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Abstract

Many salmonid fish populations are threatened by genetic homogenization, primarily

due to introgressive hybridization with hatchery-reared conspecifics. By applying geno-

mewide analysis using two molecular marker types (1986 SNPs and 17 microsatellites),

we assessed the genetic impacts of inadvertent gene flow via straying from hatchery

releases on wild populations of Atlantic salmon in the Gulf of Finland, Baltic Sea,

over 16 years (1996–2012). Both microsatellites and SNPs revealed congruent popula-

tion genetic structuring, indicating that introgression changed the genetic make-up of

wild populations by increasing genetic diversity and reducing genetic divergence.

However, the degree of genetic introgression varied among studied populations, being

higher in the eastern part and lower in the western part of Estonia, which most likely

reflects the history of past stocking activities. Using kernel smoothing and permutation

testing, we detected considerable heterogeneity in introgression patterns across the

genome, with a large number of regions exhibiting nonrandom introgression widely

dispersed across the genome. We also observed substantial variation in nonrandom

introgression patterns within populations, as the majority of genomic regions showing

elevated or reduced introgression were not consistently detected among temporal sam-

ples. This suggests that recombination, selection and stochastic processes may con-

tribute to complex nonrandom introgression patterns. Our results suggest that (i) some

genomic regions in Atlantic salmon are more vulnerable to introgressive hybridization,

while others show greater resistance to unidirectional gene flow; and (ii) the hybridiza-

tion of previously separated populations leads to complex and dynamic nonrandom

introgression patterns that most likely have functional consequences for indigenous

populations.
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Introduction

An increasing number of species are threatened by the

reduction of the spatial component of genetic variability

among populations (Olden et al. 2004; Vasem€agi et al.

2005a; Laikre et al. 2010). This process, known as

genetic homogenization, is often driven by human-

mediated translocations and hybridization between
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native and introduced conspecifics (Rhymer & Sim-

berloff 1996; Allendorf et al. 2001; Vasem€agi et al. 2005a;

Edmands 2007). Hybridization between previously iso-

lated taxa may have a negative impact on native popu-

lations through the loss of genetic variation, changes in

the population’s genetic structure and changes in the

genetic composition within populations (Utter 2002;

Laikre et al. 2010). Unidirectional gene flow from one

taxon to another, known as introgressive hybridization,

can also cause the replacement of alleles conferring

local adaptation or cause the break-up of coadapted

gene complexes (Edmands 2007; Laikre et al. 2010). In

addition to direct genetic effects, translocations may

cause habitat reduction and fragmentation through the

naturalization of introgressed individuals, wasted

reproduction through nonintrogressive hybridization

and the introduction of novel pathogens and diseases

(Utter 2002). However, hybridization has long been rec-

ognized as an important driver of evolution (Allendorf

et al. 2001), as recombinant genotypes might express

novel phenotypes important for adaptation to both bio-

tic and abiotic environments (Baack & Rieseberg 2007;

Fitzpatrick et al. 2010; Hedrick 2013).

During the last century, salmonid species have been a

subject of immense anthropogenic pressure that

includes pollution, habitat deterioration, commercial

and recreational fisheries, aquaculture and rapid con-

temporary climate change (Susnik et al. 2004; Davidson

et al. 2010; Lamaze et al. 2012; Perrier et al. 2013). To

halt, suspend and reverse population declines, intense

artificial breeding programmes have been frequently

evoked to enhance the abundance and production of

salmonid fish by releasing hatchery-reared conspecifics

of native, non-native or mixed origins (Utter 2002;

Aprahamian et al. 2003; Laikre et al. 2010). However, it

has been widely recognized that both intentional and

unintentional selection during fish rearing can induce

fast evolutionary changes (Roberge et al. 2008; Tymchuk

et al. 2009; Sauvage et al. 2010) that pose severe threats

to indigenous gene pools, such as loss of local adapta-

tion and alteration of fitness-related traits, when these

fish are released in the wild (Einum & Fleming 1997;

McGinnity et al. 2003; Araki et al. 2007, 2009; Lamaze

et al. 2013, 2014). Moreover, hatchery-reared salmonids

frequently show higher straying rates compared to their

wild conspecifics (Quinn 1993; Jonsson et al. 2003;

Vasem€agi et al. 2005a; Jonsson & Jonsson 2006; Hansen

et al. 2009). Finally, many of the concerns described

above also extend to the escape of farmed salmonids, as

it has been a growing problem in recent decades (Clif-

ford et al. 1998; Utter 2002; Naylor et al. 2005; Skaala

et al. 2006; Bourret et al. 2011; Glover et al. 2012, 2013;

Heino et al. 2015). As a result, due to long-term prac-

tices of supportive stocking and the propagation of

non-native populations, salmonid fishes are among the

taxa most genetically affected by introgression (Utter

2002; Lamaze et al. 2012).

Because of the potential negative effects of introgres-

sive hybridization, a large number of studies have eval-

uated both the short- and long-term genetic

consequences of stocking in salmonid fishes (Vasem€agi

et al. 2005a; Hansen & Mensberg 2009; Hansen et al.

2009, 2010; Lamaze et al. 2012; Perrier et al. 2013). How-

ever, most of these studies relied on a relatively small

number of genetic markers (tens of loci, but see

Lamaze et al. 2012; Jasper et al. 2013; Hohenlohe et al.

2013), which makes the accurate characterization of

introgressive hybridization a challenging task. Thus,

the uncertainty of hybrid identification increases when

the hybridizing populations are closely related and it is

not possible to utilize diagnostic alleles. This is particu-

larly relevant in many salmonid species as genetic dif-

ferentiation between hatchery-reared salmon stocks and

wild populations is typically low (V€ah€a & Primmer

2006; Hansen & Mensberg 2009). Moreover, introgres-

sion patterns may vary across the genome: at some loci,

native alleles may be substituted by introgressed alleles

easily, but this might be more difficult at other loci,

presumably due to the variation of introduced alleles’

effect on fitness in different genetic or ecological back-

grounds (Baack & Rieseberg 2007). For example, rapid,

positive selection-driven introgression may affect rela-

tively few loci, which makes the detection of such

genomic changes difficult using low-throughput marker

systems (Gompert & Buerkle 2009; Nolte et al. 2009;

Fitzpatrick et al. 2010). Finally, stocked fish often origi-

nate from multiple source populations, which compli-

cates the accurate quantification of introgression

patterns. As a result, long-term monitoring efforts com-

bined with the use of a large number of polymorphic

markers is required to reliably characterize the genome-

wide effects of introgressive hybridization and to detect

genomic regions that deviate from overall introgression

patterns.

As one of the world’s most widely recognized and

prized salmonid fish species, Atlantic salmon (Salmo

salar L.) shows a considerable degree of population

structuring at varying geographical scales (King et al.

2001; S€ais€a et al. 2005; Primmer et al. 2006; V€ah€a et al.

2008; Dionne et al. 2009; Moore et al. 2014). The indus-

trialization of the 1920–1950s led to a rapid decline of

Atlantic salmon populations throughout its distribution

range, particularly in the Baltic Sea basin. Historically,

Atlantic salmon inhabited 84 rivers flowing into the Bal-

tic Sea, but currently, only 10 rivers maintain self-sus-

taining wild populations in safe numbers (ICES 2014).

Earlier studies have demonstrated that Atlantic salmon

populations in the Baltic Sea are hierarchically
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structured according to the geographical regions show-

ing strong differentiation among the southeastern and

northern populations (Koljonen 2001; Nilsson et al.

2001; S€ais€a et al. 2005). At smaller geographical scale,

significant genetic divergence has been also observed

among wild and hatchery populations in the Gulf of

Finland (Vasem€agi et al. 2005b). Currently, self-sustain-

ing native salmon populations exist only in three rivers

flowing to the Gulf of Finland, all located in Estonia

(rivers Kunda, Keila and Vasalemma), whereas the

other rivers are supported by regular releases of hatch-

ery-reared fish (ICES 2014). Stocking programmes direc-

ted at re-establishing self-sustainable populations in

Estonian rivers that historically supported wild salmon

have been implemented since the mid-1990s. The first

large-scale releases consisted of hatchery juveniles of

captive R. Neva stock origin. Later, from 2000 to 2008,

the majority of released fish originated from ascending

spawners in R. Narva, and since 2008, the hatchery

stock has been based on the R. Kunda population,

which has become the main source of released salmon

in Northern Estonia (Gross et al. 2014; ICES 2014). How-

ever, along with attempts to re-establish salmon popula-

tions, hatchery releases raise concerns about the status

and genetic integrity of the remaining wild populations

in the region, given that hatchery fishes can stray in

considerable numbers and may potentially reduce the

spatial component of genetic variability among popula-

tions, thereby causing a loss of intrinsic and extrinsic

adaptations (Utter 2002; Vasem€agi et al. 2005a; Laikre

et al. 2010). However, despite potential negative

impacts, the genetic effects of hatchery stocking

programmes on geographically close wild salmon popu-

lations in the Baltic Sea have not been analysed at the

genomewide level.

To evaluate the genetic impacts of unwanted gene

flow via straying from hatchery releases on remaining

wild populations of Atlantic salmon in the Gulf of Fin-

land, we carried out a genomewide temporal analysis

using two types of molecular marker (SNPs and

microsatellites). We evaluated temporal changes over

16 years (c. four generations) and quantified the degree

of introgression from two hatchery sources. Further-

more, using DNA pooling and allelotyping of a large

number of SNP markers, we were able to describe the

introgressive hybridization patterns at a genomewide

level and identify genomic regions that are susceptible

or resistant to introgression.

Materials and methods

Samples

Atlantic salmon juveniles (0+ and 1+ age) were collected

using electrofishing in four rivers flowing into the Gulf

of Finland, the Baltic Sea (R. Vasalemma – 2 sites; Keila

– 1 site; Kunda – 1 site; and Loobu – 4 sites; Fig. 1,

Table 1). The area of sampling sites ranged from 100 to

400 m2. It should be noted that very small stretches of

the studied rivers were accessible for salmon during

1996–2012 (Vasalemma – 4.5 km; Keila – 1.7 km; Kunda

– 2.3 km; Loobu – 10.4 km) due to physical obstacles

for upstream migration, such as waterfalls or dams. No

recent hatchery releases were carried out in the first

three populations, while regular releases of hatchery-

reared fish to the Loobu River started in 2002. First

Fig. 1 Map illustrating the studied salmon rivers (bold line) and the rivers in the southern Gulf of Finland, the Baltic Sea, in which

regular releases of hatchery-origin Atlantic salmon juveniles were carried out (thin line). Inserted bar plots indicates the number of

juveniles released annually (in thousands, all age classes combined). White, grey and black bars indicate the origin of released fish

from Neva, Narva and Kunda hatchery stocks, respectively. The years (1997–2014) are indicated below the bars.

© 2016 John Wiley & Sons Ltd

GENOMEWIDE INTROGRESSION IN ATLANTIC SALMON 1277



samples from each river were collected in 1996–1999
before the start of large-scale releases, while subsequent

samples were collected in 2007–2012 (Table 1). Fin clips

from sampled individuals were stored in 96% ethanol

for further genetic analysis and fish caught from differ-

ent sites within a river were combined for subsequent

analyses. In addition, the samples of adult individuals

(adipose fin clip) of two hatchery populations (Neva

and Narva) were collected in 1996–2009. We did not

include the third hatchery stock of the R. Kunda origin

in the analysis, as the large-scale releases of juvenile

fish from this broodstock started more recently (Fig. 1).

The permits for sample collection were issued by the

Ministry of Environment (Estonia).

DNA extraction and microsatellite analysis

Total genomic DNA was extracted according to Laird

et al. (1991). Altogether 17 microsatellite loci were anal-

ysed in two multiplex (9-plex and 8-plex) PCRs

(Table S1, Supporting information). Each 10 lL PCR

consisted of c. 10–20 ng template DNA, 19 Type-it Mul-

tiplex PCR Master Mix (Qiagen, Germany) and 50–
200 nM of each primer. Forward primers were labelled

fluorescently by 6-FAM, VIC, PET or NED. Amplifica-

tions were carried out in a Biometra TProfessional Ther-

mal cycler with an initial heat activation at 95 °C for

5 min followed by 28 cycles of denaturation at 95 °C
for 30 s, annealing at 58 °C (9-plex) or at 55 °C (8-plex)

for 90 s, extension at 72 °C for 30 s and the final exten-

sion for 30 min at 60 °C. Multiplex PCR products were

electrophoresed on an Applied Biosystems 3500 Genetic

Analyzer (Life Technologies, USA) and microsatellite

genotypes were scored using GENEMAPPER v.5 software

(Life Technologies, USA). To directly compare the

microsatellite and SNP data sets temporal samples were

grouped as follows: earlier samples from wild (years

1996–99) before the start of large-scale hatchery releases

and more recent samples (years 2007–08, 2009–10 and

2011–12; Table 1).

Table 1 Sample information and mean genetic diversity indices over 17 microsatellite and 1986 SNP loci

Population Sampling years Abbr. Status

Microsatellites SNPs

n A AR HE HO Ne (95% CI) n HE

Vasalemma 1996–99 Vas96-99 Wild 45 7.53 6.98 0.71 0.75 18 (10–35) 45 0.34

2007–08 Vas07-08 Wild 30 6.88 6.78 0.67 0.69 13 (7–30) 26 0.31***

2009–10 Vas09-10 Wild 97 9.35 7.78 0.73 0.75 25 (15–43) 48 0.34

2011–12 Vas11-12 Wild 67 8.59 7.53 0.71 0.71 35 (22–59) 21 0.31***

Keila 1996–97 Kei96-97 Wild 54 7.65 6.95 0.70 0.73 40 (26–64) 39 0.34

2007–08 Kei07-08 Wild 67 9.12 7.87 0.72 0.75 36 (23–58) 35 0.33*

2009–10 Kei09-10 Wild 98 10.18 8.30 0.74 0.74 98 (71–133) 48 0.34

2011–12 Kei11-12 Wild 95 9.82 8.15 0.73 0.73 93 (67–128) 45 0.34

Loobu 1996–99 Loo96-99 Wild 81 4.29 3.92 0.55 0.61 6 (3–21) 45 0.24

2007–08 Loo07-08 Enhanced 77 9.12 7.65*** 0.72** 0.77 32 (20–52) 46 0.32***

2009–10 Loo09-10 Enhanced 102 9.29 7.83*** 0.74** 0.78 25 (15–43) 48 0.34***

2011–12 Loo11-12 Enhanced 104 9.71 7.83*** 0.74*** 0.74 59 (41–88) 48 0.35***

Kunda 1996–97 Kun96-97 Wild 71 5.47 4.75 0.59 0.63 22 (13–42) 48 0.28

2007–08 Kun07-08 Wild 57 8.94 7.69* 0.71* 0.73 56 (38–86) 35 0.34***

2009–10 Kun09-10 Wild 70 8.71 7.46* 0.71* 0.70 52 (35–81) 48 0.33***

2011–12 Kun11-12 Wild 120 10.47 8.10** 0.73* 0.73 52 (36–77) 48 0.35***

Narva 1998 Nar98 Hatchery 45 9.00 8.27 0.73 0.76 42 (27–66) — —
2001 Nar01 Hatchery 73 10.24 8.80 0.75 0.75 82 (58–115) — —
2004 Nar04 Hatchery 129 10.24 8.53 0.74 0.72 108 (82–143) — —
2005 Nar05 Hatchery 77 10.12 8.59 0.75 0.75 91 (66—127) — —
2006 Nar06 Hatchery 112 9.88 8.30 0.74 0.75 98 (72–132) 42 0.35

2007 Nar07 Hatchery 80 9.65 8.33 0.75 0.77 76 (56—109) — —
2008 Nar08 Hatchery 95 9.71 8.22 0.75 0.77 69 (48—98) — —
2009 Nar09 Hatchery 109 10.06 8.33 0.74 0.74 70 (50—99) — —

Neva 1997–98 Nev97-98 Hatchery 97 8.76 7.78 0.73 0.73 56 (39–84) 48 0.34

Abbr. – abbreviation; n – sample size/pool size; A – mean number of alleles; AR – allelic richness; HE – expected heterozygosity; HO

– observed heterozygosity; Ne (95% CI) – effective population size and its 95% confidence interval.

*P < 0.05; **P < 0.01; ***P < 0.001 – significance of nonparametric Mann–Whitney U-test indicating the change of genetic diversity

level in relation to the earliest sample.
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DNA pool construction

The same individual DNA samples that were used for

microsatellite analysis were used to construct DNA

pools, grouped as described above, except Narva

hatchery stock, from which only Nar06 sample was

included for DNA pooling. Given that genetic diver-

gence among Narva hatchery samples of different

years based on microsatellite analyses was very low

(FST = 0.000–0.007; Table S2, Supporting information),

we used a single temporal sample (2006) from Narva

hatchery stock for subsequent DNA pooling and SNP

analysis. Equimolar (10 ng/lL) DNA extracts from 21

to 48 individuals (mean = 42) were pooled as

described in Ozerov et al. (2013a,b) to provide two

technical replicates for each year-class sample

(Table 1). The pooled DNA samples were analysed in

the Center for Integrative Genetics (CIGENE, Norway)

using an Illumina infinium assay (Illumina, San Diego,

CA, USA) and version 2 of the Atlantic salmon SNP-

chip (Lien et al. 2011; Bourret et al. 2013) carrying

probes for 5568 SNP markers. Among our study popu-

lations, 3928 of those SNP loci were biallelic and were

further analysed in this study. The raw SNP data were

analysed using GENOTYPING MODULE v. 1.9.4 (Genome

Studio software v. 2011.1; Illumina Inc.).

Estimation of SNP allele frequencies from DNA pools

Allele frequencies for each sample were estimated from

DNA pools by comparing pool-specific value of theta

with the reference values of theta from individual geno-

typing of 300 Atlantic salmon specimens, as described

in Ozerov et al. (2013a,b). Briefly, during Illumina geno-

typing the raw signal data from two alternate alleles

are converted into a theta value which ranges from 0 to

1. In theory, a heterozygous individual would have a

theta value of 0.5, whereas theta of 0 or 1 would indi-

cate a homozygote at allele A or B, respectively. How-

ever, in reality a SNP’s theta for genotype clusters (AA,

AB and BB) varies from expected values. Thus, allele

frequency in a pooled sample is estimated by compar-

ing the theta value for each SNP to the mean theta val-

ues for AA, AB and BB genotypes calculated by

genotyping of individual samples using the correction

algorithm (method 2 in Janicki & Liu 2009). Stringent

quality control filters resulted in selection of 2880 bial-

lelic SNPs showing low error rates (variation of theta

among technical replicates ≤0.02) compared to the infor-

mation content (Ozerov et al. 2013b). Population-specific

allele frequencies for each SNP were estimated as a

mean over two technical replicates. SNPs showing

MAF < 0.05 were excluded from the further analysis,

thus retaining 1986 SNP loci in the final data set.

Microsatellite data analysis

The basic descriptive statistics for each microsatellite

locus and sample (allelic richness, observed and

expected heterozygosity) were obtained using FSTAT 2.93

(Goudet 1995). The same software was used to test for

deviation from the Hardy–Weinberg equilibrium and to

calculate Weir & Cockerham (1984) within-population

inbreeding coefficients (f) and between-population fixa-

tion indices (FST). The Brookfield 1 estimator (Brookfield

1996) implemented in MICRO-CHECKER 2.2.3 (Van Ooster-

hout et al. 2004) was used to assess the potential pres-

ence of genotyping errors due to scoring of stutter

peaks, large allele dropouts and null alleles. Effective

population size (Ne) for each sample was estimated

using the sibship assignment approach implemented in

COLONY 2.0.5.0 (Jones & Wang 2010). The method esti-

mates demographic parameters from the multilocus

genotypes of a sample allowing to calculate the proba-

bilities that a pair of offspring taken at random from

the population are half- and full-sibs. These sibship

probabilities were subsequently used to estimate Ne

(equation 10 in Wang 2009). The COLONY runs were per-

formed with the following options: female and male

polygamy, random mating, full-likelihood method and

medium-length run.

Population relationships and within-population
diversity

To infer the genetic relationships among populations,

pairwise DA (Nei et al. 1983) distances and mean pair-

wise FST (Reynolds et al. 1983) were calculated from

allele frequency estimates derived from allelotyping of

1986 SNPs with the POWERMARKER V3.25 software pack-

age (Liu & Muse 2005). The same approach was applied

for the 17 microsatellite markers. The DA genetic dis-

tances (Nei et al. 1983) were used to construct neigh-

bour-joining trees based on 1986 SNPs and 17

microsatellites with 1000 bootstrap replicates. The con-

sensus dendrogram was constructed using the program

SPLITSTREE4 v4.11.3 (Huson & Bryant 2006).

Admixture analysis and detection of hybrid categories
using microsatellite data

Individual admixture proportions (Q) were estimated

using STRUCTURE 2.3.4 (Pritchard et al. 2000). Each pair-

wise analysis included fish sampled in a given river

and one of the hatchery samples (Nev97-98 or Nar98-

09). An admixture model with correlated allele frequen-

cies was applied for each STRUCTURE run with 250 000

MCMC repeats preceded by a burn-in of 100 000 steps.

The number of clusters was assumed to range from
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K = 1 to K = 6. The ad hoc statistics DK (Evanno et al.

2005) calculated in STRUCTURE HARVESTER 0.6.94 (Earl &

vonHoldt 2012) was used to estimate the most probable

K for each pairwise comparison. The most probable

number of clusters was K = 2 for all pairwise compar-

isons (Table S3, Supporting information). The member-

ship of each individual in each of the two clusters (wild

or hatchery) was averaged across five replicate runs

and the average admixture proportions for each wild

sample were estimated.

To estimate the probability of each individual belong-

ing to a certain hybrid group, the method of Anderson

& Thompson (2002) implemented in NEWHYBRIDS 1.1 was

applied. In a Bayesian framework, the model infers

each individual’s genotype frequency, and a Markov

chain Monte Carlo (MCMC) simulation approach is

then used to obtain estimates from the posterior distri-

bution reflecting the level of confidence of an individual

belonging to one of six categories: pure (wild or hatch-

ery), F1, F2 and the backcrosses (F1 9 wild or F1 9

hatchery). The samples of hatchery stocks (Nev97-98 or

Nar98-09) and earlier samples from wild populations

before the start of large-scale releases were used as ref-

erence samples to assign more recent samples (2007–
2012) to hybrid categories. The highest posterior proba-

bility value was used as a threshold for assigning an

individual to that specific category. Jeffreys-like priors

were applied for both allele frequency and mixture pro-

portions. All results are based on 100 000 MCMC

repeats following a burn-in period of 50 000.

To further evaluate the power of 17 microsatellite loci

to classify individuals to different hybrid categories, we

carried out simulations as in Kovach et al. (2015). In

brief, one hundred multilocus genotypes of each pure

(wild 9 wild; hatchery 9 hatchery), F1 (wild 9 hatch-

ery), F2 (F1 9 F1) and backcross (F1 9 wild;

F1 9 hatchery) category were generated using the soft-

ware HYBRIDLAB 1.0 (Nielsen et al. 2006). Simulated

genotypes were analysed in NEWHYBRIDS as described

above using hatchery and the earlier wild samples as

references. Individuals were considered accurately clas-

sified when the highest posterior probability was associ-

ated with the correct hybrid category.

Quantification of genetic introgression

Genetic introgression was quantified using two

approaches. First, microsatellite-based introgression was

estimated using STRUCTURE 2.3.4 as the proportion of the

hatchery genome (I) in the recent samples by comparing

the admixture proportions to the earliest wild reference

sample. Given that wild reference and hatchery samples

may have an average membership in the wild cluster (Q)

less than one and above zero, respectively, the following

expression was applied [modified from Karlsson et al.

(2014): I = 1 � ((Qw - Qh) 9 (Qn - Qh)
�1)], where Qw,

Qh and Qn are the average membership in the wild clus-

ter of the wild sample, the hatchery stock and the native

population sample collected before large-scale releases,

respectively. I estimates less than zero (three of 24 cases)

were subsequently adjusted to zero. Second, introgres-

sion was quantified from allele frequency shifts for each

SNP marker based on the expression:

Ŝ = (pw - pn) 9 (ph - pn)
�1, where pw, ph and pn are the

allele frequencies of the wild population, the hatchery

stock and the native population sample collected before

large-scale releases, respectively (Taggart & Ferguson

1986; Almodovar et al. 2001). To ensure that the locus-

specific and genomewide introgression estimates were as

accurate as possible, for subsequent analysis, we used

only a subset of SNPs (upper 30th percentile) that

showed the highest genetic differentiation (FST) between

hatchery stock and the earliest wild samples. Ŝ estimates

>1 or < 0 were adjusted to one and zero, respectively,

before calculating median Ŝ across all studied loci and

kernel smoothing.

Detection of genomic regions showing elevated or
reduced introgression

To identify genomic regions, rather than single markers,

with elevated and reduced levels of introgression com-

pared to the random distribution in the genome, we

applied a kernel smoothing and permutation test

approach similar to Hohenlohe et al. (2010) and Bru-

neaux et al. (2013). Kernel smoothing allows to reduce

the noise of individual introgression estimates (Ŝ) and

permutation testing enables identification of regions

where smoothed introgression estimates differ signifi-

cantly from expectation under a random distribution.

The applied approach takes the differences in marker

density into account and increases the statistical power

for detecting regions when multiple adjacent markers

show consistently high or low introgression values.

Smoothed introgression profiles were calculated within

each chromosome using a nonparametric regression

with an adaptive local plug-in bandwidth (LOKERN R

package). P-values indicating the departure from the

random distribution of Ŝ estimates along the chromo-

some were calculated by permuting single-locus Ŝ esti-

mates across all chromosomes (10 000 permuted

replicates) and comparing the original kernel regression

profile to the distribution of profiles obtained from the

permuted data sets (Flori et al. 2009; Hohenlohe et al.

2010). Genomic regions with P-values ≤0.025 were con-

sidered to significantly deviate from the random intro-

gression pattern. The false discovery rate was estimated

as the corresponding Q-value using the QVALUE package
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ver. 1.0 in R (R Core Team 2015) with a conservative

bootstrap method (Storey et al. 2004). Kernel smoothing

was performed using R ver. 3.1.2 and the LOKERN pack-

age ver. 1.1-5 (Herrmann 2013) and permutation tests

were implemented with custom-made scripts. To ensure

a reliable run of the kernel smoothing algorithm, data

were filtered prior to the analysis to exclude chromo-

somes with a low number of SNPs (≤5).

Results

Genetic diversity at microsatellite loci

In total, 234 alleles were observed across 17 microsatel-

lite loci, ranging from two (Ssa14) to 27 (SSsp2201) alle-

les per locus (mean = 14; median = 15). The mean level

of genetic diversity over 17 microsatellite loci varied

considerably between populations and temporal repli-

cates; it was the lowest in Loo96-97 (HO = 0.61,

AR = 3.92) and the highest in Kun09-10 (HO = 0.78,

AR = 7.83) and Nar01 (HO = 0.75, AR = 8.88; Table 1).

Deviations from the Hardy–Weinberg equilibrium

(P < 0.05) were detected in 51 of 423 locus–sample com-

binations. After correcting for multiple significance

tests, 19 of the combinations remained significant at the

5% level (Benjamini & Yekutieli (2001), a = 0.00755;

Table S1, Supporting information). All of them involved

negative f values, indicating heterozygote excess. The

potential presence of low-frequency null alleles (0.04–
0.10) was suggested at nine locus–sample combinations

out of 425 tests (Table S4, Supporting information).

However, as none of the loci showed consistent devia-

tions across multiple populations, we retained all 17

microsatellite loci for further analysis.

The earliest wild samples contained small number (13

of 168) of unique microsatellite alleles at relatively low

frequencies (average frequency: 1.95%) that were not

observed in hatchery stocks. On the other hand, much

larger number of hatchery-specific alleles (60 of 215)

were observed in two reared stocks that were missing

in earliest wild samples (average frequency: 1.67%)

reflecting the higher variability of hatchery stocks

(Table S5, Supporting information).

Comparison of genetic variation revealed by
microsatellite and SNP loci

As expected, genetic diversity estimates within popula-

tions, measured as the mean expected heterozygosity

(HE), were significantly correlated between the two

marker types (Spearman’s r = 0.81, P < 0.0001); they

were higher for microsatellite loci (HE = 0.55–0.74) and

lower for SNPs (HE = 0.24–0.35; Mann–Whitney U-test,

P < 0.001; Table 1). Pairwise genetic differentiation

estimates (FST) over 17 microsatellites varied from zero

(Nar01 vs. Nar05) to 0.243 (Loo96-99 vs. Nev97-98),

whereas mean pairwise FST values over 1986 SNPs ran-

ged from 0.021 (Kun07-08 vs. Kun11-12) to 0.267

(Loo96-99 vs. Nev97-98; Tables S2 and S6, Supporting

information). Similar to genetic diversity, genetic differ-

entiation estimates among populations were highly cor-

related between two marker types (rxy = 0.95, P < 0.01).

Thus, both individual genotyping of microsatellite

markers and allelotyping of SNPs from DNA pools

revealed similar population genetic structuring, as illus-

trated by neighbour-joining trees (Fig. 2).

Temporal changes of genetic variation and divergence

Both marker types showed a significant temporal

increase in HE in the Kunda and Loobu populations

(Mann–Whitney U-test P < 0.001–0.045; Table 1). By

contrast, only minor temporal changes of genetic diver-

sity were observed in Keila or Vasalemma (Table 1).

Both marker types indicated a sharp decrease in genetic

divergence (FST) between hatchery stocks and the

Loobu and Kunda populations, while for two other

populations (Vasalemma and Keila), the genetic diver-

gence did not drastically change in time (Fig. 3). Over-

all genetic divergence among four wild populations

declined nearly twofold in recent years compared to the

earliest samples before the start of large-scale releases

(Fig. 4). Evaluation of the temporal changes within wild

populations showed a tendency of increased effective

population size estimates (Ne) in the recent samples

based on microsatellite data (Table 1). Ne estimates of

hatchery samples (median = 76.0) were higher than

those of wild populations (median = 35.5; Mann–Whit-

ney U-test, P < 0.01).

Admixture analyses and classification of hybrids

Both STRUCTURE and NEWHYBRIDS produced comparable

results, indicating the temporal increase in unidirec-

tional gene flow from hatcheries to wild populations

(Fig. 5, Fig. S1, Supporting information). As expected,

R. Loobu was the most affected by introgression, evi-

denced by the high frequency of admixed individuals

observed in the recent samples. The second most

affected population was Kunda (Fig. S1, Supporting

information). While STRUCTURE indicated the occurrence

of introgression, NEWHYBRIDS provided further insight

into the hybridization process by allowing further sepa-

ration of admixed individuals to specific hybrid cate-

gories. Whereas pure hatchery individuals of Neva

origin were not observed in the recent wild juvenile

samples, the genetic impact of Narva hatchery stock to

studied populations was much more visible (Fig. 5). As
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expected, the most drastic changes were observed in

the R. Loobu, where the native population has been lar-

gely replaced with hatchery fish of Narva origin. Inter-

estingly, a large proportion of juveniles collected during

2007–2008 in the R. Loobu represented F1 hybrids,

while the increase in backcrosses (F1 9 Narva) was evi-

dent in later samples (2009–2012; Fig. 5b). In Kunda, a

large proportion of juveniles in recent samples

corresponded to putatively pure Narva fish and back-

crosses (F1 9 wild). Similarly, putatively pure hatchery

juveniles were also present in Keila and Vasalemma. In

contrast to Vasalemma and Kunda, the recent samples

of Keila also included F1 hybrids (Fig. 5b).

Simulations indicated that the accuracy of hybrid

classification depended on genetic divergence (FST)

between reference samples (Fig. S2; Table S7,
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Fig. 2 Neighbour-joining consensus dendrograms representing relationships among Estonian Atlantic salmon populations based on

Nei’s DA genetic distances over (a) 17 microsatellites or (b) 1986 SNPs. The number on the nodes indicates the bootstrap values (per-

centage) obtained after 1000 replicates.
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Supporting information). While the majority of pure

wild and hatchery individuals (97–100%) were correctly

classified irrespective of genetic divergence between

two reference populations, the classification accuracy of

other hybrid categories was dependent on genetic

divergence. For example, a large proportion of F1

hybrids was correctly assigned when FST > 0.05 (78–
97%), whereas the assignment accuracy decreased to

52% at FST < 0.05. Similarly, the proportion of correctly

classified F2 hybrids decreased when the genetic diver-

gence between two reference populations decreased.

The majority of misclassified backcross individuals were

assigned to pure reference populations.

Quantification of genetic introgression

Two different genetic introgression estimates showed

similar temporal patterns within populations, although

SNPs generally resulted in higher introgression esti-

mates than microsatellites (Table 2). However, our SNP-

based introgression estimates (Ŝ) were highly correlated

with microsatellite-based estimates, I (introgression

from Neva: Pearson’s r = 0.93, P < 0.0001; introgression

from Narva: Pearson’s r = 0.90, P < 0.0001). Consistent

with the results of STRUCTURE and NEWHYBRIDS, introgres-

sion estimates from Neva were lower compared to

Narva hatchery stock. As expected, the highest intro-

gression levels were detected in the R. Loobu, where

regular releases of hatchery-reared fish began in 2002.

Fig. 3 Temporal changes of genetic divergence (estimated as FST) between hatchery and wild populations. Solid and dashed lines

correspond to FST estimates based on 17 microsatellites and 1986 SNPs, respectively.
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Fig. 4 Temporal change in overall genetic divergence (esti-

mated as FST) among four wild populations. FST estimates

based on SNP and microsatellite loci are presented as white

and grey rectangles, respectively. Error bars indicate 95% confi-

dence interval estimates.
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Similarly, relatively high levels of introgression from

Narva hatchery to Keila and Kunda populations were

detected (Kunda: I = 0.218–0.266, Ŝ = 0.433–0.504; Keila:
I = 0.097–0.146, Ŝ = 0.309–0.458), indicating that hatch-

ery releases to geographically adjacent rivers resulted in

inadvertent gene flow to native salmon populations in

the Gulf of Finland. In contrast, estimated introgression

levels to the R. Vasalemma were much lower, and 95%

Fig. 5 Probability of an individual to be a member of six categories for each of the four wild populations affected by introgression

from (a) Neva and (b) Narva hatchery stocks based on 17 microsatellite loci. Each individual is presented as a vertical bar. The prob-

ability of each individual belonging to pure hatchery (blue), pure wild (green), F1 (red), F2 (grey), and backcross (F1 9 hatchery, yel-

low; F1 9 wild, dark blue) hybrid categories. Populations and temporal replicates are separated by vertical solid lines.
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confidence intervals for microsatellite-derived introgres-

sion estimates (I) always included zero (Table 2).

Heterogeneous distribution of introgression along the
chromosomes

Permutation analysis indicated that single-locus intro-

gression estimates (Ŝ) were not randomly distributed

along the chromosomes (Fig. 6). The genomic regions

showing elevated or reduced introgression (kernel per-

mutation test, P < 0.025) represented only a small pro-

portion (0.04–4.50%; Table S8, Supporting information)

of the whole genome (in relation to the Atlantic salmon

female map length), and the size of most of the regions

deviating from random introgression pattern was rather

small (< 5–10 cM; Fig. S3, Supporting information).

Across all populations, the size of the regions showing

elevated introgression was significantly higher for

Narva than for Neva hatchery stock (Wilcoxon test

P < 0.01; Table S8, Supporting information). Similarly,

across all populations, the proportion of the genome

that showed elevated introgression was larger com-

pared to reduced introgression from Narva hatchery

(Wilcoxon test P < 0.05).

The comparison of temporal introgression dynamics

within populations indicated that only a small number

of regions that deviated from random introgression

patterns remained stable over time (e.g. elevated intro-

gression: Nar-Kun on Chr. 25; reduced introgression:

Nar-Kun on Chr. 6), whereas in several cases, nonran-

dom introgression patterns were observed only for two

temporal samples of three (Fig. 6; Fig. S4; Table S9,

Supporting information). Similarly, the majority of

genomic regions deviating from random introgression

showed little overlap among populations (Fig. 6;

Fig. S4; Table S9, Supporting information). However,

Table 2 Mean individual admixture (Q; Pritchard et al. 2000) and introgression estimates based on microsatellites (I; Karlsson et al.

2014) and SNPs (Ŝ; Taggart & Ferguson 1986; Almodovar et al. 2001)

From: To: Year

Microsatellites SNPs

Q (95% CI) I (95% CI) Ŝ (95% CI)

Neva Vasalemma 1996–99 0.031 (0.015–0.053)
2007–08 0.017 (0.004–0.040) 0.000 (0.000–0.019) 0.054 (0.024–0.091)
2009–10 0.040 (0.021–0.066) 0.009 (0.000–0.042) 0.156 (0.133–0.181)
2011–12 0.020 (0.009–0.036) 0.000 (0.000–0.015) 0.096 (0.048–0.140)

Keila 1996–97 0.009 (0.005–0.013)
2007–08 0.021 (0.011–0.034) 0.012 (0.001–0.027) 0.106 (0.082–0.133)
2009–10 0.032 (0.021–0.045) 0.023 (0.012–0.038) 0.171 (0.142–0.185)
2011–12 0.022 (0.013–0.034) 0.001 (0.004–0.027) 0.165 (0.141–0.190)

Loobu 1996–99 0.022 (0.019–0.026)
2007–08 0.442 (0.370–0.513) 0.444 (0.373–0.511) 0.336 (0.312–0.375)
2009–10 0.686 (0.645–0.724) 0.703 (0.661–0.746) 0.498 (0.458–0.536)
2011–12 0.585 (0.540–0.628) 0.596 (0.550–0.641) 0.475 (0.442–0.505)

Kunda 1996–97 0.017 (0.014–0.021)
2007–08 0.158 (0.119–0.200) 0.148 (0.107–0.191) 0.290 (0.277–0.315)
2009–10 0.154 (0.119–0.191) 0.144 (0.106–0.183) 0.273 (0.253–0.290)
2011–12 0.200 (0.168–0.234) 0.192 (0.158–0.230) 0.348 (0.328–0.367)

Narva Vasalemma 1996–99 0.135 (0.066–0.210)
2007–08 0.120 (0.046–0.204) 0.000 (0.000–0.113) 0.342 (0.289–0.411)
2009–10 0.176 (0.122–0.234) 0.050 (0.000–0.149) 0.481 (0.438–0.522)
2011–12 0.147 (0.084–0.216) 0.015 (0.000–0.118) 0.449 (0.390–0.547)

Keila 1996–97 0.081 (0.042–0.126)
2007–08 0.165 (0.107–0.235) 0.097 (0.011–0.180) 0.309 (0.263–0.354)
2009–10 0.199 (0.148–0.251) 0.136 (0.066–0.206) 0.411 (0.378–0.446)
2011–12 0.207 (0.155–0.255) 0.146 (0.070–0.221) 0.458 (0.415–0.509)

Loobu 1996–99 0.015 (0.008–0.025)
2007–08 0.606 (0.542–0.671) 0.616 (0.552–0.680) 0.567 (0.533–0.601)
2009–10 0.838 (0.797–0.873) 0.858 (0.817–0.896) 0.781 (0.753–0.810)
2011–12 0.718 (0.675–0.766) 0.733 (0.686–0.787) 0.751 (0.735–0.773)

Kunda 1996–97 0.008 (0.007–0.008)
2007–08 0.219 (0.155–0.287) 0.218 (0.153–0.294) 0.433 (0.410–0.455)
2009–10 0.254 (0.179–0.333) 0.254 (0.180–0.332) 0.406 (0.387–0.431)
2011–12 0.265 (0.208–0.321) 0.266 (0.204–0.329) 0.504 (0.477–0.526)
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there were few observations of elevated or reduced

introgression within the same genomic region among

three or four populations. For example, a large genomic

region showing elevated introgression from Neva was

observed in at least one temporal sample of each stud-

ied population on Chr. 15 (52.1–65.8 cM). Similarly, a

region of elevated introgression from the Narva hatch-

ery was observed on Chr. 4 in three populations (51.4–
58.3 cM: Vas, Kei and Loo), whereas regions of reduced

introgression were consistently observed on Chr. 8

(18.8–20.6 cM: Vas, Kei and Kun) and Chr. 20 (54.7–
55.1 cM: Kei, Loo and Kun; Fig. S4; Table S9, Supporting

information).

Discussion

Since the initiation of the Atlantic salmon restoration

programme in Estonia nearly two decades ago, regular

spawning of salmon currently occurs in a number of

rivers (HELCOM 2011). This, together with increasing

densities of wild-born salmon parr (ICES 2014), indi-

cates that hatchery releases can be an effective way to

re-establish salmon populations when the environmen-

tal conditions have become suitable for Atlantic salmon.

However, increased straying from hatchery releases

may also threaten the genetic integrity of the remaining

indigenous salmon populations in the region. Our study

provides genetic evidence of significant introgression

from hatchery stocks into wild populations using both

microsatellite and SNP markers. In addition, we

detected nonrandom patterns of introgression at the

genomewide level, indicating that some genomic

regions may be more vulnerable to introgressive

hybridization, while others show more resistance to

unidirectional gene flow.

Temporal changes of genetic variation and structure

Both microsatellite and SNP markers revealed congru-

ent temporal patterns, suggesting that introgression has

changed the genetic make-up of wild populations by

reducing genetic divergence and increasing genetic

diversity. The increase in genetic diversity as a result of

unidirectional gene flow from hatchery releases contra-

dicts the typical perception that farmed strains often

possess reduced genetic diversity relative to wild popu-

Fig. 6 Genomic regions showing elevated and reduced introgression from two hatchery stocks (Neva and Narva) to the wild Kunda

population. P-values for each SNP (�log10-transformed) were plotted against their respective positions on the autosomal chromo-

somes.
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lations (Ryman & Laikre 1991; Blanchet et al. 2008;

Hutchings & Fraser 2008; Araki & Schmid 2010); thus,

the introgression of reared fish is expected to reduce

the genetic variability of wild populations (Eldridge

et al. 2009; Bourret et al. 2011; Jasper et al. 2013). How-

ever, it is not always the case, as hatchery fish may

carry unique alleles not observed in wild populations

(Verspoor 1998); thus, hatchery releases may also

increase the genetic variability of wild populations, par-

ticularly if the source populations for hatchery stocks

are larger than the wild populations. All wild salmon

populations in the Gulf of Finland are characterized by

small population sizes (ICES 2014) because of the very

limited area available for reproduction (0.017–
0.104 km2) as a result of man-made (Vasalemma, Loobu

and Kunda) and natural (Keila) obstacles for upstream

salmon migration (HELCOM 2011). In contrast, repro-

duction of both the Neva and Narva hatchery stocks is

based on hundreds of spawners. Nevertheless, the earli-

est samples from the rivers Keila and Vasalemma

showed relatively high levels of genetic variation com-

parable to that of hatchery samples, whereas genetic

diversity of the earlier samples from the rivers Loobu

and Kunda was nearly two times lower than that of

hatchery samples. Thus, despite the increase in allelic

richness in all four wild populations, significant tempo-

ral increases in genetic diversity were detected only in

Loobu and Kunda. It is therefore likely that sharp

increases in genetic diversity in R. Loobu and Kunda

can be explained by relatively low variability of the ear-

liest samples combined with the strong impact of hatch-

ery releases. In contrast, the more subtle impact of

hatchery releases via straying to wild Vasalemma and

Keila populations is most likely related to the smaller

number of fish released to adjacent rivers. For example,

R. V€a€ana, which is closest to the rivers Vasalemma and

Keila, was stocked over a relatively short period of time

(1999–2005), and the number of annually released juve-

niles was relatively low (10 000–20 000 individuals).

However, direct stocking to R. Loobu and to neighbour-

ing rivers of R. Kunda began earlier (1996–1997), and

the number of annually released juveniles has been

much higher (Fig. 1). Similar patterns were observed by

Marie et al. (2010) and Lamaze et al. (2012), showing

that the increase in within-population genetic diversity

in wild brook charr (Salvelinus fontinalis) was related to

stocking efforts in the lakes. Additionally, Perrier et al.

(2013) found an increase in within-population genetic

diversity in wild Atlantic salmon in France due to long-

term stocking activities in the region.

In addition to temporal shifts in diversity, the impact

of hatchery releases on wild populations was also evi-

dent from the decrease in genetic divergence between

wild populations and hatchery stocks. As expected, the

sharpest temporal decline in genetic divergence was

observed for the Loobu population, where the native

stock has been practically replaced with hatchery fish of

Narva origin. However, the decrease in genetic diver-

gence was also observed between wild Kunda, Keila

and hatchery samples, while the genetic divergence

between hatchery and wild Vasalemma samples did not

decline over time. The convergence of allele frequencies

of wild populations towards hatchery samples also

resulted in the temporal reduction of overall genetic

divergence among four wild populations. Although it

was high among the earlier samples (FST = 0.091 and

FST = 0.114 for microsatellites and SNPs, respectively),

genetic divergence decreased considerably among

recent samples (FST = 0.028 for microsatellites and

FST = 0.060 for SNPs). Our results therefore demonstrate

that straying and subsequent gene flow from hatchery

releases have reduced the genetic divergence among

remaining wild Atlantic salmon populations in the Gulf

of Finland. Similar alterations of genetic structure due

to unidirectional gene flow from reared conspecifics as

a result of straying (Vasem€agi et al. 2005a; Jasper et al.

2013), direct stocking (Hansen 2002; Eldridge et al. 2009;

Lamaze et al. 2012; Marie et al. 2010; Perrier et al. 2013)

or farm escapes (Skaala et al. 2006; Bourret et al. 2011;

Glover et al. 2012) have also been observed in earlier

studies on Atlantic salmon and other salmonids.

Bayesian analyses further demonstrated that a sub-

stantial degree of hybridization between hatchery stocks

and wild populations has occurred over time. As

expected, the highest levels of admixture were observed

in the recent Loobu samples, where the majority of

individuals currently comprise different types of

hybrids as well as pure hatchery fish. Similarly, recent

samples from the R. Kunda consisted of a significant

proportion of different hybrids and even juveniles of

putatively pure hatchery origin. The populations of the

R. Vasalemma and Keila were affected by introgression

to a lesser degree, as the majority of recent samples

were classified as pure wild individuals. However, it

should be noted that the power to classify individuals

into correct hybrid categories varies depending on the

FST between populations. For example, V€ah€a & Prim-

mer (2006) showed that F1 hybrids can be correctly

detected when the level of divergence between samples

is moderate to high (FST = 0.12–0.21) and at least 12–24
microsatellite loci are used (~76 and 153 independent

alleles, respectively). However, the separation of back-

crosses from pure individuals generally requires even

larger numbers of loci or, alternatively, the presence of

high genetic divergence between samples (V€ah€a &

Primmer 2006). Our data set consisted of 17 microsatel-

lite loci (217 independent alleles) and the accuracy of

the assignment of pure hatchery or wild individuals to
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the correct hybrid category was high in all hatchery–
wild combinations (97–100%). The identification of F1

hybrids was also relatively accurate (>78%) in most of

the hatchery–wild comparisons, except for Nar-Vas,

due to the low genetic divergence between samples

(FST = 0.047). As expected, the highest level of misclas-

sifications was observed for backcrosses, particularly for

F1 9 Narva hybrids. Thus, the proportion of pure

hatchery fish in the recent wild samples may be

overestimated, and the occurrence of putatively pure

hatchery juveniles in wild rivers should be interpreted

with caution.

Two different estimates of genetic introgression pro-

vided additional insights into introgressive hybridiza-

tion patterns. Except for five comparisons involving

Loobu samples, introgression estimate Ŝ (Taggart &

Ferguson 1986; Almodovar et al. 2001) based on SNPs

resulted in higher values compared to the alternative

estimate I (Karlsson et al. 2014) based on admixture

modelling and multilocus microsatellite genotype data.

There are several potentially nonexclusive explana-

tions for this. First, it is possible that temporal allele

frequency shifts measured at SNP loci are influenced

by genetic drift and the small sizes of wild popula-

tions and may contribute to the introgression estimate

(Ŝ), as shifts in allele frequency towards hatchery

samples increase Ŝ. Similarly, both technical and sam-

pling variation may influence allele frequency esti-

mates from DNA pools and therefore inflate the

introgression estimate (Ŝ). However, we believe that

the stringent quality control filters applied to the SNP

data minimize these technical effects. Moreover, using

a much larger number of SNPs (~700 most informa-

tive SNPs for each pairwise comparison) in contrast

to microsatellites (17 loci) is expected to reflect the

average effect of introgression over a much larger

genomic area and may therefore be closer to the true

genomewide estimate.

Genomewide patterns of genetic introgression

We found considerable heterogeneity in introgression

signatures across the genome both among and within

wild populations, including tens of loci showing ele-

vated or reduced introgression. Regions exhibiting

nonrandom introgression were widely dispersed across

the genome, rather than colocalized in a few discrete

genomic regions. A similar heterogeneity of genome-

wide introgression patterns has been recently observed

in other species, for example between manakin birds

(Manacus candei and M. vitellinus; Parchman et al. 2013)

or different mice subspecies (Mus musculus musculus

and M. m. domesticus; Staubach et al. 2012; M. spretus

and M. m. domesticus; Liu et al. 2015). Such a genome-

wide distribution of introgression patterns is expected

if the fitness is shaped by many widely dispersed alle-

les across the genome rather than a few loci with

major effects (Parchman et al. 2013). In addition, we

observed considerable variation in nonrandom intro-

gression patterns within populations, as genomic

regions showing elevated or reduced introgression

were not consistently detected among all temporal

samples. This suggests that recombination, selection

and stochastic processes (e.g. a small number of breed-

ers) may contribute to complex nonrandom introgres-

sion patterns (Fitzpatrick 2013). Therefore, for a deeper

understanding of the genomic consequences of intro-

gression, it is important to evaluate the temporal

dynamics of the hybridization process of two previ-

ously separated gene pools. Alternatively, the temporal

aspect of the introgression process may be captured

along the geographical cline (Barton & Hewitt 1985),

while further insights into hybrid fitness and gene

exchange may be gained by genomic cline analysis

that enables one to disentangle the effects of selection

and drift (Gompert & Buerkle 2009; Fitzpatrick 2013).

However, the analysis of genomic clines was not pos-

sible in this study, as our SNP data set consisted of

allele frequency information obtained from pooled

DNA rather than individual genotype data. Neverthe-

less, the combination of the kernel smoothing

approach with permutation testing allowed us to shift

the focus of the analysis from single markers to a

more genomewide context.

Despite the fact that most genomic regions showing

nonrandom introgression patterns were scattered

throughout the genome, few regions showing elevated

or reduced introgression were more regularly detected

across several populations and temporal samples. For

example, the genomic region on Chr. 16 showed ele-

vated introgression from the Neva hatchery stock in

all wild populations. Interestingly, this genomic region

harbours a QTL that controls the resistance to infec-

tious salmon anaemia (ISA) in Atlantic salmon (Moen

et al. 2007). This region also contains several genes

that are associated with immune response to viral

infections, including the HIV-EP2/MBP-2 gene, which

was recently identified as a strong candidate gene

involved in the resistance to the ISA virus in Atlantic

salmon (Li et al. 2011). We also identified one particu-

lar SNP on Chr. 25 (GCR_cBin47052_Ctg1_234) that

showed signs of elevated introgression from the

Narva hatchery in two wild populations (Keila and

Kunda). Intriguingly, this marker located in proximity

(1.62 Mb) to the vestigial-like family member three

gene that was recently shown to control a large pro-

portion of the variation (~39%) at the age of maturity

of Atlantic salmon in a sex-specific manner (Barson
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et al. 2015). Therefore, it is possible that the elevated

introgression of the hatchery genome into wild popu-

lations on Chr. 25 is related to fitness effects associ-

ated with the timing of maturation. Finally, regions

showing elevated or reduced introgression from the

Narva hatchery that were consistently observed on

chromosomes 4, 8 and 20 have been previously

shown to harbour the QTL related to growth and

flesh colour in Atlantic salmon (Baranski et al. 2010;

Gutierrez et al. 2012). At the same time, growth-

related QTL are known to be widely distributed

across the genome, and given the large genomic

regions associated with most of the identified QTL, it

is not clear whether the regions exhibiting nonrandom

introgression patterns are in fact functionally related

to differences in growth.

Taken together, this study described the dynamics

and patterns of introgressive hybridization of indige-

nous Atlantic salmon populations in the Gulf of Finland

as a result of inadvertent gene flow from hatchery

releases over 16 years. We showed that the impact of

hatchery releases varied among studied populations,

most likely because of the differences in stocking effort

and the geographical location of releases. We detected

nonrandom patterns of introgression at the genome-

wide level, indicating that some genomic regions are

more vulnerable to introgressive hybridization while

others show more resistance to unidirectional gene

flow. Our results suggest that hybridization of previ-

ously separated populations leads to complex and

dynamic nonrandom introgression patterns across the

genome that most likely have functional consequences

for indigenous populations.
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