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An assessment of the spatial scale of local
adaptation in brown trout (Salmo trutta L.):
footprints of selection at microsatellite DNA loci
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Local adaptation is considered a paradigm in studies of
salmonid fish populations. Yet, little is known about the
geographical scale of local adaptation. Is adaptive diver-
gence primarily evident at the scale of regions or individual
populations? Also, many salmonid populations are subject
to spawning intrusion by farmed conspecifics that experience
selection regimes fundamentally different from wild popula-
tions. This prompts the question if adaptive differences
between wild populations and hatchery strains are more
pronounced than between different wild populations?
We addressed these issues by analyzing variation at 74
microsatellite loci (including anonymous and expressed
sequence tag- and quantitative trait locus-linked markers)
in 15 anadromous wild brown trout (Salmo ftrutta L.)
populations, representing five geographical regions, along
with two lake populations and two hatchery strains used
for stocking some of the populations. Fsr-based outlier

tests revealed more outlier loci between different geogra-
phical regions separated by 522+228km (meanzs.d.)
than between populations within regions separated by
117 +79km (mean * s.d.). A significant association between
geographical distance and number of outliers between
regions was evident. There was no evidence for more
outliers in comparisons involving hatchery trout, but the
loci under putative selection generally were not the same
as those found to be outliers between wild populations.
Our study supports the notion of local adaption being
increasingly important at the scale of regions as compared
with individual populations, and suggests that loci involved in
adaptation to captive environments are not necessarily the
same as those involved in adaptive divergence among wild
populations.
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Introduction

When populations within a species experience different
environmental conditions, the local selection regimes
may eventually result in local adaptation, that is,
populations exhibit higher fitness in their native envir-
onments than non-native populations translocated into
the same environments (the ‘local versus foreign’
criterion as defined by Kawecki and Ebert, 2004).
The presence and extent of local adaptation is thus a
key issue both in general evolutionary biology and in
conservation biology. In the latter context, evidence
of local adaptation weighs heavily in the designation of
conservation units (Fraser and Bernatchez, 2001). More-
over, considerations about preserving local adaptations
within populations should be—but are unfortunately not
always—essential elements in decision making about
supplementing local populations by releasing non-local
individuals (Tallmon et al., 2004).
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Salmonid fishes are renowned for their tendency to
form local, genetically differentiated populations,
mediated in part by their well-developed homing
instinct (Taylor, 1991). This has led to the general notion
that salmonid populations are locally adapted. There is a
considerable body of mostly circumstantial evidence
suggesting local adaptation in many species of salmonid
fishes (Taylor, 1991; Garcia de Leaniz et al., 2007; Fraser
et al., 2011). However, relatively few studies would
qualify as full documentation for having demonstrated
local adaptation, for example, by demonstrating that the
traits studied have a genetic basis and that differences
among populations at the phenotypic or genic levels
reflect selection as opposed to drift (Endler, 1986).

Recently, the development of statistical and conceptual
frameworks such as the Qsr—Fsr approach (Merild and
Crnokrak, 2001) has enabled more rigorous testing of
selection and local adaptation at the phenotypic level
among salmonid populations (Koskinen et al., 2002;
Perry et al., 2005; Jensen et al., 2008). Moreover, the
revolutionizing developments in the genomic sciences
have led to the generation of vast amounts of molecular
resources available in silico, which can readily be used
for identification of suitable genetic markers (Bouck
and Vision, 2007). Combined with novel statistical
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approaches for detecting loci subject to (hitch-hiking)
selection (Storz, 2005), this allows for addressing ques-
tions about local adaptation at the DNA level in
salmonid fishes (Vasemégi et al., 2005, Aguilar and
Garza, 2006; Hansen et al., 2010; Tonteri et al., 2010).
Studies applying this type of genome scan approach have
now been undertaken in a variety of organisms and have
provided information about the proportion of the gen-
omes involved in adaptive divergence, the candidate loci
underlying adaptation and, by combining genome scans
and quantitative genetics approaches, the genetic archi-
tecture of the specific phenotypic traits that are subject to
selection (for example, Vasemagi et al., 2005; Rogers and
Bernatchez, 2007; Kane and Rieseberg, 2007; Poncet et al.,
2010). Compared with quantitative genetics approaches
that require rearing of populations in common garden set-
ups, analysis of footprints of selection is logistically
simpler and thereby provides a realistic alternative for
studies of local adaptation encompassing large geogra-
phical scales and many populations.

Although it is likely that many salmonid populations
are locally adapted, it is not necessarily the case that all
populations are locally adapted. In particular, information
is mostly lacking concerning the geographical scale at
which local adaptation takes place. From a theoretical
viewpoint and assuming a stepping-stone model of gene
flow, this question can be targeted by considering the
relative roles of gene flow, drift and selection along with
the geographical scale at which selection regimes are
similar (Adkison, 1995); for instance, neighboring rivers
can experience different selection regimes or several
neighboring rivers within a region can experience similar
selection regimes. Hansen et al. (2002) used estimated
values of effective population sizes and rates of gene flow
combined with hypothetical estimates of selection coefti-
cients to evaluate the potential for local adaptation in
anadromous brown trout (Salmo trutta) populations in
Denmark. They concluded that local adaptation was more
likely to occur on a regional basis encompassing several
neighboring rivers rather than on the basis of individual
population, unless selection was very strong (s>0.1).
Similar conclusions have been reached for Pacific
salmonids assuming realistic demographic parameters
(Adkison, 1995), although it should be noted that Viha
et al. (2008) used the same approach in a study of tributary
populations of Atlantic salmon (Salmo salar) and con-
cluded that local adaptation was likely to occur at smaller
geographical scales within a river system. Dionne et al.
(2008) analyzed Atlantic salmon populations using land-
scape genetics methods and observed a hierarchical
genetic structure that coincided with environmental
variables, thereby also providing indirect evidence for
local adaptation primarily occurring at the scale of regions
rather than at the level of individual populations. Finally,
a review of studies investigating local adaptation in
salmonids at different geographical scales by directly
estimating fitness showed that adaptation generally
becomes more prevalent as geographical distance in-
creases (Fraser ef al., 2011). There were nevertheless also
examples of local adaption at the scale of a few kilometers.
Hence, the geographical scale at which local adaptation
occurs in salmonid fishes remains unclear, and only few
empirical studies have directly targeted this question.

A related issue concerns the relative importance of
local adaptation among wild salmonid populations in
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comparison with adaptation to wild versus captive
environments. Many salmonid species are subject to
deliberate stocking or accidental escapes by farmed
strains that have often been reared in captivity for many
decades (Hindar et al., 1991; Hutchings and Fraser, 2008).
The hatchery environments differ substantially from
the conditions experienced by wild populations. For
instance, reproduction is conducted by stripping parent
fish, temperature regimes are regulated to improve
growth rates, the fish are fed and no predators are
present (Hindar et al., 1991). Furthermore, at least for
brown trout the whole life cycles takes place under
freshwater conditions although the strains may have
been founded from anadromous populations (Hansen
et al., 2010). This is likely to lead to inadvertent
domestication selection, and many commercial strains
are furthermore subject to deliberate selection programs.
Several studies have documented fitness loss of farmed
strains in natural environments as compared with wild
populations (Hansen, 2002; McGinnity et al., 2003; Araki
et al., 2007). In a recent study, Hansen et al. (2010)
analyzed potential selection at 60 microsatellite loci in
three wild brown trout populations and two hatchery
strains used for stocking them. There was limited
evidence for selection among the wild populations,
but there was evidence for three loci being under
diversifying selection between wild and hatchery strain
trout. This could suggest that adaptation to wild versus
captive environments is more pronounced than local
adaptation among wild populations. However, further
test of this hypothesis would require analysis of a
larger number of populations in order to provide a
better quantification and comparison of the numbers of
loci under putative diversifying selection among
wild populations and between captive and wild
populations.

In this study, we took advantage of novel genome scan
approaches for testing hypotheses about the scale of local
adaptation that would be logistically unfeasible to
pursue using quantitative genetics experiments. We
analyzed footprints of selection among wild and hatch-
ery populations of brown trout, based on 74 micro-
satellite loci. The samples encompassed 15 anadromous
populations, two lake populations (see Figure 1) and two
hatchery strains used for stocking Danish brown trout
populations. Using outlier tests for identifying possible
diversifying selection (Excoffier et al., 2009) and land-
scape genomics approaches for associating specific loci
with environmental conditions (Joost et al., 2007), we
tested the following hypotheses: (1) footprints of selec-
tion are more evident among regions separated by
522 £228km (meanz*s.d.) than between populations
within regions separated by 117+79km (mean *s.d.).
(2) Footprints of selection are more pronounced among
hatchery versus wild populations than among wild
populations.

Materials and methods

Sampled populations

We analyzed 19 brown trout populations from seven
geographical and/or environmental groupings, delim-
ited by the North Sea coast in the west to the Baltic Sea in
the east and the Hardanger Fjord in Norway to the north
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Figure 1 Map showing the location of sampled populations, sampling year and sample size. The different colors represents the different
sampled regions; @ Western Jutland (Wild); @ Western Jutland (significantly admixed with hatchery trout); ® Hadanger Fjord; @ Limfjord;
@ East Jutland; @ Bornholm; @ Lake. Har-GRA, Granvin River; Har-GUD, Guddal River; WestW-STO, Storaa River; WestH-SK], Skjern River;
WestH-VAR, Varde River; WestH-SNE, Sneum River; WestW-KON, Kongeaa River; WestW-RIB, Ribe River; Lim-KAR, Karup River;
Lim-SKA, Skals River; East-VIL, Villestrup River; East-LIL, Lilleaa River; East-KOL, Kolding River; Born-TE], Tejn River; Born-LAE, Laesaa
River; Lake-HAL, Lake Hald; Lake-MOS, Lake Mossoe; Hatch-VOR, Vork hatchery strain; Hatch-HK, Haarkaer Hatchery strain. A map of
Europe showing the region studied is depicted in the upper right corner.

(Figure 1). Specifically, this encompassed six populations ~ populations from rivers on the east coast of Jutland,
from rivers on the North Sea Coast, western Jutland, two  two populations from Bornholm Island in the Baltic Sea,
populations from the Limfjord region, Jutland, three  two populations from the Hardanger Fjord, two lake-
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dwelling populations from Jutland and, finally, two
hatchery strains that had been used for stocking the
trout populations in western Jutland. These two hatchery
strains have been founded by trout from eastern Jutland
before at least the 1960s, and subsequent exchange of fish
between the strains is known to have taken place
(Hansen et al., 2001). A previous study showed extensive
admixture (between 31 and 64%) by these hatchery
strains in three of the western Jutland populations
(Hansen et al., 2009), and they were therefore analyzed
as a separate group.

The groupings of populations were defined primarily
based on their geographical locations. Hence, there are
natural geographical boundaries separating all the
marine regions from each other. For instance, the popu-
lations in the Limfjord are separated from the North Sea
and the east coast of Jutland by narrow straits, although
obviously this does not preclude some gene flow among
anadromous populations. Moreover, significant isola-
tion-by-distance has been observed among brown trout
populations within regions (Hansen and Mensberg, 1998;
Hansen et al., 2009) demonstrating closer genetic rela-
tionships among populations within as opposed to
among regional groups. Two of the groups, lake-dwell-
ing and hatchery strain trout were defined based on
environmental conditions rather than geographical
proximity. In the case of hatchery trout, the grouping
is, however, further justified by close genetic relation-
ships and a common history of the strains (Hansen et al.,
2001), and the two lake populations belong to the same
river system (the Gudenaa River).

Samples consisted of adipose fin clips from electro-
fished trout caught between 1997 and 2009, with the
exception of the Laesaa River sample, which consisted of
scales collected using a smolt trap. Sample years and
sample sizes are given in Figure 1. Population and region
abbreviations are listed in Table 1.
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Molecular analyses

DNA was extracted from samples using the DNeasy kit
(QIAGEN, Hilden, Germany). We analyzed 74 micro-
satellite loci. These included 52 anonymous microsatel-
lite markers along with 22 markers that have shown to be
either expressed sequence tag (EST) or quantitative trait
locus (QTL) linked in other salmonid species. In all, 54 of
the markers have been mapped in brown trout repre-
senting 34 different linkage groups (Gharbi et al., 2006).
For a full list of loci, including linkage relationships and
possible functional relationships (QTLs or expressed
sequence tags) we refer to Supplementary Tables S1 and
S2, respectively.

QIAGEN’s Multiplex PCR Kit was used for PCR
amplification according to the manufacturer’s recom-
mendations, using an annealing temperature of 57 °C.
Four loci with different terminal dyes were amplified in
each multiplex. Several different combinations of loci
were used in the multiplex sets (further information is
available from the investigators on request). The loci
were analyzed on an ABI 3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s recommendations.

General statistical analyses

Exact test for deviations from Hardy-Weinberg equili-
brium and linkage disequilibrium were analyzed with
GENEPOP 4.0.7 (Raymond and Rousset, 1995). Observed
(Ho) and expected (Hg) heterozygosity and allelic
richness was quantified with FSTAT 2.9.1 (Goudet,
1995). Genetic differentiation between populations was
estimated with Osr (Weir and Cockerham, 1984) and 95%
confidence intervals were determined by bootstrapping
10000 times over loci using MSA 4.05 (Dieringer and
Schlotterer, 2003). A hierarchical analysis of molecular
variance was used for quantifying genetic differentiation

Table 1 Details of the brown trout populations analyzed: population names and their abbreviations (Abbr.), geographical regions and their
abbreviations, maximum salinity and water temperature of the marine environments that the rivers flow into

Population information

Environmental data

Population Abbr. Region Abbr. Max. salinity Max. water
(p.pt.) temperature (°C)

Skjern River WestH-SK] Western Jutland (H) WestH 33.00° 21.03%
Varde River WestH-VAR — 32.42% 20.60%
Sneum River WestH-SNE — 32.42% 20.607
Storaa River WestW-STO Western Jutland (W) WestW 33.00? 21.03%
Kongeaa River WestW-KON — 32427 20.60°
Ribe River WestW-RIB — 32.42° 20.60%
Granvin River Har-GRA Hardanger Fjord Har 34.49° 20.21°
Guddal River Har-GUD — 34.49° 20.21°
Tejn River Born-TE] Bornholm Baltic Sea Born 7.72° 22.80%
Laesaa River Born-LAE — 7.83% 21.70°
Karup River Lim-KAR Limfjord, Jutland Lim 27.33% 26.26"
Skals River Lim-SKA — 25.40° 23.54%
Villestrup River East-VIL Eastern Jutland East 29.26% 22.41%
Lilleaa River East-LIL — 29.26° 22417
Kolding River East-KOL — 26.98% 20.77%
Lake Hald Lake-HAL Jutland, lake Lake 0.00 —
Lake Mossoe Lake-MOS — 0.00 —
Vork Hatch-VOR Hatchery Hatch 0.00 .
Haarkaer Hatch-HK — 0.00 —

“http:/ /www.dmu.dk/Vand /Havmiljoe/Mads/CTD/.
Phttp:/ /data.nodc.no/stasjoner/ free_search.php.
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among populations within and between regions, as
implemented in the software Arlequin 3.5 (Excoffier
et al., 2005). All tests for significance of pair-wise 6Ogsr,
Hardy-Weinberg equilibrium and linkage disequili-
brium were adjusted for multiple tests by false discovery
rate (FDR) correction (Benjamini and Yekutieli, 2001).

The software BOTTLENECK 1.2.02 (Cornuet and
Luikart, 1996) was used to test for recent drastic
population declines. The analyses were based on 10000
iterations and assumed a two phase model with 90%
stepwise and 10% non-stepwise mutations.

Outlier tests for selection

In order to detect loci that were possibly under selection,
we applied a Fsr-based outlier test. This method is a
modified version of Beaumont and Nichols (1996)
method that is able to take hierarchical population
structure into account (Excoffier et al., 2009). It is
implemented in the software ARLEQUIN 3.5 (Excoffier
et al., 2005). Briefly, the method detects outliers exhibiting
significantly high or low Fgr values, controlled for
heterozygosity at the loci. Outliers are detected based
on differentiation among all populations (Fsr) and
differentiation among groups of populations (Fcr). The
method assumes a hierarchical Island Model and
simulates a large number of loci with different expected
heterozygosity, which are used for generating confi-
dence limits for the Fst and Fct values. In cases of no
hierarchical structure, the method becomes identical to
that of Beaumont and Nichols (1996). As our study
aimed at detecting adaptive divergence ultimately
reflecting local adaptation, we focused on outliers
suggested to be under diversifying selection. Although
the method also allows for detecting outliers showing
significantly low Fgr indicating balancing selection, this
fell outside the topic of this study. Moreover, interpreta-
tion of results suggesting balancing selection may be
complicated by mutation rate causing highly mutating
loci to become outliers in terms of significantly low Fsr
(Beaumont, 2008).

The analyses were conducted at three levels. (1) An
overall analysis encompassing all analyzed populations
(based on Fsr and Fcr). (2) An analysis at the regional
level conducting tests for pair-wise comparisons between
analyzed regions (Fcr). (3) Tests for outliers between
populations within regions (Fsr). We assumed a model of
25 groups each consisting of 50 populations and based
the tests on 50000 simulated loci for the full data set. For
the pair-wise comparisons, we assumed a model of five
groups and for the tests among populations within
groups we only assumed 50 populations. By conducting
pair-wise hierarchical tests we were able to assess if (1)
loci were predominantly outliers at a regional scale (Fcr)
or among populations within single regions (Fst) and (2)
if loci generally tended to be outliers between hatchery
strains and groups consisting of wild populations.

In order to further assess possible correlations between
geographical distance and local adaptation, we con-
ducted an ‘outlier-by-distance’ analysis at the scale of
regions (the regions Hatch and WestH were omitted).
The analysis was based on the number of outlier loci (in
terms of Fcr) and geographical distance between pairs of
regions, the latter calculated as the mean geographical
distance between populations from different regions.

Heredity

Pair-wise geographic distances were determined by
approximating the shortest waterway distance between
river mouths or lake outlets using Google Earth. We
plotted numbers of outlier loci against geographical
distance and further tested for association using a Mantel
test implemented in IBDWS (Jensen et al., 2005).

Landscape genomics

In order to associate loci under possible selection with
specific selection regimes, we tested for correlation
between environmental variation and genetic variation
at the specific loci. Factors such as temperature may vary
considerably among and within rivers at smaller
geographical scales and may represent potent selection
regimes (Jensen et al., 2008). However, information at this
geographical scale was not available for all sampled
localities. We therefore concentrated on parameters
associated with the marine environment encountered
by anadromous trout leaving their natal river. These
parameters are known to exhibit considerable variation
on large geographical scales, such as salinity decreasing
from the North Sea toward the Baltic Sea and tempera-
ture decreasing from south to north. The following two
environmental factors were thus included: (1) salinity
and (2) temperature. The specific data for salinity and
temperature and their sources are listed in Table 1. Since
information for the year 1997 was available for
all populations, data from this period were used. The
maximum records for both parameters at a depth of
1+ 0.5m (total range) were used as these are expected to
have the strongest selective impact.

We applied the spatial analysis method by Joost et al.
(2007). The method tests for association between all
possible pairs of environmental variables and allele
frequencies. Univariate logistic regressions are used to
determine the markers involved in the most significant
models of the possible pairs. The significance of the
regression coefficients are subsequently evaluated by
tests comparing a model including the environmental
variable and a model with a constant only. A Wald test
implemented in the software was used to determine the
significance of the models. We used the spatial analysis
method test for identifying loci and alleles associated
with salinity and temperature for all wild populations,
but excluded WestH-SKJ, WestH-VAR and WestH-SNE
because of strong admixture with stocked hatchery trout,
and Lake-HAL and Lake-MOS because of missing
environmental data for these populations.

Results

Genetic variation

Summary statistics for the microsatellite loci are listed in
Supplementary Table S3. Number of alleles ranged from
2 at Ssal4DU to 70 at Str11INRA. Significant deviations
from Hardy-Weinberg equilibrium were observed in
198 of a total of 1406 tests after FDR correction. Five
loci (SSOSL32, Ssal6INVH, Ssa4DIAS, UBA and
Ssal56NVH) accounted for 66 of these deviations,
showing heterozygote deficits suggestive of null alleles.
Tests for linkage disequilibrium revealed significant
associations between UBA and TAP2B in six of the
analyzed populations after FDR correction. These two
loci are known to be physically linked (Grimbholt et al.,



2002). Ssa408UoS and Ssal6INVH showed significant
association in four populations and these two loci both
map to linkage group 13 (Gharbi et al., 2006). No clear
patterns were revealed for the remaining linkage
groups, indicating that the markers were either unlinked
or weakly physically linked. In this study, we therefore
refer to loci rather than linkage groups as being under
possible selection, but we stress that hitch-hiking selec-
tion rather than selection at the specific loci is likely
to occur.

Pair-wise Ogr values ranged from 0.003 between
WestW-KON and WestW-RIB to 0.132 between Har-
GRA and Hatch-HK (Table 2). A hierarchical analysis of
molecular variance showed significant genetic differen-
tiation both among samples within groups (Fsc=0.027,
P<0.001) and at the between-group level (For=0.023,
P <0.001). Genetic differentiation, Fsy among all samples
and based on all markers was 0.049 (P <0.001). The tests
for recent bottlenecks yielded no significant outcomes in
any of the populations.

Outlier tests for selection

The hierarchical outlier test by Excoffier et al. (2009)
suggested two loci to be under diversifying selection
across all populations (Fsy; SSOSL438 and Ssal9NVH)
(Figure 2a), whereas five outliers were detected between
regions (Fc; Ssal4DU, Str73, Ssa85, Ssa55NVH and
Ssa207NVH) (Figure 2b). However, this global analysis
encompassing populations from a range of potentially
different selection regimes may mask footprints of
selection between specific contrasting selection regimes.
We therefore conducted pair-wise tests at the regional
level (that is, detected outliers at the between-region
level, Fct) and within regions between populations (Fgr).
By contrasting the results for outlier tests between
regions (Fcr) with outlier tests involving populations
within each region (Fsr) it was possible to assess if
selection was more pronounced between regions or
among populations within regions.

Pair-wise tests between regions revealed a high
number of outliers potentially under selection (Table 3).
The highest numbers of outliers were found in compar-
isons involving either Har, Born, Lake or Hatch regions.
These regions are those deviating the most in terms of
environmental conditions, that is, salinity, temperature
and captive environments, but in the case of Har and
Born these regions are also the geographically most
remote. The aspect of geographical distance was further
investigated by the ‘outlier-by-distance’ analysis, which
showed a significant positive correlation between
geographical distance and the number of outlier loci
between regions (*=0.43, P=0.035; Figure 3a). How-
ever, as this likely included several false positives we
repeated the analysis by including only loci that were
found to be significant outliers after correcting for the
FDR. This yielded a lower, but still significant correlation
between numbers of outliers versus geographical dis-
tance (+*=0.27, P =0.020; Figure 3b).

There was no clear tendency toward more loci being
outliers in hatchery-wild than wild-wild comparisons.
Focusing on regions around the Jutland Peninsula, three
outliers were observed in WestW versus Hatch and East
versus Hatch, but seven outliers between Lim versus
Hatch and Lake versus Hatch (Table 3).
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Figure 2 Results of the hierarchical outlier test involving all loci and
all samples. (a) Within regions: Fsr values are plotted against
heterozygosity. (b) Between regions: Fcr values are plotted against
heterozygosity. Long dashed lines denote 0.01 and 0.99 quantiles,
short dashed lines denote 0.05 and 0.95 quantiles. Loci with open
circles are candidates for being under diversifying selection.

Some loci were outliers in several different compar-
isons; Onep2, Ssab55NVH, Ssal56NVH, Str73, OmyRGT
14TUF and Str58CNRS were outliers in eight or seven
pair-wise comparisons (Tables 3 and 4). OmyRGT14TUF,
Ssa207NVH, Ssa94NVH, Ssal4DU and SSOSL417 were
outliers in several comparisons involving the popula-
tions from the Har region (Table 3). Onen2, Ssa55NVH
and MST-543 were outliers in comparisons involving the
Born region. Str73 was an outlier in comparisons
involving the lake region, and Ssal56NVH was an
outlier in comparisons involving both Born and lake
regions. Finally, CA060208, Ssal03NVH, Str58CNRS and
Ssall9NVH were outliers in several comparisons invol-
ving hatch (Table 3).

In contrast to the outlier tests between regions, the
tests involving populations within regions yielded
considerably fewer outliers (Table 3). Few of the loci
found consistently to be outliers between regions were
also outliers among populations within regions. A y>-test
further showed significant differences in proportion of
outliers between as opposed to within regions (> ="7.508,
df=1, P=0.006).

Heredity

Landscape genomics

The spatial analysis method (Joost et al., 2007) revealed
several outliers after Bonferroni correction. As there is
limited information in alleles that are rare or close to
fixation, we removed alleles with frequencies above
95 and below 5% in the total data set according to Joost
et al. (2007). Out of 379 alleles, 46 were found to be
significantly correlated with maximum salinity and
25 with maximum temperature (at the 1% level). At a
0.1% level, 30 alleles were found to be significantly
correlated with salinity and 14 alleles with temperature.
The results for the spatial analysis method analysis
are listed in Table 4 for those loci, which were also
found to be outliers between regions using hierarchical
outlier tests.

Discussion

Our study provided evidence that diversifying selection
is more pronounced between regions compared with
populations within regions and that geographical scale
has an important role in the prevalence of diversifying
selection and thereby local adaptation in brown trout
populations. There was no clear tendency toward
footprints of selection being more pronounced between
hatchery trout and wild trout than between wild trout
from different populations. However, the analyses
pointed toward specific loci being subject to diversifying
selection in captive environments that were not to
the same extent outliers between wild populations. We
discuss these points below along with a general evalua-
tion of the evidence for selection.

Evidence for selection

Several outlier loci possibly under diversifying selection
were detected. This is clearly not to say that all of these
loci are under diversifying selection; indeed, there are
likely to be several false positives among them. Severe
bottlenecks represent one source of error that may cause
loci to be erroneously identified as being under selection
(Teshima et al., 2006). However, none of the tests
for recent bottlenecks generated significant outcomes,
despite strong statistical power given the high number of
loci. Multiple testing is another important factor result-
ing in false positives. We applied a FDR correction when
appropriate, but for the many Fgr-based tests by
Beaumont and Nichols (1996) and Excoffier et al. (2009)
this procedure would be very conservative (see Table 3).
Thus, emphasis was also put on the number of times
a locus was found to be an outlier in different
comparisons.

Most importantly, however, we stress that a major
purpose of this study was to compare the number of
outliers between populations within regions versus
number of outliers occurring between regions. We note
that violations of the model implemented in the
hierarchical outlier method (that is, using the wrong
genetic structure) can result in a higher number of false
positives. However, our comparison of regional versus
local levels are relative and should not be strongly
affected by the presence of false positives, unless there is
a bias in their occurrence at different geographical levels,
or alternatively different statistical power for tests at
different levels. We detected outliers among populations
within regions using Beaumont and Nichols (1996) test,
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Figure 3 Numbers of outlier loci between pairs of regions plotted
against geographical distance. Outlier loci were identified by a
hierarchical outlier test (Excoffier et al., 2009) based on Fct between
regions. The regions Hatch and WestH were omitted. (a) All outliers
detected between regions. (b) Significant outliers after FDR
correction.

based on Fgr, and outliers between regions using the
related hierarchical test by Excoffier ef al. (2009), based on
Fcr. We cannot rule out that statistical power of tests
differs for these two estimators. Nevertheless, we find
that our conclusion that footprints of selection are more
evident at regional scales rather than local scales appear
robust. First, it is evident from Tables 3 and 4 that several
loci were outliers in several (up to eight) different tests
among regions, strengthening their candidacy for being
under diversifying selection. In contrast, no single locus
was an outlier in more than two tests within regions.
Second, the significant association between numbers of
outliers and geographical distance between regions
provide further evidence for the importance of geogra-
phical scale in local adaptation. Finally, a y>-test revealed
that the proportion of outliers between regions was
significantly different from the proportion of outliers
within regions.

The spatial scale of local adaptation
The majority of studies so far of local adaptation in
salmonid fishes have aimed generally at detecting

Heredity

Table 4 Summary of loci showing outlier status in both the
hierarchical tests (Excoffier ef al., 2009) and SAM analysis (Joost
et al., 2007)

Locus Number of SAM
significant
outcomes Alleles Alleles
between associated associated
groups (Fer) with salinity with
temperature
Onep2 8 216%, 218%, 264** 204**
Ssa55NVH 8 151** —
Ssal56NVH 8 153*, 173** 189*
OmyRGT14TUF 7 137**, 151%, 161**
161**
Str58CNRS 7 178** —
Ssa207NVH 6 127** 127**, 159**
OMM1138 5 146** 148**
MST-543 5 175** —
Ssal03NVH 5 — 118**
Ssa94NVH 5 — 160*
Ssal76NVH 5 177** 171*, 175**
Ssa62NVH 4 — 136**
SSOSL417 4 188* 180*
Ssal9NVH 3 111* —
Str11INRA 3 195** —
CA060177 3 261%, 281** —
Ssa64NVH 3 118**, 126** 140**
Ssa68NVH 3 127+ 121+
SSOSL438 2 104*, 106** —
Ssa85 2 114**, 116** —
Ssal0OONVH 2 104** —
UBA 1 285** —
CA048302 1 191%*, 193** —
Ssa63NVH 1 — 179**, 197*,

205*

Abbreviation: SAM, spatial analysis method.

*Significant at the 1% level after Bonferroni correction, **significant
at the 0.1% level after Bonferroni correction.

Alleles that are outliers using the landscape genomics SAM test are
listed along with associated environmental parameter. The numbers
indicate the allele size for the given locus. The loci are ranked from
highest to lowest, based on the number of significant outcomes in
the hierarchical tests.

adaptation per se (reviewed in Taylor, 1991; Garcia de
Leaniz et al., 2007 and Fraser ef al., 2011). This is not
surprising, given the formidable workload and logistic
problems associated with studies measuring fitness or
fitness-related traits; studies systematically analyzing
populations across geographical regions would in most
cases be unfeasible, except for reviews and analyses of
published studies (Fraser et al., 2011). However, our
study shows that population genomics approaches can
be used for resolving this issue. In their seminal study of
footprints of selection in Atlantic salmon populations,
Vasemagi et al. (2005) employed a hierarchical sampling
design in order to identify loci under selection at local
and regional scales, but did not provide a further
biological interpretation of the results. In this study, we
systematically compared evidence for selection at differ-
ent geographical scales and observed more outlier loci
between regions separated by 522 + 228 km (mean +s.d.)
than among populations within regions separated by
117£79km (meanz*s.d.). Also a significant positive
association between geographical distance and numbers
of outliers between regions was observed and the
proportions of outliers between regions compared with
within regions were significantly different. Hence, these



findings suggest an important link between geographical
distance and diversifying selection, and thereby impli-
citly local adaptation.

Whether or not geographical distance per se is
important or confounded by environmental variation
across large distance is debatable. The studied localities
covered a wide range of habitats and environmental
conditions. For instance, considering the marine envir-
onments that anadromous trout would encounter, these
ranged from brackish in the Baltic Sea around Bornholm
Island to oceanic salinities in the North Sea, which
western Jutland rivers flow into. A study of single-
nucleotide polymorphism variation in Atlantic cod
(Gadus morhua) across these regions revealed several
outlier loci correlated with salinity and temperature
(Nielsen et al., 2009). The landscape genomics analyses of
this study revealed a similar pattern. For several of the
outlier loci detected by the Fsr-based outlier test, one or
more alleles were significantly associated with tempera-
ture, salinity or both, suggesting a link between outlier
status of these loci and environmental variation across
localities.

In total, and in accordance with the review by Fraser
et al. (2011), we argue that the prevalence of local
adaptation increases with geographical distance. How-
ever, we also note that this is likely to reflect increasingly
different selection regimes, and within smaller regions
with highly heterogenous selection regimes the conclu-
sion might be different. Finally, it should be considered
that different loci may respond to different selection
regimes. For instance, pathogens and parasites may
show patchy distribution at microgeographical scales
(Bakke and Harris, 1998). Correspondingly, selection at
microgeographical scales has been observed at immune-
related loci in salmonid fishes (Landry and Bernatchez,
2001; Miller et al., 2001; Aguilar and Garza, 2006). At the
other end of the scale, CLOCK genes are involved in
photoperiodicity and determination of seasonal timing.
They would therefore be expected to respond to selection
regimes on much larger geographical scales, which has
also been observed in Chinook salmon (Oncorhynchus
tshawytscha) populations along thousands of kilometers
of the North American Pacific coast (O’'Mally and Banks,
2008). Although certain general patterns of relationships
between local adaptation and geographical distance
may be expected, it is therefore nevertheless also evident
that variation exists among loci depending on their
functional role.

Diversifying selection in hatchery versus wild trout

We did not find general support for the hypothesis that
diversifying selection should be more prevalent in
hatchery versus wild trout as compared with diversify-
ing selection among wild trout populations. However,
there was considerable consistency in the loci being
outliers in hatchery-wild comparisons, primarily
Str58CNRS, CA060208, Ssall9NVH and Ssal03NVH
(Table 3). Except for Str58CNRS, these loci were only in
a couple of cases outliers between wild populations and
regions. This suggests that diversifying selection be-
tween wild and hatchery strain trout involves different
loci than those under selection among wild populations.
Although this latter point is based on analysis
of relatively few loci, it does receive support from an
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analysis of transcriptome differences between farmed
and wild Atlantic salmon (Roberge et al., 2006). Here,
farmed and wild salmon showed considerable diver-
gence, but different farmed strains of European and
North American origin showed convergence at the
transcriptome level, indicating parallel evolution during
the domestication process.

Hansen et al. (2010) analyzed a subset of the same loci
in the two hatchery strains and historical (1943-1956)
and contemporary samples from three of the western
Jutland populations also analyzed in this study (WestH-
SKJ, WestW-KON and WestW-STO). This spatiotem-
poral analysis suggested three loci as candidates for
being under diversifying selection in hatchery versus
wild trout; CA060208, Ssal9NVH and Ssa63NVH. On the
larger geographical scale of this study, CA060208 still
emerged as a candidate locus. Ssal9NVH was also
suggested to be under diversifying selection but not in
hatchery-wild trout comparisons, whereas Ssa63NVH
was only an outlier in a single case (Table 3).

Possible functional relationship of detected outliers
Several of the outliers detected in this study have been
suggested to be linked to functional genes. This
particularly concerned SSOSL32, Ssa85 and Ssal4DU
(see Supplementary Table S2 for details). We noted with
particular interest that the four loci consistently showing
outlier status in comparisons between wild and hatchery
populations had previously been suggested to be linked
to functional genes in other salmonids. Ssal03NVH is
linked to a spawning time QTL in rainbow trout
(Oncorhynchus mykiss) (O'Malley et al., 2003), Str58CNRS
is linked to a QTL for body weight in Atlantic salmon
(Reid et al., 2005), Ssall9NVH is linked to a QTL for
upper temperature tolerance in rainbow trout (Jackson
et al., 1998) and Arctic charr (Salvelinus alpinus) (Somorjai
et al., 2003), and CA060208 is found in an expressed
sequence tag of a gene with unknown function, but
suggested to be a candidate locus for freshwater versus
saltwater adaptation in Atlantic salmon (Vasemaégi ef al.,
2005). It would make sense if inadvertent selection for
spawning time, body weight, temperature tolerance and
adaptation to a constant freshwater environment had
occurred in hatchery strain trout. The landscape geno-
mics analysis (Joost et al., 2007) also suggested associa-
tions between an allele at Ssal03NVH and temperature
in the marine environment. Similarly, for Str58CNRS one
allele was associated with salinity (Table 4). These results
suggest that the two loci found to be QTLs in other
salmonids may also be linked to ecologically important
functional variation in brown trout.

Conclusions

This study provides one of the first empirical assess-
ments of the spatial scale of local adaptation at the
molecular genetic level in salmonid fishes. Along with
other studies, the results illustrate that the dynamics of
local adaptation cannot be understood solely at the level
of individual populations, but integrate geographical
distance, spatially varying environmental conditions and
demographic parameters such as gene flow (Adkison,
1995; Hansen et al., 2002; Dionne et al., 2008; Fraser et al.,
2011). Our findings also suggest that diversifying
selection between hatchery and wild salmonids may

497

Heredity



Footprints of selection in brown trout
K Meier et al

498

involve different loci than those under selection between
wild populations. This study was based on microsatellite
analysis. However, with the ever increasing development
of next generation sequencing and single-nucleotide
polymorphism genotyping, we foresee a drastic increase
in our knowledge about local adaption both in terms of
its geographical extent and the underlying loci and
pathways (for example, Nielsen et al., 2009; Hohenlohe
et al. 2010; Renaut et al., 2010).
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