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 Potential for increased statistical power in stock discrimination gained through employing more polymorphic 
marker types such as microsatellites is attractive for applications in determining the distribution and migration of 
salmon in the high seas.  Increased sampling requirements owing to the many character types (alleles) that typify 
microsatellites, however, raise question about accuracy.  While increasing the number of individuals characterized 
for baseline data addresses this issue, it is seldom feasible to characterize all likely contributing stocks.  
Furthermore, increasing population sample size (minimum n) requirements per stock inevitably will result in a 
reduction in the total number of potential contributing stocks that can be characterized in baselines, as funding for 
research is always finite.  This approach thus results in diminishing returns because it increases the potential for 
more individuals in any study that may have originated from stocks other than those characterized in baselines.  
Methods invoking Baye’s rule and a number of new approaches have shown promise in overcoming this enigma.  
This study reviews empirical findings from working with some of these new approaches (SPAM, Debevec et al. 
2000; WHICHLOCI, Banks et al. 2003; and GMA, Kalinowski 2003).  Primary goals were to determine how 
alternate genetic markers, sample sizes and population compositions effect precision and accuracy of results for 
known mixtures.  Data includes microsatellites, major histocompatibility complex (MHC), and D-Loop mtDNA 
sequence variance (Table 1) from five alternate Chinook life history types of the Sacramento and San Joaquin rivers 
of central California, USA.   
 Our primary finding is that the statistical power of genetic stock identification is critically dependent on the 
information content of genetic markers (loci) employed.  Power is maximized through ranking loci according to 
their discriminatory ability among populations under consideration and using a resource such as WHICHLOCI 
(Banks et al. 2003) to evaluate what minimum numbers of high ranking loci are necessary in order to achieve 
desired assignment accuracy and precision criteria (Fig. 1).  Earlier studies have suggested that a modest number of 
loci, each with a modest number of alleles provides better assignment accuracy (Smouse and Chevillon 1998; 
Bernatchez and Duchesne 2000) and Cornuet et al. (1999) noted a converse relationship between number of loci (8–
30) and number of individuals required (30–12) in order to achieve 100% assignment.  Our studies, however, reveal 
that no simple predictor such as number of alleles or heterozygositiy of loci provides consistent prediction of 
individual based assignment performance.  While more polymorphic and heterozygous loci generally rank higher, 
on occasion specific loci with as few as four or five alleles may rank high because of unique frequency and 
distribution of genotypes among populations under consideration.  It is thus gainful to apply methods to assess 
information content of alternate loci and evaluate what minimum number of combined loci is necessary in order to 
achieve sufficient stock assignment power.  For example, iteration over 10 data sets with a simulated sample size of 
10,000 using the 16 best ranking loci among those employed in this study achieved 99.91% accuracy with a variance 
of 0.023, yet 99.18 accuracy is attained with just nine of these highest ranking loci with minimal variance increase 
(to 0.61). 
 Interestingly, when comparing the performance criteria of alternate loci choices for individual based population 
assignment (discussed above) with those attained for population based genetic stock identification methods such as 
GMA (Kalinowski 2003) or SPAM (Debevec 2000) both number of alleles and heterozygosity were better 
predictors of top performing loci than WHICHLOCI (Fig. 2).  Note that sample size for data used in this study was 
only 19 for each life history type; a value well below the number (150–200) assessed as necessary to ensure reliable 
microsatellite allele frequencies (Banks et al. 2000).  Ongoing research will test if these findings hold true for 
population based genetic stock identification methods using greater sample sizes per life history type. 
 Current advances in genotyping technology are facilitating the application of single nucleotide polymorphisms 
(SNPs) in genetic stock identification (GSI).  At first glance, SNPs do not appear suited to GSI because most SNPs 
have only two alleles and can never have more than 4 alleles (because there are only four different bases in DNA), 
however, technology advances may allow effective characterization of several orders of magnitude more SNPs than 
the number of microsatellites that can be characterized for the same cost.  These methods could thus harness similar 
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numbers of characters but from a broader component of the genome, with potential to provide even better stock 
discrimination performance, although linkage rears as a likely confounding factor.  MHC is the only ‘SNP’ locus 
characterized among loci considered in this study, however, Rosenberg et al. (2003) provides insightful findings 
from their study of informativeness of alternate genetic markers for inferring ancestry among human populations.  
This study compares findings from 377 microsatellites and 8,714 SNPs and finds that random dinucelotide 
microsatellites are from five to eight times more informative than random SNPs, but also that 2–12% of SNPs have 
higher information content than the median for dinucleotides.  We are only just beginning to accumulate sufficient 
data to allow similar comparison between microsatellites and SNPs for fisheries contexts, but the field is advancing 
fast, presenting exciting potential for high resolution stock identification that should provide enlightening 
perspective for marine distribution and migration of stocks in the near future. 
 
 
 
Table 1.  Genetic markers evaluated for information context in the context of genetic stock identification 

Locus name  Number of alleles  Heterozygosity WHICHLOCI rank Reference 

OtsG311  31  0.72026 1 Williamson et al. (2002) 

Ots-107  25  0.76586 2 Nelsen & Beacham (1999) 

OtsG409  41  0.87952 3 Williamson et al. (2002) 

OtsG422  41  0.83782 4 Williamson et al. (2002) 

Ots-209  31  0.8762 5 Greig et al. (2003) 

OtsG253  25  0.83838 6 Williamson et al. (2002) 

Ots-204  34  0.67852 7 Greig et al. (2003) 

Ots-104  23  0.86344 8 Nelsen & Beacham (1999) 

OtsG249  41  0.87342 9 Williamson et al. (2002) 

Ots-211  33  0.7877 10 Greig et al. (2003) 

OtsG83b  32  0.79526 11 Williamson et al. (2002) 

Ots-213  27  0.70234 12 Greig et al. (2003) 

Ots-201  20  0.8614 13 Banks et al. (pers. commun.) 

Ots-215  20  0.78456 14 Banks et al. (pers. commun.) 

OtsG78b  36  0.79196 15 Williamson et al. (2002) 

Ots-208  27  0.83854 16 Greig et al. (2003) 

Ots-2  13  0.63838 17 Banks et al. (1999) 

One-13  10  0.72378 18 Scribner et al. (1996) 

Ots-212  25  0.92508 19 Greig et al. (2003) 

Ots-515  17  0.78348 20 Naish & Park (2002) 

Ots-503  16  0.8062 21 Naish & Park (2002) 

OtsG474  10  0.72574 22 Williamson et al. (2002) 

OtsG432  24  0.8721 23 Williamson et al. (2002) 

D-Loop  5  - 24 Nielsen et al. (1994) 

Ots-3  10  0.76222 25 Banks et al. (1999) 

Ots-501  11  0.68698 26 Naish & Park (2002) 

Ots-528  9  0.64108 27 Naish & Park (2002) 

MHC  4  0.59988 28 Kim et al (1999) 

Ots-519  8  0.56574 29 Naish & Park (2002) 

Ots-504  5  0.5448 30 Naish & Park (2002) 

Ots-10  7  0.52104 31 Banks et al. (1999) 

Ots-514  10  0.64692 32 Naish & Park (2002) 
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Fig. 1.  Factorial correspondence analysis using data of 500 samples per Chinook life history type, simulated using WHICHLOCI 
(Banks et al. 2003) and analyzed using GENETIX (Belkhir et al. 2002).  Square plots represent individual salmon samples colored in 
accord with their life-history type and positioned on the graph in relation to their genetic relationship.  This is approximated from 
either: A. nine loci from the bottom of the rank depicted in Table 1 or B. nine loci from the top of this same rank.  Tighter clustering 
of life-history types and zero overlap in B demonstrates the power gained through using loci with greater information content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Genetic stock Identification results using the population based GMA method of Kalinowski (2003).  One thousand simulated 
fishery samples had N = 500.  For fair comparison with individual based methods, relative component estimates were set with the 
two spring life history types and late fall each at a frequency equivalent to just one fish in the 500 fishery sample (0.002), setting the 
remainder for the components made up almost equal proportions of fall (0.442) and winter (0.522).  Bars shown in black depict the 
absolute sum of the differences between observed and expected frequencies across all life history types and bars shown in white 
depict average standard deviation.  Paired columns are displayed according to alternate loci combinations used: From left to right, 
all 33 loci together, 12 loci that ranked highest using WHICHLOCI, 12 loci with highest heterozygosities, 12 loci with the greatest 
number of alleles and lastly 9 loci that ranked highest using WHICHLOCI. 
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