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Northern sand lance (Ammodytes dubius) are essential forage fish in most offshore, temperate-to-polar waters on the Northwest Atlantic shelf
(NWA), but their population structure and genetic separation from the American sand lance (A. americanus) remain unresolved. We assembled a
reference genome for A. dubius (first in the Ammodytidae) and then used low-coverage whole genome sequencing on 262 specimens collected
across the species distribution (Mid-Atlantic Bight to Greenland) to quantify genetic differentiation between geographic regions based on single
nucleotide polymorphisms. We found strong separation between A. dubius from locations north and south of the Scotian Shelf, largely due to
massive genetic differentiation spanning most of chromosomes 21 and 24. Genetic distance increased with geographic distance in the smaller
southern cluster but not in the larger northern cluster, where genetic homogeneity appeared across large geographic distances (>103 km). The
two genetic clusters coincide with a clear break in winter sea surface temperature, suggesting that differential offspring survival, rather than
limited transport, causes a break in realized connectivity. Nuclear and mitochondrial DNA both clearly delineated A. dubius from A. americanus,
thereby confirming a species boundary through spatial niche partitioning into inshore (A. americanus) and offshore (A. dubius) sand lance species
on the NWA.
Keywords: Ammodytes americanus, Ammodytes dubius reference genome, Ammodytes personatus, connectivity, low-coverage whole genome sequencing,
Scotian Shelf genetic break, Stellwagen Bank.

Introduction

Sand lances, or “sandeels” (Ammodytidae), are critically im-
portant forage fishes in temperate to polar shelf ecosystems
across the northern hemisphere (Staudinger et al., 2020).Their
exceptional nutritional quality and high local abundance sus-
tain commercial fish stocks (e.g. cod, tuna) and often pro-
mote spatial aggregations of iconic piscivores such as sharks,
seabirds, and marine mammals (Engelhard et al., 2014; Silva
et al., 2020). Some sand lance species are targeted commer-
cially for oil and meal (Lynam et al., 2013), as for example
in the North Sea, where peak landings of >1 million tons an-
nually (van Deurs et al., 2009; ICES, 2010) caused declines
of seabird and marine mammal populations in the late 1990s
(Furness, 1999; Furness and Tasker, 2000; Daunt et al., 2008).
These cascading impacts indicate that sand lances comprise
key components of any ecosystem-based management, which
in turn requires better data and knowledge than we currently
have for most species in this group. Sand lances are generally
not represented well by fishery-independent surveys because

their small, eel-like bodies pass through most trawl meshes,
and—unlike any other fish group—they alternate between a
pelagic feeding and a buried occurrence on diel and seasonal
timescales (van Deurs et al., 2009;Morrison, 2021). The bury-
ing behaviour constrains sand lances to specific, coarse-grain
sand banks that produce characteristically patchy and tempo-
rally dynamic distributions (Richardson et al., 2014;Wright et
al., 2019), but the connectivity among patches remains poorly
understood.

On the Northwest Atlantic Shelf (NWA), the northern sand
lance (Ammodytes dubius,Reinhardt, 1837) inhabits offshore
sand banks from the Mid-Atlantic Bight to Labrador and
Greenland (Figure 1; Robards et al., 2000). Underscoring
its ecosystem importance, known predators of A. dubius in-
clude 72 species of fish, squid, seabirds, and marine mam-
mals (Staudinger et al., 2020). The species has not been tar-
geted commercially, and many basic aspects of its ecology, life
history, climate sensitivity, and stock structure remain insuffi-
ciently studied. These knowledge gaps have inspired renewed
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Figure 1. Map of the Northwest Atlantic (NWA) with regions and
sampling sites for northern sand lance (A. dubius; see also Table 1). Red
circles denote locations comprising the southern population cluster, while
blue circles denote locations comprising the northern populations cluster,
as revealed in this study. Contours depict the mean annual SST minimum
(2000–2014) as a proxy for winter temperature (data from Bio-Oracle 2.0;
Assis et al., 2018), while black arrows illustrate surface currents. The
dotted line visualizes the genetic break between northern and southern
A. dubius population clusters somewhere on the Scotian Shelf.

research efforts in recent years, which have focused on sand
lance from the southern Gulf of Maine (e.g. Stellwagen Bank),
Cape Cod, and Nantucket Shoals (Silva et al., 2020; Suca et
al., 2021; Baumann et al., 2022; Suca et al., 2022). What re-
mains unresolved, but has clear conservation implications, is
the genetic structure and population connectivity of A. dubius
across its entire geographic distribution on the NWA. One
hypothesis is that the species’ patchy, fragmented occurrence
on discrete sand banks results in detectable genetic separation
among populations, which could therefore require individual-
ized management approaches. Alternatively, the species’ early
life history appears to promote large-scale mixing because A.
dubius are winter spawners with long embryonic durations
and subsequent larval stages that can remain pelagic for up
to three months before settling (Suca et al., 2022). Given the
strong, predominantly north-to-south surface currents along
the NWA, larval transport may indeed suffice to maintain es-
sentially one genetically homogeneous population that could
be considered a single entity.

An additional challenge to sand lance research in the
NWA is the existence of the congener Ammodytes ameri-
canus (DeKay, 1842), the American sand lance, which is mor-
phologically and genetically so similar to A. dubius that the
two species have undoubtedly been confused in the litera-
ture (Staudinger et al., 2020). Their meristic differentiation
is subtle and incomplete (Nizinski et al., 1990), their mito-
chondrial genomes indicate shallow divergence (Horne et al.,
2016), and standard mtDNA barcoding fails to distinguish
them as two species (McCusker et al., 2013). Most research
therefore proceeds by assuming complete allopatry, which
means that all specimens caught on offshore sand banks are

considered A. dubius, whereas all specimens encountered in
nearshore waters are assumed to beA. americanus (Nizinski et
al., 1990). If true, this would constitute an example of remark-
able niche partitioning, but a clear test of this hypothesis is still
lacking.

To examine the potential population structure of A. dubius
across the NWA and its separation from A. americanus, we
used low-coverage whole genome sequencing (lcWGS), which
has become a popular and powerful approach for exploring
patterns of genetic differentiation (Therkildsen and Palumbi,
2017; Lou et al., 2021). A low average per sample sequencing
depth of 1–2 × comprises the trade-off that makes analysing
whole genomes of hundreds of specimens affordable. While
this sequencing depth is too low to reliably call genotypes,
analysis of low-coverage data within a probabilistic frame-
work (that explicitly incorporates the uncertainty about in-
dividual genotypes in downstream analysis) allows robust in-
ference of many population genetic parameters, including al-
lele frequencies and population differentiation (Buerkle and
Gompert, 2013; Fumagalli, 2013; Nevado et al., 2014; Lou
et al., 2021). To take advantage of lcWGS, we first assem-
bled a high-quality reference genome for A. dubius (the first
in the Ammodytidae family) and then used the approach to
examine hundreds of collaboratively obtained A. dubius spec-
imens ranging from locations in the Mid-Atlantic Bight, Gulf
of Maine, the Grand Banks, and Greenland, in addition to
outgroup congeners A. americanus and the Pacific A. person-
atus. Our analyses revealed for the first time the existence
of two genetically distinct A. dubius population clusters and
suggested unambiguous genetic delineation between the two
NWA congeners, which will aid future research and conserva-
tion of NWA sand lances.

Material and methods

Sample origin

Sample locations spanned most of the geographical distribu-
tion of A. dubius in the NWA (Figure 1, Table 1), with spec-
imens obtained from seven different regions referred to here
as (1) Mid-Atlantic Bight (MAB), (2) Georges Bank, (3) Cape
Cod, (4) Stellwagen Bank, (5) Gulf of St. Lawrence (GSL),
(6) Grand Banks, and (7) the Godthåbsfjord (Nuuk, Green-
land). All specimens from MAB, Georges Bank, Cape Cod,
and Stellwagen Bank were obtained during dedicated research
cruises on the R/V Auk using a 1.3 × 0.7 m beam trawl (6 mm
mesh) towed over ground at three knots for 15 min. All avail-
able samples from MAB, Georges Bank, and Stellwagen Bank
were sequenced (n = 72). From Cape Cod, we randomly se-
lected 45 of the 60 available specimens for sequencing. Spec-
imens from the GSL were collected in 2019 with the CCGS
Teleost by the Canadian Department of Fisheries and Oceans’
(DFO) annual multidisciplinary survey in northern and south-
ern areas. A four-sided Campelen 1800 shrimp trawl (codend
= 13mm) and anAtlanticWestern IIA Survey trawl (codend=
19 mm) were used in the northern and southern GSL surveys,
respectively. Subsamples of 20 (northern GSL) and 21 (south-
ern GSL) specimens were randomly selected for sequencing.
Grand Banks specimens were sampled at 22 sites with the
CCGS Teleost (Camplelen 1800 shrimp trawl) in October of
2019, and 77 individuals from eight trawl sites were chosen
for sequencing. Specimens obtained from Godthåbsfjord were
not adults, but larvae of ∼10 mm TL, sampled via plankton
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Table 1. Sample overview for low-coverage whole genome sequencing, including species, country, region, year, average latitude and longitude, number
of sites sampled via trawl, seine, or ichthyoplankton tows, and the final number of sequenced samples (N).

Species Country Region Year Latitude (N) Sites N
Longitude (W)

Ammodytes dubius USA Cape Cod, Gulf of Maine 2017 41◦ 56.346’ 2 45
69◦ 59.334’

Georges Bank 2017 40◦ 48.93’ 2 10
68◦ 31.482’

Mid-Atlantic Bight 2018 39◦ 8.742’ 1 7
74◦ 13.224’

Stellwagen Bank, Gulf of Maine 2017 42◦ 27.234’ 5 28
70◦ 20.166’

2019 42◦ 27.234’ 1 27
70◦ 20.166’

Canada Grand Banks 2019 45◦ 34.08’ 22 74
50◦ 36.42’

Gulf of St. Lawrence, North 2019 49◦ 56.068’ 24 20
60◦ 55.804’

Gulf of St. Lawrence, South 2019 47◦ 39.428’ 20 21
63◦ 20.567’

Greenland Godthåbsfjord 2018 64◦ 27.132’ 1 30
51◦ 28.032’

Ammodytes personatus USA Salish Sea 2019 48◦ 42.456’ 2 10
122◦ 42.372’

Ammodytes americanus USA Casco Bay, Gulf of Maine 2017 43◦ 44.61’ 1 14
69◦ 59.172’

tows (335 μm mesh) on 14 June 2018. A subsample of 30
larvae was randomly selected for sequencing.

Outgroup samples of two congeners, A. americanus and
A. personatus, were included in the analysis (Table 1). A.
americanus was collected by beach seine in 2017 in Casco
Bay, totalling 15 specimens from one site, which were all
sequenced. Pacific A. personatus were collected by sedi-
ment grab from two nearshore sites in the Salish Sea, and
all ten specimens were sequenced. In total, 311 individuals
were selected for sequencing. Frozen adult specimens were
briefly thawed to obtain caudal fin clips with ethanol and
flame-sterilized scissors to avoid cross-contamination. Fin
clips were subsequently stored in 95% ethanol. Larvae from
Godthåbsfjord were used whole to ensure sufficient DNA
yield.

DNA extraction and sequencing

DNA was extracted from all samples using the Omega Bio-
Tek E-Z 96 Tissue DNA Kit (Omega Bio-Tek, Inc., Norcross,
GA, USA), following the company’s standard tissue protocol
sheet. Successful extractions had DNA concentrations exceed-
ing 0.4 ng μl−1, which were measured using a Qubit high sen-
sitivity assay kit (Invitrogen®). Sequencing libraries were pre-
pared by Tn5 transposase coupled to magnetic beads (Tn5
expression as described in Picelli et al., 2014), producing a
uniquely barcoded library for each individual (similar to the
method used in Therkildsen and Palumbi, 2017). This ap-
proach allows for pooling samples for sequencing while re-
taining individual-level information required for population
structure analysis (Lou et al., 2021). Samples were pooled and
sequenced across three lanes (paired ends, 150 bp) on an Illu-
mina HiSeq platform at Novogene Inc., CA. We aimed for an
average sequencing depth of coverage of 1–2 × for all sam-
ples based on a genome size of ∼750 Mb. After assessing data
retention on initial sequencing, two additional lanes were se-
quenced to balance out sequence coverage across individuals.

Assembly of a reference genome

To obtain a high-quality reference genome for A. dubius, fin
clips of one individual sampled on Stellwagen Bank inNovem-
ber 2020 were flash frozen in liquid nitrogen and stored at
−80◦C. The sample was shipped to Dovetail Genomics (CA)
for sequencing, assembly, and scaffolding using their standard
pipeline that involves PacBio™ HiFi™ long reads to assem-
ble contigs followed by scaffolding using proprietary Omni-
C proximity ligation technology and HiRise scaffolding soft-
ware (ESM1 contains further details).

Data filtering

Raw fastq files were first de-multiplexed (reads assigned to
individuals) using bbmap v37.41 (https://github.com/BioInfo
Tools/BBMap) with the demuxbyname.sh script. We clipped
off adapter sequences with Trimmomatic v0.39 (Bolger et
al., 2014) and used FastQC v0.11.5 (Andrews, 2010) and
MultiQC v1.10.1 (Ewels et al., 2016) to check the sequenc-
ing quality across all individuals. Because the average phred-
scaled base quality score was>20 even at the ends of the reads
in almost all samples and because we analysed the sequence
data in a probabilistic framework that takes base quality
scores into account (thus weigh bases with poor quality scores
lower), we did not quality trim ends of reads, but instead ig-
nored low-quality bases in our downstream analysis. All reads
were mapped to the reference genome using Bowtie2 v2.3.5.1
(Langmead and Salzberg, 2012) with the “very-sensitive” pre-
set and then filtered using Samtools v1.9 (http://www.htslib.o
rg/) to remove reads with amapping quality<20.Overlapping
ends of read pairs were clipped using BamUtil v1.0.7 (Breese
and Liu, 2013), and duplicated reads were removed using Pi-
card v2.2.1 (http://broadinstitute.github.io/picard/). For sam-
ples that received two rounds of sequencing to balance out
coverage (97% of individuals), all reads from the same sam-
ple were merged into single files for further analysis. After the
bioinformatic pipeline, 286 individuals remained for analysis.
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SNP calling and population structure analysis

Detection of single nucleotide polymorphisms (i.e. SNP call-
ing) across all individuals was performed using ANGSD
v0.933–102 (Korneliussen et al., 2014). To exclude genomic
regions with poor read mapping rates and repetitive multi-
copy elements, we examined the distribution of total read
depth per site (across all individuals) and then excluded
SNPs <0.5 × and >2 × of the average read depth by setting
the minimum and maximum depth filters to 93 (-minDepth93)
and 832 (-maxDepth832). Furthermore, the minimum individ-
ual filter was set to 77 (-minInd77, or approximately a quar-
ter of the final sample list) to ensure that SNP calling at a
given site had a sufficient number of samples. Low-quality
base calls and poorly mapped reads were excluded (-minQ 20
and -minMapQ 20). If a given site had a minor allele frequency
significantly different from 0, it was deemed polymorphic.We
kept SNPs with a minor allele frequency of 1% using a mini-
mum minor frequency filter (-minMaf 0.01) with a p-value fil-
ter of 10−6 for polymorphic sites (–SNP_pval 1e-6). Genotype
likelihoods were also generated during the SNP calling step
(–GL 1; –doGlf 2). The beagle-formatted genotype likelihoods
were then processed with PCAngsd v.099 using the PCA set-
ting to create an individual-level covariance matrix. The final,
formatted output file from PCAngsd was then imported into
R (R Development Core Team, 2018) for eigendecomposition,
extracting two principal components that explained a cumu-
lative 22.1% of the total variability.

In addition to this analysis of variation across nuclear
SNPs, we also examined patterns of sequence variation across
the mitochondrial genome. Because most cells have far more
copies of the mitochondrial genome than the nuclear genome
(and mitochondrial genomes are haploid), shotgun sequenc-
ing typically results in 50–200 × higher read depth for the
mitochondrial genome than the nuclear genome, and our low-
coverage (of the nuclear genome) sequencing thus allowed us
to recover a high-confidence full mitochondrial genome se-
quence for each individual (Therkildsen and Palumbi, 2017).
To obtain these, we mapped reads from each of the 286 in-
dividuals to the A. dubius mitochondrial reference genome
(NC_028 529, NCBI) from Horne et al. (2016), followed by
using ANGSD (-doCounts 1) for each individual to count ob-
served alleles at each position of the mitochondrial genome.
We then used R to generate a consensus sequence for each
individual, with the major allele chosen to be the consen-
sus allele for each position if the sequencing depth was
≥4 × and if the major allele frequency was ≥0.75 (otherwise
the position was given an N). We then produced minimum-
spanning haplotype networks from these consensus sequences
using PopART (Bandelt et al., 1999; Leigh and Bryant,
2015).

Next, we removed all 29 samples from the two congener
outgroups (A. americanus and A. personatus) from the sam-
ple list and re-ran the nuclear SNP calling using ANGSD with
only A. dubius samples and a more stringent minimum mi-
nor frequency filter of 5% (-minMaf 0.05), a minimum depth
filter of 350 (-minDepth 350), and a maximum depth of 604
(-maxDepth 604). Linkage disequilibrium was calculated using
ngsLD v1.1.1 (Fox et al., 2019). After visualizing LD decay,
we chose a filter of 5 kbp to generate a LD-pruned data set
using the prune_graph.pl function. To explore the LD pattern
in areas of high divergence, we ran ngsLDwith—max_kb_dist
disabled and visualized results using the LDheatmaps package
in R. To determine the degree of genetic differentiation among

geographic regions, we first conducted population-level FST
analyses using the genotype likelihood data fromANGSD. For
these pairwise comparisons, we first estimated sample allele
frequency likelihoods using the -doSaf 1 option in ANGSD,
which were then used to estimate FST values at each SNP for
each pair of geographic regions with the realSFS FST function.
To examine how levels of genetic differentiation vary across
the genome, we used R to generate Manhattan plots of FST
between the northern and southern regions. To test the sta-
tistical significance of the correlation between the genetic and
geographic distances, we performed Mantel tests in R (Man-
tel.rtest). The genetic distance (GD) was calculated for each
region from genome-wide average FST estimates as

GD = FST
(1 − FST)

.

The geographic distance matrix was calculated as a least-
cost path using a publicly available bathymetry grid (General
Bathymetric Charts of the Ocean, https://download.gebco.n
et). Using Marmap (Pante and Simon-Bouhet, 2013), we read
bathymetry data and set the minimum depth for connecting
paths to 1 m. Genetic and geographic distance matrices were
input into the Mantel.rtest function in the ade4 package (Dray
and Dufour, 2007) in R to conduct an isolation-by-distance
analysis (Mantel test).

Results

A total of 6339586 PacBio reads (amounting to 110.9 Gb
of data and estimated 139 × genome coverage) were used
for the assembly of the A. dubius reference genome. After
filtering and scaffolding with Omni-C data, the final Dove-
tail HiRise Assembly contained 748559117 bp assembled into
chromosome-level contigs (largest scaffold = 35270950 bp,
N90 = 22220510 bp) with L50 and L90 values of 12 and
22, respectively, and the Omni-C contact map indicated that
A. dubius has 24 chromosomes. The Benchmarking Universal
Single-Copy Orthologs (BUSCO) score was 92.16% based on
255 total BUSCO groups searched (Table 2, Supplementary
Material ESM1).

Our low-coverage, whole genome sequencing of 286 indi-
viduals yielded a median (10%; 90%) raw base count of 2.02
Gb per individual (1.81 Gb; 2.75 Gb), amounting to an aver-
age raw read depth per individual of 2.94× (Supplementary
Figure S1). After mapping to the reference genome and dedu-
plication, the median (10%; 90% percentile) retained data
amounted to a base count of 0.97 Gb per individual (0.93 Gb;
1.23 Gb), which is equivalent to a final average read depth
per individual of 1.40×. Data yields were similar among A.
dubius specimens from the different geographic regions and
comparable to A. americanus, but notably higher and more
variable for A. personatus (Supplementary Figure S1). For the
mitochondrial genome, the average read depth per individual
was 107× (range: 20–470×).

The genome-wide PCA based on 38738134 SNPs revealed
strong genetic differentiation between congeners A. dubius,
A. americanus, and A. personatus in our samples (Figure 2a).
Along PC1 (explaining 18.4% of the total variation), A. du-
bius separated from A. americanus/A. personatus, while all
three congeners were well separated from each other along
PC2 (3.7%). Genome-wide average FST values between pairs
of congener clusters were high, with FST = 0.28 between A.
dubius and A. americanus, FST = 0.54 between A. dubius and
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Table 2. Key statistics of the A. dubius reference genome assembly and scaffolding results (Dovetail Genomics).

Statistic Primary (WTDBG2) Primary filtered = Input assembly HiRise assembly

Total length (bp) 831 218 799 748 472 917 748 559 117
N50 (bp) 2 975 273 3 578 647 31 318 865
N90 (bp) 110 727 394 186 22 220 510
L50 65 52 12
L90 656 293 22

Largest scaffold (bp) 18 355 163 35 270 950
Number of scaffolds 1 697 835
Number of scaffolds > 1kbp 1 688 826

Number of N’s per 100 kbp 0.02 11.54

Complete single copy BUSCOs 235 (92.2%) 235 (92.2%)

Primary (WTDBG2) is the input assembly, which was then filtered and used as input for producing a HiRise assembly (the final assembly we used as the
reference genome). N50, N90: sequence length of the shortest contig at 50–90% of the total assembly length, respectively. L50, L90: the smallest number of
contigs whose length sum made up 50–90% of the genome size, respectively. Benchmarking Universal Single-Copy Orthologs (BUSCO) scores were computed
based on 255 total BUSCO groups searched (see Supplementary Material ESM1 for further details).

Figure 2. Genetic separation between the three Ammodytes congeners is based on (a) nuclear DNA and (b) mitochondrial DNA. (a) Principal component
analysis of the SNP-based, individual-level covariance matrices with superimposed FST values for each interspecies comparison. The asterisk denotes
five specimens from the northern GSL that were caught as A. dubius but clearly grouped with A. americanus and were therefore likely misidentified and
excluded from subsequent analyses. (b) Mitochondrial haplotype network of all analysed specimens, with the number of mutations separating
congeners.

A. personatus, and FST = 0.42 between A. americanus and
A. personatus (Figure 2a). Five specimens sampled as “A. du-
bius”in the northern GSL tightly clustered withA. americanus
(Figure 2a); these specimens were likely “misidentified A. du-
bius” and thus removed from further analysis. The separation
of the three congeners was also evident in their mitochondrial
genome (∼16 kbp, Figure 2b), with the resulting haplotype
network map showing A. dubius separated from A. ameri-
canus by 304 mutations and A. americanus separated from A.
personatus by 232 mutations. Within A. dubius, haplotypes
showed no geographical pattern.

However, considering only A. dubius nuclear genomic data
(n = 257), a second PCA based on 6732117 SNPs revealed
intra-specific clustering along PC1 (explaining 1.8% of the
total variation), because all specimens from southern geo-
graphic regions (MAB, Georges Bank, Cape Cod, Stellwa-
gen Bank) formed one distinct cluster, whereas all speci-
mens from northern geographic regions (Grand Banks, GSL,

Godthåbsfjord) formed another distinct cluster (Figure 3a).
The southern and northern population clusters showed no
overlap along PC1. The pairwise FST analyses showed the
highest genetic differentiation between MAB and all other ge-
ographic regions (FST = 0.030–0.046), although this may par-
tially be due to lower sample numbers forMAB (N= 7; Figure
3b). Within the southern cluster, specimens from Stellwagen
Bank and Cape Cod were genetically similar (FST = 0.007),
whereas both locations showed greater genetic differentiation
to Georges Bank (FST = 0.017–0.019, Figure 3b). Within the
northern cluster, pairwise FST values indicated little differenti-
ation and no geographic pattern, with the least differentiation
between northern GSL and Grand Banks (FST = 0.003) and
the most differentiation between southern GSL and Godthåb-
sfjord (FST = 0.013, Figure 3b).

Our isolation-by-distance analysis for A. dubius found
no significant correlation (p = 0.19) between genetic and
geographic distance (Mantel tests) when we tested across
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Figure 3. Intra-specific A. dubius genomic population structure (excluding congeners). (a) PCA including 257 specimens, showing complete separation
of northern and southern population clusters along PC1 (notice the breaks in the PC2-axis to visualize four outliers from Godthåbsfjord, Greenland). (b)
Pairwise region-level FST comparisons for A. dubius from all eight NWA regions.

Figure 4. Relationship between GD (calculated from FST values) and
geographic distance for all A. dubius sampling groups. Red circles and
blue diamonds represent groups within the southern and northern
population clusters, respectively. Mantel tests were conducted for each
cluster separately, with test statistics shown within the plot.

all populations. However, when the northern and southern
clusters were examined separately, we found that GD in-
creased with geographic distance within the southern cluster
(p = 0.04, r2 = 0.90; Figure 4), but not within the northern
cluster, despite covering much larger geographical distances
(p = 0.71; Figure 4).

When we examined genome-wide differentiation patterns
within northern and southern population clusters,we saw uni-
formly low FST < 0.02 values for all within-cluster population
comparisons (Supplementary Figures S1–S2). However, when
comparing northern and southern population clusters (Figure
5a), we discovered narrow peaks of highly elevated differenti-

ation (FST > 0.5) on many different chromosomes and a large
contiguous block of highly elevated differentiation in strong
LD spanning more than two-thirds of chromosome 21 and a
smaller block of elevated differentiation on chromosome 24
(Figure 5b and c). While most chromosomes had an average
FST value of 0.002, chromosomes 21 and 24 had average FST
values of 0.032 (16 × average) and 0.009 (4.5 × average), re-
spectively. We therefore conducted additional PCAs including
only SNPs from chromosomes 21 or 24 (Figure 6a and b), an-
other PCA including only SNPs from all other chromosomes
(Figure 6c), and a final PCA using an n-equalized (n ≤ 30),
LD-pruned SNP dataset (Figure 6d). This confirmed that the
strong separation of A. dubius into northern and southern
population clusters along PC1 was largely but not solely due
to the genomic differentiation concentrated on chromosomes
21 and 24, because the clusters remained detectable across the
other chromosomes and in the LD-pruned dataset.

Discussion

The rapid rise of low-coverage whole genome sequencing has
opened up vast new possibilities for studying non-model or-
ganisms across the tree of life (Lou et al., 2021; e.g.Akopyan et
al., 2022; Bahbahani and Almathen, 2022). Here, we used the
approach to reveal the population structure of Northern sand
lance (A. dubius), a critical but understudied NWA forage fish
with intriguing behaviour and likely high climate vulnerabil-
ity (Staudinger et al., 2020; Suca et al., 2021; Baumann et al.,
2022). By analysing variation across millions of SNPs across
hundreds of A. dubius genomes spanning the species’ geo-
graphical range, we discovered the existence of a large north-
ern and smaller southern population cluster while also sug-
gesting a clear genetic delineation between offshore A. dubius
and inshore A. americanus.

A. dubius population structure

Our SNP-based PCA suggested thatA. dubius fromCape Cod,
Stellwagen Bank, Georges Bank, and the Mid-Atlantic Bight
form one genetic cluster that is distinct from conspecifics fur-
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Figure 5. (a) Manhattan plot showing how levels of genetic differentiation (FST) between northern and southern population clusters vary across the
genome. Points denote individual SNPs, organized by position in the genome, with a subsetted panel for each chromosome. (b) Pairwise SNP LD
heatmap for chromosome 21. (c) Pairwise SNP LD heatmap for chromosome 24. For (b) and (c) a 0.5% subset of SNPs was used.

ther north in the Gulf of St. Lawrence, Grand Banks, and the
west coast of Greenland (Figure 1). Hence, the apparent ge-
netic break between the two clusters likely occurs somewhere
on the Scotian Shelf, which is strikingly consistent with previ-
ously documented genetic breaks in other NWA species. For
example, van Wyngaarden et al. (2017) showed that sea scal-
lops (Placopecten magellanicus) transition between northern
and southern genotypes on the Scotian Shelf, and in addition,
Lehnert et al. (2019) found finer-scale inshore versus offshore
genetic clustering. Another comprehensive study looked at
scallops, three species of commercially important crustaceans
(Homarus americanus, Carcinus maenas, and Pandalus bore-
alis), and one fish (Gadus morhua), which again produced ev-
idence for a cross-taxa genetic break on the Scotian Shelf, de-
spite obvious interspecific differences in life histories, larval
durations, or adult mobility (Stanley et al., 2018).

What maintains the Scotian Shelf genetic break in sand
lance and other species is a fascinating question. There are
no obvious physical or hydrodynamic barriers to limit disper-
sion there. In fact, the break occurs despite prevailing north-
to-south surface transport by the Labrador Current and its
southward extensions into the Gulf of Maine and beyond. It
appears that most species’ planktonic larvae would get read-
ily advected across this genetic transition zone (Oliver et al.,
2012), and in the case of A. dubius, this seems all but guaran-
teed. Sand lance are winter spawners; their benthic eggs take
several weeks to hatch (Smigielski et al., 1984; Baumann et
al., 2022), and larvae remain pelagic for up to three months
(Suca et al., 2022). Such extended drift periods allow for long-
distance advection and homogeneous mixing, particularly in
the winter when NWA currents are usually strongest (Bundy
et al., 2014, Staudinger et al., 2020). Adult movements, on
the other hand, appear too limited to contribute to sand lance
population connectivity. Observations from Stellwagen Bank
suggested that, once settled, adult A. dubius remain station-
ary to the bank despite their pelagic feeding. This is consis-
tent with the lesser sandeel, A. marinus, in the North Sea,
which is deemed non-migratory in most studies (Furness and
Tasker, 2000; Arnott and Ruxton, 2002). Therefore, weak to

non-existent genetic structures within the North Sea (Jiménez-
Mena et al., 2020) or in Norwegian waters (Nævdal and
Thorkildsen, 2002) are likely due to genetic connectivity dur-
ing the pelagic larval stage. In A. dubius, the potential for lar-
val mixing is similarly large, specifically via larval drift from
north to south throughout the NWA—and yet, southern re-
gions are genetically distinct from northern regions.

Most evidence to date points to temperature as the main
driver of the Scotian Shelf genetic break. As Stanley et al.
(2018) hypothesized, when cold-adapted individuals from
northern shelf areas are transported into warmer southern
areas, they suffer from higher mortalities compared to their
more warm-adapted conspecifics. Lehnert et al. (2019) argued
that temperature-mediated survival also explains the more
fine-scale genetic structuring between sea scallops in shallow
(warm) and deep (cold) shelf areas. In green crabs, Coyle et al.
(2019) present evidence that northern and southern popu-
lations have divergent temperature adaptations that map to
unique mitochondrial haplotypes. For A. dubius, we suggest
that winter sea surface temperature (i.e. the average seasonal
SST minimum; Assis et al., 2018) is a potentially predictive
thermal break, because it clearly delineated northern popu-
lations (≤3◦C) from southern populations (≥5◦C, Figure 1,
Supplementary Figure S4). We therefore hypothesize that it
is not current-mediated mixing but the temperature-mediated
survival of progeny that maintains the genetic break in A. du-
bius. Differential mortality of northern and southern geno-
types limits the “realized” gene flow across the thermal gra-
dient of the Scotian Shelf, thus causing the observed genetic
break.

While we have yet to learn what genes actually distinguish
northern and southern sand lance populations, our study took
a first step by examining whether genetic differentiation is dif-
fuse or localized to specific regions of the genome. Anchoring
our analysis onto the new reference genome of A. dubius al-
lowed examining how loci-specific pairwise FST comparisons
between northern and southern population vary along the
genome. This revealed that genetic differentiation is highly
elevated in large blocks on chromosomes 21 and 24. These
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Figure 6. Intra-specific A. dubius genomic population structure based on principal component analysis of the SNP-based, individual-level covariance
matrices. (a) PCA including only SNPs contained on chromosome 21. (b) PCA including only SNPs contained on chromosome 24. (c) PCA including only
SNPs not contained on chromosomes 21 or 24. (d) PCA excluding chromosomes 21 and 24 and using n-equalized, LD-pruned data (notice the breaks in
the PC2-axis to visualize outliers from Godthåbsfjord, Greenland).

chromosomes will be targeted in future investigations because
they likely contain the important alleles that determine sand
lance fitness under contrasting thermal regimes. Highly lo-
calized areas of differentiation in the genome, often struc-
turally caused by inversions, are known to play a major role
in local adaptation in the ocean despite gene flow, as demon-
strated recently in another NWA forage fish (Menidia meni-
dia; Wilder et al., 2020; Akopyan et al., 2022) and other ma-
rine species such as Atlantic cod (Gadus morhua; Puncher
et al., 2019), periwinkle snails (Littorina saxatilis; Koch et
al., 2021), and seaweed flies (Coelopa frigida; Mérot et al.,
2021). Localized genetic differentiation also comprises yet an-
other argument in favour of whole-genome over targeted se-
quencing approaches, given the likelihood of missing impor-
tant population structure when analysing only a limited, ran-

dom number of loci (Jiménez-Mena et al., 2020; Lou et al.,
2021).

Because most sand lance species display a peculiar burying
behaviour that effectively constrains them to discontinuous,
coarse-grain sand banks, one might expect genetic and geo-
graphic distances to be highly correlated in A. dubius. Indeed,
within the smaller southern population cluster, GDs signif-
icantly increased with geographic distances (min/mean/max
distance = 83/338/539 km), indicating that currents cannot
completely homogenize sand lance progeny from different
banks. For example, Georges Bank has a semi-permanent, re-
tentive eddy that clearly explained sand lance drift patterns
in a modelling study (Suca et al., 2022). This is consistent
with the observable genomic separation seen between Georges
Bank and the Gulf ofMaine sand lance and consistent with ev-
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idence from sea scallops (Tremblay et al., 1994). For the much
larger, northern population cluster, the corresponding Man-
tel tests clearly indicated genetic homogeneity despite the vast
geographic distances between sampling sites (min/mean/max
distance = 460/1336/1916 km). This probably indicates effec-
tive mixing of progeny, aided by strong surface currents and
likely longer larval drift durations in colder waters. However,
detailed demographic modelling is needed to rule out the pos-
sibility that gene flow is also spatially restricted in the north-
ern cluster and the genetic homogeneity is retained because of
minimal drift in large population sizes coupled with relatively
recent postglacial recolonization.

Separation of A. dubius and A. americanus

A secondary objective of our study was to evaluate whether
lcWGS could distinguish the two NWA congeners A. dubius
and A. americanus, which have only been recognized as sep-
arate species since the 1980s (Richards, 1982; Winters and
Dalley, 1988). The species’ overlapping latitudinal ranges and
meristic characters hinder reliable identification (Winters and
Dalley, 1988), and previous genetic approaches have had lim-
ited success. For example, McCusker et al. (2013) focused on
the mitochondrial cytochrome c oxidase 1 (COI) barcoding
region but concluded that the method did not separate the two
Ammodytes species, possibly because they split too recently.
Horne et al. (2016) sequenced two complete mitochondrial
genomes, noting very limited sequence divergence between
the two species. In this study, both mitochondrial and nuclear
genomes clearly differentiated A. dubius from A. americanus,
the latter yielding pairwise FST values (mean FST = 0.182)
that were about one order of magnitude greater than those
between A. dubius populations (mean FST = 0.025). The ge-
netic differentiation occurs despite close geographic proxim-
ity, as the nearshore sampling site for A. americanus (Casco
Bay, ME, USA) is only 143 km apart from the offshore Stell-
wagen Bank.

We draw two important conclusions from these observa-
tions. First, we found that every sequenced sand lance speci-
men caught on Stellwagen Bank was indeed A. dubius, which
lends confidence to past and future research efforts there
(Murray et al., 2019; Silva et al., 2020; Suca et al., 2021). Sec-
ond, at one site close to shore in the Strait of Belle Isle (north-
ern GSL),we actually detected five specimens that were caught
as “A. dubius”, but their genome clearly clustered with A.
americanus. We therefore conclude that the remarkable spa-
tial niche partitioning into inshoreA. americanus and offshore
A. dubius sand lance species is a valid assumption, but if the
two habitats are poorly separated, mixing and misidentifica-
tions can occur. Genomic tools could be used for developing
targeted assays that would help management and conserva-
tion efforts of both species, including better resolving their
spatial overlap and potential for hybridization. The latter has
not been documented yet, perhaps because suitable nearshore
and offshore habitats for sand lance are mostly well separated
by deeper waters and/or unsuitable substrates (e.g. mud, rock)
where sand lance cannot bury and thus do not occur, hence
largely preventing hybridization zones.

In summary, our study contributed valuable basic knowl-
edge about the population structure of northern sand lance
on the NWA, showing that the species’ long larval dura-
tion and the shelf’s strong surface currents indeed achieve
genetic homogenization across vast spatial scales (103 km)

within the northern population cluster. On the other hand, we
clearly detected the Scotian Shelf genetic break in our sam-
ples and—consistent with previous research—suggest that it
reflects temperature-mediated survival differences in progeny
(realized connectivity). Northern sand lance face an uncer-
tain future due to their direct and indirect sensitivity to cli-
mate change and threats to their habitat (Silva et al., 2020;
Staudinger et al., 2020; Suca et al., 2021; Baumann et al.,
2022); hence, northern and southern A. dubius genotypes
likely require separate, ecosystem-based management strate-
gies to protect their crucial role in temperate to polar NWA
ecosystems.
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