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Abstract Although the tendency of Atlantic salmon
Salmo salar to form differentiated populations among
rivers and among tributaries within large river systems
(I100 km-long) is well documented, much less is known
about population structure within small river systems
(\30 km-long). In the present study, we investigated the
genetic effects of straying of hatchery-reared salmon on
population structure and genetic composition within the
Ellidaar river system, a small system (21 km total length)


http://dx.doi.org/10.1007/s10592-013-0510-y




1975 (Fig. 2a; Antonsson et al. 1998; Antonsson and
Arnason 2011






removed full-sibling groups to reduce sampling bias. The
analysis was performed using the maximum likelihood
method implemented in Colony ver. 2.0.0.1 (Wang 2004),
assuming polygamy for both sexes (Wang and Santure
2009). Apart from one randomly chosen individual, only
full-siblings belonging to groups of four or more were
deleted (see Lehtonen et al. 2009) as detection of false
positive full-siblings among groups of less than four indi-
viduals might be important when using only seven micro-
satellite loci (Hansen and Jensen 2005).

Tests for Hardy-Weinberg equilibrium (HWE) and
linkage disequilibrium (LD) were calculated for each locus
and sample using exact tests (GENEPOP 3.4; Raymond
and Rousset 1995). Unbiased P values were estimated with
Markov chain parameters set at 10,000 dememorizations,
1,000 batches and 10,000 iterations per batch. The
sequential Bonferroni correction was used to minimize
Type | error of multiple tests (Rice 1989).

Allele numbers and observed heterozygosity (Hp) were
calculated for each sample using GENETIX 4.05.2 (Belk-
hir et al. 2004). FSTAT 2.9.3.2 (Goudet 2001) was used to
calculate Weir and Cockerham’s (1984) inbreeding coef-
ficient (F,s), expected heterozygosity (Hs) and average
allelic richness (Ag). Significant differences in Hg and Ag
were assessed between each river, i.e. between pooled
samples of Ellidaar, H6Imsa and Sudura, and within rivers
using 5,000 permutations. Similar comparisons of Hg and
Agr were performed between wild and Ranched and
Farmed, respectively.

Population structure and temporal stability among wild
samples

Differences in allele frequencies among and within rivers
were estimated with pairwise Fst (Weir and Cockerham
1984) using Arlequin ver. 3.5.1.2 (Excoffier and Lischer
2010) and significance assessed with 10,000 permutations.
Genetic relationships among the wild samples were also
explored with a neighbour-joining (NJ) tree constructed
from D, distances (Nei et al. 1983) using the software
POPULATIONS 1.2.32 (Langella 1999). Branch support
was estimated with 10,000 bootstrap replications over loci
and the resulting tree was visualized in TreeView 1.6.6
(Page 1996).

To assess the potential number of genetic clusters con-
tained in our samples, a Bayesian cluster analysis was per-
formed using STRUCTURE 2.3.3 (Pritchard et al. 2000;
Falush et al. 2003). STRUCTURE jointly estimates admix-
ture proportions (q) for each individual to K genetic clusters
and the log-likelihood [Ln P(D)] of the data for a given K. The
most likely number of clusters was inferred from log-likeli-
hood values and the ad hoc DK statistics (Evanno et al. 2005),
implemented in STRUCTURE HARVESTER v0.3 (Earl and
vonHoldt 2012



quencies was implemented and ALPHAPROPSD was set at
0.005, which increased stability of a. Furthermore, we used
the LOCPRIOR setting, which considers sample information,
e.g. information on location or time. This recently developed
method (Hubisz et al. 2009) has been suggested to perform
better than the traditional STRUCTURE methods when



between Sud’02 and Ellidaar were significant, though
Sud’02 was based on small sample size. In 1990-1991, the



Analysis of introgression

Both Ranched and Farmed strains were generally highly
significantly different (P"\.0.0001) from the wild samples
but the level of divergence was higher for Farmed
(Table 2). Four of six comparisons between Ellidaar and
Ranched were either weakly significant or not significant,
supporting the partial Ellidaar origin of the Ranched strain.
The level of divergence between Ellidaar and Farmed
decreased somewhat after 1989, though not significantly
(Fig. 5), and all comparisons were highly significant. F






(Neville et al. 2006; Olsen et al. 2011). In the large Moy



latter, our results indicated homogenization of the popula-
tions in 2002 (Figs. 3, 4) and the pairwise Fst estimates
generally supported reduced divergence between the Elli-
daar samples and Holmsa in 2002 (Table 2). This suggests
that factors other than genetic drift may have been impor-
tant. Two non-mutually exclusive possible explanations can
be identified: natural gene flow among the wild populations
and introgression of hatchery-reared salmon. The first pos-
sible explanation, natural gene flow, might involve a source-
sink system (e.g. Dias 1996), where demographic surplus
from the high quality habitat in Ellidaar (source) immigrated
to the lower quality habitat of the tributaries (sink). This
scenario is supported by the observed differences in habitat
quality within the system (e.g. viewed by higher juvenile
density and growth rate in Ellidaar; Antonsson and Arnason
2011). Also, source-sink metapopulation systems may
characterize some Atlantic salmon population complexes,
composed of large and small populations (Hindar et al.
2004). However, source-sink dynamics may not explain the
observed genetic pattern as the reduction in genetic diver-
gence occurred after a period of population decline (Fig. 2a,
b). Alternatively, it has been suggested that low density of
adult spawners may increase straying due to difficulties in
finding mates (Hindar 1992). Although this possibility
cannot be ruled out in the tributaries, it was unlikely in El-
lidaar given the relatively large population size.

A second, more likely explanation for the observed
genetic pattern is that it resulted from introgression of
hatchery-reared salmon. Although we did not find signifi-
cant evidence of homogenization between the wild and
hatchery populations (Fig. 5), we found evidence of
hybridization between wild and hatchery-reared salmon
(Figs. 6, 7). This evidence was observed not only during
the influx of strays but also few years after, in both Ellidaar
and Holmsa. Although hybrids of wild and hatchery-reared
salmon are expected to have lower survival (McGinnity
et al. 2003), our results indicated that some survived and
reproduced in this small river system. For example, eight
individuals in EII’05, which were identified as hybrids and
could be aged, were spawned in 2000 or later and the last
detected occurrence of hatchery-reared fish in the system
was in 1999. We acknowledge that the level of divergence
between wild and the hatchery-reared strains was low for
hybrid analysis (e.g. Marie et al. 2011). However, strong
assignment of the historical Ellidaar sample collected prior
to the influx of stray hatchery-reared salmon, lends support
to introgression. Also, the level of differentiation was
influenced by many hatchery individuals with intermediate
g values or strong assignment to wild (Fig. 6). Importantly,
the impact of those individuals could not be assessed, but
they comprised a large proportion of the Ranched salmon
and overall a large proportion of the hatchery-reared fish
entering the system (Fig. 2c). Indeed, more introgression

was expected from Ranched than Farmed salmon, not only
because Ranched entered the river system in larger num-
bers and for a longer period (Fig. 2c), but also because it is
expected to have higher reproductive success (Fleming
et al. 1996). Such potential differences likely reflect dif-
ferent physical conditions of the two types due to different
rearing techniques.

Conservation implications



2011) and reductions in fitness of wild salmon populations
(Fleming et al. 2000; McGinnity et al. 2003; Fraser et al.
2010). It is therefore tempting to relate the observed overall
decline in salmon numbers in the Ellidaar system to
introgression from hatchery salmon. Although unfavour-
able conditions in the sea are likely one of the principal
factors in the decline (as has occurred elsewhere in Europe;
Friedland et al. 2009), the steepness of the decline in the
Ellidaar river system raises the possibility that the large-
scale straying of hatchery-reared salmon may partly be
responsible for the decline through genetic effects, eco-
logical interactions, or both (Jonsson and Jonsson 2006).
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