
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  
v e c  o m m  o n s .  o r  g / l  i c e  n s e s  / b  y - n c - n d / 4 . 0 /.

Láruson et al. BMC Ecology and Evolution           (2025) 25:31 
https://doi.org/10.1186/s12862-025-02369-9

Background
The potential for connectivity is a uniquely challenging 
consideration in the study of marine population diver-
gence. Dynamic ocean current systems, in conjunction 
with durable pelagic larval stages, can connect remote 
and seemingly disparate sites and permit population con-
nectivity in spite of physiological and geographic expec-
tations. In fact, speciation in spite of seemingly rare 
hard environmental barriers is a long standing theme in 
marine evolutionary studies [1, 2]. With a growing body 
of genome level analysis available for marine populations 
the mystery only seems to deepen. Low overall genomic 
divergence belies the separation in marine populations 
at distinct hot spots of accumulated differences [3–5]. 
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Abstract
The northern shrimp Pandalus borealis (ice. Stóri kampalampi) is a North Atlantic crustacean of significant 
commercial interest which has been harvested consistently in Icelandic waters since 1936. In Icelandic waters, the 
length at which this protandrous species transitions from male to female differs between the inshore and offshore 
populations, suggesting a biologically meaningful stratification which may or may not be plastic. Using reduced 
representative genomes assembled from RADseq data, sampled from 96 individuals collected at two time points 
(2018 and 2021), we compare the level of genetic structure across a gradient extending out of Skjálfandi bay, 
north Iceland. These data are compared to samples from a far offshore site, some 65 km out from the bay, as well 
as another inshore fjord in Arnarfjörður, in northwestern Iceland. Since 1999, no harvesting of inshore populations 
of P. borealis in Skjálfandi has been allowed due to stock decline, but harvesting of offshore stocks has continued. 
Uncertainty surrounding the extent of structure between the in- and offshore aggregations has remained. Here 
we report distinct genetic structure defining the inshore and offshore populations of northern shrimp, but 
find significant admixture between the two. Most importantly, we see that genetically inshore populations of 
northern shrimp extend far outside the harvest boundaries of inshore shrimp, and offshore individuals may exhibit 
punctuated migration into the inshore areas.
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Understanding underlying genomic architecture is thus 
critical when considering population structure, as dif-
ferent parts of the genome can experience varying influ-
ences of connectivity and adaptation [6]. Within the 
marine environment, the gradient from inshore to off-
shore sites represents a consistent environmental feature 
that drives signatures of divergence [7–9]. Inshore and 
offshore environments demarcate significant ecologi-
cal shifts in the marine environment, which affects both 
overall species composition, as well as diversity gradients 
within species that occupy both types of habitats [7, 10, 
11].

The northern shrimp, Pandalus borealis (ice. Stóri 
kampalampi), is a commercially important North Atlan-
tic caridean decapod. Across its broad boreal distribu-
tion, the northern shrimp is characterized by a lack of 
significant genetic structure [12–15]. A recent study of 
northern shrimp transcriptomes off the coast of south-
eastern Canada has suggested a plasticity (differential 
gene expression) in responding to habitat heterogene-
ity observed between populations [15]. However, allo-
zyme analysis has suggested that inshore and offshore 
sites around Iceland may constitute possible population 
substructure [12]. Microsatellite analysis of Norwegian 
northern shrimp suggests a similar inshore and offshore 
dynamic between Norway’s northernmost coast and the 
Barents sea, with no well defined barrier [8]. The species 
is protandrous (reaching sexual maturity first as a male 
before developing into a female past a certain body size), 

and assessments of the length at which individuals tran-
sition from male to female has been proposed to differ 
between inshore and offshore populations in northern 
Iceland, suggesting an important biological distinction 
between the two [16, 17]. Whether this phenotypic dis-
tinction is driven by distinct accumulations of genetic 
mutations or plastic differences remains to be definitively 
determined, but is partially addressed by the work pre-
sented here.

Harvesting of northern shrimp began in Iceland in 1936 
in two fjords in the northwest of the island, Arnarfjörður 
(Fig. 1) and Ísafjarðardjúp. In 1990, Skjálfandi bay (Fig. 1) 
in the north was one of the last areas where shrimp were 
found in catchable quantities. Skjálfandi bay is a large 
glacially formed bay in northern Iceland and is character-
ized by a steep depth and salinity gradient as two large 
rivers, one glacial and another springfed, flow into the 
bay, providing a clear environmental cline. Shrimp fish-
ing was closed after a large drop in the stock index of 
northern shrimp in Skjálfandi in 1999, and the index has 
remained low since then. Since the shrimp fishery clo-
sure, only two smaller scale harvests have taken place in 
2012/13 and 2015/16 [18].

The inshore shrimp area at Skjálfandi is delimited by 
a line that runs across the bay, from the island of Flatey 
in the west to the Mánáreyar islands in the east (see blue 
line in Fig. 1). This line was recognized by the Icelandic 
parliament in 1997 to broadly define inshore and offshore 
fishing areas, with no specific consideration of northern 

Fig. 1 Sites sampled during surveys in October 2018 (cyan) and March 2021 (orange). The blue line represents the current demarcation of inshore and 
offshore P. borealis stocks. AR = Arnarfjörður; S1-S5  = Skjálfandi (increasing numbers correspond to distance from shore); OS = Offshore site off Kolbeinsey

 



Page 3 of 10Láruson et al. BMC Ecology and Evolution           (2025) 25:31 

shrimp biology. Shrimp caught on the offshore side of 
the line belong to the offshore shrimp quota, while those 
caught inside the line belong to the inshore shrimp quota 
at Skjálfandi. Although shrimp are relatively local, post 
settlement, they show some movement and no hard geo-
graphical barriers are present to stop them from moving 
across the line that demarcates the zones [19]. The dis-
tinction between inshore and offshore northern shrimp 
is therefore not clear, and offshore shrimp have been 
caught as a part of the inshore shrimp harvest in Skjál-
fandi bay. There are no definitive studies on the extent to 
which these inshore and offshore clusters mix. However, 
life history and genetics studies using allozyme markers 
carried out between 1988 and 1995 indicated a poten-
tial contact zone in the North of Iceland, approximately 
20–40 km offshore from the defined inshore shrimp har-
vest areas [17].

The aim of this study is to assess the genetic population 
structure of the northern shrimp in Skjálfandi bay, spe-
cifically across the inshore/offshore defined fisheries line, 
and characterize any structural patterns from the inshore 
to the offshore region north of Iceland in the context of a 
measurable phenotypic variation.

Methods
Sampling
A total of 96 samples were collected for genomic analy-
sis in annual surveys in October 2018 and March 2021 
(Fig. 1; Table 1). In October 2018, a total of 62 individu-
als were collected in the annual shrimp survey conducted 
by the Marine and Freshwater Research Institute (MFRI) 
in Arnarfjörður and Skjálfandi where the overall shrimp 
stock biomass is estimated to inform fisheries manage-
ment. Some 46 individuals were collected from three 
stations along a transect from the innermost station in 
Skjálfandi towards an outer station located in the off-
shore shrimp area (Fig.  1: S1, S2, S4 - higher numbers 
indicating a greater distance from shore). An additional 
16 individuals were collected in Arnarfjörður (AR), in 
north-west Iceland. In March 2021, a total of 34 individu-
als were collected in the annual groundfish bottom trawl 
survey conducted by MFRI. Samples were collected from 

three stations; 23 individuals from two stations along the 
transect where the 2018 samples were collected (Fig.  1: 
S3 & S5), and 11 individuals from an offshore site off Kol-
beinsey (OS). No shrimp were caught within Skjálfandi 
bay in 2021.

All samples from both surveys consisted only of larger 
(female) shrimp. For each individual, a piece of muscle 
tissue ca. 0.2 gr from the tail was cut off and placed in a 
2 ml tube containing 96% ethanol. Sea temperature was 
measured at each station using a pre-calibrated Scanmar 
clump sensor (SS4-C-VTLA 144) attached to the trawl 
headline (bottom temperature) or the vessel bottom (sur-
face temperature). Salinity data for sample sites at similar 
times of year were collected from SeaDataNet  (   h t t p s : / / w 
w w . s e a d a t a n e t . o r g      ) .   

Morphology
To assess phenotypic variability between our sampled 
sites, measurements from 250 individual shrimp caught 
per site per year during previous annual shrimp surveys 
(1988–2020) were compiled for the Skjálfandi sites S1 
& S4, as well as the OS site. The proportion of females 
at carapace length p were fit with a generalized model 
(GLM) with a logit link function:

 
p = 1

1 + e−k(T L−L50)

where TL is the carapace length in mm, k is the slope of 
the logistic curve and L50 is the carapace length at which 
50% of the biomass of caught shrimp were females (i.e. 
the size at sex change). The GLM model was used to esti-
mate L50 for each site (S1, S3, & OS) across the survey 
years. Data from single stations in the annual offshore 
survey were used to estimate L50 for sites OS and S3, 
but data from four stations within the innermost part of 
Skjálfandi were used for the S1 site. A paired t-test com-
paring L50 data between individual sites was performed 
with the R stats package [20] function t.test.

Table 1 Number of individuals collected from each site, the year the samples were collected, mean latitude and longitude of 
collection trawl, and number of individuals retained for analysis post filtration. Mean values of environmental measurements 
(temperature, salinity, and depth) per site are also included
Site Year Lat. Lon. Ind. sampled Ind. post filtration Bottom Tmp. (°C) Surface Tmp. (°C) Salinity (P.S.U.) Depth (m)
AR 2018 65.737 -23.4148 16 10 3.8 7.1 34.38 77.5
S1 2018 66.071 -17.5675 15 10 5.8 5.5 34.53 144.5
S2 2018 66.221 -17.6563 15 9 5.6 5.4 34.82 213
S3 2021 66.285 -17.4998 11 10 2.8 2.2 34.83 223.5
S4 2018 66.391 -17.5543 16 7 5.1 5.1 34.94 266.5
S5 2021 66.45 -17.5193 12 11 2.7 2.3 34.8 280
OS 2021 67.737 -18.4408 11 11 -0.1 2.0 34.74 458

https://www.seadatanet.org
https://www.seadatanet.org
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DNA sequence generation
DNA was extracted using a Machery-Nagel NucleoSpin 
Tissue mini kit for DNA from cells and tissue (Item # 
740952.50). Double digest RAD sequencing libraries 
were constructed as in Goodall et al. (2021) by digesting 
whole genomic DNA with Sau3AI and ApeKI and select-
ing fragments 390 bp to 430 bp using a Pippin Prep (Sage 
Science). Molecular identification tags were assigned to 
individuals using combinatorial barcoding of forward 
(5 bp) and reverse (6 bp) reads, respectively, and pooled 
into a library before size selection and amplification using 
10 PCR cycles. Resulting library concentrations were 
quantified using SYBR Gold double-stranded DNA assay 
measured on a TECAN GENios plate reader (TECAN™, 
www.tecan.com), and the sizes estimated by 2% agarose 
gel. Libraries were sequenced at Novogene UK, using 
Illumina HiSeq 2500 (paired-end 2 × 125 bp) on a single 
lane, generating an average of 30.3  million paired raw 
reads per individual and with base error rate of 0.03%.

Variant site calling and filtering
Single nucleotide polymorphisms (SNPs) were called 
using Stacks v.2.0b [21, 22] with the following options 
enabled: -inline_inline,–r,–c,–q,–t = 119. Subsequent 
filtering was performed with VCFtools (0.1.16) [23]. 
Variants that were genotyped at fewer than 50% of sites 
across all individuals (--max-missing 0.5), had a minor 
allele count below three across all individuals (--mac 3), 
and had a sequencing depth less than 10 for each indi-
vidual (–minDP 10), were removed. The amount of 
missing genotype calls per individual from the 2018 and 
the 2021 samples were quantified (Figure S1, Table S1), 
and subsequently individuals missing more than 50% of 
the polymorphic loci were removed. This reduced the 
number of individuals in the dataset from 96 to 68 (42% 
reduction in the 2018 batch, 6.25% reduction in the 2021 
batch, Table 1). Following the reduction in the total num-
ber of individuals, sites with more than 5% of genotype 
calls missing (--max-missing 0.95) and a mean depth 
lower than 20 across all the remaining individuals (--min-
meanDP 20) were then filtered out. Finally, sites that at 
this point had more than 10% missing genotype calls 
per sampling site were filtered. For population structure 
analysis, one random SNP per contig was retained via the 
bcftools prune plug in (-w 170 bp -n 1 -N rand) [24, 25].

Genetic analysis
Weir & Cockerham’s (WC) FST values between all sam-
pling sites were calculated with the weir-fst-pop com-
mand in VCFtools (0.1.16) [23] and bootstrap analysis of 
WC FST values was done with R package StAMPP [26]. 
Ordination analysis of allele frequencies was done with 
SMARTPCA, implemented in the EIGENSOFT (v.8.0.0) 
package [27, 28]. Distances were calculated from GPS 

sample coordinates with the arcdist function from the R 
package geo (v. 1.5-1) [29]. Isolation by distance was esti-
mated via a Mantel test with a Spearman’s correlation 
method, as implemented in the R package vegan (v.2.6-
4) [30]. Additional summaries (HO, HS, HT, FST, FIS) were 
calculated with the R package hierfstat (v.0.5–11) [31].

The filtered VCF file was converted to a “12” coded.
ped file via PLINK (v. 1.90b7.2) [32], before structure 
analysis was performed with the program ADMIXTURE 
(v1.3) [33]. A 100-fold cross validation was specified, for 
200 iterations, for each proposed number of populations 
ranging from 1 to 15. Results were visualized in R using 
ggplot2 (v.3.5.1) [34].

Outlier detection was done using two different 
approaches. First via the PCA based R package PCAdapt 
(v. 4.4.0) [35], starting with an initial spot check of 20 
principal components, before limiting the analysis to the 
first two principal components based on the percentage 
of variance explained. Converted q-values were bounded 
by a 5% false discovery rate. A minimal minor allele fre-
quency threshold of 0.1% was used, as the input data was 
already heavily filtered. Finally, Bayescan (v. 2.1) [36–38] 
was used with the -n 5000, -burn 50,000, and -all_trace 
-pr_odds 1000 parameter specification. VCF to geste file 
format conversion was done with PGDSpider (v. 3.0.0.0) 
[39]. A redundancy analysis of outlier loci association 
to measured environmental variables was done with the 
vegan R package (v.2.6-4) [30].

Results
A clear distinction in the size at which northern shrimp 
transition from male to female was seen between the 
Skjálfandi sites and the offshore (OS) site (Fig.  2). 
All individuals sampled for DNA reflected the typi-
cal size distribution of the female shrimp previously 
caught across the sample sites. Despite yearly fluctua-
tions in the length at which 50% of the caught shrimp 
had transitioned to the terminal female stage, female 
shrimp caught at the OS site were on average 28% lon-
ger than at either of the Skjálfandi sites. A paired t-test 
showed minor difference between the S1 and S2 sites 
L50 data (t = 3.99, p-value = 0.0006), but showed OS 
site data to be significantly longer than either the S1 
(t = 22.39, p-value < 2.2 × 10− 16) or S4 data (t = 21.96, 
p-value < 2.2 × 10− 16).

A total of 419,723 polymorphic loci were identified 
by Stacks across 96 individuals. There was a clear batch 
effect of the timing of the sampling and the number of 
missing loci per individual (Table S1). While both the 
2018 and 2021 samples were kept frozen until they were 
extracted and sequenced in the same batch, the older 
samples had on average over 85% more missing data (Fig-
ure S1 A). Filtration at the allele, individual, and sample 
site level left 2,364 sites across 68 individuals that were 

http://www.tecan.com
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representative across both the 2018 and the 2021 samples 
(Figure S1 B) that were used for outlier detection. Follow-
ing filtration for one random SNP per contig 1,099 SNPs 
remained for population structure analysis, with a mean 
sequencing depth of 106.5X across all individuals (94X 
median depth).

Genome level divergence, as assessed via FST between 
the different sample sites, was generally low (FST<0.0065) 
with the notable exception of the offshore site compared 
to all other sites within Skjálfandi bay and Arnarfjörður 
(mean FST = 0.027, Table  2). Only the FST values which 
included comparisons with the OS site were significant 

Table 2 Weir & Cockerham’s FST values between all sampling sites listed below the diagonal. P-values from 1000 bootstrap resamples 
are listed above the diagonal. Highest pairwise FST values are in bold
FST S1 S2 S3 S4 S5 OS AR
S1 0.052 0.066 0.014 0.391 0.000 0.058
S2 0.006 NA 0.005 0.203 0.008 0.000 0.282
S3 0.005 0.009 NA 0.078 0.153 0.000 0.024
S4 0.008 0.004 0.006 NA 0.018 0.000 0.384
S5 0.001 0.007 0.003 0.007 NA 0.000 0.032
OS 0.025 0.045 0.029 0.042 0.013 NA 0.000
AR 0.006 0.002 0.007 0.001 0.006 0.033 NA

Fig. 2 Measures of length at which 50% of surveyed northern shrimp biomass was female. At each survey site for each year the biomass is based on 250 
individual northern shrimps. The OS site consistently shows that terminal phase females are longer than at either the innermost site in Skjálfandi bay (S1) 
or a site further out of the bay, well past the inshore/offshore delimiting harvest line (S4)
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after adjusting the p-value significance threshold due to 
multiple tests.

Scaled FST distances from offshore towards land in 
Skjálfandi bay did not significantly increase with geo-
graphic distance (Fig.  3). A Mantel test showed no iso-
lation by distance (significant relationship between FST 
and distance between the inner bay and the offshore site) 
(r = 0.589, p-value = 0.133).

Ordination analysis from smartPCA showed the big-
gest overall drop in Eigenvalue following PC1 (Figure 
S2). In line with the result from the pairwise FST com-
parisons, the PCA results showed a high level of overlap 
between inshore sample sites across Skjálfandi and the 
Arnarfjörður samples (Fig. 4). The offshore site clustered 
separately from all other samples, with a slight overlap 
with the site furthest outside of Skjálfandi bay (site S5) 
and a single individual from the site furthest into the bay 
(site S1).

Similarly, a cross validation error analysis from the 
ADMIXTURE results indicated that a K = 2 best fit the 
data. This split the OS site from the remainder of the 
samples as a distinct ancestry assignment. All other sites 
contained signatures of offshore admixture and the inner-
most site within Skjálfandi (S1) contained an individual 

fully assigned to an offshore ancestry. Inshore individu-
als with no signature of admixture, i.e., with fully inshore 
ancestry, were in the minority at every site except S2 (5 of 
9). Looking at the ancestry assignment to the OS group 
(blue color in Fig. 5), we see a general pattern of increas-
ing average individual assignment as you move out of the 
Skjálfandi bay towards the offshore site. The same pattern 
of a K = 2 admixture was observed when considering the 
2018 and the 2021 samples separately.

 Some 571 alleles were identified as being potentially 
under balancing selection by Bayescan, with no loci sug-
gested to be under directional selection. A total of 15 
alleles were identified as potentially being under selection 
by PCAdapt, and nine of those alleles were also identified 
by Bayescan. Those nine alleles appear to fluctuate in fre-
quencies in the inshore environments but tend towards 
elevated or lower frequencies at the OS site (Figure S3). 
None of the nine alleles had elevated sequencing depth, 
as might be expected from paralogous sequences that 
might erroneously signal balancing selection (mean 
56.2X, min 25X, max 94X). Five of those nine alleles 
gave negative FIS values (Table  3), suggesting a greater 
observed heterozygosity than expected. Averaged within 
site FIS values were all positive (Table S2). Redundancy 

Fig. 3 Geographical distance between sites plotted against a corrected FST calculation for those same two sites. The points circled in red are all the FST 
values between the offshore site (OS) and the Skjálfandi sites (S1, S2, S3, S4, & S5)
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Fig. 5 Ancestry assignment (Q values) for k = 2 from ADMIXTURE, plotted across sampled sites. Cross validation error values for k values immediately 
above 2 were larger and are not shown here. The two populations identified conform to an inshore (red) and an offshore (blue) assignment. One indi-
vidual at the innermost site of Skjálfandi bay (S1) appears to be an unambiguous offshore northern shrimp, while three individuals at the outermost site 
(S5) have a majority offshore assignment

 

Fig. 4 Results of PCA ordination of allele frequencies, performed with the smartPCA algorithm. The distinction between the offshore site (OS, outlined 
in black) and the remaining samples in the study appears to drive the variation observed across the first PC. While there is significant overlap between 
all the remaining sites, three individuals from the outermost Skjálfandi bay site (S5) and one from the innermost site (S1) appear to cluster closer to the 
OS samples
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analysis including bottom temperature, surface temper-
ature, and salinity (depth was not included due to high 
correlation to the other three variables) showed that over 
55% of the variation in outlier allele frequency could be 
explained by bottom temperature alone, compared with 
less than 68% explained when surface temperature and 
salinity were included (Figure S4).

Discussion
From two sampling efforts in the fall of 2018 and spring 
of 2021, we generated a reduced representative genomic 
dataset from two purported P. borealis inshore shrimp 
fisheries in the West (Arnarfjörður) and North (Skjál-
fandi) of Iceland, as well as from an offshore site some 
130  km North of Skjálfandi bay. Interestingly, northern 
shrimp from the two sites Skjálfandi and Arnarfjörður, 
which are some 290 km apart, generally showed genomic 
divergence levels on a par or lower to those seen between 
sites within the northern bay Skjálfandi (less than a 45 km 
maximum site distance). The level of divergence seen 
from FST, PCA, and admixture analysis of the offshore 
site from all inshore sites identifies a genetically distinct 
population split between inshore and offshore northern 
shrimp around Iceland. These results do suggest that the 
present line demarcating the inshore and offshore har-
vest quotas, which designates only the sites AR and S1 
as inshore while all others are defined as offshore (Fig. 1), 
does not reflect a realistic population demarcation.

This study reaffirms patterns described by Jónsdót-
tir et al. (1998) where a genetic distinction between off-
shore and inshore shrimp samples is observed. However 
this signature is confounded by a signature of poten-
tially unidirectional gene flow from the offshore to the 
inshore. A minority of individuals were classifiable as 
clearly inshore, and only samples significantly offshore 
(OS site, over 130  km out from the inner bay) showed 
little to no signature of admixture. While seasonal dif-
ferences between the 2018 (October) and 2021 (March) 
sampling events potentially influenced the individual 
levels of admixture observed at any given inner or outer 

bay site, it seems that admixture between these popula-
tions is a consistent occurrence. Analysis of the 2018 
samples, which were taken in October, still supports a 
signal of binary admixture across all sites (all 2018 sites 
are inshore sites), and similarly 2021 sites (sampled in 
March) analyzed separately show admixture in the two 
inshore sites and an homogenous “offshore” assignment 
of the OS site.

A recent study of northern shrimp in southeast Can-
ada [15] showed a very modest, but significant, genetic 
divergence (as measured by WC FST) of an offshore sam-
ple from an Eastern Scotian Shelf site from two more 
inshore sites (St. Lawrence Estuary & Northeast New-
foundland Coast) despite being geographically closer 
to either inshore site than the two inshore sites were to 
each other. However this same study revealed a signifi-
cant capacity for transcription regulation in northern 
shrimp in response to changing temperatures, which did 
not appear to be variable based on local conditions (i.e., 
locally adapted). The authors concluded that given the 
overall low levels of genetic diversity observed, despite 
the broad and variable habitat distribution of northern 
shrimp, the species is dependent on transcriptional plas-
ticity to endure habitat variation. This limited adaptive 
potential was suggested to leave the species vulnerable to 
rapid environmental shifts beyond the plasticity thresh-
old, especially at a large geographic scale.

However, given the signature of admixture between 
genetically distinguishable inshore and offshore popu-
lations in northern Iceland, it is possible that stand-
ing genetic variation in the species is enriched in select 
localities. Given the results of the redundancy analysis, 
we can assume that bottom temperature is a factor influ-
encing the allele frequencies of identified outlier alleles 
potentially under balancing selection. Temperature is a 
key factor in development and reproduction for northern 
shrimp [19], and therefore the outsized effect of bottom 
temperature on the variance in outlier allele frequencies 
suggests a level of temperature driven selection across the 
inshore and offshore populations. Given that, it is possi-
ble that the measurable phenotypic difference observed 
between the inshore and offshore locations (size at which 
individual shrimp transition from male to female) is not 
a fully plastic response as potentially presumed given the 
findings in Leung et al. (2023), but at least in part a genet-
ically determined adaptation.

An important oceanographic feature of Skjálfandi bay 
is that during the winter months, arctic waters are carried 
south into the bay, potentially carrying offshore northern 
shrimp inshore and promoting admixture. This punctu-
ated dynamic may be driving the signature of balancing 
selection on select alleles that allow for the “warmer” bot-
tom temperature adapted inshore population to receive 
punctuated “colder” bottom temperature adapted alleles. 

Table 3 Observed heterozygosity (HO), within population 
genetic diversity (HS, expected heterozygosity), total genetic 
diversity (HT), FST, and FIS for the nine outlier alleles
Allele HO HS HT FST FIS
X34675_43 0.4356 0.3664 0.3814 0.0393 -0.1890
X10400_73 0.4223 0.3623 0.4118 0.1203 -0.1656
X3587_34 0.4078 0.3601 0.4178 0.1381 -0.1325
X9542_61 0.3902 0.3466 0.3992 0.1319 -0.1259
X27061_111 0.4327 0.3979 0.3990 0.0029 -0.0877
X24089_104 0.4265 0.4316 0.4950 0.1279 0.0119
X8114_74 0.3383 0.3672 0.4289 0.1439 0.0787
X20170_116 0.3598 0.4567 0.4969 0.0808 0.2123
X28654_117 0.0130 0.0447 0.0443 -0.0096 0.7098
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If this localized dynamic is promoting a greater stand-
ing genetic variation in local populations of northern 
shrimp, it may prove to be important for the adaptability 
of northern shrimp around Iceland as the ocean climate 
at northern latitudes continues to shift [40].

It should however be noted that signatures of balanc-
ing selection can be confounded by paralogous genes, 
which can inflate estimates of heterozygosity if not dis-
tinguishable in the sequence data [41]. Although we do 
not observe exceptionally high coverage of the outlier 
alleles identified in this study, higher coverage genome 
analysis across a broader geographic range (i.e. across 
multiple bays) should give a better insight into the role 
of environmentally associated alleles in demarcating the 
inshore and offshore populations of northern shrimp 
around Iceland.

Notably, the data presented here is RADseq reduced 
representative genomic data, meaning that genomic “hot 
spots” of divergence or local adaptation are likely to have 
been missed [42]. Even so, there does appear to be a sug-
gestion of a temperature driven structure in this system. 
Similar patterns of a seemingly unidirectional offshore-
to-inshore dynamics have also been seen in a diverse set 
of taxa around Iceland, such as in the Common Whelk 
(Buccinum undatum) [7], potentially in Cod (Gadus 
morhua) [9], and Sugar Kelp (Saccharina latissima, Láru-
son et al. in review).

Conclusion
We observe a genome wide distinction between inshore 
and offshore populations of northern shrimp in northern 
Iceland. The presence of offshore individuals within the 
inshore northern shrimp population suggest that there is 
not a clearly demarcated hybridization zone between the 
inshore to offshore sites, but a persistent primarily unidi-
rectional gene flow from offshore to inshore. Given this 
dynamic, the present line demarcating the inshore and 
offshore harvest quotas of P. borealis is not reflecting the 
biological reality of the population structure. Due to the 
observed gradient from inshore towards offshore shrimp, 
with shrimp seasonally moving between the two legally 
defined areas, it is not possible to produce a fixed line 
that is biologically relevant.
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