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Illegal, Unreported and Unregulated fishing has had a m ajor role in the overexp lo ita tion of global 

fish populations. In response, in ternational regulations have been imposed and many fisheries 

have been 'eco-certified ' by consum er organizations, but m ethods fo r independent contro l 

o f catch certifica tes and eco-labels are urgently needed. Here we show that, by using gene- 

associated single nucleotide polym orphism s, individual m arine fish can be assigned back to 

population of origin w ith  unprecedented high levels o f precision. By applying high d iffe rentia tion 

single nucleotide polym orphism  assays, in fou r com m ercial m arine fish, on a pan-European 

scale, we find 93 -100%  of individuals could be correctly  assigned to  origin in po licy-driven 

case studies. W e show how case-targeted single nucleotide po lym orphism  assays can be 

created and forensica lly validated, using a centra lly m aintained and public ly available database. 

O ur results dem onstra te how application of gene-associated markers w ill likely revo lutionize 

origin assignm ent and become highly valuable too ls fo r figh ting  illegal fish ing and m islabelling 

worldw ide.
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Comm ercially im portant fish populations worldwide have 
been overexploited and require rebuilding1,2. T ight regula
tions are needed to m eet future m arine fisheries and conser

vation objectives. Spatially explicit quotas and closures are com m on 
m anagem ent actions for restoring fish populations and prom ot
ing sustainable ‘ecosystem-based fisheries m anagem ent’3. Illegal, 
unreported and unregulated (IUU) fishing poses a major threat 
to sustainable fisheries, constituting approximately one-fifth of the 
global catch4,5. Accordingly, international rules and laws, such as 
the recent European Comm ission C ontrol6 and IUU Regulation7, 
which require catch certificates that state the origin of all fish and 
fish products traded within the European Union, have been instated. 
Likewise, consum er awareness regarding vulnerability of fish stocks 
has been growing, and m any local fisheries have been awarded, or 
are seeking sustainability certification (eco-labelling) by organi
zations such as the M arine Stewardship Council (MSC)8, despite 
recent concerns o f mislabelling9. To enforce fisheries regulations 
and conservation measures spatially and to provide independent 
control o f catch certificates and mislabelling, forensically validated 
high-throughput identification methods, tracing individual fish to 
area/population of origin, are urgently needed.

M any tests have been developed to identify the population of 
origin o f fish and fish p roducts10, which m ay be applied singly or 
in  combination to address the generally low statistical power of any 
individual method. However, many such tests have been ham pered by 
limited tissue availability or quality, especially in processed seafood. 
In addition, inter-laboratory standardization of operating procedures 
is inherently difficult and compromises forensic validation11.

DNA-based tools offer a universal m ethod for assigning fish and 
fish products to population of origin. DNA is found in  all cells in 
all organisms and can be analysed in any tissue type, from freshly 
caught fish to a fried fillet. Till now, DNA-based population assign
m ent of m arine fish has alm ost exclusively relied on so-called 
neutral’ genetic markers, com prom ised by weak population-level 
genetic signatures12. Such patterns coincide with the general lack 
of obvious physical barriers in  the sea and typically large effective 
population sizes of m arine fishes13.

In contrast to population diversification by neutral genetic drift, 
evolution by natural selection proceeds more rapidly in large pop
ulations14. To identify genomic regions under divergent selection 
am ong natural populations, comparison of genetic differentiation 
for hundreds or thousands of genetic markers, so-called genome 
scans’ are increasingly being used15. Genome scans identify genetic 
markers w ith highly elevated divergence am ong populations that do 
no t conform to statistical expectations based on a neutral genetic 
model. Accordingly, these markers are likely to be located within 
genomic regions with one or more gene loci under selection. Appli
cation of markers random ly distributed across the genome has 
generally provided a relatively low percentage of these high differ
entiation outliers putatively subject to selection16. Thus, targeting 
gene-associated markers, has been advocated as it increases the 
probability of identifying footprints of selection16,17,18.

M any m arine fish experience divergent environm ental condi
tions, giving ample opportunity  for heritable local adaptation19,20. 
Locally adapted genes will com m only display m ore divergent allele 
frequencies am ong populations than neutral markers and there
fore display markedly elevated power for population assignm ent12. 
A relatively low num ber of genes w ith high genetic differentiation 
have been identified in m arine fish to date, and even fewer used for 
population assignm ent12. Consequently, targeted identification of 
suites o f gene-associated markers likely affected by direct or indirect 
‘hitch-hiking’, selection will vastly enhance our ability to determ ine 
the population of origin of individual m arine fish and elucidate 
their tem poral and spatial dynamics.

We applied this new  population genomics approach to four 
commercially im portant m arine fish species: Atlantic cod (Gadus

morhua), Atlantic herring  (Clupea harengus), sole (Solea solea) and 
European hake (Merluccius merluccius), each threatened by over
fishing and IUU activities. From extensive sample data-bases (Fig. 
la-d), policy-led scenarios of illegal fishing and /or mislabelling 
were selected for all four species. We dem onstrated application of 
single nucleotide polym orphism  (SNP) tools across different geo
graphical scales and in comparison to previously published m eth
ods. (1) Cod: N ortheast Arctic and Eastern Baltic cod populations 
thrive, whereas N orth Sea cod need rebuilding21. Strict spatially 
based landing regulations are in  place. N ortheast Arctic and East
ern Baltic cod fisheries are MSC-certified. W ith the proxim ity and 
highly divergent status of these m ajor cod populations, there is a 
large potential for fraud and mislabelling. (2) Herring: no current 
m ethod can distinguish N orth Sea from N ortheast Atlantic her
ring (m ainly ‘Norwegian spring’ and ‘Icelandic sum m er spawners’). 
Tracing the geographical origin of herring  is im portant to MSC 
for certifying fisheries. (3) Sole: m ost sole stocks of the N ortheast 
Atlantic Ocean are in  the process of rebuilding from high fishing 
mortalities. It is suspected that a proportion  of sole landings in 
Belgian ports claimed to originate from the Irish Sea/Celtic Sea are, 
in  fact, caught en route between the Irish Sea and the southern N orth 
Sea (Thames/Belgian coast), w hich is closer to market, but closed 
to fishing. (4) Hake: fishing regulations for hake differ between the 
M editerranean and the Atlantic, with legal size lim its o f 20 cm and 
2 7 cm, respectively. Undersized Atlantic hake are m isreported as of 
M editerranean origin.

Results
Cod. From 21 geographical samples of Eastern Atlantic cod, the 
genome-scan m ethod identified 132 high differentiation outlier 
SNPs likely to be influenced by selection out of 1,262 variable 
and successfully genotyped loci (Fig. la). For the case scenario of 
N ortheast Arctic, N orth Sea and Baltic Sea cod, a total of 69 out 
of 1,120 loci showed signs of being affected by divergent selection 
(Fig. 2a) w ith interpopulation differences (J^st) ranging from 0.10 to 
0.51. Simulations identified a m inim um  assay w ith m axim um  power 
using 8 of the highest ranked loci in  term s of E st (between 0.07 and 
0.51), which correctly assigned all fish to area o f origin, except for 
one individual identified unambiguously as a N orth Sea m igrant 
in  the Baltic Sea. In a legal framework, it is com m on practice to 
evaluate the relative likelihoods of observing the evidence under the 
prosecution and defence hypothesis (or claims). In this case study, 
the calculated likelihoods of observing a particular genotype was 
always more than 6 times higher in the true population of origin 
than for the second m ost likely population of origin; for 95% of the 
cod, it was more than 1,500 times higher, while the m edian value 
was 600,000 times higher.

Herring. One-step genotyping and validation in herring revealed 
281 variable SNPs genotyped in  18 Eastern Atlantic samples (Fig. 
lb). Overall, 16 SNPs were identified as significant outliers. Between 
N ortheast Atlantic and N orth Sea herring, nine outlier SNPs were 
identified (Fig. 2b). Simulations revealed that the 32 highest rank
ing SNPs (ESt  between 0.01 and 0.19) could correctly assign 100% 
of the N ortheast Atlantic and 98% of the N orth Sea herring  to their 
geographic origin (in total 161 out of 163 individuals). The log 
likelihood ratio between alternative hypotheses o f origin, (the pros
ecutor versus defence claims) revealed that the true population 
of origin was always more than 3 tim es m ore likely (m axim um 
7 m illion tim es m ore likely) while the m edian value was 16,800 
times m ore likely. The very few misassigned individuals had  low 
likelihood ratios im plicating uninform ative genotypes rather than 
m igrant individuals sampled in the other population group.

Sole. For sole, 27 Atlantic and M editerranean samples were examined. 
W ithin the 16 Atlantic samples (Fig. le), 19 of 427 SNPs seemed
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100%

Figure 1 1 M ap o f  sam p lin g  lo ca litie s . L o c a t i o n s  for t h e  g e n e t i c  b a s e l i n e s  ( w h i t e  c i r c le s )  a n d  p o l icy - le d  Ind iv idual a s s i g n m e n t  c a s e  s t u d i e s  ( c o l o u r e d  

c i r c le s )  fo r  t h e  fo u r  c o m m e r c i a l l y  i m p o r t a n t  m a r i n e  s p e c i e s .  S h o w n  Is t h e  p e r c e n t a g e  of  fish a s s i g n e d  t o  t h e  s a m p l e / a r e a  o f  or ig in a n d  t o  o t h e r  s a m p l e s /  

a r e a s  ( a r r o w s ) ,  (a ) A t la n t i c  c o d  (G . m o rh u a ) c a s e  s tu d y :  N o r t h e a s t  A r c t i c  c o d  (y e l lo w ) ,  N o r th  S e a  c o d  ( b lu e ) ,  Bal tic c o d  ( r e d ) ,  (b ) A t la n t i c  h e r r in g  

(C. h a ren g u s ) c a s e  s tu d y :  N o r t h e a s t  A t l a n t i c  h e r r in g  (y e l lo w ) ,  N o r th  S ea  h e r r in g  ( b lu e ) ,  (c ) Sole  (S. so le a ) c a s e  s tu d y :  Irish S e a / C e l t i c  S ea  s o l e  (b lu e ) ,  

T h a m e s / B e l g i a n  C o a s t  (y e l lo w ) ,  (d) E u r o p e a n  h a k e  ( M .  m erlu cc iu s)  c a s e  s tu d y :  M e d i t e r r a n e a n  h a k e  ( b lu e ) ,  A t l a n t i c  h a k e  (y e l lo w ) .

to be influenced by selection. For the Thames/Belgian coast versus 
Irish Sea/Celtic Sea scenario, three outliers were identified (_Fs-p 
values between 0.037 and 0.054). An in silico assay of 50 SNPs show
ing the highest _Fs-p values (0.005-0.054, Fig. 2c) correctly assigned 
93% (149 out of 160 individuals) to area of origin. The m edian log 
likelihood ratio between alternative populations o f origin showed 
that an ‘average’ individual was more than 60 times more likely in 
the population of origin even across this very small geographical 
scale w ith potentially large population mixing22.

Hake. Hake collections (19 populations) covered Atlantic and M ed
iterranean basins (Fig. Id). In total, 72 of 395 SNPs were outliers 
(Fig. 2d). 13 high _Fs-p SNPs (_Fs-p between 0.08 and 0.29) provided 
98% (751 of 766 individuals) correct assignment to basin. Fourteen 
of 15 misassigned individuals originated from western M editerra
nean samples (Algerian coast, Malaga) likely to be migrants or the 
result of admixture w ith neighbouring Atlantic populations. One 
individual sampled in the Atlantic was misassigned to the M edi
terranean. Excluding likely migrants from the western M editerra
nean, 99% of all individuals were assigned unambiguously to basin 
of origin. Evaluation of the likelihood of alternative hypotheses of 
origin showed that 95% of all sampled hake were over 500 times 
more likely to originate from  their basin of sampling than to other 
basins.

Discussion
The policy-led IUU and mislabelling case scenarios dem onstrate 
the large potential for using high differentiation SNPs for assigning

individual m arine fish to population of origin across a range of 
geographic scales. For any single assay, the gene-associated SNP 
framework provides unprecedented levels of assignment power 
for evaluating hypotheses of fish origin23,24. For hake, a previous 
attem pt o f assigning fish to basin of origin (A tlantic/M editerranean) 
using five microsatellites failed due to lack of statistical power24. 
The authors concluded: ‘...these two geographical stocks cannot be 
reliably identified from each other neither for fishery forensics nor 
for commercial traceability’. In addition to the elevated power of 
assignment, these new SNP-based m ethods are more readily devel
oped, validated and standardized (because of b inary nature), in 
com parison to other markers such as microsatellites that require 
extensive inter-laboratory calibration25, thereby providing po ten
tially highly valuable legal evidence. N ot only, in m ost cases, can we 
determ ine the fit of a genotype to a single population of origin, but, 
as likelihoods of alternative explanations are bim odal, unequivocal 
evaluation of the prosecutor versus defence claims is also possible. 
For the few cases, where unam biguous assignment of individual 
fish to area of origin was no t possible, statistical inferences from 
a num ber of individuals can be com bined to provide the desired 
level of certainty. The ‘m inim um  markers w ith m axim um  pow er’ are 
transferable across instrum ents, requiring lim ited cross-calibration 
am ong laboratories; the approach relies on a centrally accessible SNP 
database m aintained by the European Comm ission Joint Research 
Centre. Accordingly, on public release, any potential end-user can 
create and evaluate in silico assays tailored to specific control and 
enforcem ent or p roduct certification scenarios. Typically, foren
sic authenticity testing examines specific alternative hypotheses of
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Figure 2 | Identification o f  outlier  loci. Loci likely t o  b e  s u b j e c t  t o  s e l e c t i o n  

in t h e  f o u r  s p e c i e s ,  u s in g  a m o d e l - b a s e d  g e n o m e  s c a n  a p p r o a c h .  Each  g e n e  

lo c u s  ( g r e y  c i r c le )  Is r e p r e s e n t e d  by  t h e  level of  g e n e t i c  d i f f e re n t ia t io n  

(Fs t ) a n d  lo g l0  P O  o f  b e i n g  u n d e r  s e l e c t i o n .  V e r t i c a l  d a s h e d  lines  m a r k  t h e  

t h r e s h o l d  c o r r e s p o n d i n g  t o  a f a l se  d i s c o v e r y  r a t e  of  5 % .  Loci i n c lu d e d  In 

t h e  m i n i m u m  a s s a y s  w i th  m a x i m u m  p o w e r  a r e  I n d ic a t e d  ( r e d  c i rc les ) .

(a ) A t la n t ic  cod .  (b ) A t la n t i c  h e r r ing , (c ) Sole , (d ) E u r o p e a n  hake .

claimed geographical origin rather than the potential origin across 
the full species’ distribution. Thus, targeted assays as presented here 
are faster, cheaper and more flexible than universal all-purpose SNP 
arrays. It is now possible to process and genotype several hundred 
fish per day w ith assays up to 100 SNPs for less than 25$ per indi
vidual in  alm ost any reasonably well equipped molecular genetic 
laboratory. Finally, design flexibility allows the choice am ong speed, 
cost and statistical power, for example, whereas high individual 
exclusion power is critical in a court o f law; genotyping speed can 
be m ore essential in real-time spatially based fisheries management. 
Here rapid genotyping of a few SNP markers in m any individuals 
m ay provide vital inform ation on the approximate contribution of 
different populations to a specific m arine fishery.

W ith any m ethod, there are potential pitfalls. The gene-associ
ated SNP approach bears the inherent problem of genetic m eth
ods that m anagem ent units are no t necessarily equal to biological 
population units26. Thus, different m anagem ent regulations m ay be 
im posed for the same genetic population under different jurisdic
tions (and vice versa), leaving genetic m ethods with reduced dis
crim inatory power. However, these limits to genetic resolution may 
also reflect ill-defined m anagem ent areas26. Here other m ethods 
such as elem ental fingerprinting of otoliths or parasite distribution 
could prove com plem entary10. Likewise, we focussed here on repro- 
ductively isolated populations-that is, the fundam ental population 
unit. However, there will be some areas and times of year, where 
m ixed aggregations of individuals from different spawning popu
lations occur and where assigning single individuals to a specific 
population m ay provide little inform ation on geographic origin. 
Here m ixed-stock analysis can be applied27 potentially providing 
‘m ixture signatures’ for m anagem ent areas at certain times. A nother 
special concern is the tem poral stability o f allele frequencies for 
genetic markers subject to environm ental selection. We expect 
that m ost genetic changes will occur over evolutionary timescales; 
however, if  direct or hitch-hiking selection acting on these m ark
ers is fast and on-going, allele frequencies in  the reference popula
tions could shift. To investigate tem poral shifts, analysis of the SNP 
markers used for the m inim um  assay developed for cod has been 
conducted using tem porally replicated samples, revealing very small

North Sea historical 
North Sea contemporary

Baltic Sea historical 
Baltic Sea contemporary

Northeast Arctic historical 
Northeast Arctic contemporary

Figure 3  | PCA p lo t b ased  on individual g e n o ty p e s  from  cod. PC A plo t 

b a s e d  o n  Indiv idual g e n o t y p e s  f ro m  N o r t h e a s t  A rcti c ,  N o r th  S e a  a n d  

Bal tic  c o d ,  I l lu s t r a t in g  t e m p o r a l  s t a b i l i t y  of  a s s i g n m e n t  (6 ,  4  a n d  10 y e a r s  

b e t w e e n  s a m p l e s ,  r e s p e c t iv e l y )  fo r t h e  d e s i g n a t e d  8  S NP pane l.

nonsignificant changes in allele frequencies (P-values between 0.11 
and 0.92). 97% of contem porary cod samples correctly assigned 
to historical samples from the same population and the very few 
‘misassigned’ individuals are likely to represent m igrant individuals 
from other populations (Fig. 3). However, as the functional prop
erties and relationship with environm ental changes are unknow n 
for m ost gene-associated SNPs, validation of the database should be 
conducted at intervals inform ed by the biology of the species and 
local conditions.

The present study examined the application of gene-associated 
SNPs, which are likely to be affected by adaptive evolution, as high- 
resolution tools for population traceability to tackle IUU and/or 
product mislabelling. The issue of SNP-associated gene function in 
fish has received little attention thus far. However, the m any SNPs 
apparently subject to direct or indirect selection shown here and 
elsewhere in  m arine fish12,20, strongly suggests that populations of 
m arine organisms are genetically adapted to local environm ental 
conditions despite high levels of gene flow. Therefore, the examined 
SNPs are no t mere ‘stamp collections28’ w ithout biological signifi
cance. In m any cases, they likely represent functional biological 
diversity in genes influencing survival and reproduction. Such pop
ulation diversity, or ‘biocomplexity27’, underpins functioning, resil
ience and productivity of m arine ecosystems. The ‘portfolio effect’ 
of intraspecific biodiversity has been shown to stabilize ecosystem 
processes and services29. It is fortuitous that the adaptive genetic 
diversity that we aim to conserve underpins the tools that will allow 
enhanced governance of global fish resources.

Methods
Sam pling. Tissue sam ples (flesh, gills o r  finclips) o f co d  (G . m orhua ),  h e rr in g  
(C. harengus),  sole (S. solea) a n d  hake  (M . m erluccius) w ere  co llec ted  o n  a p an - 
E u ro p ean  scale inc lu d in g  ad d itio n a l n o rth w es t A tlan tic  sam ples fo r co d  (S upple
m e n ta ry  Table S I) . S am pling  w as g u id e d  by  p rev ious gene tic  an d  ecological studies 
in d ica tin g  p o p u la tio n  s tru c tu r in g  in  respective species. S paw ning ind iv iduals w ere 
co llec ted  preferab ly  to  sam ple gene tic  popu la tio n s . A ll ind iv iduals  fro m  an  area 
(p o p u la tio n  sam ple) w ere  at all occasions co llec ted  o n  th e  sam e cru ise . O verall, 
85% of th e  baseline sam ples co llected , inc lu d in g  te m p o ra l rep licates, o rig inated  
fro m  scientific cru ises. The rem ain in g  15% w ere  co llec ted  by  c o n trac te d  co m -
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m erci al fisherm en  o n  designa ted  cru ises. The d is tr ib u tio n  o f sam ples co llected  on 
scien tific /com m erc ia l c ru ises w as relatively u n ifo rm  am ong  species w ith  scientific 
co llections co n s titu tin g  83%, 93%, 87% an d  77% fo r cod , h e rrin g , sole a n d  hake , 
respectively. A ll sam ples in c lu d ed  in  th e  database w ere  labelled  w ith  in fo rm atio n  
o n  th e  ap p roach  o f sam p ling  (S upp lem en ta ry  Table S I) . A s an  add itio n a l check  o f 
th e  v e ry  u n like ly  even t o f  any  sam ple m islabelling  o r su b stitu tio n  ( th a t is, from  
vessel o f sam pling  to  SNP geno type database), p a tte rn s  o f  p o p u la tio n  d ifferen
tia tio n  am o n g  all sam ples (pairw ise  Egy) w ere  eva luated  after geno typ ing . This 
ap p roach  w as u sed  to  id e n tify  any  p o p u la tio n  sam ples th a t dev ia ted  fro m  the  
g enera l p a tte rn  o f  p o p u la tio n  s tru c tu re  estab lished  by  th is  o r p rev ious s tu d 
ies. H ow ever, as expected , n o  such  a b e rra n t p o p u la tio n  sam ples w ere identified . 
Specific de ta iled  in fo rm a tio n  on  in d iv idua l sam ples is available at th e  F ishPopTrace 
database accessible at h ttp ://fishpop trace .jrc .ec .eu ropa .eu /sam p ling  (see also Sup
p le m en ta ry  Fig. S I) . F o r cod , sam ples o rig in a ted  fro m  an  extensive tissue b a n k  
m a in ta in ed  at th e  D an ish  Technical U niversity  estab lished  fro m  p rev ious s tud ies30.

SNP d iscovery and gen otyp in g . SNPs fo r h e rrin g , sole an d  hake w ere iden tified  
th ro u g h  454 sequencing  (R oche 454 GS FLX sequencer) o f th e  tran sc rip to m e. 
A ccordingly, as th e  tra n c rip to m e  consists  o f D N A  segm ents tra n sc rib ed  in to  R N A  
m olecu les en co d in g  at least one  gene , th e  SNPs deve loped  h e re  are all gene-associ
ated . Briefly, RN A  w as ex trac ted  fro m  eig h t ind iv iduals fro m  each  species co llected  
fro m  fo u r locations across th e  species range to  m in im ize  asce rta in m en t (w idth) 
b ias due  to  red u ce d  geog raph ic  coverage. SNP d iscovery  w as p e rfo rm e d  by  de novo 
sequence  c lu stering  a n d  con tig  assem bly, fo llow ed by  m a p p in g  o f reads against 
consensus con tig  sequences. 1,536 pu ta tive  SNPs w ere selected  fro m  each  species 
a n d  in c lu d ed  o n  an  Illu m in a  G o ld en  G ate a rray  fo r a one  step  valid a tio n  an d  
g eno typ ing  app roach . S election  w as b ased  o n  in fo rm a tio n  fro m  th e  Illu m in a  A ssay 
D esign  T ool w h ich  assigns scores fo r each  SNP b ased  on  th e  p robab ility  o f  th e m  
p e rfo rm in g  w ell in  th e  g eno typ ing  assay, p u ta tive  in tro n -e x o n  b o u n d a rie s  w ith in  
flank ing  reg ions o f pu ta tive  SNPs, a n d  a v isual eva luation  o f th e  q uality  o f con tig  
sequences. F ro m  these , 281 (h e rrin g ), 427 (sole) an d  395 (hake) SNPs p ro v ed  v a r i
able w ith  reliable geno typ ing  across p o p u la tio n  sam ples. F or cod , w e u sed  a second  
gen e ra tio n  Illu m in a  1,536 G o ld en  G ate a rray  w ith  gene-associa ted  loc i o rig inating  
fro m  p rev ious sequencing  p ro jec ts31,32,33. A ccordingly, a h ig h e r n u m b e r o f  these 
(1,258) cou ld  be g eno typed  reliab ly  across c o d  sam ples.

Id en tify in g  m arkers likely a ffe c te d  by selection. W e u sed  a B ayesian like lihood  
m e th o d  im p lem en ted  in  BayeScan 2.01 (ref. 34) fo r iden tify ing  m arkers  likely to  be 
s itua ted  in  p arts  o f th e  g enom e w ith  one  o r  m o re  genes affected by  selection . The 
m e th o d  prov ides p o s te rio r odds  (PO ) as th e  ra tio  o f th e  p o s te r io r  p robab ility  o f a 
m o d e l o f se lec tion  versus a n e u tra l gene tic  m o d e l fo r each  locus. In  add itio n , the  
n e w  v ers ion  o f th e  p ro g ram  allow s fo r se tting  ‘p r io r ’ odds  fo r th e  tw o m ode ls . In  
th is  case, w e u sed  th e  defau lt o p tio n  th a t a n e u tra l m o d e l w as 10 tim es m ore  
likely  th a n  a m o d e l w ith  selection . P oste rio r O d d s b etw een  32 an d  100 
(loglO (P O ) =  1 .5 -2 ) is co n sid e red  ‘v e ry  strong  ev idence’ o f  selection  w hereas a PO  
above 100 is v iew ed  as ‘decisive’ an d  finally, a p o s te r io r  p robab ility  o f in fin ity  is 
assigned  a loglO (P O ) o f 5. The pow er o f BAYESCAN fo r d e tec ting  m ark ers  affected 
b y  selection  is sign ifican tly  red u ce d  fo r com p ariso n s  inc lu d in g  few  sam ples34.

Choice of loci. F or each  case, w e chose several loci to  crea te  o u r  ‘m in im u m  assays 
w ith  m a x im u m  pow er’. A ccordingly, th e  overarch ing  aim  w as to  p rov ide  assays w ith  
h ig h  statistical pow er, b u t also sufficiently  sm all to  be tim e  an d  co s t effective. The 
ra tiona le  b eh in d  th is  ap p roach  is tha t, in  a c o u rt o f law, th e  ev idence w ill alm ost 
exclusively be w eigh ted  in  re la tion  to  tw o a lternative cla im ed  origins; th a t is, w ere 
th e  fish cau g h t illegally  in  area A , as cla im ed  by  th e  p rosecu to r, o r  legally in  area B, 
as c la im ed  by  th e  defence? C ho ice o f loci w as b ased  o n  estim ates o f pa irw ise  genetic  
d iffe ren tia tion  (Egy) betw een  sam ples an d  sub seq u en t ran k in g  o f th e  loci accord ing  
to  th e  size o f estim ate fro m  th e  ou tpu ts  o f BayeScan. This p ro g ram  em ploys the  
m u ltin o m ia l D irich le t m o d e l allow ing es tim ation  o f  popu la tion -specific  Egy coef
ficients. To reduce  ‘h ig h -g ra d in g  bias’ in  o u r  ass ignm en t te sts35, w e first es tim ated  
pairw ise  Egy values an d  ran k e d  o u r  loci based  on  h a lf  of th e  ind iv iduals fro m  each  
p o p u la tio n  as reco m m en d e d  by  A n d e rso n 35. In  add itio n , w e d id  n o t expect h igh - 
g rad in g  bias to  be  p articu la rly  p ro m in e n t w h en  u sing  o u r  con cep t o f  app lication  o f 
m arkers  u n d e r  selection . The very  large differences in  Egy values, be tw een  n eu tra l 
an d  loci, id en tified  by  th e  statistical m o d e l to  be affected by  selection  fo u n d  in  th is  
study, is un like ly  to  b e  caused  by  sam pling  e r ro r  in  co n tra s t to  ra th e r  m in u te  d if
ferences in  Est  values co m m o n ly  fo u n d  am ong  n eu tra l loc i. T igh tly  lin k ed  genetic  
m arkers  rep resen t re d u n d a n t in fo rm atio n , a n d  v io late  m o d e l assum p tions u sed  fo r 
p o p u la tio n  ass ignm en t th a t requ ire  u n lin k ed  loc i. A ccordingly, w e p e rfo rm e d  link 
age analysis am ong  all SNP m a rk er loci, in ten d ed  fo r use in  th e  m in im u m  assays.
In  th e  case o f  com plete o r  p a rtia l linkage betw een  m ark ers, w e exc luded  th e  locus 
w ith  th e  low est Egy o r low est geno typ ing  success rate . F rom  th e  fina l list o f  SNP loci 
in c lu d ed  in  th e  fo u r d escribed  assays (S upp lem en ta ry  Table S2), w e re-geno typed  
a subse t o f loc i u s ing  o th e r geno typ ing  p la tfo rm s to  te st fo r consistency , w h ich  was 
genera lly  h igh .

A ssig nm ent procedure. Ind iv iduals  fro m  th e  baseline case sam ples w ere  assigned 
to  th e  p o p u la tio n , o r  in  th e  case o f hake to  b as in  (p o o le d  sam ples w ith in  basin ), 
w h ere  th e ir  m u ltilocus  geno type h a d  th e  h ig h est like lih o o d  o f  o ccu rrin g , u s in g  th e  
p ro g ram  G eneC lass2 .0  (ref. 36). W e em ployed  th e  Bayesian ap p roach  described

b y  R anna la  a n d  M o u n ta in 37 to  evaluate  w h e th e r  a ce rta in  m u ltilocus  geno type 
co u ld  o cc u r in  (o rig inate  from ) one  o r  several o f th e  baseline p o p u la tio n s  u s ing  th e  
resam p ling  a lg o rith m  desc rib ed  b y  P aetkau  et aZ.38 The m e th o d , w h ich  sim ulates 
10,000 m u ltilo cu s  geno types p e r  p o p u la tio n  fro m  baseline allele frequencies, 
genera tes expected  d is tr ib u tio n s  o f like lihoods w ith in  p o p u la tio n s  to  com pare  
w ith  es tim ated  in d iv idual like lihoods o f real geno types. To evaluate  th e  relative 
like lihoods o f  p o te n tia l a lternative o rig ins fo r a g iven  geno type, w e ca lcu la ted  th e  
like lihood  ra tio  o f o rig ina ting  fro m  th e  sam p led  (hom e) p o p u la tio n  d iv ided  by  the  
m a x im u m  like lihood  fo r any  o f  th e  o th e r po te n tia l a lternative p o p u la tio n s  o f  o rig in  
(L =  L _ h om e/L _m ax_no t_hom e) fo llow ing P eatkau  e t  aZ.38 This ap p ro ach  is equ iva
le n t to  a s tan d a rd  statis tical eva luation  o f forensic  ev idence in  re la tion  to  opposing  
claim s fro m  p ro secu to r a n d  defence in  a co u r t  o f  law ; th a t is, in  a p o te n tia l case of 
illegal fish ing  o r  m islabeling , th e  like lihoods o f  observ ing  th e  geno type in  question  
u n d e r  th e  p ro secu to r a n d  defence hypo theses o f o rig in , respectively, are  ca lcu la ted  
an d  evaluated . V alues w ere  p resen ted  as m e d ian  a n d  95% low er p ercen tile  values 
o f - lo g  like lihood  ra tio s to  illu s tra te  th e  genera l h ig h  d isc rim in a tio n  pow er o f  o u r 
selected  SNP in  silico assays. A  few  o f th e  case scenario  ind iv iduals  h a d  m issing  
single locus geno types. To m axim ize  sam ple sizes, th e y  w ere  n o t exc luded  fo r the  
ass ignm en t analyses excep t fo r th e  h ake  case, w h ere  b as in  sam ples w ere  p len tifu l. 
In com plete  geno types are expected  to  red u ce  th e  ass ignm en t pow er, so th e  - lo g  
like lihood  ra tio  m ed ian s  an d  95% low er percen tiles  p resen ted  here  are expected  to  
be u p w ard  biased , th a t is, m o re  conservative. H ow ever, th e re  w as n o  clear in d ic a 
tio n  th a t m isa ss igned  ind iv iduals, o r  ind iv iduals assigned  w ith  low  reso lu tion , w ere 
caused  by  m iss ing  geno typ ic  data.

Tem po ra l s ta b ility . To evaluate te m p o ra l stab ility  fo r ass ignm en t success w ith  the  
baseline data, w e u sed  te m p o ra l gene tic  d a ta  fro m  co d  popu la tio n s . S ho rt-te rm  
te m p o ra l s tab ility  w as assessed th ro u g h  tests fo r genic d iffe ren tia tion  u sing  the  
p ro g ram  G eneP op39 an d  a p rin c ip a l c o m p o n en t analysis (PC A ) c o n d u c ted  w ith  
th e  package A D E G E N E T  v. 1 .2 -5  fo r R40 o f in d iv idua l geno type d a ta  fro m  sam ples 
co llec ted  fro m  N o rth eas t A rctic  cod , N o r th  Sea co d  an d  B altic Sea co d  at tw o  tim e 
p o in ts  (4 -to -10  years apa rt). O n ly  th e  eigh t loci u sed  in  th e  ass ignm en t case for 
th e  sam e popu la tio n s  w ere  u sed  to  genera te  th e  P C A  to  v isualize th e  stab ility  of 
p o p u la tio n  ass ignm en t observed  fo r th e se  specific loci.
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