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Introduction

Genetic stock identification (GSI) techniques have been successfully used to resolve a number of, what were
presumed until relatively recently intractable, salmon fisheries management questions. For example, in
determining the relative proportions of contributing populations in mixed stock fisheries: at the macro scale,
separating stocks of North American and European origin at West Greenland (King et al. 2001); at the meso
scale, apportioning catches from the Baltic Sea (Koljonen, 2006) and the Irish coastal fisheries (unpublished
data) to individual river stocks; and even within river systems (micro scale) such as the Moy and Foyle
catchments in Ireland (unpublished data), and the Teno river in Finland, allocating catches to individual river
tributaries (e.g. V&hd et al. 2007). GSI, in the context of parental assignment, was also critical in the successful
determination of the relative fitness of the progeny of farm escape, wild and hybrid salmon spawning in the wild
(McGinnity et al. 2003) and in spatially and temporally determining levels of farm and hatchery introgression in
wild populations (Clifford et al., 1998, Nielsen et al. 1999, 2001).

Salmon stocks have declined in both Europe and North America and all evidence points to there having been
environmental changes in the ocean phase. One of the key issues in increasing the knowledge of the marine
ecology of the species is understanding of the differences which may occur between the sea distribution of
different regional stock groups and river/tributary populations. This requires an ability, not only to determine
the proportions of contributing populations in a given sample of fish captured in the marine environment, but
also to identify the individual fish in that sample to their river or region of origin. Information on individual fish
can then be used to map the distribution and migration patterns of different genetic stock groups. This in turn
will provide the basis for the development of more informative eco-genetic models linking growth performance,
environmental conditions, and the distribution of food organisms.

Genetic individual assignment has many advantages over physical tagging methods such as coded wire tags.
The information derived from genetic identification can be done from the fish in the wild, thereby overcoming
the experimental error introduced by either handling wild fish when physically tagging them, or using hatchery
fish as a surrogate for wild salmon. All individuals captured in the experimental fisheries are of equal value and
can be used in subsequent analysis, providing a significant cost advantage over conventional tagging where only
those individuals that have tags can be used. With genetic methods there is no loss of tags and no bias due to
viability or catchability effects as with external tags. In addition, the time and place of sampling can be chosen
more freely and precisely, as preceding tag and release programmes are not required. Moreover, genetic
identification is not dependent on fishermen in returning tags or on the detection of internal tags. Furthermore,
all samples previously collected from marine surveys, i.e. historic archives of scales/otoliths, etc. can be used,
and these data are of value in elucidating temporal trends in migration and distribution patterns.

Genetic methods also have some limitations. The extent of inter-population differentiation will affect the
resolution power that can be achieved. Statistically significant differences in allele frequencies often occur, but
quantitatively they may be too small to meet the assignment accuracy and precision requirements of the
managers. Genetic assignment estimates give probabilistic information about the origin of individuals or
populations rather than absolute information, a limitation common to many techniques in fisheries biology,
including stock assessment, although satisfactory levels of statistical confidence within regions and individual
rivers can generally be achieved for fisheries management requirements. Genetic identification of populations
and individuals of Atlantic salmon has been recently reviewed by Koljonen et al. (2007).
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Brief Review of the methods

The genetic analysis of the composition of population mixtures has advanced and diversified in recent years
resulting in two types of approach, Mixed Stock Analysis (MSA) and Individual Assignment (1A), in which the
goal is either to estimate the proportions of contributing stocks in the catch mixture, or to solve the origin of an
individual fish. A commonly used Statistical Program for Analyzing Mixtures (SPAM) is available for the
Windows environment (Debevec et al., 2000). SPAM searches for maximum likelihood estimates of population
proportions using three numerical algorithms: conjugate gradient (CG), iteratively reweighed least squares
(IRLS) and expectation-maximation (EM). However, Bayesian modelling has been shown to provide the most
reliable estimates of the relative contributions of different populations in mixed stock fisheries when compared
with other methods (Beacham et al. 2006) and also for individual assignment (IA) when compared to
GENECLASS (Cornuet et al. 1999, Luikart & England 1999 )(see Koljonen et al. 2005). A number of
statistical packages are available, which provide a range of methods for assigning individuals to population of
origin, and these have been evaluated in the literature (e.g. Manel et al. 2005; Hauser et al 2006). The IA option
incorporated into the software BAYES of Pella and Masuda (2001) seems to offer the best levels of correct
assignment.

For example, up to 95% of 700 salmon caught in a recreational fishery in the tidal part of the Moy fishery in
Ireland assigned to the Moy river catchment (with high levels of confidence). In this test fishing nearly 100%
fish could be assumed to originate from the River Moy. Table 1 gives a comparison of this result with that from
some other packages and methods.

Table 1
CBAYES CBAYES SPAM GENECLASS
method 1A MSA MSA 1A
Moy 95.3 89.8 775 43.6
Proximate catchments 2.7 5.6 10.8 11.6
Regional catchments 1.4 2.5 4.6 8.2
Outside region 0.6 2.1 7.1 36.6

In the Moy example, as well as providing the highest levels of correct assignment within the regions expected,
the cBAYES assignment method gave high degrees of confidence for these assignments with 61% of the fish
assigned with greater that 95% probability, and 86% with greater than 75% probability and the remainder
assigned with 50% probability. These results were achieved using just 10 microsatellite loci (we recommend 15-
20 for such studies which will substantially improve levels of confidence in the assignment). The probabilities
may, however, be lower, when more stocks are contributing into the mixture.

When the identification of the stock of origin of the individual fish has been unsuccessful, in the sense that the
probabilities for each of the stock of origin are low or too even (for example 0.3, 0.3, 0.3), individuals can be
assigned to originate from groups of genetically similar stocks or regional grouping with higher levels of
confidence (higher probabilities).

Sampling

Currently the most reliable individual assignments are achieved in combination with mixed-stock-analysis, in
which information obtained from the genetic composition of the mixture can be utilized in addition to the
multilocus genotype information of the particular individual, to determine the river of origin (Koljonen et al.
2005). Variation in the estimates may thus be derived from the mixture sample, the baseline sample, or both.
However, the bias of the proportion estimates is mainly due to the baseline data, and is at its greatest when
genetically similar stocks differ markedly in abundance. The variance resulting from mixture sampling depends
on the size and stock composition of the mixture sample. To achieve high levels of precision, the number of fish
per stock sampled within the mixture is important. If the number of contributing stocks is high, a large mixture
sample is needed for reliable estimates. In the mixed-stock analysis of Atlantic salmon catches in the Baltic
Sea, the 95% probability interval (confidence interval) for the stock group estimates was about +10%, when
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mixture sample size of 300 fish, 8 microsatellite loci, and a baseline with 32 river stocks were used (Koljonen
2006).

Issues related to data quality

A number of issues in relation to assuring data quality must be addressed when planning and carrying out MSA
and/or 1A for Atlantic salmon. These include issues related to

1) assumptions for baseline samples,
2) genotyping errors and
3) choice of genetic marker system to be applied.

1.4.1 Assumptions for baseline samples
Several factors in baseline sampling may affect the amount of variation and bias in the estimates:

Hardy-Weinberg equilibrium: All currently available statistical procedures for MSA and 1A assume that the
genotypes used for individual baseline population information conform to Hardy-Weinberg equilibrium
proportions. Including information for samples not exhibiting Hardy-Weinberg proportions may therefore pose a
problem to the outcome of the statistical analyses. Reasons for failure to conform include the presence of cryptic
population sub-structure, sib-group sampling and genotyping errors (for the latter, see section 2 below). The
effects of such non-representative sampling on |A performance are likely to vary among specific analysis aims,
and precautions can be taken by performing detailed examinations of baseline data prior to performing 1A
analyses, and by not causing H-W deviations by unjustified pooling of baseline data (e.g. by statistically testing
for presence of sub-structure and/or sib-groups).

Temporal stability of allele frequencies: If allele frequencies vary within baseline populations over time, such
changes will affect the performance of MSA and IA procedures, reducing the statistical power for correct
assignment of individuals to specific rivers, and should be taken into account as a potential source of error in
GSI. In theory, any effects of changes caused by genetic drift can be compensated for to a marked extent by
collecting baseline data over several years (Waples, 1990). The importance of repeated sampling depends on the
life history of the species concerned and on the degree of overlapping in the year-classes. Atlantic salmon have
overlapping generations, and partly for that reason the temporal variation of allele frequencies in large natural
stocks may be of little significance to IA performance, whereas in small natural populations or in hatchery
stocks, genetic drift can cause pronounced changes. Regular validation and updating of population samples used
to define baselines need to be planned as part of the estimation routine to encompass such variation.

Baseline sample size: The precision and accuracy of the estimates can be improved by increasing the baseline
sample size for each baseline stock from the commonly used about 50 to about 100 fish, and ensuring that it is
representative of at least two cohorts (50 from each).

Gaps in the baseline: Standard individual assignment procedures (like BAYES or GENECLASS) does not
allow for the assignment of individuals to unknown source populations (i.e. populations not present in the
baseline). This shortcoming may be overcome by the program HWLER (Pella and Masuda 2006), which allows
unknown individuals to be assigned to a hypothetical baseline sample or samples. However, the statistical
properties and levels of attainable resolution of such approaches are likely to differ from, for example, the
standard method proposed by Pella and Masuda (2001).

Introgression: In relation to allele frequency stability, an important issue for Atlantic salmon is concerned with
genetic effects of farmed salmon escapes and deliberate stocking from hatcheries and subsequent introgression
in wild populations. In such cases MSA and IA performance may be negatively affected, as baselines generated
using information for non-introgressed populations may at some point no longer adequately reflect the genetic
composition of contemporary catches. Correspondingly, baseline information may have been collected at a point
of time where one or more of the baseline populations were affected by genetic input from reared salmon that
was lost over subsequent generations (e.g. due to selection against reared salmon genotypes under natural
conditions). The impact of such introgression dynamics on MSA and IA can be assessed through simulation
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studies and needs to be routinely monitored for running MSA and IA programmes, by frequent re-sampling of
populations/spawning rivers potentially affected by escapes or stocking in order to update baseline allele
frequency information. Moreover, baseline samples need to include information for farmed salmon
strains/populations. Especially for small farm brood-stocks, allele frequencies may change rapidly over time,
and such variation also needs to be incorporated into sampling strategies. Simulation analyses can be used to
assess the effects of introgression on MSA and IA performance.

1.4.2 Genotyping errors

Microsatellite genotyping errors Microsatellite genotyping has been shown to be error-prone (reviewed by
DeWoody et al. 2006) and even modest error rates can bias estimates of population allele and genotype
frequencies and thus, cause artefact deviations from Hardy-Weinberg equilibrium, which is a fundamental
assumption for baseline samples of many MSA and 1A methods. Compounded over multiple loci, even a small
per-locus genotyping error rate can result in relatively large probabilities of a multilocus genotype containing at
least one error (Creel et al. 2003; Bonin et al. 2004; Hoffman & Amos 2005), although error rates are rarely
equal across loci, and dropping a single locus may provide a disproportionate decrease in error rate. Checks can
be built into the system to address these (Taberlet et al. 2004). See Appendix 1for Quality Control measures.

1.4.3 Marker selection

Number of loci: The required number of loci depends on the level of differentiation among stocks and is case-
specific. However, there obviously is a level, where there is no diagnostic advantage in having additional
markers. At the moment 15 microsatellites should be adequate for most MSA and IA analyses. In specific
situations, however, the optimum number of loci has to be determined.

New markers: To date, most MSA and IA analyses in Atlantic salmon have been carried out employing genetic
information from microsatellite DNA markers, which has proven to perform well in terms of statistical
properties for assignment and technical reproducibility. Nonetheless, other approaches also exist, such as
analysis of Major Histocompatibility gene Complex variation and single nucleotide polymorphisms (SNPs),
which are being routinely employed for GSI approaches in other species, including salmonids (e.g. Beacham et
al. 2004; Smith et al. 2005). In comparison with microsatellite markers, SNP screening is expected to be less
affected by DNA quality and inter-laboratory variation. However, as SNPs are commonly bi-allelic, GSI
analyses normally require screening of a larger number of loci (commonly > than 2-3-fold) compared with
microsatellites. It is envisaged that in the future SNPs are going to be the population markers of choice across
fish species and taxa, but whether Atlantic salmon GSI approaches would benefit from including SNP marker
application remains to be examined.

Further research is needed to identify DNA markers associated with protein variation and other genetic variation
defining regional groupings of populations, which can be used to achieve regional assignment in a practical cost
effective way in support of marine ecological studies. There are now available a number of classes of DNA
markers which could be applied for this purpose. For example, existing work shows point mutations in mtDNA
with highly restricted regional distributions that could be informative for some regional groups but further work
is needed to confirm their diagnostic potential and to identify a suite of markers to comprehensively cover the
European range of salmon. Additionally work to date shows regionally restricted distributions of microsatellite
alleles and varying levels of regional differentiations among different microsatellite loci. Approximately 1700
microsatellite loci have been identified in Atlantic salmon and those optimal for use in regional discrimination
remain to be identified. Furthermore, as can be inferred from genetic protein studies of loci such as MEP-2*,
there is considerable potential for identifying single nucleotide polymorphisms (SNPs) (McMeel et al. 2001)
with the capacity to contribute regional assignment (Rengmark et al., 2006).

Recommendations

As an overriding recommendation we are convinced that in most circumstances IA can give valuable
information for Atlantic salmon management and specifically identify the population of origin of
individual Atlantic salmon with relatively high probabilities.



1) We recommend that genetic stock identification methods be applied to addressing salmon biology
and fisheries management questions, e.g. contribution of individual rivers to fisheries, identification
of migration and distribution patterns, introgressions between hatchery and wild fish, temporal
changes in population structure. This should be reported within the appropriate probabilistic
framework.

2) Presently, according to performed comparison tests, the Bayesian approach of Pella & Masuda
(2001) appears to provide the most accurate results with regard to individual assignment, and we
therefore recommend its use. In specific cases other methods can be useful.

3) Ideally all contributing stocks should be included in the baseline, and discrete entities within rivers
should be recognised, as well as those among rivers (i.e. the sampled units should be in Hardy-
Weinberg equilibrium). Efforts must be made to make baseline samples representative of each
population, which may subsequently be sampled at sea. Sampling programs should be prioritised
by targeting the most productive rivers, rivers where conservation limits are not being reached, and
should also include hatchery stocks (if not identifiable by physical markers).

4) Baseline sample sizes of 100, representative of at least two cohorts (50 from each), from each
population are recommended. Sample size should be consistent across baselines.

5) It is recommended that baseline populations be re-sampled every 5-10 years. However, where
introgressions from cultured fish are suspected, or where population sizes are quite small, it is
recommended that this should be done on a more frequent basis.

6) The sufficient size of a mixture sample is dependent on the required precision level and the number
of stocks occurring in the mixture, and can be determined by simulations prior to sampling plan.

7) If microsatellites are the marker of choice, recent reviews suggest, that a minimum of 15
polymorphic loci should be used for individual assignments. These should be investigated to
ensure that null alleles, linkage, allelic dropouts and stutter bands do not cause problems e.g.
microsatellite loci having a tetranucleotide repeat motif are preferred to loci having a dinucleotide
repeat motif as they are easier to score and typically display no stuttering patterns.

8) To guarantee consistency of genotyping results, calibration of allele sizes among participating labs
is warranted by exchange of reference samples, and baseline samples should be preferably
genotyped in a single lab.

9) Accuracy and precision (depending on level required) of the assessment estimates must be
examined by simulation studies, and using true mixtures of fish of known origin, not included in
the baseline data set, before applying to true catch data. Simulations should be used for defining
the needed catch mixture sample sizes, in order to achieve the required confidence. This
information can be incorporated into the fisheries sampling protocols.

10) The highest resolution to be aimed for should be assignment to river of origin (corresponding H-W
unit). In cases where the probability levels of the assignments for individual rivers remain low,
pooling of probabilities over individual rivers can be employed to achieve a regional assignment for
individuals. In designing programmes and models for handling assignment data, managers should
be aware of the probabilistic nature of the data and the required level of probabilities and statistical
confidence needed for utilising the data for combined studies, (e.g. for some ecological or fisheries
studies, it may be sufficient to combine information from high and low assignment values to make
a composite sample).

11) Current methods utilise microsatellite technology, however the development and application of
novel microsatellite markers, as well as nuclear and mtDNA SNPs etc. should be investigated with
regard to their diagnostic usefulness as river and regional specific identifiers. Also, some
consideration should be given to the integration of genetic and biological data for assignment.

12) Development of statistical methods for utilising probabilistic individual assignment results is
recommended.
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