
Original Article

Does population genetic structure support present management
regulations of the northern shrimp (Pandalus borealis)
in Skagerrak and the North Sea?
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Population structuring in the northern shrimp (Pandalus borealis) in the North Sea area (including Fladen and Skagerrak) was studied by micro-
satellite DNA analyses. Screening 20 sample locations in the open ocean and Skagerrak fjords for nine loci revealed low, but significant genetic
heterogeneity. The spatial genetic structure among oceanic samples of Skagerrak and the eastern North Sea was weak and non-significant, con-
sistent with the current management regime of one single stock. However, Skagerrak fjord samples generally displayed elevated levels of
genetic differentiation, and significantly so in several pairwise comparisons with other fjords and oceanic samples. Although the Skagerrak fjord
populations are of less economic value, some of them are regulated separately (e.g. the Gullmarsfjord) and local stocks may prove important to
uphold genetic variability and biocomplexity in a changing environment.
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Introduction
Uncertainty about the geographic extent of populations impedes
proper monitoring, management, and conservation of marine
resources. The spatial scale of population structuring depends on
several factors, including dispersal patterns of early life history
stages (pelagic eggs and larvae) and the active migratory behaviour
of juveniles and adults [reviewed by Ciannelli et al. (2013)].
Management strategies are often criticized for not considering
population units at an appropriate biological scale (Hutchinson,
2008; Reiss et al., 2009); however, this is often due to the lack of avail-
able knowledge.

A variety of methods are available to characterize the spatial
distribution and population structure of marine organisms, but
not all are suitable for every species and circumstances (Cadrin
et al., 2013). In particular, physical tagging requires large enough
individuals to support tags, is difficult to recapture in species with
very large population sizes, and has a limited usefulness in species
that moult their shell: all of which applies to shrimps. Genetic
methods, on the other hand, are available for all organisms and
might convey information on population structure beyond what
is possible with more traditional approaches [e.g. reviewed by
Waples et al. (2008) and Funk et al. (2012)]. Genetic markers have
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the advantage of being intimately linked to reproduction, allowing
for detection of dispersal and intermixing at all life history stages, in-
cluding eggs and larvae, which typically are inaccessible to common-
ly applied ecological methods.

The trawl fishery for northern shrimp (Pandalus borealis; here-
after synonymous with shrimp) is one of the most important fisher-
ies in Skagerrak (Figure 1). The economic impact of this traditional
fishery goes far beyond those actively participating in the fishery, as
shrimp in this region is typically processed and sold locally. The
shrimp fishing fleets in the three Scandinavian countries are quite
different, with larger fleets of heterogeneous vessel sizes in Sweden
and Norway, and a few large vessels in Denmark. Shrimp trawlers
in Sweden and Norway operate both inside fjords and sheltered
waters as well as in offshore areas. Catches from the fjords are
small compared with those taken in the open sea. In the Skagerrak
and Norwegian Deep region, shrimp is found at depths between
100 and 500 m (Figure 1). Formerly, shrimp was also fished in two
smaller areas in the western North Sea (Figure 1), the Farn Deeps
and the Fladen Ground, but these stocks seem to have collapsed
(ICES, 2004, 2013). Along the Danish coast and in the southern
and central North Sea, shrimp is absent due to too shallow water.

The International Council for the Exploration of the Sea (ICES)
currently considers shrimp from the Farn Deeps, Fladen Ground,
and Skagerrak/Norwegian Deep to belong to three separate stocks
(Figure 1), based on (1) geographic separation and oceanic cur-
rent patterns and (2) differences in length frequency distributions
(LFDs), where the shrimp stock on the Fladen Ground is observed
to have fewer age groups than the Skagerrak/Norwegian Deep
stock (ICES, 2003). The rationale behind point (2) is that a different
number of age groups in two areas could imply a lack of exchange
of adults. Furthermore, comparison of Landings Per Unit Effort
(LPUE) time-series from the Danish shrimp fishery indicates that
the Fladen stock differs in abundance fluctuations and therefore
may be demographically independent (i.e. display a different re-
cruitment pattern) from the stock in the Norwegian Deep and
Skagerrak region (cf. Figure 2). Differences in mortality and recruit-
ment exist not only between, but also within, the ICES defined
shrimp stocks: LFDs show that shrimp in Skagerrak only reach a
maximum age of 3–4 years, whereas shrimp in the Norwegian
Deep may live for 4–5 years, and mean size-at-age identified from
modal analysis is consistently higher in Skagerrak than in the
Norwegian Deep, indicating faster growth in the former area (Tveite,
2000, Søvik and Thangstad, 2013). In Skagerrak, the number of juven-
ile shrimp shows large annual fluctuations, compared with lower and
more constant numbers in the Norwegian Deep (Figure 3).

Since 2003, ICES has recommended genetic studies to clarify
the shrimp stock structure in the North Sea and Skagerrak region
(ICES, 2003). However, until now, no genetic study has been directed
towards disentangling whether shrimp in offshore areas in the North
Sea and Skagerrak belong to the same biological population or not,
or if shrimp in the fjords represent separate biological populations
and how they relate to the shrimp in offshore areas. Meanwhile, the
overall stock biomass has declined substantially from an average
stable level since the mid-1990s to its currently historical low
(cf. Figure 2b). Hence, information on the population structure is
urgently for improving management of this important resource.

Here, we combine information on 30 years of survey and com-
mercial catch data in Skagerrak and the North Sea with spatial
and temporal genetic information from nearly 1800 individuals of
shrimp collected from Skagerrak fjords and offshore areas, to
resolve the population structure of shrimp in this region.

Material and methods
The study species
Northern shrimp (P. borealis) is a cold water species living on soft
mud or sand/silt on the continental shelves in the North Atlantic,
usually at depths between 50 and 500 m (Shumway et al., 1985). In
the Northeastern Atlantic it is found in Skagerrak and the North
Sea, along the Norwegian coast, in the Barents Sea, and around Jan
Mayen and Iceland (Bergström, 2000; Hvingel, 2006). The species
is probably adapted to local sea temperatures, ranging from 6–98C
in the southernmost part of its distribution range (Schlüter and
Jerosch, 2009) to 0–48C in the Barents Sea (Furevik, 2001; Boitsov
et al., 2012).

Shrimp is a protandric hermaphroditic species, hatching as male
and then developing into female after spawning as male once or
twice (Bergström, 2000). Age at sex change is negatively correlated
with temperature. In Skagerrak and the North Sea, spawning and
mating takes place in October/November and females carry the fer-
tilized eggs under the abdomen until hatching takes place in March
(Bøhle, 1977), the following year. The species has five pelagic larval
stages (Ouellet and Allard, 2006), which drift with ocean currents
for 45–90 days depending on the ambient sea temperature before
settling on the bottom (Shumway et al., 1985). Shrimp in
Skagerrak and the Norwegian Deep grow relatively rapidly and
there is little size overlap between year-classes (Shumway et al.
1985). Thus, it is possible to discriminate up to 4 year-classes
based on frequency distributions of carapace length (CL).

Stratification and sampling
Based on existing knowledge of geographic variation in shrimp
abundance, growth, and reproduction, three potentially different
open sea populations were identified for sampling (Skagerrak, the
Norwegian Deep, and Fladen Ground), together with seven fjord
sites. The original plan was to include also the Farn Deeps in the
study, but we were not able to obtain any shrimp from this area.
Neither in 2010 nor in 2011 were any shrimp caught in this area
by the Danish International Bottom Trawl Survey (IBTS). Shrimp
samples were collected by trawl in 2007 and 2010–2012, by research
vessels, in offshore Skagerrak, Fladen Ground, and the Norwegian
Deep, and by small commercial vessels in the fjord locations
(Figure 1 and Table 1). At each location, we sampled 3–5 kg of
shrimp, from which 96 females were subsampled. Only female
shrimp, which comprise .1 year-class, were chosen to ensure that
individuals from multiple spawning events were represented in
each sample, thus minimizing possible temporal effects of a single
cohort. In addition, temporal replicate samples were obtained
from different years at Fladen Ground (2007, 2011), Skagerrak
(A and C; 2011, 2012), and from four fjord locations: Stolsfjord,
Håøya, Oslofjord, and Gullmarsfjord (2010, 2012), and used to
check on temporal stability of observed genetic structure.

Survey data
A trawl survey which covered the whole distributional area of
shrimp in Skagerrak and the Norwegian Deep north to 608N
(Figure 1) is conducted annually by the Norwegian Institute of
Marine Research (IMR). The survey data consisted of four different
time-series (Søvik and Thangstad, 2013): (i) October/November
1984–2002 with RV Michael Sars; (ii) a point estimate in
October/November 2003 with RV Håkon Mosby (HM); (iii)
May/June 2004–2005 with RV HM; and (iv) January/February
2006–2014 with RV HM. A survey bottom trawl (Campelen) with
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codend mesh size of 20 mm was used. For comparing population
trends, two separate survey biomass indices were calculated
here: (i) Skagerrak and (ii) the Norwegian Deep (Figure 2b).
Samples of 300 shrimp were taken from each trawl haul, sorted by
maturity stage characteristics, and measured to the nearest mm
below (CL). LFDs are partitioned into age groups by modal analysis
(Bhattacharya, 1967; software: FISAT). As eggs hatch in March

(Bøhle, 1977), the first modal group in the LFD (time-series from
2006 until present) consisted of shrimp almost 1 year old. The
number of these is defined as a recruitment index.

Commercial fishery data
Danish commercial landings and effort data from 1987 to 2013
provide the basis for four LPUE time-series: (i) Fladen Ground,

Figure 1. Distribution of northern shrimp (P. borealis) in Skagerrak and the North Sea (blue), prevailing ocean currents (arrows), and sampling
locations (circles). See Table 1 for sample abbreviations.
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(ii) Skagerrak, (iii) Norwegian Deep, and (iv) Farn Deeps. A general-
ized linear model procedure is used to correct official logbook data
for fleet renewal, trawl-size changes, ICES rectangle differences, and
seasonal variation (Eigaard and Munch-Petersen, 2011). The stan-
dardized time-series are plotted together in Figure 2 to allow infer-
ences of differences and similarities in shrimp population dynamics
in the whole area and for comparison with the genetic results.

Genetic analysis
After length measurements (CL) and maturity stage classification,
a small piece of the tail from each of the 96 females subsampled
at each location was taken for genetic analysis and stored at 48C in
pure ethanol. Genomic DNA was extracted using the E.Z.N.A.
Tissue DNA Isolation Kit (Omega Bio-Tek) and 11 microsatellite
loci (Pereyra et al., 2012) were amplified by PCR. The PCRs
were performed on MyCycler (Bio-Rad) in 10 ml volume; using
Qiagen Taq DNA Polymerase (0.8 U/sample), 10× buffer,
0.3 mM of each dNTP and primers (Life Technologies), diluted in
molecular grade water. The loci PbC105, PbC8, Sd2–14, PbA110,
PbC109, PbA1, SD1-41, SD2-68, and SD3-62 had primer con-
centrations of 0.35, 0.5, 0.1, 0.4, 0.4, 0.2, 0.35, 0.5, and 0.04 mM, re-
spectively. Cycling conditions included an initial 5-min phase of
denaturation at 958C, followed by 35 cycles of 95, 56, and 728C
for 30, 90, and 60 s, respectively, ending with a single elongation
step at 608C for 30 min [modified from Pereyra et al. (2012)].
Microsatellite fragment sizes were determined after separation

on ABI 3130xl automated sequencers (Life Technologies) with
the genotyping software Genemapper 4.0. To prevent potential
genotyping errors, all capillary traces were scored independently
by two trained persons, and disagreements were re-analysed with
new PCR products to minimize misclassifications of alleles and gen-
otypes. Genotypes that could not reliably be solved by this procedure
were left as missing. Individuals with six or more missing genotypes
were considered of poor DNA quality and excluded from further
consideration, leaving a total of 1797 individuals for analysis (see
Supplementary Appendix for detailed information on the number
of scored individuals at each locus and sample locality).

Figure 2. (a) Danish LPUE time-series from 1986 to 2013: Fladen Ground (dots), 1987–2003; the Norwegian Deep (squares), 1987–2013; Skagerrak
(crosses), 1987–2013; and Farn Deeps (circles), 1987–1989; (b) Norwegian survey biomass indices for the Norwegian Deep (squares), and Skagerrak
(crosses).

Figure 3. Recruitment index (abundance in million) of 1-year-old
shrimp (open diamonds) in Skagerrak and the Norwegian Deep (solid
squares), 2006–2014.

Table 1. Sample data denoting locality (abbreviations in
parenthesis), year of sampling, sample size, coordinates and
expected heterozygosity (HE).

Sample Year
Sample
size Coordinates HE

Fjord samples
Stolsfjord (ST) 2010 96 N58.22 E6.69 0.695
Stolsfjord (ST) 2012 96 N58.22 E6.69 0.688
Grønnsfjord (GR) 2010 96 N58.04 E7.04 0.708
Topdalsfjord (TO) 2010 94 N58.82 E8.18 0.672
Håøya (HA) 2010 96 N59.02 E9.80 0.692
Hå(HA) 2012 96 N59.022 E9.80 0.693
Oslofjord (OS) 2010 96 N59.81 E10.59 0.685
Oslofjord (OS) 2012 94 N59.81 E10.59 0.694
Kosterfjord (KO) 2010 96 N58.88 E11.10 0.707
Gullmarsfjord (GF) 2010 80 N58.27 E11.48 0.677
Gullmarsfjord (GF) 2012 96 N58.27 E11.48 0.712

Oceanic samples
Skagerrak A (SA) 2011 96 N57.80 E8.82 0.705
Skagerrak C (SC) 2011 95 N58.87 E9.80 0.698
Skagerrak E (SE) 2011 95 N57.99 E10.82 0.702
Skagerrak A (SA) 2012 94 N57.80 E8.82 0.704
Skagerrak C (SC) 2012 96 N58.87 E9.91 0.706
Fladen Ground (FL) 2007 96 N58.59 E10.68 0.698
Fladen Ground (FL) 2011 94 N58.38 E10.49 0.698
Norwegian Deep S (NS) 2011 95 N58.33 E4.86 0.696
Norwegian Deep N

(NN)
2011 96 N59.48 E4.18 0.710

Temporal samples were taken at or very close to the same location (see
below).
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Statistical analysis
The amount of genetic variability was characterized by heterozygos-
ity (observed heterozygosity, HO, within samples and expected het-
erozygosity, HE, in the total material for each locus; Nei and Chesser,
1983) and by observed number of alleles, with the FSTAT software
ver. 2.9.3.2 (Goudet, 2001). Deviations from Hardy–Weinberg geno-
type proportions were estimated by FIS (Weir and Cockerham, 1984)
and assessed using the exact probability test in the GENEPOP software
ver. 4.0 (Rousset, 2008). We adopted the false discovery rate (FDR)
approach (Benjamini and Hochberg, 1995) when interpreting signif-
icances (at the 5% level) intables withmultiple tests. We tested for null
alleles using the software MICROCHECKER (Van Oosterhout et al., 2004).

Genetic differences among localities were quantified by FST, using
Weir and Cockerham’s (1984) estimator u overall samples and
between pairs of sample localities. Allele frequency differences over
all samples and among pairs of localities were tested with exact
G-tests in the GENEPOP software, using 10 000 dememorizations and
batches and 10 000 iterations per batch. The reported p-values for
each locus were summarized over loci, following Fisher’s procedure
(i.e. sum of twice the negative logarithm of p-values), to test for
genetic divergence jointly overall loci. Tables of multiple pairwise
tests were assessed for significance with the FDR approach, at the
5% level, following Benjamini and Yekutieli (2001). Temporal stabil-
ity of spatial structure was tested for with analysis of molecular vari-
ance (AMOVA) analyses of spatial samples and temporal replicates,
using the Arlequin software ver. 3.5 (Excoffier and Lischer, 2010).

The statistical power of our sampling design for exact tests given
different levels of FST was estimated using the POWSIM software
ver. 4.1 (Ryman and Palm, 2006), exploring a range of different
values for FST by varying the number of generations of drift (t)
while keeping effective population size (Ne) constant at 1000. The
power to detect a predefined level of genetic differentiation from
given numbers of individuals and loci is affected by the polymorph-
ism in the genetic data (Ryman et al., 2006). A sampling scheme cor-
responding to the empirical data for each marker and species was
used, and the analyses were conducted using 1000 dememorizations,
100 batches, and 1000 iterations per batch (POWSIM settings). The
percentage of significant outcomes (at alpha ¼ 0.05) for a range of
predefined FST-values was interpreted as the power of the tests for
detecting the defined level of genetic divergence. To set the present
results for shrimp into a wider perspective, we likewise calculated
power for currently available data from other species in Skagerrak:
the European lobster (Homarus gammarus; Huserbråten et al.,
2013), the Atlantic cod (Gadus morhua; Knutsen et al., 2003), and
the corkwing wrasse (Symphodus melops; Knutsen et al., 2013).

To visualize spatial patterns of genetic differentiation, estimates
of FST among sample pairs were analysed with the BARRIER software
ver. 2.2 (Manni et al., 2004). We performed separate tests for each
locus and overall loci (all with four barriers) to ensure that spatial
patterns were robust. The test applying all loci denotes the rank of
importance of these barriers, whereas the number of loci supporting
a given barrier is provided by single locus tests. Coordinates for
temporal samples were shifted slightly (when identical), relative to
positions in Table 1, to force the software to treat them as separate
samples.

Results
Genetic results
We successfully scored 1797 individuals in at least 6 of the 11 micro-
satellite loci. Locus PbD9 did not amplify at all localities and together

with locus PbA104a evidenced large deficit of heterozygotes appar-
ently due to the presence of null alleles (according to MICROCHECKER;
Van Oosterhout et al., 2004). These two loci were omitted from
further analyses, which were thus based on nine loci (Table 2;
Supplementary Appendix). Genetic variability at the nine loci
spanned from 6 alleles at locus SD3-62 to 58 alleles at locus
PbC109, with a range of expected heterozygosity (HE) of 0.179
(SD3-62) to 0.928 (PbC109; Table 2). There was a slight tendency
for excess homozygotes relative to Hardy–Weinberg expectations,
with 25 estimates being significant before FDR correction and 5 of
180 (i.e. 9 loci in 20 samples) FIS estimates significant at 5% level
under the FDR (cf. Supplementary Appendix). Significant estimates
were not clustered to specific loci or samples and most likely reflected
artefacts.

Overall spatial genetic structure was weak, but statistically sig-
nificant (FST ¼ 0.0009, p , 0.0001) and did not change when
lumping temporal replicates vs. including them as separate
samples (not shown). Pairwise estimates among all samples of FST

ranged from 20.0028 to 0.0046, and 32 of these estimates (17%)
were significant under FDR (Table 3). The significant pairs refer
to different localities and none of the temporal comparisons were
significant. Instead, most significant comparisons were either
among fjords and oceanic localities (21), or among fjords (5),
while only six significant comparisons were among oceanic localities
(one between Fladen and Skagerrak, three between Norwegian Deep
and Skagerrak locations, and two between the Norwegian Deep and
Fladen Ground).

On average, genetic differentiation among fjords was at the same
level (FST¼ 0.0010, p¼ 0.0002) as the overall estimate, while compar-
ing fjords and oceanic/offshore samples of Skagerrak also revealed
similar genetic divergence (FST¼ 0.0011). The three oceanic/offshore
Skagerrak samples were genetically more homogeneous (FST¼

0.0006). The AMOVA suggested temporal stability in the spatial
genetic structure (among spatially grouped samples FCT¼ 0.0010,
p , 0.0001; among temporal samples within groups FSC¼ 0.0003,
p¼ 0.23).

An evaluation of the statistical powerestimated an 89% probabil-
ity of detecting structure for a FST value of ca. 0.0020 (Figure 4). This
result suggests that our tests should most likely detect a real popula-
tion structure if true estimates of FST were at this level or above.
Several pairwise estimates span at about this level (Table 3), illustrat-
ing that statistical power in our study was at the limit or higher of

Table 2. Summary statistics for each microsatellite locus and
averages over loci.

Loci A HE FST

Pbc105 17 0.85 0.0007
Pbc8 29 0.721 0.0037
Sd2-14 26 0.706 20.0007
PbA110 16 0.694 20.0002
PbC109 58 0.928 0.0010
PbA1 18 0.767 0.0022
SD1-41 27 0.855 20.0005
SD2-68 15 0.579 0.0014
SD3-62 6 0.179 20.0008
Average 23.5 0.698 0.0009

A is the observed number of alleles at each locus, HE is expected
heterozygosity in the pooled sample, and FST quantifies genetic differences
among all 20 samples (no pooling of temporal replicates). Bold estimates (FST)
indicate significance (at 5% FDR or higher) for the null hypothesis of no allele
frequency differentiation among samples.
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detection. For detecting divergence at 0.0010 or lower power
dropped rapidly, indicating that some structure could go unnoticed
in our tests.

The Barrier visualization (Figure 5) revealed the following
general pattern: (i) fjord populations are generally divergent from
each other and from offshore areas. Some fjords deviate from this
pattern [Håøya (HA) and Stolsfjord (ST)]. (ii) No apparent struc-
ture among oceanic samples collected in Skagerrak and the
Norwegian Deep. (iii) Temporal replicates group generally within
the same barrier, supporting the results of the AMOVA analysis of
a larger spatial than temporal component of genetic divergence.

Survey and commercial fisheries data
In general, trends in the survey stock biomass indices for Skagerrak
and the Norwegian Deep followed the same pattern. Both indices
increased from 1988 to 1997 and both have decreased to a very
low level in recent years (Figure 2b). The two indices differ,
however, in some years, with the most notable difference being
the distinctive peak in biomass in 2007 in Skagerrak, which was
not observed in the Norwegian Deep. Recruitment has remained
at a steady low level in the Norwegian Deep in the period 2006–
2014, while it has shown large fluctuations in Skagerrak (Figure 3).

Commercial Danish shrimp fishery in Farn Deeps only took
place in 3 years, from 1987 to 1989, and was terminated on the
Fladen Ground in 2003 (Figure 2a). Daily catch rates (LPUE) were
substantially higher in the latter area compared with Skagerrak,
the Norwegian Deep, and Farn Deeps, suggesting higher densities
of shrimp on the Fladen Ground. In some years, the Fladen
Ground time-series differs considerably from those of both
Skagerrak and the Norwegian Deep, with directly opposite trends
from 1992 to 1996 and again from 1998 to 2002. However, the
large peak in biomass in 1997–1998 is seen in all three time-series.
Furthermore, the Fladen Ground LPUE is strikingly similar to the
survey biomass index from the Norwegian Deep, with both time-
series having peaks in 1991, 1997, and 2001 (cf. Figure 2a and b).
Only for the years 1992–1995, do these two time-series diverge.
The Skagerrak and Norwegian Deep LPUE time-series agree reason-
ably well throughout the period, but show the same 2007 scaling dif-
ference as the survey biomass indices.

Discussion
The spatial structuring of shrimp in the North Sea and Skagerrak
area has long been the subject of scientific discussion and specula-
tion (ICES, 2003, 2013) as the geographic extent of populations
may suggest how local or regional fishing impacts the stocks.
Overall, we find a low, but statistically significant genetic structure
(FST ¼ 0.0009): samples collected from open waters within
Skagerrak and the Norwegian Deep show little or no genetic struc-
ture, despite the finding of contrasting recruitment patterns and dif-
ferent size-at-age distribution (Figure 3). However, shrimp from the
Fladen Ground in the western North Sea and several Skagerrak
fjords seem to be genetically divergent.

Our finding of a general lack of genetic divergence between
Skagerrak and the Norwegian Deep is in accordance with the
present assessment and management regime of shrimp in this
area, which defines the entire Skagerrak and Norwegian Deep as
one single management unit (ICES, 2003, 2013). Thus, as judged
from the genetic data, and similar patterns in abundance fluctua-
tions (LPUE and survey data, cf. Figure 2), shrimp in these two
areas may constitute one common biological population. As men-
tioned above, shrimp in the two areas do show some differencesTa
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in growth and longevity, but the genetic basis for these differences is
unclear and may simply reflect different environmental conditions,
e.g. in food availability.

The Norwegian Deep and Skagerrak are connected by strong
oceanic currents. A branch of the North Atlantic Current flows
into the Norwegian Deep from the west and follows the trench
into Skagerrak where the current joins with coastal water from
Kattegat and finally flows out of Skagerrak as the Norwegian
Coastal Current (Figure 1). Shrimp could be transported by the
strong current, thereby joining shrimp in the two areas into a
common gene pool. The large difference in recruitment (Figure 3)
suggests that Skagerrak constitutes a nursery ground for the
Skagerrak/Norwegian Deep stock and that juvenile shrimp

gradually move westwards, as has been claimed by local fishers for
years. Spatial variation in the distribution of different size (age)
groups is known from other shrimp stocks and may be explained
by ontogenetic migration (Simard and Savard, 1990; Aschan, 2000).

Our genetic results are consistent with this notion of a common
biological population within oceanic Skagerrak and the Norwegian
Deep. However, it should be kept in mind that statistical power in
detecting very small genetic differences (0.0010 or below) was
found to be low, and so we cannot exclude the possibility of as yet
undetected genetic differences between areas going unnoticed (cf.
Figure 4), should there be any.

In contrast to the Skagerrak/Norwegian Deep situation, shrimp
from the Fladen Ground tended to differ genetically from other
locations (Table 3 and Figure 5) and might represent a separate
population. A similar explanation may be given for the Danish
LPUE time-series, which suggest different population dynamics
on the Fladen Ground compared with in Skagerrak and the
Norwegian Deep. The average catch rate on the Fladen Ground
was roughly twice as high as in Skagerrak and the Norwegian
Deep in overlapping periods (Figure 2a), although LPUE standard-
ization may have been biased. Bias could arise from a combination
of (i) different fleet compositions of the areas (only the largest vessels
are capable of fishing on the Fladen Ground) and (ii) technological
creep (increasing vessel catchability from advances in, e.g., naviga-
tional aids and gear design) taking place at a higher pace on-board
larger vessels (Eigaard, 2009; Eigaard et al., 2014). Furthermore, as
only daily catch rates exist, we cannot rule out the possibility that
vessels on the Fladen Ground fished for longer days (more hours)

Figure 4. Comparison of statistical power (y-axis) with the level of genetic differentiation FST (x-axis) among four species sampled (n ¼ 96 for all
species) along the Skagerrak coast over a comparable geographic range: Atlantic cod (Knutsen et al., 2003), European lobster (Huserbråten et al.,
2013), and corkwing wrasse (Knutsen et al., 2013).

Figure 5. BARRIER-inferred restrictions or “barriers” to gene flow among
sample localities, based on nine microsatellite loci. Thickness of red line
denotes the rank of importance of the respective barrier, and numbers
denote the number of loci supporting each barrier. Sample
abbreviations (with sample years appended) are given in Table 1. Blue
abbreviations indicate fjord samples.
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compared with vessels in Skagerrak and the Norwegian Deep, where
fishing grounds are closer to harbour. Yet, the catch rate differences
are of such magnitude that they would most likely not be balanced
out by further standardization, thus strongly indicating real popula-
tion differences. Also the periodically opposite trends of the Fladen
Ground LPUE time-series compared with the much more similar
Skagerrak and Norwegian Deep LPUE time-series support the view
of different population dynamics. Contrary to this, the similar
trends in the Fladen Ground catch rate and the survey index from
the Norwegian Deep may indicate some connection between these
two areas. Ocean currents linking the Fladen Ground and the
Norwegian Deep and Skagerrak area are weak compared with the
strong currents flowing into and out of the Skagerrak basin
(Figure 1). The combination of genetic and time-series data together
with ocean current information suggests that the Fladen Ground
shrimp constitute a separate population from both Norwegian
Deep and Skagerrak open and fjord shrimp.

The inclusion of fjord samples in the analysis slightly increased
the level of genetic differentiation (from FST ¼ 0.0006 among
oceanic samples to 0.0010 among fjords), indicating some genetic
structuring at the fjord level. The BARRIER plot (Figure 5) revealed
fjord shrimp as the most heterogenous, thus indicating the presence
of local populations within at least some Skagerrak fjords. Hence,
shrimp in local fjords exploited by small boats appear genetically
more structured than those living in open waters. Structure bet-
ween fjords/bays and open coast has also been found in other organ-
isms (e.g. mussels: Nicastro et al., 2008, Teske et al., 2012), including
cod in the Skagerrak region (Knutsen et al., 2011). Oceanographic
features, such as bathymetry, temperature, and salinity boundaries,
and habitat heterogeneity may all act as barriers to population con-
nectivity in marine species in this region (e.g. cod, G. morhua, Jorde
et al., 2007; corkwing wrasse, S. melops, Knutsen et al., 2013; and
sprat, Sprattus sprattus, Glover et al., 2011). This finding of local
fjord populations contradicts current management regulations,
which assume shrimp in the entire region to represent a single
stock, except for the Gullmarsfjord shrimp stock which is managed
separately. In general, fjord populations are probably of less economic
value, but may help maintaining genetic variability and biocomplexity
of the species in this region (cf. Ruzzante et al., 2006; Olsen et al., 2008;
Schindler et al., 2010). Considering that Skagerrak is already among
the warmest part of the species’ range, and that temperatures are cur-
rently increasing there (e.g. Knutsen et al., 2013), geneticvariability for
further adaptations to changing conditions may prove crucial to the
species’ continued presence in this region.

Supplementary material
Supplementary material is available at the ICESJMS online version
of the manuscript.
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