑѵ 14,807 ƐѶѵķƒѶƓ

ƏĺƏƏƐ* 370 ƑƒƑѵ ƒƑƔƕ 48,220

NoteĹ�ļ)b|_bm��m7b�b7�-ѴvĽ�]b�;v�|_;�lbmbl�lķ�l;-m�-m7�l-�bl�l�
m�l0;u�o=�bm=oul-|b�;�"��v��b|_bm�-m��vbm]Ѵ;�bm7b�b7�-Ѵ�-1uovv�|_;�=b�;�
7o�mv-lrѴ;7�u;rѴb1-|;vĺ�ļ$o|-ѴĽ�u;=;uv�|o�|_;�|o|-Ѵ�m�l0;u�o=��-ub-m|�
vb|;v�bm�|_;�7o�mv-lrѴ;7�7-|-�v;|ĺ��m7b�b7�-Ѵv��b|_�-�=�ѴѴ�u;-7�7;r|_�Ѵ;vv�
|_-m�om;�o=�|_;�7o�mv-lrѴ;7�Ѵ;�;Ѵvķ�Ѵbh;�ƐĺƏ*ķ��;u;�;�1Ѵ�7;7�=uol�|_;�
downsampled data set.
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Fisher information from genotype likelihoods
We focus on the information for the !th locus in the kth reference 
ror�Ѵ-|bomĺ��11ou7bm]Ѵ�ķ��;�7uor�|_;�k,! subscript from ! and the 
! subscript from g. Furthermore, since L(!) is a sum over the nk refŊ
erence samples from k, we must simply find the derivative for the 
term in the sum corresponding to a single individual, knowing that 
|_;�
bv_;u� bm=oul-|bom��bѴѴ� 0;� |_;� v�l�o=� |_-|�t�-m|b|��o�;u� -ѴѴ�nk 
individuals. To further ease notation, we will write Li(!) for the ith 
individual's term in the sum for L(!), while we drop the superscript (i) 
from the g's. Thus, we seek − !2Li (")

!"2
.
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We start by finding the first derivative:

Let

and note that

Since ! log(u)∕!" = (!u∕!")u−1, we have that

�uo1;;7bm]ķ�7;=bm;�v and w as follows:

and note that we can rewrite !Li (")
!"

= vw, and take the derivative of that 
easily using the product rule: (vw)′ = v′w + w′v. To do so, we first find 
the derivatives

Then, we put them together with the product rule

Restoring the k,! subscript to !, and the (i) superscript and ! subscript 
to g, negating, taking the sum over the nk individuals and evaluating at 
the MLE yields I(i)o

(
!k,!

)
 in �t�-|bom ŐƐƏő.

Expected fisher information from observed genotypes
&m7;u��-u7�ŋ);bm0;u]�;t�bѴb0ub�lķ�|_;�-ѴѴ;Ѵb1�|�r;�o=�|_;�|�o�
gene copies within a locus is independent of one another, and 
thus, a sample of n diploids with fully observed genotypes is 
;t�b�-Ѵ;m|�|o�-�v-lrѴ;�o=�2n gene copies, each one an independŊ
ent Bernoulli trial with success probability !ĺ� 
bm7bm]� |_;� ;�Ŋ
r;1|;7�
bv_;u�bm=oul-|bom�bm�v�1_�-�1-v;�bv�-�v|-m7-u7�;�;u1bv;ķ�
but we repeat it here for completeness. For a single such variŊ
able Yi, we have P

(
Yi = y| !) = !y (1−!)1−yķ� vo� |_;� Ѵo]Ŋ�Ѵbh;Ѵb_oo7�

for that single observation is Li(!) = ylog! + (1 − y)log(1 − !)ĺ� �|�
follows that

$_;�;�r;1|;7�
bv_;u�bm=oul-|bom�bm�-�vbm]Ѵ;�];m;�1or��bv�|_;�;�r;1|-Ŋ
tion of the negative second derivative given the true value of !:

Since information from independent variables is additive, the inforŊ
mation for 2n such Bernoulli variables is 2n

[
!(1−!)

]−1. Evaluating the 
;�r;1|-|bom��m7;u�|_;�-vv�lr|bom�|_-|�|_;�|u�;��-Ѵ�;�o=�! is "̂k,! gives 
Ie
(
!k,!

)
 in �t�-|bom ŐƐƐő.

�����	�*��Ĺ �ZŊ�"��!������&��$���

�m�ou7;u�|o�-vv;vv��_;|_;u�-m� bm7b�b7�-Ѵ�A's genotype could not 
plausibly have come from one of the K source populations, even 
though it was assigned to population k, we wish to compare A's 
log read probability given that it originated from population k,  
logP

(
R(A)| !k

)
, to the distribution of log read probability values 

;�r;1|;7� =uol� bm7b�b7�-Ѵv� |_-|� -1|�-ѴѴ�� -u;� =uol� ror�Ѵ-|bom� k.  
Complicating matters, these log read probabilities are heavily 
bm=Ѵ�;m1;7�0�� |_;� u;-7�7;r|_ķ�-m7� |o�-� Ѵ;vv;u�;�|;m|ķ�0�� |_;� u;Ŋ
Ѵ-|bomv_br�0;|�;;m�-ѴѴ;Ѵ;�7;r|_v�Ő_o��l-m��u;-7v�o=�;-1_�-ѴѴ;Ѵ;�
�;u;� v;;mő� -m7� |_;� ];mo|�r;� Ѵbh;Ѵb_oo7vĺ� "oķ� bm� =-1|ķ� �;� l�v|�
compare logP

(
R(A)| !k

)
 to the distribution of logP

(
R| !k

)
� ;�r;1|;7�

from an individual that originates from source k, but also has read 
7;r|_v�-|�;-1_�Ѵo1�v�;�-1|Ѵ��|_;�v-l;�-v�bm7b�b7�-Ѵ�A, and also has 
];mo|�r;� Ѵbh;Ѵb_oo7v�|_-|�;�_b0b|� |_;�v-l;�u;Ѵ-|bomv_br�|o�-ѴѴ;Ѵ;�
depths as those in individual A�Ő|_bv�u;Ѵ-|bomv_br��bѴѴ�0;�bm=Ѵ�;m1;7�
0��v�1_�=-1|ouv�-v�|_;�0-v;�t�-Ѵb|��v1ou;v�-m7�|_;�];mo|�r;�Ѵbh;ѴbŊ
_oo7�lo7;Ѵ��v;7őĺ
�m� ru;�bo�v� -rrѴb1-|bomvķ� �b|_� =-u� =;�;u� l-uh;uvķ� 7;|;ulbmbm]�

such a distribution of the log probability of the observed data 
_-v�0;;m�7om;�|_uo�]_�vbl�Ѵ-|bomķ� =ou�;�-lrѴ;ķ� bm� |_;� ļ;�1Ѵ�vbom�
l;|_o7Ľ� o=� �oum�;|� ;|� -Ѵĺ� Ő1999őĸ� _o�;�;uķ� �b|_� ];molb1Ŋ�v1-Ѵ;�
data, it would be impractical to simulate thousands of new mulŊ
tilocus genotypes, each with potentially millions of loci, to assess 
�_;|_;u�;-1_� bm7b�b7�-Ѵ� Ő�b|_�|_;bu�o�mķ�vr;1b=b1� u;-7�7;r|_��-ѴŊ
�;vő�lb]_|� 0;� =uol� -� ror�Ѵ-|bom� mo|� bm1Ѵ�7;7� -lom]� |_;� vo�u1;�
ror�Ѵ-|bomvĺ� �mv|;-7�o=�vbl�Ѵ-|bomķ��;�7;�;Ѵor�|_;�;�r;1|;7�7bvŊ
|ub0�|bom�o=�Ѵo]�ruo0-0bѴb|b;v��vbm]�-�1;m|u-Ѵ�Ѵblb|�|_;ou;l�Ő��$ő�-rŊ
ruo�bl-|bomĺ��o|;�|_-|ķ�vbm1;�P

(
R| !k

)
 is a product over many loci, 

logP
(
R| !k

)
 is a sum over loci. We will write the contribution of each 

locus to that sum as:

where we include the notation f
(
g! , !k,!

)
� |o�;lr_-vb�;� |_;� =-1|� |_-|�

W! is a deterministic function of !k,! and the vector of genotype likeliŊ
hoods g! =

(
g!,0, g!,1, g!,2

)
ĺ��|�bv�blrou|-m|�|o�u;1o]mb�;�bm�|_bv�1om|;�|�

that !k,!�bv�1omvb7;u;7�=b�;7��_bѴ;�g!�bv�-�u-m7ol��-ub-0Ѵ;ĺ����;�|;mvbomķ�
then, so too is W! a random variable. By the CLT, the sum of very many 
independent W!� u-m7ol��-ub-0Ѵ;v�1-m�0;�-rruo�bl-|;7�0��-�moul-Ѵ�
distribution with mean ! and variance !2 given by:

!Li(")

!"
=

!

!"
log

[
g0(1−")2 + g12"(1 − ") + g2"

2
]
.

u=g0(1−!)2+g12!(1−!)+g2!
2

=g0
(
1−2!+!2

)
+g1

(
2!−2!2

)
+g2!

2,

!u

!"
=g0(2"−2)+g1(2−4")+g22"

=2"
(
g0+g2−2g1

)
+2

(
g1−g0

)
.

!Li(")

!"
=
(
2"

(
g0 + g2 − 2g1

)
+ 2

(
g1 − g0

))(
g0(1−")2+g12"(1−")+g2"

2
)−1

.

v=2!
(
gi,0+gi,2−2gi,1

)
+2

(
gi,1−gi,0

)
=
"u

"!

w=
(
gi,0(1−!)2+gi,12!(1−!)+gi,2!

2
)−1

=u−1,

v′=
!v

!"
=2

(
g0+g2−2g1

)

w′=
!w

!"
= −u−2

!u

!"
= −u−2v,

!2Li(")

!"2
=v′w+vw′=

v′

u
−
v2

u2

=
2
(
g0+g2−2g1

)

g0(1−")2+g12"(1−")+g2"
2
−

(
2"

(
g0+g2−2g1

)
+2

(
g1−g0

)

g0(1−")2+g12"(1−")+g2"
2

)2

.

!

!"
Li(") =

y

"
−

1 − y

1 − "
and

!2

!"2
Li(") = −

y

"2
−

1 − y

(1−")2
.

!

[
−

!2

!"2
Li(")

]
= !

[
y

"2
+

1 − y

(1−")2

]
=

1

"
+

1

1 − "
=

1

"(1 − ")
.

W! = log
[
g!,0

(
1−!k,!

)2
+ g!,12

(
!k,!

)(
1 − !k,!

)
+ g!,2

(
!k,!

)2]
= f

(
g! , !k,!

)
,
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Thus, we seek !
(
W!

)
 and Var

(
W!

)
.

The distribution of W! clearly depends on the distribution of g!. 
We develop such a distribution, hierarchically, based on the followŊ
ing assumptions:

1. g! depends directly on the observed allele depths. Let r! be 
the number of reference alleles and a! the number of alterŊ
nate alleles observed in the reads covering site !, and let ! 
7;mo|;v� -m� bm7b�b7�-ѴŊ�vr;1b=b1� ;==;1|� o=� 0-v;� t�-Ѵb|�� v1ou;vķ�
etc., on the genotype likelihoods. Then, we denote this conŊ
ditional probability distribution as P

(
g!| r! , a! , !

)
 and we will 

denote the set of values that g! might take for a given pair 
(r, a) as r,a. Note that here we are asserting that given the 
allele depths, the genotype likelihood is independent of the 
genotype. This is a relatively unpalatable assumption, but we 
make it because we do not have access to the information 
�;��o�Ѵ7� m;;7� Őhmo�Ѵ;7];� o=� |_;� |u�;� �m7;uѴ�bm]� ];mo|�r;vő�
|o� ;-vbѴ�� u;Ѵ-�� |_bv� -vv�lr|bomķ� -m7� b|� ;-v;v� |_;� 1olr�|-|bomv�
considerably.

2. The read depths r! and a! depend on the genotype, G∗
!
 at locus ! of 

|_;�bm7b�b7�-Ѵ�0;bm]�v;t�;m1;7�-m7�om�-�ror�Ѵ-|bomŊ�vr;1b=b1�;uuou�
rate, ϵk. The model for this is simple binomial random sampling 
from a total read depth of D!, with a probability !k, independently 
=ou�;-1_�u;-7ķ�|_-|�|_;�0-v;� bm�t�;v|bom��bѴѴ�0;�u;-7� bm1ouu;1|Ѵ�ĺ�
Hence:

where a! = D! − r!ķ�-Ѵ�-�vĺ�Ő);�mo|;�|_-|�r! and D! completely deŊ
termine a!, but we leave both r! and a! in the preceding and followŊ
bm]�ruo0-0bѴb|��;�ru;vvbomv�=ou�;-v;�o=�;�rѴ-m-|bom�Ѵ-|;uĺő

ƒĺ� $_;� =u;t�;m1�� o=� G∗
!
 in source population k follows Hardy–

);bm0;u]�;t�bѴb0ub�l��b|_�-m�-ѴѴ;Ѵ;�=u;t�;m1��o=�!k,!, so P
(
G∗
!
| !k,!

)
 

is given by �t�-|bom ŐƐő.

With these assumptions, given the total read depth D!, and ! and ϵk, the 
joint probability of the remaining variables is:

The mean and the variance of W! can now be found from these by 
|-hbm]�;�r;1|-|bomvĹ

�v�|_;u;�bv�mo�7o1�l;m|;7�7bv|ub0�|bom�=ou�P
(
g!| r! , a! , !

)
, we simply 

use the empirical distribution of g! values across all loci within the inŊ
dividual having allele depths of r and aĺ��m�ru-1|b1;ķ��-Ѵ�;v�o=�g for any 
particular pair (r, a) are typically clustered around a single value, and 
�;�7bv1u;|b�;�|_-|�7bv|ub0�|bom�bm|o�-�_bv|o]u-l��b|_�-�vl-ѴѴ�m�l0;uķ�b,  
of bins defined by the value of the largest of the three elements of g, 
thus imagining P

(
g!| r! , a! , !

)
 as a discrete distribution with weight on b 

values of g, each one the mean of the values of g��b|_bm�|_;�0bmĺ��|�bv�-Ѵvo�
possible to remove loci that have particularly odd values of gĺ�
ou�;�Ŋ
-lrѴ;ķ���$��vol;|bl;v�-vvb]mv�-�g! of (1∕3, 1∕3, 1∕3) to loci with 
read depths r = 1, a = 0ĺ��m��v�1_�-0;uu-m|��-Ѵ�;v�1-m�0;� u;lo�;7ķ�
without penalty, since the ! and !2 that we seek are conditioned upon 
a set of loci. The parameter ϵk might be estimable, but for now we asŊ
sume a value for it, like ϵk = 0.01.
�=|;u�-ѴѴ�|_bvķ�-�v�l�o�;u�|_;�Ѵo1b�bm1Ѵ�7;7�bm�|_;�l;|ub1�]b�;v��v�|_;�

mean and variance of the normal distribution that the log genotype 
ruo0-0bѴb|b;v�o=�-�l-|1_;7�bm7b�b7�-Ѵ� Őv-l;�Ѵo1bķ�v-l;�u;-7�7;r|_vķ�
same relationship between allele depths and gő� =uol�ror�Ѵ-|bom�k 
�o�Ѵ7�0;�;�r;1|;7�|o�_-�;Ĺ

where !! = 1 if the locus ! was included in the calculation, and 0 othŊ
erwise. Thus, the variable

should, by the CLT, have a normal distribution with mean 0 and variŊ
ance 1.
�=�1o�uv;ķ�|_;u;�-u;�v;�;u-Ѵ�u;-vomv��_��|_;�-1|�-Ѵ�7bv|ub0�|bom�

of z(A)
k
�lb]_|�7;r-u|� =uol�-��oul-ѴŐƏķ� ƐőĹ���u� 1-Ѵ1�Ѵ-|bomv� =ou� |_;�

mean and variance of each locus are unlikely to be perfectly reliŊ
-0Ѵ;ķ� |_;� u-|;� o=� v;t�;m1bm]� ;uuou�lb]_|� 0;� _b]_;u� ou� Ѵo�;u� |_-m�
we assume, or there might be genetic structure within population 
k, and hence also within the reference samples from population k.  

!=

L∑
!=1

!
(
W!

)

"2=

L∑
!=1

Var
(
W!

)
.

P
(
r! , a!|G∗

!
,D!

)
=

D!!

r!!a!!
×

⎧
⎪
⎪
⎨
⎪
⎪⎩

(
1−ϵk

)r
ϵ
a!

k
if G∗

!
=0

(1∕2)D! if G∗
!
=1

ϵ
r!

k

(
1−ϵk

)a! if G∗
!
=2,

P
(
G∗
!
, r! , a! , g! | !k,! ,D! , " , ϵk

)
= P

(
G∗
!
| !k,!

)
P
(
r! , a!|G∗

!
,D!

)
P
(
g!| r! , a! , "

)
.

!
[
W! | !k,! ,D! , " , ϵk

]
=W! =

2∑
G=0

∑

(r, a):

r+a=D!

∑
g∈r,a

f
(
g! =g, !k,!

)
P
(
G∗
!
=G, r! = r, a! =a, g! =g| !k,! ,D! , " , ϵk

)

Var
[
W! | !k,! ,D! , " , ϵk

]
=

2∑
G=0

∑

(r, a):

r+a=D!

∑
g∈r,a

[
W!− f

(
g! =g, !k,!

)]2
P
(
G∗
!
=G, r! = r, a! =a, g! =g | !k,! ,D! , " , ϵk

)
.

!=

L∑
!=1

"!!
[
W! | #k,! ,D! , $ , ϵk

]

%2=

L∑
!=1

"!Var
[
W! | #k,! ,D! , $ , ϵk

]
,

z(A)
k

=
logP

(
R(A)| !k

)
− "

#
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Thus, we correct the zŊ�v1ou;�vo�|_-|� b|�;�_b0b|v�-�l;-m�o=�Ə�-m7�-�
variance of 1 for the reference samples, themselves, from populaŊ
tion k. With i = 1, … , nk denoting the reference samples from popuŊ
lation k, we calculate

Then, we assess whether an unknown individual A assigned to populaŊ
tion k may have come from an unsampled population using:

�v� bm� |_;� Ѵbh;Ѵb_oo7v� 1-Ѵ1�Ѵ-|;7� 0�� )�"-vvb]mķ� �-Ѵ�;v� o=� !̃k,! 
are used in place of values of !k,! in all of the above calculations. 
Furthermore, when calculating the z scores for each individual from 
the reference samples, the value of !k,! used must be one estimated 
�_bѴ;�Ѵ;-�bm]�|_;�bm7b�b7�-Ѵ�o�|�o=�|_;�v-lrѴ;�Ő-m-Ѵo]o�v�|o�|_;�����
ruo1;7�u;�7;v1ub0;7�bm�|_;�r-r;uőĺ

zk =
1

nk

nk∑
i=1

z(i)
k

and !2
k
=

1

nk − 1

nk∑
i=1

(
z(i)
k
−zk

)2

.

z∗(A)
k

=
z(A)
k

− zk

!2
k

.
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