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Genetic stock identification of Atlantic salmon and its
evaluation in a large population complex
Juha-Pekka Vähä, Jaakko Erkinaro, Morten Falkegård, Panu Orell, and Eero Niemelä

Abstract: Addressing biocomplexity in fisheries management is a challenge requiring an ability to differentiate among distinct
populations contributing to fisheries. We produced extensive genetic baseline data involving 36 sampling locations and
33 microsatellite markers, which allowed characterization of the genetic structure and diversity in a large Atlantic salmon (Salmo
salar) population complex of the River Teno system, northernmost Europe. Altogether, we identified 28 hierarchically structured
and genetically distinct population segments (global FST = 0.065) corresponding exceptionally well with their geographical
locations. An assessment of factors affecting the stock identification accuracy indicated that the identification success is largely
defined by the interaction of genetic divergence and the baseline sample sizes. The choice between the two statistical methods
tested for performance in genetic stock identification, ONCOR and cBAYES, was not critical, albeit the latter demonstrated
slightly higher identification accuracy and lower sensitivity to population composition of the mixture sample. The strong
genetic structuring among populations together with a powerful marker system allowed for accurate stock identification of
individuals and enabled assessment of stock compositions contributing to mixed-stock fisheries.

Résumé : La question de la biocomplexité dans la gestion des pêches pose un défi qui requiert la capacité de distinguer les
différentes populations contribuant aux pêches. Nous avons produit une grande quantité de données génétiques de référence
portant sur 36 lieux d’échantillonnage et 33 marqueurs microsatellites, qui rend possible la caractérisation de la structure et de
la diversité génétiques dans un grand complexe de populations de saumons atlantiques (Salmo salar) du réseau de la rivière Teno,
dans l’extrême nord de l’Europe. En tout, nous avons identifié 28 segments de population structurés hiérarchiquement et
génétiquement distincts (FST global = 0,065) qui correspondent exceptionnellement bien à leurs emplacements géographiques.
Une évaluation des facteurs ayant une incidence sur l’exactitude de l’identification du stock indique que le succès de l’identification
est en bonne partie défini par l’interaction de la divergence génétique et des tailles des échantillons de référence. Le choix entre les
deux méthodes statistiques testées pour leur performance en matière d’identification du stock génétique, ONCOR et cBAYES, n’était
pas critique, même si la seconde méthode était caractérisée par une exactitude légèrement plus grande de l’identification et qu’elle
était moins sensible aux populations qui composaient l’échantillon mixte. La forte structuration génétique au sein des populations,
combinée à un puissant système de marqueurs, a permis l’identification exacte du stock des individus et a rendu possible l’évaluation
des stocks qui contribuent à des pêches visant des stocks mixtes. [Traduit par la Rédaction]

Introduction
Species diversity supports community stability and productiv-

ity (e.g., Tilman et al. 1996) as well as ecosystem functioning and
services (Gamfeldt et al. 2008; Isbell et al. 2011), while intraspecific
phenotypic and genotypic diversity plays an important role in
population persistence and dynamics (Agashe 2009; Bolnick et al.
2011). Biocomplexity in fish populations — in the form of popula-
tion diversity, life-history variation, and genetic structures —
is important for sustainable fisheries (Hilborn et al. 2003;
Hutchinson 2008). Population diversity provides resilience to dis-
turbances (e.g., exploitation), which contribute to long-term sus-
tainability, and diverse systems provide more temporally stable
ecosystem services; a phenomenon referred to as the “portfolio
effect” (Schindler et al. 2010). Strong or selective harvesting can
negatively affect abundance and diversity (e.g., Youngson et al.
2003) and requires reductions in harvest to protect less abundant
stocks. This can be at odds with socio-economic factors that might
point towards continued harvest, to provide food, income, and
other social goods. Managers balancing this trade-off between

harvesting and conservation needs face a particularly challenging
quest when the exploitation targets a multitude of species or
populations.

In mixed-stock fisheries, stocks at poor status might be targeted
to an unknown extent, threatening small and vulnerable popula-
tions (Nehlsen et al. 1991; ICES 2015). In the absence of detailed,
stock-specific knowledge, the precautionary approach would be a
substantial reduction or closure of the mixed-stock fishery. Thus,
managers need tools that enable stock-specific estimates of ex-
ploitation to enable a stock-specific management of mixed-stock
fisheries, tailored towards safeguarding vulnerable populations
while allowing the continued harvest of healthy stocks (Crozier
et al. 2004).

Molecular genetic techniques and the application of genetic
markers have not only revolutionized our understanding of pop-
ulation diversity, but genetic aspects have become an integral
part of fishery and wildlife management (Mills 2012; Allendorf
et al. 2013). Genetic monitoring of the population composition of
mixed-stock catches provides a way to ensure a stock-specific
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management of the mixed-stock fisheries, including the knowl-
edge needed to establish targeted stock-specific regulatory mea-
sures tailored towards safeguarding vulnerable populations. With
the advent of powerful genetic markers and reduced costs of analyz-
ing large numbers of samples accompanied with the development
of tailored statistical methods, genetic stock identification (GSI) is
now one of the most successful biological tools available for effec-
tive monitoring and stock-specific management actions (e.g.,
Beacham et al. 2008; Ensing et al. 2013).

Anadromous fish populations undertake feeding migrations be-
tween fresh water and open ocean areas and return to spawn in
their natal rivers after sexual maturation. Accurate homing to
natal rivers (e.g., Quinn 1993) provides the potential for genetic
population structuring between and even within river systems
(Vähä et al. 2007; Hess et al. 2014). At sea, anadromous fish popu-
lations may mix, and harvesting during the migratory stage tar-
gets multiple populations resulting in a mixed-stock fishery. GSI
has been used to manage Pacific salmon (Oncorhynchus spp.) fish-
eries for three decades (Milner et al. 1985). Ecological applications
of GSI on Pacific salmon species cover a variety of spatial and
temporal scales from ocean distribution of juveniles and adults
(e.g., Beacham et al. 2006; Habicht et al. 2010) to in-river investi-
gations of population of origin among migrating individuals (e.g.,
Beacham et al. 2008; Hess et al. 2014). GSI is a routine tool for
monitoring mixed-stock fisheries of Pacific salmon, providing
real-time information on catch stock composition to managers
and fishermen (e.g., http://pacificfishtrax.org).

In contrast, GSI has been less used in management of Atlantic
salmon (Salmo salar) mixed-stock fisheries. There are only some
marine examples: for example, genetic mixed-stock analyses re-
solving stock group proportions in the Baltic sea (Koljonen 2006),
contributions of North American Atlantic salmon stocks to the
West-Greenland salmon fishery (Gauthier-Ouellet et al. 2009), and
some coastal studies demonstrating the potential for such ap-
proach (e.g., from England (Gilbey et al. 2012), Ireland (Ensing
et al. 2013), Canada (Bradbury et al. 2015), St. Pierre & Miquelon of
France (Bradbury et al. 2016), and the Barents Sea coast in Norway
and Russia (Vähä et al. 2014)). Freshwater examples include lake-
run brown trout (Salmo trutta; Swatdipong et al. 2013), lake trout
(Salvelinus namaycush; Northrup et al. 2010), and broad whitefish
(Coregonus nasus; Harris and Taylor 2010). However, genetic mixed-
stock analyses of Atlantic salmon fisheries in large rivers have so
far received little or no attention (Vähä et al. 2011).

The River Teno (Tana in Norwegian) in the northernmost Eu-
rope is one of the few remaining large river systems that still
support multiple and abundant wild Atlantic salmon populations
(Niemelä et al. 2006; Vähä et al. 2007). Genetic studies have re-
vealed a structured population complex consisting of a number of
demographically independent, genetically distinct, and tempo-
rally stable population segments (Vähä et al. 2007, 2008). Genetic
assessment of systematically collected salmon scale samples from
the mixed-stock fishery of the Teno main stem can provide a
fine-resolution estimation of the origin of the captured salmon
(Vähä et al. 2011). In the present study, we set out to (i) comple-
ment the baseline data on salmon population structure of the
Teno complex, (ii) assess factors affecting the GSI success, and
(iii) investigate the feasibility of using GSI to monitor the harvest
of multiple salmon populations in the mixed-stock fishery of the
River Teno main stem.

Material and methods

Baseline data
The examined genetic baseline consisted of (1) previously de-

scribed baseline data from 12 tributaries (n = 1076; Vähä et al. 2007,

2008, 2011), which all were supplemented by (2) a new collection of
samples (n = 866), (3) samples from 15 previously unsampled trib-
utaries (n = 770), and (4) samples from eight different parts of the
Teno main stem (n = 611; TMS TB, AK, PI, SI, GJ, KO, YK, OUT) and
from the Inarijoki (n = 71) (Fig. 1). The old baseline data were
collected by sampling adult salmon catches (Vähä et al. 2007),
while the new data consisted of juvenile samples.

Juvenile salmon were electrofished and sampled for adipose fin
tissue. Only one individual of both major juvenile salmon age
groups (age-0, age-1) were sampled at one site, and the next pair of
fish were sampled 50–100 m apart, depending on the area, to
minimize the probability of sampling siblings. License for sample
collection was issued by the County Governor of Finnmark, Nor-
way, and the Center for Economic Development, Transport and
the Environment in Finland. Individual tissue samples were
stored in 96% ethanol. In total, the updated baseline data con-
sisted of 3323 salmon from 36 sites within the Teno river system
(Fig. 1; also see online supplementary material, Table S11). Owing
to the temporal stability of the genetic structure within the Teno
system (Vähä et al. 2008), temporally replicated samples were
pooled for each site.

Test samples
To test the performance of the new baseline, we used test sam-

ples of known origin. Two sets of test samples (TS) were used:
(i) late season samples of adult salmon from five areas of the main
stem (TS 1–5; Fig. 1) and (ii) juvenile samples collected from spawn-
ing grounds at the lowermost part of the River Utsjoki, a major
tributary of the Teno (TS 6; Fig. 1). The first set comprised samples
from the old baseline data (Vähä et al. 2007), which were not
included in the current baseline. While these individuals were
sampled in late August after migration period and assumed to
originate from that area, the samples may include transient fish
from nearby populations (Vähä et al. 2007; Erkinaro et al. 2010).

Microsatellite analysis
Total genomic DNA was extracted from scale or fin tissue as

previously described (Vähä et al. 2007). In the present study, we
used genotypes of 33 microsatellite markers, of which 32 were
described in detail by Vähä et al. (2007, 2011). In addition, locus
Sssp3016 (Paterson et al. 2004) was added to the marker panel.
Primer sequences for amplifying alternative MHC I locus amplicons
(Grimholt et al. 2002) were as follows: forward: GAAGGTGCTGAA-
GAGGAACGTC and reverse: GTTTCAATTACCACAAGCCCGCTC.

All microsatellite loci were amplified by multiplex PCR slightly
modified from Vähä et al. (2011), and details are available from the
authors upon request. Varying volumes of the PCR-amplified prod-
ucts were pooled and electrophoresis was then performed on ABI
3130xl (Applied Biosystems). Electropherograms were inspected
and allele scoring performed with GeneMapper version 4.0 (Applied
Biosystems) followed by manual corrections. Electropherograms and
allele scores were reviewed by two people independently.

Microsatellite variability
All 33 microsatellite loci examined were polymorphic in all 36

baseline samples, displaying 527 alleles in total (4–33 per locus).
Tests of conformance to Hardy–Weinberg equilibrium (HWE) ex-
pectations over all samples indicated that loci MHC I (p < 0.001)
and Sssp2201 (p < 0.01) departed significantly from expectation. In
locus MHC I, the departure from HWE was caused by the presence
of a null allele; when a subset of individuals (n = 2064) from all
baseline samples was amplified with an alternative set of primers,
the null allele was detected with a frequency varying from 0.01 to
0.12 in 14 of the samples. An excess of homozygotes in locus
Sssp2201 may arise from large allele dropouts, since the locus is

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2015-0606.
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highly variable (33 alleles) with long amplicons (243–387 base
pairs).

Over all loci, excluding MHC I and Sssp2201, only the Anárjohka
sample deviated significantly from conformity to HW propor-
tions, expressing an excess of homozygotes (Bonferroni correc-
tion applied; � = 0.05). Deficiency of heterozygotes was most likely
due to allelic dropouts stemming from low-quality DNA extracts
(inferred from peak intensity of electropherograms) from ar-
chived juvenile scales collected in 1996.

Regardless, all loci and samples were retained in the baseline, as
several previous studies have indicated that inclusion of addi-
tional marker data despite aberrations add to the accuracy of
genetic stock identification (Beacham et al. 2006; Carlsson 2008;
Griffiths et al. 2010).

Statistical analysis
Genetic differentiation between samples and deviations from

HWE within and across loci for each locality and globally were

Fig. 1. Map of the Teno river system and its location in northernmost Europe. Locations of the sampled baseline populations are indicated with
circles (small circles — tributary samples; large circles — main stem samples). Rectangles indicate sites where test samples (TS 1–6) were collected.
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tested using F statistics of Weir and Cockerham (1984), with
significance levels calculated with a randomization procedure
(3300 permutations) as implemented in FSTAT version 2.9.3
(Goudet 2001). FreeNA (Chapuis and Estoup 2007) was used to
assess the presence of null alleles and their effect on the global
and pairwise FST estimates as well as on the tree topology.

Genetic relationships among samples were estimated as Cavalli-
Sforza and Edwards’ Dc (Cavalli-Sforza and Edwards 1967) genetic
distance using PowerMarker version 3.25 (Liu and Muse 2005), and
the genetic relationships were visualized by the neighbor-joining
method (Saitou and Nei 1987) in SplitsTree4 version 4.11.3 (Huson
and Bryant 2006). Robustness of clustering was evaluated by cal-
culating split support values by bootstrapping 10 000 times over
loci using PHYLIP (Felsenstein 2005).

The Bayesian clustering approach of STRUCTURE version 2.3.2.
(Pritchard et al. 2000) with the correlated allele frequency model
(Falush et al. 2003) was used to create plots of ancestry (i.e., admix-
ture coefficients (Q)) for evaluating genetic clustering of individu-
als (Fig. S11). Pairwise and global FST values as well as the variance
components among groups of populations were calculated using
ARLEQUIN version 3.5.1 (Excoffier et al. 2005). Population-specific
FST values were calculated using GESTE version 2.0 (Foll and Gaggiotti
2006).

For testing isolation-by-distance patterns, Mantel tests were
performed using PASSaGE 2 (Rosenberg and Anderson 2011). Geo-
graphical distances (km) between sampling localities were plotted
against the estimates of FST/(1 – FST) (Rousset 1997), and the signif-
icance was tested through a randomization with 10 000 permuta-
tions of the data.

The effects of genetic divergence and sample size of the baseline
population on GSI success were analyzed using generalized linear
mixed models (GLMMs). Identification events per trial from anal-
yses of known-origin mixtures constructed by resampling individ-
uals (see below) were used as the response variable, whereas
population-specific FST and baseline sample size were set as fixed
effects and treated as continuous variables. Analyses were per-
formed using the GLIMMIX procedure of SAS version 9.3 (SAS
Institute Inc.) with a logit link function and a binomial error term.

GSI methods
GSI performance was tested using ONCOR (Kalinowski et al.

2007) and cBAYES (Neaves et al. 2005). ONCOR implements the
method of Rannala and Mountain (1997), which uses an equal
probability Dirichlet density as the prior for the allele frequencies
at a locus, assigning a frequency of 1/(n + 1) to an allele not found
in a population. The prior densities updated with the observed
baseline data give the posterior probability densities of allele fre-
quencies.

cBAYES (Neaves et al. 2005) implements the Bayesian method of
Pella and Masuda (2001). The prior distribution of alleles at a locus
follows the mean of the allele frequencies over all stocks, and
posterior distributions of the baseline allele frequencies are the
product of priors and the observed allele frequencies. Shrinking
the observed values toward central values takes advantage of the
genetic similarity of populations and is thought to minimize esti-
mation error in allele frequencies. Further, the allele frequencies
of mixture individuals assigned to a baseline population, at each
MCMC step, are used to update the baseline allele frequencies.

All analyses with cBAYES were performed using eight indepen-
dent chains of 100 000 iterations starting from four random
stocks. The number of replications was increased if diagnostics
indicated convergence issues (shrink factor by population > 1.2).

Power analysis
The discriminatory power of the baseline for stock identifica-

tion was first evaluated through simulation procedures imple-
mented in the program ONCOR, which has been shown to

produce essentially unbiased estimates of GSI accuracy (Anderson
et al. 2008).

A second power test analyzed known-origin mixtures con-
structed by resampling individuals without replacement from
each of the baseline samples. Our purpose was to compare the
performance of the GSI methods when the data included missing
genotypes and potential genotyping errors, typical of microsatel-
lite data. Each mixture sample (12 in total) was composed of �10%
randomly chosen individuals from each baseline sample (n = 3816)
and was analyzed against remaining baseline samples.

Both methods above use the estimated stock composition of the
mixture sample, which might cause bias. Resampled baseline test
individuals were therefore analyzed jointly with varying combi-
nations of test samples (as described above) to assess the sensitiv-
ity of the power estimates to mixture sample composition. To
evaluate the effect of mixture sample composition while retain-
ing full baseline data, mixture samples with varying combina-
tions of test samples were constructed and analyzed and their
effect on individual assignment patterns assessed.

Throughout the paper, the proportion of correctly identified
individuals is referred to as the correct identification rate, appli-
cable only for samples with known origin. The proportion of cor-
rectly identified individuals of all individuals assigned to a specific
baseline population is referred to as the correct assignment rate.
Efficiency was defined as the proportion of individuals in a group
that were correctly identified, and accuracy was defined as the
proportion of an identified group that truly belongs to that cate-
gory (see Vähä and Primmer 2006 for details).

Results

Genetic structure of Teno salmon
Overall, genetic structuring within the Teno salmon population

complex was strong and highly significant (global FST = 0.065,
p < 0.001). All pairwise comparisons of genetic differentiation
were statistically highly significant (p < 0.001) apart from those
among five Teno main stem samples (AK, PI, SI, GJ, and KO) and
between Teno main stem YK and GJ (Fig. 1; FST = 0.002, p = 0.024;
Bonferroni-adjusted p value for � = 0.05 was 0.022 across 630
correlated tests, Pearson’s r = 0.87). Estimates of genetic differen-
tiation were affected by null alleles (mean d = 0.0007, paired t test
t = 21.9, df = 629, p < 0.001), but this did not have a significant effect
on the overall pattern (Pearson’s r = 0.999, p < 0.001) or the overall
level of differentiation (mean pairwise FST 0.058 versus 0.057 for
null allele corrected FST; t = 0.32, p = 0.75).

Neighbor-joining analysis based on genetic distance with and
without null allele correction (Cavalli-Sforza and Edwards 1967)
provided the same tree topology (Fig. 2). In general, patterns of
genetic relationships among samples corresponded well with
their geographical locations. There was a clear distinction be-
tween the Teno main stem and the headwater river systems, as
well as between groups of tributaries draining to lower and upper
parts of the main stem. Analysis of molecular variance (AMOVA),
made in accordance with these geographical groupings, appor-
tioned 1.2% of the total genetic variation among groups and 5.6%
between populations within groups. Variation among popula-
tions was highest in the “lower tributaries” group (10%) and lowest
in the “main stem” group (0.64%; Table 1).

Closer inspection of the genetic structuring revealed less dis-
tinct patterns within the Inarijoki headwater group and Teno
river main stem. In addition to very low levels of genetic differen-
tiation between Iškorasjohka and Goššjohka (FST = 0.008) as well
as between Vuomajoki and Inarijoki (FST = 0.008) within the Inari-
joki basin, genetic clustering of individuals with the program
STRUCTURE suggested no significant divergence between these
samples (results not shown in detail). Similarly, in the Teno main
stem, model-based clustering of individuals without sample loca-
tion information did not support explicit population boundaries.
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However, despite low levels of genetic structure, a signal of isolation
by distance was observed from Tana Bru to Outakoski (Mantel’s rxy =
0.638, p = 0.010) as well as from Teno main stem AK to YK (Mantel’s
rxy = 0.58, p = 0.026; see Fig. 1 for sample locations).

The observed strong clustering of geographically close popula-
tions and the configuration of regional groups of populations
allowed their proper use as reporting groups in the mixed-stock
analyses. For subsequent power analyses, baseline samples from
Teno main stem AK, PI, SI, GJ, and KO were pooled and referred to
as the Teno main stem lower. This pooled area along with the
Teno main stem at TB, YK, and OUT and all the tributary samples
were tested separately for the power of resolution.

Power analyses
An analysis of simulated single-stock mixture samples provided

the first reference point for evaluating the resolving power of the
baseline data. Across 32 baseline samples, mean identification
rate was 91% (±12%) with 18 sites showing >95% identification ac-
curacy, implying a high-resolution GSI power within the Teno
river system (Table 1).

Analyzing simulated mixtures with equal proportions from all
32 baseline samples provided a pattern similar to 100% simula-
tions (Pearson’s r = 0.975, p < 0.001; Fig. 3). Despite a lower identi-
fication rate (82% ± 19%) compared with single-stock simulations,
15 baseline samples showed >95% correct identification rates. The
correct assignment rate was slightly higher (85% ± 19%) and higher
than 95% for 16 sites.

ONCOR and cBAYES performed equally well in identifying the
stock of origin for individuals in mixtures constructed by resam-
pling (83.9% and 84.8%, respectively). The mean site-specific iden-
tification rates (ONCOR: 77% ± 20% and cBAYES: 79% ± 21%) and the
correct assignment rates (ONCOR: 84% ± 18% and cBAYES: 83% ±
18%) were slightly lower than results from simulated mixtures
(Fig. 3).

An assessment of factors affecting stock identification accuracy
of the two methods indicated that the success rate is defined by
the interaction of genetic divergence and baseline sample size
(Fig. 4; Table S21). The effect of baseline sample size is large when
the population divergence is low (FST < 0.05), while increasing
sample size beyond 150 benefits only very little with highly di-
verged populations (FST > 0.07). The models predict cBAYES to
require smaller sample size than ONCOR at any population diver-
gence level for the same identification success.

There was a clear tendency for misassignments to occur be-
tween nearby tributaries or locations; as a corollary, higher stock
identification success to regions or groups of nearby rivers was
achieved (Table 1). For example, in equal proportion simulations,
74% of the incorrectly identified TMS YK individuals were assigned
to TMS lower, 13% to TMS OUT, and 3% to TMS TB. Thus, despite
low (36%) identification success to exact site of origin, 95% of
TMS YK individuals were successfully identified to originate from
the Teno main stem.

Fig. 2. Unrooted neighbor-joining phylogram based on Cavalli-Sforza and Edwards’ genetic distances among samples collected from 36 sites
within the Teno river system. Bootstrap values shown are in percentage of 10 000 replicates.
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While estimated contributions to mixtures were relatively ac-
curate (±10%) for the majority of sites, the tendency of some stocks
to receive largest proportions of the misidentified samples im-
plied potential for biased estimates (Table 1). For example, in the
equal proportion mixtures, the contribution of TMS lower was
overestimated by a factor of 2.1 and Inarijoki main stem by 1.4.
Again, since misassignments occurred largely within regions, sig-
nificantly more accurate estimates were obtained at the regional
level (1.12 and 0.95 for the Teno main stem and the Inarijoki
region, respectively).

Analysis of test samples
The estimated origins of test samples were to a large extent

according to expectations for both ONCOR and cBAYES (Table 2).
Both methods correctly estimated all but one (127/128) individual
salmon (TS 6) to originate from the Teno main stem lower popu-
lation. On the other hand, TS 3 from TMS OUT fishery appeared to
include a high proportion of transient individuals originating
from the Inarijoki region. The most significant difference in as-
signment patterns between the methods was observed for TS 4,

which was presumed to include individuals originating from pop-
ulations within the Inarijoki region, including the Karigasjoki
tributary. While cBAYES assigned 97% of the test individuals to
expected local populations, the same was true only for 88% of the
samples by using ONCOR.

Analyses of mixture samples containing varying proportions
of individuals from TS 4 (Inarijoki region) and 5 (Kárášjohka-Iešjohka
region) and from a pool of TS 1, 2, and 6 (Teno main stem) indi-
cated that cBAYES performed better than ONCOR in estimating
the region of origin (Table 3). cBAYES identified more than 90% of
the individuals from the headwater tributaries in all mixture as-
semblies, while the identification success with ONCOR varied
from 78% to 92%. ONCOR systematically assigned lower than ex-
pected proportions of individuals to the Inarijoki region and
higher than expected to Teno main stem. The effect of this bias is
best illustrated when no Teno main stem samples were expected
present in a mixture assembly; main stem contribution was then
estimated at 7% with ONCOR and 1% with cBAYES.

Table 1. Genetic differentiation of baseline samples and results from single and multisample simulations in ONCOR.

Baseline sample FST

FST

within
100%
simulation

Equal prop.
ID rate

Largest
misassignment to

Stock
contribution

ID rate/stock
contribution

Iešjohka headwaters
Iešjohka Upper 0.035

3%

92% 79% Iešjohka Lower 12% 82%
90%/97%

Iešjohka Lower 0.020 98% 87% Kárášjohka 3% 112%
Kárášjohka headwaters

Kárášjohka 0.027 100% 95% Iešjohka Lower 2% 114%
97%/105%

Bavttájohka 0.067 99% 96% Kárášjohka 2% 96%
Geáimmejohka 0.101 100% 100% 100%

Inarijoki headwaters
Kietsimäjoki 0.072

3.6%

99% 96% Inarijoki MS 3% 98%

92%/95%

Anárjohka 0.078 100% 98% Inarijoki MS 1% 99%
Inarijoki MS 0.022 92% 79% Inarijoki MS 6% 144%
Cášcemjohka 0.106 97% 92% Inarijoki MS 7% 92%
Vuomajoki 0.032 67% 47% Inarijoki MS 23% 53%
Goššjohka 0.034 83% 64% Iškorasjohka 12% 80%
Iškorasjohka 0.029 79% 61% Inarijoki MS 17% 95%

Upper tributaries
Váljohka 0.075

4.23%

100% 99% Kárášjohka 0.3% 100%

93%/96%

Karigasjoki 0.032 96% 85% Akujoki 4% 104%
Akujoki 0.021 73% 49% Nilijoki 19% 83%
Báišjohka 0.058 87% 72% Nilijoki 19% 83%
Nilijoki 0.033 78% 63% Akujoki 19% 114%
Levajohka 0.038 93% 83% Nilijoki 5% 93%
Kuoppilasjoki 0.067 99% 97% Nilijoki 2% 102%

Lower tributaries
Tsarsjoki 0.221

10%

100% 100% 100%

100%/100%

Kevojoki 0.083 100% 100% 100%
Utsjoki 0.094 100% 100% 100%
Vetsijoki 0.038 100% 98% TMS Lower 1% 101%
Lakšjohka 0.169 100% 100% 100%
Ylä-Pulmankijoki 0.136 100% 100% 100%
Galddasjoki 0.187 100% 100% 100%
Máskejohka 0.042 100% 98% TMS Lower 0.3% 100%

Teno main stem
TMS OUT 0.012

0.64%

75% 56% TMS YK 20% 93%

96%/112%
TMS YK 0.008 54% 36% TMS Lower 48% 108%
TMS Lowera 0.010 93% 79% TMS YK 15% 214%
TMS TB 0.024 84% 63% TMS Lower 23% 79%
Luovttejohka 0.024 77% 58% TMS Lower 23% 65%

Note: Column abbreviations: FST, population-specific estimate of genetic differentiation (Foll and Gaggiotti 2006); FST within, percentage of variation among
populations within group; 100% simulation, discriminatory power of the baseline for stock identification as predicted from single-stock simulations in ONCOR
(Kalinowski et al. 2007); Equal prop. ID rate, proportion of correctly identified individuals in equal-proportion, multisample simulations in ONCOR; Largest
misassignment to, baseline stock with largest proportion of incorrectly identified individuals; Stock contribution, estimated contribution of stock to equal-
proportion, multisample simulation mixtures; ID rate/stock contributions, proportion of correctly identified individuals and estimated stock contributions to a
regional group. Inarijoki MS = Inarijoki main stem.

aBaseline samples from Teno main stem AK, PI, SI, GJ, and KO were pooled and referred to as the Teno main stem lower; see text.
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A comparison of individual stock estimates indicated that results
for both ONCOR and cBAYES were affected by mixture sample com-
position. Joint analyses of resampled mixture samples and different
combinations of real test samples obtained the same stock estimate
for 97.7% (±0.5%) of individuals with ONCOR and for 96% (±1.7%) of
individuals with cBAYES. For the test samples, the pattern was the
opposite and more significant. For example, when test samples from
the headwater regions were analyzed separately and in combination
with varying proportions of the Teno main stem samples, ONCOR
provided the same stock estimate only for 91% of individuals, while
96% of the estimates were unaffected with cBAYES.

GSI of mixed-stock fishery samples
The present study was based on an improved, complemented

baseline that allows for fine-scale assignment of individual
salmon to 28 genetic stocks, while the original baseline, used in a
study assessing run timing of one-sea-winter Atlantic salmon
(Vähä et al. 2011), contained only 14 baseline stocks. A reanalysis of
the previous study showed that regional genetic stock estimates
remained unchanged for 83% of the individuals. The largest
changes were observed for the Teno main stem (20%) and Inarijoki
regions (31%), which were expected given the now more thorough
sampling and better understanding of the genetic structure in

Fig. 3. Stock-specific identification and assignment rate estimates from simulated equal proportion mixtures with ONCOR (grey line) and
from resampled baseline mixtures with ONCOR (solid black line) and cBAYES (dashed black line). Horizontal lines show mean rates over all
stock estimates. HW = large headwater tributaries.

Fig. 4. Contour plot views of GLMM model predictions for identification success using (a) ONCOR or (b) cBAYES versus genetic differentiation
and baseline sample size.
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these areas. The largest relative change in the estimated contribu-
tion to the mixed-stock fishery was observed for the upper main
stem tributaries (from 3.9% to 8.1%). The observed tendency of
ONCOR to assign lower than expected proportion of individuals to
Inarijoki region and higher than expected to Teno main stem was
evident also in the apportionment of the mixed-stock fishery sam-
ples (Fig. 5).

Discussion
In this study, we established a comprehensive genetic baseline

reflecting the Atlantic salmon population structure of the River
Teno, with an assessment of factors affecting the performance of
GSI within a population complex displaying large genetic varia-
tion. In general, the large genetic variation among populations
within the river system coupled with the powerful marker system

Table 2. Estimated origins for the adult (TS 1–5) and juvenile (TS 6) salmon test individuals collected in different parts of the Teno river system
(see Fig. 1 for locations).

Test sample 1 Test sample 2 Test sample 3 Test sample 4 Test sample 5 Test sample 6

ONCOR cBAYES ONCOR cBAYES ONCOR cBAYES ONCOR cBAYES ONCOR cBAYES ONCOR cBAYES

1. Iešjohka Upper 2 3
2. Iešjohka Lower 2 2 3 2 5 4 78 76
3. Kárášjohka 1 1 1 1 3 2 76 80
4. Bavttájohka 4 4
5. Geáimmejohka 1 1 13 13
6. Kietsimäjoki 3 3 7 19
7. Anarjohka 5 5
8. Inari MS 7 10 3 7 20 18 67 54
9. Cášcemjohka 3
10. Vuomajoki 1 4 7 1 4
11. Goššjohka 3 1 2 2 15 26 73 125
12. Iskurasjoki 2 2 1 8 4 45 15
13. Karigasjoki 2 12 12
14. Váljohka 1 1
15. Akujoki 3 5
16. Báišjohka
17. Nilijoki
18. Levajohka 1
19. Kuoppilasjoki
20. Tsarsjoki 1 1
21. Kevojoki 1 1
22. Utsjoki 1
23. Vetsijoki 3 1
24. Lakšjohka 1 1
25. Ylä-Pulmankijoki
26. Galddasjoki
27. Máskejohka 2 1
28. TMS Outakoski 4 4 1 1 10 5 11
29. TMS YK 6 4 4 6 26 25 7 6 4
30. TMS lower 69 71 54 52 1 2 127 127
31. TMS TB 1 1 5 4
32. Luovttejohka 1

Note: Numbers within a grey-shaded area are according to a priori expectations.

Table 3. Effect of mixture sample stock composition to estimated stock proportions in ONCOR and
cBAYES.

Assembly of mixture sample: INA/KAR-IES/TMS

57%/43%/0% 40%/40%/20% 33%/33%/33% 20%/20%/60%

ONCOR cBAYES ONCOR cBAYES ONCOR cBAYES ONCOR cBAYES

INA
Identified 84% 95% 81% 94% 81% 94% 78% 90%
Assigned 98% 99% 93% 93% 88% 88% 77% 77%
Estimated contribution 49% 55% 35% 41% 30% 36% 20% 24%

KAR-IES
Identified 92% 97% 91% 94% 89% 92% 88% 91%
Assigned 92% 95% 92% 95% 91% 95% 90% 94%
Estimated contribution 43% 44% 40% 40% 33% 32% 20% 20%

TMS
Identified NA NA 81% 79% 84% 84% 89% 89%
Assigned NA NA 68% 86% 79% 90% 91% 94%
Estimated contribution 7% 1% 24% 19% 35% 31% 58% 56%

Note: “Assembly of mixture sample” denotes the stock composition of the mixture sample: INA = Inarijoki,
KAR–IES = Kárášjohka–Iešjohka, TMS = Teno main stem. “Identified” denotes the correctly identified samples from
each region. “Assigned” denotes the correctly identified individuals of all assigned to a region.
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allowed individual salmon from mixed-stock samples to be accu-
rately identified to the population of origin. Furthermore, the
strong coherence of geographical and genetic relationships of
populations allowed defining rational units for monitoring and
management of mixed-stock fisheries. Below, we discuss the main
points relevant to the accuracy of the genetic stock estimates and
the applicability of GSI in fisheries management.

Genetic structure
Populations within the Teno river system display large varia-

tion in their degree of differentiation and diversity, and the im-
proved baseline revealed a substantially improved geographical
pattern from the earlier structure (Vähä et al. 2007). This was
facilitated by including several previously unsampled tributary
populations, but also by replacing adult salmon samples from the
Teno main stem and the Inarijoki by juvenile samples in the base-
line data. In addition, the more dense sampling coverage allowed
clarification of the genetic structure among different areas of the
main stem and discrimination between the Teno main stem and
the Inarijoki.

A robust genetic clustering of populations was highly coherent
with geographical locations as illustrated by the neighbor-joining
analyses. Broadly, local populations constituted five distinct groups
of populations, wherein more local and strong clusters were evi-
dent. This illustrates a strong hierarchical substructuring of Teno
salmon and necessitates adjusting management strategies accord-
ingly. Altogether, after excluding three small tributaries that
likely do not have self-sustaining populations (Vuomajoki,
Iškorasjohka, and Luovttejohka) and treating the middle part of
the main stem (between the large rapid sections Alaköngäs

(TMS AK) and Yläköngäs (TMS YK)) as one, we identified 28 genet-
ically distinct demes within the Teno river system, which is
clearly more than the 16 demes identified using the earlier base-
line (Vähä et al. 2007).

The level of genetic structuring observed within the Teno river
system (mean pairwise FST = 0.058) exceeds those generally re-
ported for Atlantic salmon elsewhere (e.g., 0.02 in the River Moy,
Ireland (Dillane et al. 2008) and 0.014 in the River Varzuga, Russian
Kola Peninsula (Primmer et al. 2006)). The genetic structure of
Teno salmon is also high compared with salmon populations
within larger geographical areas (e.g., an FST value of 0.02 for
salmon populations in Ireland (Ensing et al. 2013), 0.03 in Scotland
(Gilbey et al. 2012), and 0.04 across southern Europe (Griffiths et al.
2010)). The only geographic region with higher reported genetic
divergence is the Baltic Sea area with FST at 0.12 (Koljonen 2006).
As noted by Dionne et al. (2009), the overall level of genetic struc-
turing and the distribution of genetic variation between local
populations observed within the Teno river system is special in
contrast with many other large river systems (cf. Primmer et al.
2006). The underlying reasons for this are unknown, but are likely
linked with postglacial colonization history of the Teno salmon
(cf. Verspoor et al. 2007) and catchment-specific characteristics
(Vähä et al. 2007; Ozerov et al. 2012). The observed high level of
genetic differentiation among populations provides an excellent
basis for deploying GSI as a tool enabling stock-specific manage-
ment of the Teno mixed-stock fishery.

Components of GSI success
Conforming to the expectations, the overall accuracy of GSI,

estimated on simulated single sample mixtures, was high (91% ±
12%), and 18 of the 32 baseline stocks demonstrated >95% accu-
racy. Illustrating the importance of genetic distinctiveness to suc-
cessful stock estimation, 16 of the 17 populations with lowest
pairwise genetic distance above 0.015 had assignment success
higher than 95%. Unfortunately, the general scarcity of within-
river studies and the lack of a GSI study of similar resolution do
not allow for proper comparison, but the levels of accuracy in
wider geographical surveys of Atlantic salmon stocks are com-
monly 20% or lower (e.g., Griffiths et al. 2010; Gilbey et al. 2012). In
general, 90% accuracy levels are obtained only after defining
larger regional groups (Ensing et al. 2013; Gauthier-Ouellet et al.
2009). Pacific salmon generally display higher genetic differentia-
tion than Atlantic salmon (FST = 0.06–0.10; Beacham et al. 2011 and
references therein). Accordingly, similar or even higher levels of
GSI accuracy have been reported for Pacific salmon populations
both within river systems (e.g., Beacham et al. 2004) and over
wider geographical areas (e.g., Beacham et al. 2006). These accu-
racy levels are similar to those reported in the present study.

In our study, GSI accuracy of a population depended on both the
level of genetic differentiation and the baseline sample size
(Fig. 4). Genetically less distinct populations required larger base-
line sample sizes than more diverged populations, a result in
accordance with the findings by Beacham et al. (2011). Our mixed
model for assignment success implied an optimal baseline sample
size of >100 individuals for highly diverged populations (population-
specific FST > 0.07) and >200 for less diverged populations. Mean
sample size per population in the current Teno baseline was 103
(range 23–318; highest in combined Teno main stem population;
Table S11), and the model estimates imply that stock estimation
accuracy could markedly benefit from increasing sample size. In-
creasing the baseline sample size to �200 individuals would
nearly double the identification rate in some populations. A pop-
ulation such as the Akujoki (n = 53, FST = 0.021, identification rate
�50%) may present accuracy as low as 60% of the theoretical max-
imum determined by the employed set of markers (see Beacham
et al. 2011). On the other hand, the Teno main stem lower popula-
tion with high baseline sample size (n = 318) showed higher assign-

Fig. 5. Estimated mixture proportions of mixed-stock fishery
samples used by Vähä et al. (2011) as inferred with cBAYES and
ONCOR applying the new, improved baseline in comparison with
the original 2011 baseline. Numbers in boxes refer to number of
baseline populations within a region. Size of the box refers to the
estimated contribution of a regional group to the total sample.
HW = large headwater tributary.
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ment success than expected by the level of genetic differentiation
alone (FST = 0.01, identification rate �80%).

Stock estimation accuracy is critically dependent on the infor-
mation content of the employed genetic markers (Banks and
Jacobson 2004). While some of the markers we employed showed
tendency for large allele dropout with low-quality DNA extracts or
presence of null alleles, inclusion of loci deviating from the Hardy–
Weinberg proportions in the baseline data have been proven
not to hamper GSI (Carlsson 2008; Griffiths et al. 2010). GSI accu-
racy generally increases with number of loci and number of
alleles per locus (Kalinowski 2004; Beacham et al. 2006). In this
respect, our baseline data, which included genotypes from
33 microsatellite markers displaying more than 500 alleles in to-
tal, is large. The number of markers applied in the present study is
roughly a double compared with common GSI studies, albeit de-
pending on application and aimed resolution, even very low num-
ber of markers may be sufficient (e.g., seven employed by Ensing
et al. (2013)).

Because of many practical reasons (e.g., variability, accessibil-
ity, and availability of statistical methods), microsatellites have
been the marker of choice for GSI studies for a long time. Recent
developments in single-nucleotide polymorphism (SNP) tech-
niques are, however, making SNP markers more attractive also for
studies where genetic information from large numbers of sam-
ples is required. Recent studies have shown SNP markers to sig-
nificantly improve stock identification success in GSI studies,
especially when the discrimination power with microsatellites is
initially low (Ozerov et al. 2013; Moore et al. 2014). However, de-
spite the promising results, the costs for analyzing adequate num-
ber of SNP markers is still high for GSI studies when thousands or
tens of thousands of samples are to be analyzed (see Moore et al.
2014). Microsatellite markers remain a cost-effective choice, espe-
cially in systems where genetic structure and the suite of applied
loci provide adequate and sufficient resolution for the require-
ments.

Resolution power of GSI within Teno river system
In the absence of samples with known origin that are not in-

cluded in the baseline data, the accuracy of GSI is commonly
estimated through simulations on equal proportion mixtures.
This approach provided lower level of stock identification accu-
racy (82% ± 19%) than simulated single-sample mixtures (91% ±
12%). In accordance with the large variation in genetic differenti-
ation and sample sizes of the baseline populations, there was a
large variation among populations in the accuracy estimates,
ranging from 36% for Teno main stem (TMS YK) individuals to
100% for seven different tributaries. Overall, the lowest GSI accu-
racies were observed for the Teno main stem and Inarijoki popu-
lations as well as for the Nilijoki and Akujoki tributaries located in
the upper main stem area. It is, however, important to note that in
all cases misidentified individuals were assigned to neighboring
populations within a region.

In the Teno main stem, high proportions of misassignments
were observed between Teno main stem lower and TMS YK and
between TMS OUT and TMS YK. However, treating the main stem
as a single reporting unit resulted in high identification accuracy
(94.4%). Similarly, there were substantial proportions of misas-
signments among some of the tributaries within the Inarijoki
headwater system, but the identification rate of Inarijoki salmon
at the group level was 92%, with only 2.7% of individuals being
misassigned from other regions. A third region, where a group
level identification might more appropriate was the upper tribu-
tary group where the identification rate was 90%. Evidently, ow-
ing to high proportions of misassignments among some of the
tributaries (Table 1), interpretation of stock- or tributary-specific
estimates within these regions deserves caution. As discussed
above, increasing the baseline sample size to �200 for individual
tributaries will likely allow better population-specific identifica-

tion within the upper tributaries and the Inarijoki system. Never-
theless, with the current baseline samples and the applied marker
system, Teno salmon can be assigned to at least 17 geographically
and genetically distinct groups with more than 90% identification
rate.

Comparison of the methods
The selected statistical method may affect the accuracy of stock

estimates and define the power of resolution. In accordance with
Araujo et al. (2014), but in contrast with Griffiths et al. (2010), we
found only small inconclusive differences between statistical
methods in our simulation and resampling analyses. However,
even though stock estimates were expected to be affected by
the population composition of the mixture sample (since both
ONCOR and cBAYES utilize this information), the most salient
difference between the two methods was detected in their sensi-
tivity to population composition of the mixture sample. At the
stock level, cBAYES appeared to be slightly more sensitive than
ONCOR when all stocks were present in the mixture sample. How-
ever, the changes appeared largely among populations within
region, and ONCOR appeared significantly more sensitive at the
region level. ONCOR significantly overestimated the contribution
of Teno main stem stocks, as illustrated with mixtures including
only headwater samples in which case the Teno main stem con-
tribution was estimated at 8% by ONCOR. This outcome, in addi-
tion to slightly higher overall accuracies, indicates a preference
for using cBAYES over ONCOR when analyzing mixed-stock fish-
ery samples, an observation in agreement with Griffiths et al.
(2010) but in contrast with Araujo et al. (2014). Notwithstanding,
the sensitivity of stock estimates to the population composition of
mixture sample warrants dividing large mixture samples into
subsets composed, as far as possible, of single stocks. For example,
large mixture samples can be divided into subsets based on loca-
tion, time, or life-history characteristics of individuals (cf. Vähä
et al. 2011).

Management implications and future prospects
The present study demonstrates that a comprehensive marker

panel in combination with a baseline representation of popula-
tions enables reliable genetic identification of individual popula-
tions from mixed-stock samples. The resulting resolving power is
a necessity for a sustainable stock-specific management of mixed-
stock harvesting (e.g., Begg et al. 1999), reducing the risk of over-
exploitation of components of the population complex and
biodiversity loss (Crozier et al. 2004).

Use of the salmon resource in the Teno river system is impor-
tant for the local communities, their economy, and the indige-
nous Sámi culture. However, stock status assessments based on
biological reference points (spawning targets; Falkegård et al.
2014), following the estimation procedure described by Forseth
et al. (2013), reveal poor target attainment for several populations
within the Teno (Anonymous 2015). The resulting trade-off, be-
tween conservation factors pointing towards a need for reduced
harvesting and socio-economic factors pointing towards continued
harvesting, can only be resolved through stock-specific knowledge.

The GSI procedure presented in this study is the primary solu-
tion to this. The GSI allows estimates of stock proportions in the
Teno mixed-stock fishery, which can then be used to estimate
stock-specific exploitation rates, which are necessary to regulate
fishing activity to sustainable levels (Thorley et al. 2007). Further-
more, the GSI reveals stock-specific information on run timing
(Vähä et al. 2011), necessary for implementing temporal stock-
specific fisheries restrictions. Combined with population-specific
biological reference points (Falkegård et al. 2014), the GSI of the
Teno mixed-stock fishery catches is an imperative requirement
for future adaptive management of this diverse salmon popula-
tion complex. This approach follows the guidelines of the North
Atlantic Salmon Conservation Organization (NASCO), where both
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abundance and diversity criteria must be considered in a precaution-
ary approach to salmon management (NASCO 2009). In addition,
estimation of population-specific spawning target attainment and
cumulative fishing mortality will also enable the estimation of
yearly abundance of salmon at sea prior to any fisheries (pre-
fishery abundance; e.g., Potter et al. 2004). Protecting individual
populations from overharvesting is required to maintain the di-
versity that stabilizes variance in salmon returns (cf. Schindler
et al. 2010). Without conserving the roles of individual popula-
tions, the resilience that population diversity provides to fisheries
will deteriorate well before the Teno salmon is extirpated.
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