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ABSTRACT: Recent technical advances have stimulated studies on spatial scales of adaptive genetic
variation in marine fishes. However, very few studies have combined spatial and temporal sampling
to investigate adaptive genetic structuring at local and microgeographical scales, i.e. scales at which
neutral genetic markers have typically revealed very limited levels of population structure. In the
present study we analyzed 92 gene-associated single-nucleotide polymorphism (SNP) markers in
Atlantic cod Gadus morhua from several sampling sites within the North Sea and adjacent areas. To
test for temporal stability, we included long- and short-term (i.e. from 24 to 38 and from 8 to 11 yr,
respectively) temporally replicated samples from a subset of populations. As expected, we found very
low levels of neutral genetic population structure (Fst = 0.003). Three specific loci, however, showed
highly elevated levels of genetic differentiation. Interestingly, these loci were identical to loci previ-
ously found to display signals of adaptive evolution on larger spatial scales. Analysis of historical
samples revealed long-term temporally stable patterns of both neutral and adaptive divergence be-
tween some populations, indicating long-term temporal adaptive stability driven by strong local se-
lection. In an environmentally dynamic area, on the other hand, patterns of genetic structuring were
more variable. Overall, our results not only suggest separation of populations under both evolution-
ary and ecological paradigms, but also illustrate the usefulness of the spatio-temporal approach for
making inferences about the dynamics and geographical distribution of adaptive genetic variation in
natural populations.
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INTRODUCTION

Divergent selection resulting from genetic and envi-
ronmental interactions can potentially result in locally
adapted populations, depending on the relative impor-
tance of other evolutionary forces (Slatkin 1973, 1987,
Kawecki & Ebert 2004). For instance, to override the
homogenizing effects of gene flow in high gene flow
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species, local selection would be expected to be strong
(Hendry et al. 2001, Lenormand 2002). In most non-
model organisms, inferences of local selection based on
population genetic data have been based on the appli-
cation of genetic markers linked to the polymorphisms
under selection. Thus, observed patterns reflect genetic
hitchhiking of neutral sites with the true targets of se-
lection (Lewontin & Krakauer 1973, Smith & Haigh
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1974, Barton 2000). One classical way of identifying
sites that are directly or indirectly subject to selection is
to search for loci displaying relatively high levels of
population divergence. The identification of such out-
lier loci is central to approaches based on genome scans
(Luikart et al. 2003, Storz 2005), approaches that have
recently been facilitated in non-model species by the
advent of high through-put technologies for polymor-
phism discovery and genotyping (Garvin et al. 2010,
Thomson et al. 2010). Marine fishes are no exception to
this. Here, an increasing number of studies has recently
demonstrated signatures of adaptive variation in local
demes of several species (Schulte 2001, Hemmer-
Hansen et al. 2007, Larsen et al. 2007, Moen et al. 2008,
Nielsen et al. 2009a, Bradbury et al. 2010). These stud-
ies have challenged the general perception of marine
organisms as genetically homogeneous entities. Thus,
even though marine fishes are typically characterized
by high levels of gene flow and low levels of differenti-
ation at neutral loci (Ward et al. 1994, Waples 1998),
strong signatures of local adaptation indicate that it is
indeed possible for the effects of selection to override
the homogenizing effects of gene flow. Accordingly,
low levels of genetic drift due to large effective popula-
tion sizes (e.g. Poulsen et al. 2006, Therkildsen et al.
2010) and diverse environmental conditions throughout
the distributional areas of many species seem to pro-
mote adaptive population divergence at spatial scales
not previously recognized. Such apparent adaptive di-
versity could have profound consequences for popula-
tion persistence. Currently, many marine fish popula-
tions are in a depleted state, and, in view of the
potential negative effects of global warming and fish-
eries-induced evolution (Jergensen et al. 2007), more
studies are focusing on the need to assess adaptive di-
vergence at temporal and spatial scales to predict indi-
vidual population trajectories (Nielsen et al. 2009b).

With regard to Atlantic cod Gadus morhua, intensive
efforts have been made to apply neutral DNA markers
to examine population structure at various spatial
scales ranging from differentiation among major spaw-
ning areas (Bentzen et al. 1996, Nielsen et al. 2001,
O'Leary et al. 2007) to investigating fine-scaled popu-
lation structure over short geographical distances (e.g.
Ruzzante et al. 1996, Hutchinson et al. 2001, Nielsen et
al. 2003). Several studies have found differences in
important life-history traits between cod populations,
even at local geographical scales (Brander 2005, Mar-
cil et al. 2006, Hutchings et al. 2007, Olsen et al. 2008,
Grabowski et al. 2009, Harrald et al. 2010).

Evidence for adaptive population divergence in
Atlantic cod has also accumulated from recent studies
applying genetic markers to natural populations. For
instance, Moen et al. (2008), in comparisons of north-
east Arctic and Norwegian coastal cod, identified sev-

eral gene-associated single-nucleotide polymorphisms
(SNPs) as candidate loci under selection. Nielsen et al.
(2009a) found strong signals of directional selection in
Atlantic cod associated with populations at both global
and local geographical scales. In addition, they found
genetic variation in candidate genes for stress res-
ponse, reproduction and light perception to be asso-
ciated with local variation in salinity and tempera-
ture conditions. Likewise, Bradbury et al. (2010) found
evidence of parallel temperature-associated adaptive
clines in the eastern and western North Atlantic for
2.4 % of the gene-associated polymorphisms examined.
Such results suggest strongly that local adaptations are
indeed prevalent in Atlantic cod. However, although
evidence for adaptive divergence in Atlantic cod is
growing, relatively few studies have investigated
patterns of adaptive variation at microgeographical
scales. In one recent study, Nielsen et al. (2009c¢) found
that local patterns of genetic structuring were highly in-
fluenced by a few allegedly neutral microsatellite loci,
suggesting hitchhiking selection at linked gene loci.
These results were taken to indicate either fluctuating
selection at different life stages or truly adaptive differ-
entiation among recently diverged populations not yet
in migration-drift equilibrium. Thus, since microgeo-
graphical population structure is at the limit of detec-
tion with neutral genetic markers, loci subject to selec-
tion could prove highly valuable for separating demo-
graphically independent populations (Waples & Gag-
giotti 2006). Genetic variation in life-history traits in ar-
eas where neutral markers fail to identify population
structuring also suggests that the spatial scale of adap-
tive evolution is smaller than previously thought, coin-
ciding with the expectation that adaptive divergence
occurs on shorter time scales than neutral divergence
(Conover et al. 2006, Hutchings et al. 2007). However,
to our knowledge, no one has so far performed a tempo-
rally replicated geographical investigation of a high
number of gene-associated DNA markers to study the
spatio-temporal dynamics of local adaptation at micro-
geographical scales in cod or in other marine fishes.

In the present study, we investigated population
structure at local and microgeographical scales in the
North Sea, where population structure, as assessed
through neutral genetic markers, is low or absent
(Hutchinson et al. 2001, Nielsen et al. 2009c). We did so
through spatio-temporal sampling and analysis of
gene-associated genetic markers. This strategy per-
mitted us to make inferences about the evolutionary
dynamics of adaptive population divergence and pro-
vided unique information about the relative impor-
tance of various evolutionary forces at very fine geo-
graphical scales. Moreover, long-term and short-term
temporal sampling provided insights into the stability
of previously observed regional genetic breaks.
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Fig. 1. Gadus morhua sampling locations in the North Sea

and adjacent sea areas. BLE: Butt of Lewis; CNS: central

North Sea; ECH: English Channel; ENS: eastern North Sea;

FBA: Faroe Bank; FPL: Faroe Plateau; KAT: Kattegat; NEN:

northeastern North Sea; NNS: northern North Sea; SNS:
southern North Sea

MATERIALS AND METHODS

Sampling locations and molecular analysis. We
analyzed relatively homogeneously distributed sam-
ples of cod covering most of the North Sea and the
adjacent sea areas of Kattegat and around the Faroe
Islands (Fig. 1, Table 1). Sampling included 2 short-
term (from 8 to 11 yr) and 3 long-
term (from 24 to 38 yr) replicates.
Although time scales are different,
we refer to all these temporal repli-

sequence tag (EST)-derived SNPs developed by Moen
et al. (2008) and 11 SNPs primarily identified by
screening genomic DNA for variation in candidate
genes for thermal stress tolerance, growth and repro-
duction (Nielsen et al. 2009a). Norwegian coastal cod
was used as the genetic resource for EST sequencing
(Moen et al. 2008), while candidate genes were se-
quenced in eastern Atlantic and Baltic Sea cod. Most
SNPs were located in coding regions (see also Nielsen
et al. 2009a). Neutral population structure was exam-
ined by excluding all loci previously shown to display
signatures of adaptive population differentiation (10
loci; see Nielsen et al. 2009a).

Statistical analysis. Gene diversity and tests for devi-
ations from Hardy-Weinberg equilibrium for each
locus in each sample were conducted using the exact
test implemented in the software FSTAT (Goudet
1995). Significance of spatio-temporal population dif-
ferentiation was assessed by permutation tests, and
pairwise Fsts were estimated using the unbiased esti-
mator 6 (Weir & Cockerham 1984) in FSTAT. ViSta
5.6.3 (Young 1996) was used for multidimensional scal-
ing (MDS) of pairwise Fgsr estimates. Variance compo-
nents among spatial and temporal samples were esti-
mated wusing an analysis of molecular variance
(AMOVA) implemented in the program Arlequin ver.
3.1 (Excoffier et al. 2005), with significance levels
based on 10 000 permutations.

To scan for outlier loci under selection we used the
Bayesian likelihood method implemented via rever-
sible-jump Markov Chain Monte Carlo in BayeScan
2.01 (Foll & Gaggiotti 2008). The method allows for

Table 1. Gadus morhua. Details of sampling program. Peak spawning month

according to Brander (2005)

cates as historical samples. DNA was
extracted from contemporary sam- Locality Position Sampling  No. of Peak
ples of gill tissue, fin clips or blood, g’sar mdl. q spawntllrllg
whereas DNA from historical sam- (abbrev.) - sample mon
ples was extracted from archived Kattegat® 57.15°N, 11.35°E 1996 (KAT96) 40 Apr
otolith  collections supplied by Kattegat 57.15°N, 11.35°E 2007 (KAT07) 40 Apr
Marine Scotland Science (BLEG5, Eastern North Sea 57.10° N, 08.20°E 1999 (ENS99) 40 Apr
- . Eastern North Sea 56.45° N, 07.30°E 2007 (ENS07) 40 Apr
NNS65) and the Faroese Fisheries Southern North Sea®  54.29°N, 00.02°E 2006 (SNS) 40 Apr
Laboratory (FBA78). DNA from English Channel® 50.47°N,0.29°E 2006 (ECH) 40 Feb
otoliths was extracted using the Pro- Central North Sea® 55.17° N, 03.39°E 1996 (CNS) 40 Apr
teinase K/chelex method (Estoup et Northeastern North Sea 57.45° N, 05.30°E 2007 (NEN) 40 Apr
al. 1996), while DNA from tissues Northern North Sea Unknown 1965 (NNS65) 33 Apr
t ' ted . the E.Z.N.A Northern North Sea? 58.00° N, 03.00°W 2003 (NNS03) 40 Apr
was exiracted using the L.£.IN.A. Butt of Lewis Unknown 1965 (BLE65) 40 Apr
Tissue DNA kit (Omega Bio-Tek). In Butt of Lewis 59.58° N, 05.15°' W 2003 (BLE03) 40 Apr
total, 585 individuals were geno- Faroe Plateau® 62.53° N, 06.18° W 2002 (FPL) 40 Mar
typed for 92 SNPs using a MassAR- Faroe Bank? Unknown 1978 (FBA78) 32 Mar
a o o
RAY system from SEQUENOM, as Faroe Bank 60.56° N, 08.52° W 2002 (FBA02) 40 Mar
outlined in Moen et al. (2008). The aSamples also included in study by Nielsen et al. (2009a)
92 SNPs included 81 expressed
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population-specific Fsr estimates (Beaumont & Balding
2004, Foll & Gaggiotti 2008) and should therefore be
appropriate for Atlantic cod, which is expected to dis-
play non-symmetrical patterns of gene flow among nat-
ural populations. BayeScan 2.01 estimates the posterior
odds (PO), which is the ratio of the posterior probabili-
ties of 2 models (selection vs. neutral). PO between 32
and 100 (logjy PO = 1.5 - 2) yields 'very strong evi-
dence’ of different statistical support for the 2 models
and corresponds to a posterior probability between 0.97
and 0.99, while PO >100 is interpreted as 'decisive’,
corresponding to posterior probabilities between 0.99
and 1. A posterior probability of infinity was assigned a
log1o PO of 5. In order to control the false discovery rate
(FDR), a PO threshold was calculated for a correspond-
ing FDR of 5%, with an R function distributed with the
program (available from http://cmpg.unibe.ch/software/
bayescan/index.html). We used prior odds of 10:1 for
the neutral model, 50 pilot runs with 5000 samplings
and an additional burn-in of 50 000. Parameters were
obtained through 5000 samplings, with a thinning in-
terval of 50. Convergence was assessed using Geweke
convergence diagnostics (see Smith 2007 and refer-
ences therein), assessed between the first 10 and last
50% of the chain with the package boa for R (Smith
2007; R Development Core Team 2010). In order to as-
sess consistency of results, we compared results of 2 in-
dependent runs for each data set. A run was discarded
if the likelihood did not converge. Since the outlier de-
tection method does not work well with loci containing
limited information (Beaumont & Balding 2004, see also
documentation for BayeScan available from http://
cmpg.unibe.ch/software/bayescan/index.html), we dis-
carded all loci with a minor allele frequency below 2 %
in each run.

Least-squares linear regression was used to assess
the relationship between single loci and latitude and
longitude. Latitude and longitude were used as geo-
graphical proxies to reflect geographical patterns in
the data set. Regression analyses were carried out in R
(R Development Core Team 2010).

RESULTS
Data quality and levels of genetic variation

Three loci (Gm0545_0279, Gm402_0530 and Gm_snp1)
showed significant deviations from Hardy-Weinberg
equilibrium after sequential Bonferroni correction for
multiple testing (Rice 1989). Disequilibria were ob-
served in different populations, and only one deviation
was observed in a historical sample (results not
shown). Overall, the level of genetic variation was sim-
ilar among the 3 long-term historical samples and their

contemporary replicates (expected heterozygosity [H,]
historical = 0.226; H, contemporary = 0.225).

Neutral population structure and temporal stability

The estimated levels of genetic differentiation for
individual loci ranged from -0.0035 to 0.0175 for 82
putative neutral markers. Only 2 of the overall pair-
wise Fst estimates were significantly different from
zero after Bonferroni corrections. These were between
the Kattegat sample from 1996 (KAT96) and both of the
contemporary Faroe samples (FBAO2 and FPLO02).
Overall, 25 of the 105 pairwise tests showed p-values
below 0.05, but most of these (22 of 25) were associated
with Faroe Bank or Plateau samples and/or Kattegat
samples. Low and non-significant levels of genetic dif-
ferentiation were observed within the North Sea area
(see Table Al (without outliers) in the Appendix).

Pairwise tests for temporal genetic differentiation,
including both long-term and short-term samples,
demonstrated low and non-significant genetic differ-
entiation (Fst) ranging from 0.0008 among northern
North Sea samples to 0.0063 among Kattegat samples
(Table Al). The MDS plot further illustrates the intra-
population stability and overall homogeneity among
North Sea samples (Fig. 2). AMOVA revealed no sig-
nificant temporal variance components, while spatial
variance (within groups) was significant (p = 0.01158)
for the long-term comparison, and close to significant
(p = 0.05812) for the short-term comparison (Table 2).

Outlier detection

From 3 to 8 % of parameters showed a lack of conver-
gence (5% significance level) in individual runs in
BayeScan. However, results were highly consistent
with respect to the identification of outliers between 2
independent runs for the same data sets (results not
shown).

When including all contemporary samples in Baye-
Scan, we detected 3 loci potentially influenced by
directional selection, while none showed evidence of
balancing selection. All 3 loci (Hsp90, Gm0738_0160
and Gm1386_0216) had high statistical support as out-
liers (Fig. 3a). When using only North Sea contempo-
rary samples (excluding Faroe Bank, Faroe Plateau
and Kattegat samples), Gm0738_0160 remained a sig-
nificant outlier (Fig. 3b). Historical and contemporary
BayeScan runs, including NNS, BLE and FBA, identi-
fied Gm1386_0216 as a highly significant Fgt outlier in
both historical and contemporary data sets (Fig. 3c,d).
The spatial comparison between eastern North Sea
and Kattegat samples at 2 time points (KAT96, ENS99;
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Fig. 2. Multidimensional scaling (MDS) plots, including (a)
all loci and (b) meutral’ loci genetic differentiation (Fsy) esti-
mates (Weir & Cockerham 1984) among spatial and temporal
Gadus morhua samples including all populations. Neutral
loci (N = 82): loci not previously shown to be influenced by
selection. See Fig. 1 for sampling locations; number follow-
ing sample name: last 2 digits of year sample was collected

KATO07, ENS07) showed no significant
outliers when assessed with traditional
cut-off points for PO (see 'Materials
and methods' and Fig. 3e,[f). Both
Hsp90 and Gm1386_0216, however,
showed increased levels of differentia-
tion. The patterns of structuring for the

A marked change was evident for Hsp90 allele fre-
quencies in Kattegat samples, whereas in Gm1386_
0216 an allele frequency change was observed for both
Faroe Bank and Kattegat samples (Table 3). Compared
to samples from surrounding areas, GmO0738_0160
showed the highest allele frequency change in sam-
ples from both the northeastern North Sea (NEN) and
the central North Sea (CNS).

Allele frequency clines

Apart from a significant linear relationship between
Hsp90 allele frequencies and longitude (R? = 0.49, p =
0.023), no significant association was found between
any of the 3 outlier loci and the latitude or longitude
used as geographical proxies (results not shown).

Eifects of single loci on patterns of differentiation

Pairwise Fsr estimates using all 92 loci (allegedly
neutral and selected) revealed that 45 out of 105 tests
had p-values below 0.05 (Table A2), thus indicating
higher levels of genetic structuring than that observed
using neutral loci alone (see ‘Neutral population struc-
ture and temporal stability’ above). After Bonferroni
correction, 8 of these remained significant but, as
observed with the neutral markers, this pattern was
driven mainly by Faroe populations, including either
FPLO2 or FBAO2 (7 out of 8 significant comparisons).
Significant genetic differentiation was, however, also
observed between the northeastern North Sea sample
(NEN) and the eastern North Sea sample from 2007
(ENSO7; Table A2). The MDS plot further revealed the
isolated status of the NEN sample. When including all
92 loci in the AMOVA, the temporal variance compo-
nents were not significantly different from zero, while
the spatial components were both statistically sig-
nificant and higher than estimates based on neutral
markers only (Table 2).

Table 2. Analysis of molecular variance (AMOVA) and its significance among

temporal and spatial Gadus morhua samples. Variance among populations

within groups (Vb: spatial variance) and variance among groups (Va: temporal

variance) are given for analyses involving long-term (Group FBA02, NNSO03,

BLEO3 vs. Group FBA78, NNS65, BLE65), and short-term (Group ENS07, KAT07

vs. Group ENS99, KAT96) temporal data. 92 loci refers to the complete data set;
82 loci refers to the data set without outliers

historical and contemporary compar-
isons were nonetheless different, as

Gm1386_0216 and Hsp90 were found
to display relatively high levels of
structure in the contemporary and his-
torical comparisons, respectively.

Analysis Vb P Va P

Long-term samples (N = 92) 0.04007 0.03832 -0.02661 1.00000
Long-term samples (N = 82) 0.03739 0.01158 —-0.02288  1.00000
Short-term samples (N = 92) 0.05245 0.01099  -0.01594  1.00000
Short-term samples (N = 82) 0.03842 0.05812  -0.01340  1.00000
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Fig. 3. Gadus morhua. Spatial scans for the identification of genetic differentiation (Fst) outlier loci potentially subject to selection

(a) 10 contemporary population samples from the North Sea and adjacent sea areas (KAT07, ENS07, SNS, ECH, CNS, NEN,

NNSO03, BLEO3, FPL, FBA02); (b) 7 contemporary population samples from the North Sea (FPL, FBA02, KAT07 excluded); (c) 3 con-

temporary samples from the North Sea/Faroe Islands (NNS03, BLEO3, FBA02); (d) 3 historical samples from the North Sea/Faroe

Islands (NNS65, BLE65, FBA78); (e) 2 contemporary samples from the North Sea/Kattegat (ENS07, KATO07); (f) 2 historical samples

from the North Sea/Kattegat (ENS99, KAT96). Vertical dashed lines mark log,, posterior odds (PO) of the threshold corresponding
to a false discovery rate of 5 %. Loci with minor allele frequencies below 2 % were removed in each simulation

DISCUSSION

We found strong evidence in our study that several
gene-associated loci in Atlantic cod are under selection,
or are linked to loci under selection, at local and micro-
geographical scales. Importantly, signals of selection were
associated with different population samples, and only in
some cases coincided with detectable neutral genetic
population structure. These results have implications for
our understanding of the distribution of adaptive genetic
variation in marine fishes, and specifically for our under-
standing of population structure in North Sea cod, partic-
ularly in areas where neutral genetic markers reveal lim-
ited genetic structure or where such structure is absent.

Long-term temporal stability of signals of
adaptive evolution

Results from analysis of neutral markers indicate
long-term stability in neutral genetic structure in cod

populations from the northern North Sea and around
the Faroe Islands. These results confirm earlier micro-
satellite studies and suggest high effective-population
sizes and thus low levels of genetic drift (Poulsen et al.
2006, Nielsen et al. 2007, Therkildsen et al. 2010).

In both historical and contemporary data sets from
the northern North Sea, one particular locus (Gm1386_
0216) exhibited a significantly elevated Fsr. The allele
frequency of this putative outlier locus is very distinct
from that of Faroe Bank samples and shows marked
divergence not only from North Sea cod but also from
the Faroe Plateau sample. Gm1386_0216 is located in a
protein homologous to vitellogenin, which is involved
in the maturation of oocytes (Mahanés et al. 1997).
Such differentiation could be associated with different
spawning conditions or other life-history trait differ-
ences, although the nature of potential phenotypic
effects of allelic variants of this gene remains specula-
tive. While adaptive differences have been suggested
previously for Faroe Bank and Faroe Plateau cod (e.g.
in different fatty acid profiles of heart tissue; Joensen
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Table 3. Gadus morhua. Allele frequencies of significant outlier loci identified by BayeScan (Nielsen et al. 2009a)

Outliers KAT96 KAT07 ENS99 ENSO7 ECH SNS CNS NEN NNS65NNS03 BLE65 BLE0O3 FBA78 FBAO2 FPL
Gm1386_0216  0.763 0.908 0.625 0.645 0.638 0.838 0.68 0.7 0556 0477 0.464 0.589 0.948 0.936 0.786
Gm0738_0160 0.688 0.638 0.705 0.838 0.788 0.731 0.58 0.425 0.758 0.838 0.771 0.75 0.766 0.813 0.713
Hsp90 0.788 0.821 0974 091 0974 085 099 0.962 1 0.975 1 1 1 1 1

Gm0289_0495 0.225 0.2 0.206 0.238 0.211 0.313 0.17 0.167 0.156 0.113 0.08 0.154 0.172 0.113 0.145
Gmo0588_0274 0925 0949 0.926 0.913 0.875 0938 092 0949 0922 0913 0972 0.897 0.887 0.913 0.875
Gm1108_0332 0.663 0.675 0.65 0.615 0.581 0.7 0.65 0692 0742 0.738 0.583 0.59 0.707 0.625 0.5

Gm1156_0573 0388 0.55 0.338 0.488 045 0438 039 0397 0355 0275 0313 0413 0406 0.25 0.325
Rhod 1 0.038 0.013 0.068 0.025 0.025 0.013 0.05 0.077 0.063 0.026 0.026 0.05 0.078 0.063 0.075
Aromal_9 0.324 0.425 0351 0.238 0288 041 031 035 0.234 0311 0319 0269 0414 0.363 0.282
Gmo0627_0302 0.625 0.663 0.705 0.705 0.628 0.588 0.556 0.744 0.621 0.600 0.667 0.713 0.597 0.638 0.590

et al. 2000), adaptive genetic markers distinguishing
Faroe Bank and North Sea samples have so far not
been identified. Gm1386_0216 could therefore be an
important marker for identifying populations of origin,
applicable to management and traceability of these
weakly structured cod populations. Several studies
have included the Panl locus as a key marker for
demonstrating local adaptations in cod (e.g. Case et
al. 2005, Pampoulie et al. 2006), where temperature,
salinity and depth have been invoked as drivers of
selection (Case et al. 2005). Nielsen et al. (2007)
also revealed long-term temporal stability and non-
significant changes in Panl allele frequencies over sev-
eral decades in Faroe Bank and Faroe Plateau cod in
the face of recent temperature increases in the south-
ern part of the distribution range. This marker is, how-
ever, very close to fixation in both North Sea and
Faroese populations, and therefore not useful for
identifying population of origin of cod in these waters.

Short-term temporal instability in an
environmentally dynamic transition zone

In the present study, neutral markers also revealed
temporal stability in the eastern North Sea and Katte-
gat comparisons. Thus, temporal samples from Katte-
gat (KAT96 and KATO07) and the eastern North Sea
(ENS99 and ENSO07) had pairwise Fsr estimates of
0.0063 for Kattegat and 0.0003 for the eastern North
Sea. Both values were non-significant, but the higher
estimate for Kattegat could be due to more pronounced
dynamic environmental conditions in the transition
zone between the Baltic Sea and the North Sea than
within the North Sea. Temporal instability was also
evident when we focused specifically on the outlier loci
identified when including all spatial samples. Thus,
when analyzing samples from this area, Gm1386_0216
and Hsp90 were found to display elevated levels of
population differentiation (although not statistically
significant) in the contemporary and historical sam-

ples, respectively. The lack of statistical significance in
these tests could be due to reduced statistical power
because of the low number of samples in these tests
(Foll & Gaggiotti 2008). We cannot exclude the possi-
bility that these results are partly caused by sampling
effects. However, they could also indicate a slight tem-
poral movement of the identified hybrid zone for
marine fish (Nielsen et al. 2003, 2005) in this envi-
ronmentally dynamic sea area, with marked spatial
gradients and inter-annual variation, particularly with
respect to temperature and salinity conditions, thus
potentially explaining the higher level of temporal dif-
ferentiation in Kattegat samples. Alternatively, selec-
tion on cohorts in a dynamic environment could be
operating, as suggested previously as an explanation
for highly variable Panl allele frequencies between
cohorts of Atlantic cod within a Norwegian fjord popu-
lation (Karlsson & Mork 2003).

Signals of selection within the neutrally
homogeneous North Sea

Multidimensional scaling plots and pairwise Fgt esti-
mates based on neutral markers suggest that neutral
genetic differentiation within the North Sea is very
limited, thus supporting earlier findings from this
region (Hutchinson et al. 2001, Nielsen et al. 2009c).
Consequently, spatial resolution in the North Sea of 82
putatively neutral SNPs does not seem to be higher
than that of 8 to 10 microsatellite loci typically applied
in earlier studies. This is not surprising, given that dial-
lelic SNP markers are expected to be less informative
than multi-allelic microsatellites (Kalinowski 2002),
thus failing to detect low levels of genetic differen-
tiation (see e.g. Ryynanen et al. 2007 for a thorough
discussion).

Population structure in Atlantic cod within the north-
ern North Sea has recently been thoroughly examined
by Nielsen et al. (2009c), who found low and non-
significant population structuring. However, when
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they included one microsatellite locus potentially under
selection (Gmo132), population structure was found to
be significant on microgeographical scales comparable
to the geographical scales examined in this study.
Thus, patterns of population structure were highly
dependent on the inclusion of just one outlier locus.
Results of the present study applying gene-associated
markers support these conclusions, as only a few, pre-
sumably non-neutral, loci showed detectable levels of
structuring within the North Sea.

Cod from the northeastern North Sea showed what
appear to be signatures of adaptive divergence, mainly
driven by Gm738_0160. In addition, we observed a
lower frequency of the common allele in the central
North Sea. Although caution must be exercised in
making demographic inferences on the basis of genetic
data (Lowe & Allendorf 2010), such patterns of diver-
gence across relatively small spatial scales indicate a
level of population integrity commensurate with an
enhanced potential for local adaptation. On a large
scale, this allele, which is almost absent in northeast
Arctic and Greenlandic samples (Nielsen et al. 2009a),
also appears less frequently in northern Norwegian
coastal cod, but at a higher frequency in southern Nor-
wegian coastal cod (Moen et al. 2008), similar to the
rest of the North Sea area. Earlier studies have shown
that the cod population in the Viking area also seems
to be isolated, as evidenced from many pairwise tests
for genetic differentiation and an apparent grouping of
short-term temporal Viking samples at the Gmo132
locus (Nielsen et al. 2009c), which has been shown to
be subject to selection (Nielsen et al. 2006). While the
specific function of the gene(s) linked to Gm?738_0160
is unknown, results of the present and earlier studies
suggest strongly that several loci may be involved in
microgeographic adaptation in Atlantic cod within the
North Sea region. Such inferences from genetic data
are supported by variation in reproductive traits be-
tween cod populations from the southern and northern
North Sea (Harrald et al. 2010). Using a common envi-
ronment experiment on wild-caught juveniles raised to
maturity, cod from the southern North Sea were found
to mature at larger sizes than those from the north-
western North Sea, despite broadly similar growth
rates (Harrald et al. 2010).

Ecological or evolutionary populations?

Among populations occupying sea areas exhibiting
very low levels of neutral genetic population structure,
adaptive markers can be valuable for studying im-
prints of fine-scaled differentiation, reflecting either
fluctuating directional selection (Karlsson & Mork
2003), ecological units not evident from neutral diver-

gence (Nielsen et al. 2009c), or simply evolutionary
units not yet at migration-drift equilibrium. In the cur-
rent study, we addressed loci that previously had
shown strong signatures of adaptive divergence on a
larger geographic scale. Generally, it was evident from
the outlier detection tests that there was strong agree-
ment between micro- and macro-geographical pat-
terns in terms of outlier loci identified (Moen et al.
2008, Nielsen et al. 2009a).

While independence under the evolutionary para-
digm (i.e. evolutionary isolation and separation of evo-
lutionary populations) requires significant reductions
in gene flow (e.g. N, x m < 25 under the island model),
independence under the ecological paradigm (i.e.
demographic/ecological isolation and separation of
ecological populations) may still be possible with con-
siderable levels of migration (e.g. m < 0.1) (Waples &
Gaggiotti 2006). Here we failed to detect population
structure within the North Sea using putative neutral
markers, and our results might therefore reflect micro-
geographical separation of demographically (but not
evolutionarily) independent units. However, we can-
not exclude the possibility that the signal of elevated
structure for locus Gm738_0160 reflects a recently
emerged strong reproductive separation of evolution-
ary units, not yet at migration-drift equilibrium. In such
cases, markers under selection might be expected to
differentiate populations at higher rates than neutral
genetic markers (Nei 1987). Local ecological popula-
tions are often of particular interest for fisheries and
conservation management (Waples et al. 2008). In
Atlantic cod, strong demographic changes have oc-
curred due to fishing (see Hutchings & Fraser 2008),
and migration rates among natural populations could
thus recently have been reduced. If this scenario holds,
current signatures of adaptive differentiation might be
followed by stronger demographic independence in
the future. Thus, 'genetic monitoring’ (Schwartz et al.
2007) of loci subject to selection can yield useful infor-
mation on dynamic processes at microgeographical
scales, and potentially separate groups of fish sampled
along ecological dimensions in populations showing
geographical patterns of differentiation similar to those
described here.

In contrast to results obtained when analyzing sam-
ples from the North Sea, we found evidence for signif-
icant spatial neutral genetic structure when analyzing
long-term spatio-temporal samples on a slightly larger
geographical scale. Much of the population structure
was associated with the Faroese samples and ap-
peared to be temporally stable. Our results therefore
support earlier studies indicating isolation of Faroe
Islands cod (Pampoulie et al. 2008a,b). Consequently,
our finding of highly significant and temporally stable
patterns of adaptive divergence driven by the Faroe
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Bank sample may well indicate the presence of an evo-
lutionarily separate population. While the lack of an
historical sample from the Faroe Plateau prevents
detailed analysis of a possible separation of cod from
the Faroe Bank and the Faroe Plateau, a marginally
significant neutral difference between contemporary
samples (Table A1), temporally similar allele frequen-
cies at the Faroe Bank and marked allele frequency
differences between Faroe Bank and Faroe Plateau
samples for the outlier locus (Gm1386_0216; Table 3)
all suggest the presence of separate populations on the
Faroe Bank and the Faroe Plateau (see also Nielsen et
al. 2009c).

The samples analyzed from the transition zone
between the Baltic and North Seas do not indicate
completely evolutionarily stable populations, but may
reflect short-term temporal dynamics in a transition
zone between 2 evolutionarily stable populations
(Nielsen et al. 2001, 2003). Several studies have identi-
fied significant levels of population structure at micro-
geographical scales in Atlantic cod when applying a
limited set of presumed neutral genetic markers (Hutch-
inson et al. 2001, Knutsen et al. 2003, Jorde et al. 2007).
While results from the present study should not be
used to refute earlier findings, they do illustrate the
importance of evaluating variation among markers,
since one or few loci under selection could influence
conclusions significantly (see also discussion in Niel-
sen et al. 2009c).

CONCLUSIONS

In general, we consistently identified the same loci
as significant Fsr outliers, suggesting that these loci
are under positive selection or linked to loci under
selection. While such signatures of selection can be the
result of a heterogeneous environment that favors dif-
ferent alleles, several neutral evolutionary processes
could also have affected these results (Charlesworth et
al. 2003). For instance, Vasemadgi (2006) showed that a
variable number of neutral loci could display clinal
patterns under a model of neutral isolation by distance.
In the present study, however, outlier loci did generally
not vary clinally with either latitude or longitude. Thus,
the results indicate that outlier signals are associated
with one or perhaps a few population samples, sup-
porting a strong role for local selection over neutral
isolation by distance. However, even if selection is
implied, it can be very difficult to separate effects of
past selection from ongoing selection in local popula-
tions (Pogson 2001, Bierne 2010). For instance, global
hitchhiking of a neutral allele with a favorable allele in
a structured population may result in increased Fst
between the population of origin and neighboring pop-

ulations (Bierne 2010). This signal is broken down only
slowly by gene flow and recombination (Bierne 2010).
Chromosome walking can be used to separate signals
arising from local and global hitchhiking scenarios
(Bierne 2010), but this is not possible with the data cur-
rently available for Atlantic cod. Thus, in principle, the
signals of adaptive evolution described in this study
could reflect the early phases of a global hitchhiking
scenario, thus reflecting not current but past selection.
However, the fact that outliers identified in the present
study have previously been identified as outliers in dif-
ferent populations at larger geographical scales (Moen
et al. 2008, Nielsen et al. 2009a) lends some support to
the hypothesis of ongoing selection, since it appears
unlikely that the same mutation should be at the same
early stage of global hitchhiking in several populations
throughout the distribution of the species. Thus,
although it is difficult to rule out alternative explana-
tions, we find that our results are most compatible with
a hypothesis of local adaptive evolution.

In conclusion, through analysis at both temporal and
spatial scales, we have found that apparent signals of
local adaptive divergence can be found under both
restricted gene flow (e.g. Faroe Bank) and high gene-
flow (North Sea) scenarios in Atlantic cod at local
geographical scales. Understanding the geographical
scale and temporal stability of adaptive divergence is
important for the development of predictive models of
shifts in population and species distributions in
response to changing environments. Management
considerations should therefore also take into account
local population structure under the ecological para-
digm, since such locally distributed intra-specific
genetic variation could underpin resilience and persis-
tence (Hoffmann & Willi 2008). Of particular impor-
tance would be the integration of genomic variation
and additive genetic trait variance (Kawecki & Ebert
2004, Jensen et al. 2008), and ultimately fitness varia-
tion in the wild (Wiehe et al. 2007, Andersen et al.
2008, Makinen et al. 2008, Stinchcombe & Hoekstra
2008). Rapid developments in cod genomics, such as
full genome sequencing and linkage map construction
(Johansen et al. 2009, Moen et al. 2009, Hubert et al.
2010), greatly enhance the potential for pursuing such
approaches in cod and related non-model species.
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