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ORIGINAL ARTICLE OPEN ACCESS
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ABSTRACT
Recent increases in frequency and intensity of warm water anomalies and marine heatwaves have led to shifts in species ranges 
and assemblages. Genomic tools can be instrumental in detecting such shifts. In the early stages of a project assessing population 
genetic structure in Pacific Sardine (Sardinops sagax), we detected the presence of Japanese Sardine (Sardinops melanosticta) 
along the west coast of North America for the first time. We assembled a high quality, chromosome- scale reference genome of 
the Pacific Sardine and generated low coverage, whole genome sequence (lcWGS) data for 345 sardine collected in the California 
Current Large Marine Ecosystem (CCLME) in 2021 and 2022. Fifty individuals sampled in 2022 were identified as Japanese 
Sardine based on strong differentiation observed in lcWGS SNP and full mitogenome data. Although we detected a single case of 
mitochondrial introgression, we did not observe evidence for recent hybridization events. These findings change our understand-
ing of Sardinops spp. distribution and dispersal in the Pacific and highlight the importance of long- term monitoring programs.

1   |   Introduction

Spanning the waters from Vancouver Island, Canada, to Baja 
California Sur, Mexico, the California Current Large Marine 
Ecosystem (CCLME) is one of the four major eastern bound-
ary upwelling systems across the globe. These systems are ex-
traordinarily productive due to high nutrient fluxes towards 
surface waters that are driven by wind induced upwelling. 

This productivity has a profound effect on fisheries. Fueled by 
the abundance of species at the base of the food web, includ-
ing many planktivorous coastal pelagic species such as sardines 
and anchovies, and despite only comprising ~1% of ocean wa-
ters, eastern boundary upwelling systems may produce up to 
20% of the global catch (Pauly and Christensen  1995; Pikitch 
et al. 2014). Systemic perturbations causing a reduction in the 
productivity of the CCLME and other upwelling systems are of 
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particular concern as climate change continues on its current 
trajectory (Bakun et al. 2015).

Increasing evidence shows that climate change induced range 
shifts are pervasive across systems (Parmesan and Yohe 2003; 
Pinsky et al. 2013; Lenoir et al. 2020). However, marine species 
are experiencing faster range shifts and tracking range edges 
better than terrestrial species, which may be due to reduced 
barriers to dispersal and stricter physiological constraints 
(Fredston et al. 2021; Lenoir et al. 2020). In some instances, 
marine range shifts are ephemeral in nature, such as the rapid 
but temporary poleward expansion of California market squid 
(Doryteuthis opalescens), which was attributed to increased 
populations in conjunction with climate- associated tempera-
ture increase and oxygen loss that constrained aerobic activity 
(Burford et al. 2022). Other shifts appear more stable, such as 
the appearance of Atlantic Bluefin Tuna (Thunnus thynnus) in 
2012 as bycatch in the seasonal Atlantic Mackerel (Scomber 
scombrus) fishery in East Greenland waters, hundreds of kilo-
metres north of their previously documented summer feeding 
ground following increased abundance and warmer oceano-
graphic conditions (Jansen et  al.  2021). Most marine species 
range shifts track isotherms to higher latitudes (i.e., poleward) 
or to greater depths, however complex hydrographic condi-
tions can result in species moving in other directions as well 
(Pinsky et  al.  2013; Pinsky, Selden, and Kitchel  2020; Dulvy 
et al. 2008). Certain life- history traits, such as ecological gener-
alism, short generation time, high adult mobility, and long pe-
lagic larval duration (PLD), predispose taxa for fast responses 
to shifting isotherms (Pinsky, Selden, and Kitchel 2020), mak-
ing many small pelagic fishes excellent indicators for climate 
driven changes (Peck et al. 2013).

As a key member of forage fish assemblages, sardine (Sardinops 
spp.) are distributed globally with two species occurring in the 
North Pacific. The Pacific Sardine (Sardinops sagax) occurs in 
the eastern Pacific from the coast of Chile to the Gulf of Alaska 
(Love et al. 2021; Robertson and Allen 2024) and the Japanese 
Sardine (Sardinops melanosticta) occurs in the Northwest 
Pacific and the Bering Sea (Dyldin et al. 2022). Cold and warm 
temperature boundaries in the higher and lower latitudes of the 
North Pacific, respectively, have been thought to act as effective 
dispersal barriers and may have contributed to the divergence of 
Japanese Sardine and Pacific Sardine (Bowen and Grant 1997; 
Grant, Clark, and Bowen 1998). Anthropogenic climate change, 
however, has led to increased and persistent warm water tem-
perature anomalies or marine heatwaves (MHWs; Werb and 
Rudnick  2023), providing the potential to alter species distri-
butions (Pinsky, Selden, and Kitchel 2020; Wilson et al. 2016). 
Indeed, a recent MHW (2014–2016) in the North Pacific resulted 
in unprecedented shifts in fish species abundances and assem-
blages in the CCLME (Gold et al. 2023; Thompson et al. 2022). 
Increases in the frequency and duration of MHWs, along with 
other shorter periods of anomalously warm sea surface tempera-
ture (SST) over the past two decades, may be setting the stage 
for distributional shifts of marine organisms including coastal 
pelagic fish species such as sardine, a group with high ecological 
and historically economic importance.

In the early stages of a project designed to assess population ge-
netic structure in Pacific Sardine (S. sagax) using low coverage 

whole genome sequence (lcWGS) data, we observed two, highly 
distinct genetic groups off the west coast of North America that 
differed at levels normally observed between species. Upon fur-
ther examination, it was determined that the dataset indeed 
represented the two phenotypically similar sardine species 
that occur in the North Pacific (S. sagax and S. melanosticta). 
Herein, we present the first chromosome level reference genome 
for Pacific Sardine, S. sagax, report the presence of Japanese 
Sardine, S. melanostica, in the CCLME for the first time, and 
provide hypotheses for their dispersal into the eastern Pacific 
Ocean. The analysis and results of population genetic structure 
in Pacific Sardine will be reported in a forthcoming publication.

2   |   Materials and Methods

2.1   |   Sample Collection

To generate a high- quality reference genome, post mortem blood 
samples were taken from eight Pacific Sardine, which were 
sourced from the Everingham Brothers bait barge in Mission 
Bay, California. Whole blood was placed on dry ice immedi-
ately after collection and stored at −80°C. For lcWGS, samples 
were primarily collected over the course of the 2021 and 2022 
California Current Ecosystem Surveys (CCES) conducted by the 
SWFSC. The CCES runs from late June through late September 
or early October and is typically conducted aboard a NOAA fish-
ery survey vessel using a Nordic 264 trawl (see Dorval et al. 2022; 
Renfree et  al.  2022, 2023, for a summary of methods). Tissue 
samples (caudal muscle) were taken at sea immediately after 
capture and stored in 100% ethanol. Samples were collected 
from Tillamook, OR, USA, to Ensenada, Baja California, MX, 
in 2021 and from Cape Mendocino, CA, USA, to Punta Colonet, 
Baja California, MX, in 2022. Additional samples were obtained 
in 2022 from Long Beach, CA, USA for a forthcoming temporal 
study and from Bahía Magdalena, Baja California, MX, through 
collaboration with Instituto Mexicano de Investigación en Pesca 
y Acuacultura Sustentables. Following detection of Japanese 
Sardine in the lcWGS data, CCES samples from 2013 to 2023 were 
sequenced in an ad hoc GTseq (Campbell, Harmon, and Narum 
2015) panel targeting fixed differences between Japanese and 
Pacific Sardine mitochondrial genome haplotypes as a means of 
understanding the potential impact to past biomass estimates of 
Pacific Sardine (see Supporting Information for details).

2.2   |   Reference Genome

2.2.1   |   High Molecular Weight DNA Extraction, Library 
Preparation, and Sequencing

Approximately 20 μL of whole blood was thawed on ice 
and processed through a high molecular weight DNA ex-
traction protocol. Specifically, genomic DNA was extracted 
using the Nanobind Nucleated blood protocol (Circulomics: 
EXT- NBU- 001), which uses a variety of Circulomics kits 
(Circulomics CBB Big DNA kit: NB- 900- 001- 01; Circulomics 
UHMW DNA Aux kit: NB- 900- 101- 01). DNA was allowed to 
rest at 4°C for 1 week to allow DNA to go into solution and 
then quantified in triplicate (top, middle, and bottom of 
the tube) using the Qubit Broad Range kit (ThermoFisher: 
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Cat# Q32850). DNA was checked for impurities using the 
260/230 nm and 260/280 nm ratios on a Nanodrop spectropho-
tometer. The sample (hereafter referred to as SsagS4) with the 
best DNA quality was used to generate the final reference ge-
nome. We followed the manufacturer's instructions for DNA 
extraction, library preparation, and DNA sequencing.

For the reference genome of sample SsagS4, long reads were 
used to generate an initial genome assembly that was then 
scaffolded using a short- read Hi- C approach. Approximately 
3 μg genomic DNA was sheared using the Megaruptor 3 (Cat# 
B06010003) at speed 40. A library was prepared using the 
Pacific Biosciences (PacBio) SMRTbell 3.0 kit (Cat# 102- 141- 
700, 102- 158- 300, 102- 178- 400). As per the protocol, library 
DNA fragments of less than 5 kb were removed. The library 
was processed on two separate Sequel IIe runs that generated a 
total of 11.9 and 14.2 Gb of HiFi data, respectively. PacBio data 
were concatenated prior to assembly. For short- read sequenc-
ing, standard Illumina libraries were prepared from gDNA 
using the KAPA Hyper Plus prep (Roche Cat #07962380001). 
The Hi- C library was prepared using the original frozen 
whole blood aliquot with the Proximo Hi- C animal kits (Phase 
Genomics Proximo Hi- C Kit Animal).

2.2.2   |   Genome Assembly, Scaffolding, Quality 
Evaluation, and Gene Model Prediction

Genome size was estimated using the Illumina reads 
in GenomeScope2 v2.0 (Ranallo- Benavidez, Jaron, and 
Schatz 2020). The PacBio HiFi data was assembled using HiFi- 
asm v0.19.8 (Cheng et al. 2021, 2022), which was also given the 
HiC reads to aid in phasing. Hi- C reads were then aligned to 
each contig/draft assembly using Juicer v1.6.2 (Durand, Shamim, 
et al. 2016), a draft scaffolding was performed with 3ddna v180419 
(Durand, Shamim, et  al.  2016; Dudchenko et  al.  2017), with 
manual QC using Juicebox Assembly Tools v2.20.00 (Durand, 
Robinson, et al. 2016; Dudchenko et al. 2018). Genome complete-
ness was evaluated by comparing the predicted gene orthologs to 
the Actinopterygii odb10 database using BUSCO v 5.2.2. (Manni, 
Berkeley, Seppey, Simão, et  al.  2021; Manni, Berkeley, Seppey, 
and Zdobnov 2021). The base level accuracy for each haplotype 
was estimated using Merqury v1.3 (Rhie et al. 2020).

Gene models were predicted using a pipeline based on 
TSEBRA v1.1.2.3 (Gabriel et  al.  2021). Repeats were called 
by RepeatModeler v2.0.5 (Flynn et  al.  2020). The resultant 
repeat library was used to softmask the genome using re-
peatMasker v4.1.5 (Tarailo- Graovac and Chen 2009). Sixteen 
RNAseq libraries from NCBI bioproject PRJNA701779 were 
aligned to the genome using hisat2 v2.2.1 (Emami- khoyi 
et al. 2021). Related proteins from seven previously annotated 
Clupeiformes were collected from NCBI RefSeq. Braker v2.1.6 
was run twice, once with related protein evidence and once 
with aligned RNAseq (Brůna et  al.  2021). The results were 
then processed by TSEBRA. Any gene model whose CDS was 
not found to be completely softmasked was treated as a high 
confidence gene model. Primary transcripts were selected 
based on maximising the CDS length. The resultant pro-
teomes were then evaluated by BUSCO v5.4.3 in protein mode 
(Seppey, Manni, and Zdobnov 2019).

2.3   |   Library Preparation and Low Coverage 
Whole Genome Sequencing

2.3.1   |   DNA Extraction, Library Preparation, 
and Sequencing

Genomic DNA was extracted from muscle tissue stored in 100% 
ethanol using Qiagen DNAeasy Blood & Tissue 96 extraction 
kits (Qiagen, Inc., Valencia, CA) following manufacturer pro-
tocol. Extractions were run on a standard 2% agarose gel to 
screen for high molecular weight DNA and were then quan-
tified using a PicoGreen fluorescence on a BioTek Synergy 
HTX microplate reader; only samples with > 5 ng/μL were se-
lected. After 10 ng of DNA from each high- quality extraction 
was plated, the 96- well plate was sealed with a microporous 
sealing film and stored at room temperature until liquid evap-
orated from all wells. DNA was then fragmented and tagged 
with a universal Nextera overhang following the Nextera DNA 
Library Prep Kit protocol (Illumina, Inc., San Diego, CA) 
with some modifications (i.e., using 1/20th of recommended 
reagents). Tagmented libraries were then amplified with low- 
cycle PCR and barcoded using Illumina Nextera dual- indices 
at concentrations of 5 μM. Additional amplification and the 
attachment of Illumina P5 and P7 sequencing primers was 
carried out using another round of low- cycle PCR. Tagmented 
and indexed samples were then normalised (≤ 25 ng) using 96- 
well SequelPrep Normalisation Plates following manufacturer 
protocol and then pooled for each plate. Pooled libraries were 
cleaned using AMPure XP beads (Beckman Coulter, Inc., Brea, 
CA) and eluted in 20 μL of TLE buffer. Final lcWGS sequenc-
ing libraries were then visualised on an E- Gel to determine 
whether the ideal size range (200–1000 bp) was achieved and 
quantified using a Qubit 2.0 dsDNA HS Assay (ThermoFisher, 
Inc., Waltham, MA). Four lcWGS libraries, each containing 
96 individuals, were sequenced on two lanes of 2 × 150 bp 
paired- end Illumina NovaSeq 6000 at the University of Oregon 
Genomics and Cell Characterisation Core Facility.

2.3.2   |   lcWGS Data Filtering and Analyses

We generally followed Laura Timm's lcWGS analysis pipeline 
(see https:// github. com/ letimm/ WGSfq s-  to-  genol ikeli hoods  
for scripts). In preparation for lcWGS analyses, haplotype 1 
(hap 1) of the Pacific Sardine reference genome (BioProject 
PRJNA1094947) was indexed using BWA v0.7.17 (Li and 
Durbin  2009) and Samtools v1.11 faidx (Li et  al.  2009) after 
dropping contigs that were not incorporated into putative 
chromosomes. Raw lcWGS data were de- multiplexed into 
forward and reverse fastq files for each individual. We used 
FastQC v0.11.9 (Andrews  2010) and MultiQC v1.14 (Ewels 
et al. 2016) to check sequence quality on individual raw reads. 
We trimmed adapters and polyG tails from raw fastq files 
using Trimmomatic v0.39 (Bolger, Lohse, and Usadel  2014) 
and fastp v0.23.2 (S. Chen et al. 2018), respectively, and again 
assessed sequence quality on trimmed reads using FastQC 
and MultiQC. Next, we aligned trimmed reads to the refer-
ence genome using BWA. Samtools was then used to clean 
up read pairings and flags from BWA with fixmate, convert 
sam to bam files, filter non- unique and poor- quality mappings 
before sorting read pairs by mapping coordinate. After bam 
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files were built, duplicate reads were detected and removed 
with Picard MarkDuplicates v2.23.9 (http:// broad insti tute. 
github. io/ picard/ ) and overlapping paired- end reads were 
clipped with bamtools clipOverlap v2.5.1 (Barnett et al. 2011) 
to generate final bam files. We then used Samtools depth to 
tally alignment depth in all individuals. Individuals with < 1× 
mean depth of coverage were filtered from downstream anal-
yses. To reduce potential sequencing depth bias, we performed 
targeted down- sampling. Target down- sampling depths were 
drawn from the distribution of mean individual depths calcu-
lated from the data.

2.3.3   |   Mitogenome Analyses

During preliminary exploration of lcWGS data, we observed 
strong differentiation in principle component analyses (PCA), 
which led us to investigate differentiation in mitochondrial 
DNA. Due to the high copy number of mitochondrial ge-
nomes relative to nuclear genomes, we were able to generate 
full mitochondrial genome sequences with high coverage for 
all samples passing lcWGS filtering parameters. To achieve 
this, we repeated the nuclear genome alignment methods de-
scribed above but mapped trimmed and clipped reads from 
each individual to a publicly available mitochondrial refer-
ence genome accessioned under the species name “Sardinops 
sagax” (MW338734; Tang and Chen 2021). However, this indi-
vidual was collected in the Northwest (NW) Pacific (36.425 N, 
158.6026 E) and is thus likely a Japanese Sardine (S. melanos-
tica). We then used Samtools v1.11 (Danecek et  al.  2021) to 
generate consensus fasta sequences with a minimum depth 
of 10×. Muscle v3.42 (Edgar  2004) was then used to generate 
multiple sequence alignments that also included the following 
mitochondrial reference genomes: the Japanese Sardine indi-
vidual used for the alignment, MW338734; a second Japanese 
Sardine (NC_002616) collected in the Western Pacific (location 
not described; Inoue et  al.  2000); a Pacific Sardine from the 
Eastern Pacific off the coast of Baja Sur, Mexico (OR482441.1; 
23.41 N, 110.23 W); and a European Pilchard, Sardina pilchar-
dus (NC_009592; Lavoué et al. 2007), which is the sister taxon 
to Sardinops (Egan et al. 2024; Jérôme et al. 2003). A pairwise 
distance matrix was computed using Kimura's 2- parameter dis-
tance (K80; Kimura  1980) and neighbour- joining tree estima-
tion (Saitou and Nei  1987) was performed as implemented in 
ape v5.7 (Paradis and Schliep 2019). Finally, we visualised trees 
using ggtree v3.8.2 (Yu et al. 2017).

2.3.4   |   lcWGS Genotype Likelihood Calls and Analyses

Genotype likelihoods for all sites were calculated using ANGSD 
v0.933 (Korneliussen, Albrechtsen, and Nielsen  2014). Low- 
quality base calls and mapped reads were excluded with min-
imum quality and mapping quality set to 15 (- minQ 15 and 
- minMapQ 15). We set the minimum depth to the total number 
of individuals (- setminDepth 345) and the maximum depth to 
the total number of individuals multiplied by 20 (- setmaxDepth 
6900), which should exclude mtDNA but still retain regions se-
quenced at high coverage. We set the threshold for minor allele 
frequency to 5% (- minMaf 0.05) and the p- value filter for poly-
morphic sites to 10−8 (- SNP_pval 1e- 10).

To explore potential genetic structure in our data, we conducted 
principal component analysis (PCA) using PCAngsd (Meisner and 
Albrechtsen 2018) based on SNPs from the full genome as well 
as for each chromosome independently. The covariance matrices 
were then imported into R (R Core Team 2023) to perform eigen 
decomposition and visualisation. We also estimated individual 
admixture proportions with NgsAdmix (Skotte, Korneliussen, 
and Albrechtsen 2013) testing k values 1- 10 with 3 iterations. The 
Evanno method (Evanno, Regnaut, and Goudet 2005) was used 
to identify the most likely k value (number of genetic clusters).

To understand the level of genetic divergence observed in PCAs, 
we placed individuals into two groups based on PC1 separation 
and estimated population- level FST using genotype likelihood data. 
In order to determine weighted pairwise FST for the two groups, 
site allele frequency likelihoods were calculated in ANGSD using 
the same filtering criteria as above. Global and genome- wide FST 
were calculated between the two groups using the folded site fre-
quency spectrum (- realSFS). To assess significance of global FST, 
we tested if the observed FST value fell significantly outside a dis-
tribution from permuting individuals, assuming FST values follow 
an exponential distribution (Elhaik  2012). We then generated 
Manhattan plots in R to visualise genetic differentiation between 
the two groups across the genome.

2.4   |   GTseq Species Identification

Following the detection of Japanese Sardine in the lcWGS data, 
we designed an ad hoc GTseq (Campbell, Harmon, and Narum 
2015) species identification panel to target fixed interspecific 
differences observed in the full mitochondrial genomes. This 
panel was then used to retroactively sequence 4008 sardine 
samples collected in the CCES from 2013 to 2023 to better un-
derstand timing of Japanese Sardine dispersal and potential im-
pact to past biomass estimates of Pacific Sardine (see Supporting 
Information for GTseq panel design and analysis details).

2.5   |   Aging

To aid in determining the timing and possible dispersal mecha-
nisms for Japanese Sardine into the CCLME, 33 fish that were se-
quenced and identified as Japanese Sardine were also aged using 
sagittal otoliths. Otoliths were extracted, cleaned with water, 
placed in 0.6 mL microcentrifuge tubes, allowed to dry over-
night, and assigned individual barcodes. Whole otoliths were 
submerged in water in a small dish with a black background and 
viewed under reflected white light using a Leica MZ10 F stereo-
microscope. Otoliths were aged using white light within 3 min 
of submersion without knowledge of species, month of capture, 
sex, length, or weight following Yaremko (1996).

2.6   |   Habitat Model

Species distribution modelling studies of Japanese Sardine are 
generally specific to ocean conditions in the western North 
Pacific (Shi et al. 2023), and are likely not transferrable to the 
central and eastern North Pacific. We therefore used a simple 
envelope model to estimate the limits of suitable habitat at a 
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basin scale. We assumed that the lower tolerable temperature 
limit for sardine was approximately 4°C, based on catch loca-
tions (Muko et al. 2018; Yang, Zhang et al. 2023), and labora-
tory studies (Pribyl et al. 2016). Waters where SST was warmer 
than 8°C were defined as “favourable”, while waters 4°C–8°C 
were defined as “marginal”. We used previous species distribu-
tion modelling studies and collection locations (Shi et al. 2023; 
Yang, Zhang et al. 2023) to approximate tolerable ranges of sur-
face chlorophyll, as a proxy for planktonic prey availability. We 
assumed that surface chlorophyll concentrations > 0.2 mg/m3 
surface chlorophyll were favourable for Japanese sardine, while 
values 0.1–0.2 mg/m3 were marginal. Regions with SST < 4°C or 
surface chlorophyll < 0.1 mg/m3 were defined as unsuitable.

SST was extracted from the NOAA 0.25° Daily Optimum 
Interpolation Sea Surface Temperature (OISST) product, version 
2.1 (Huang et al. 2021). Surface chlorophyll was extracted from 
the Copernicus- GlobColour level multi- sensor interpolated gap- 
free product (https:// doi. org/ 10. 48670/  moi-  00281 ). The native 
resolution of 4 km was coarsened to 0.25° to match OISST.

The precise route and mechanism by which Japanese Sardine 
arrived in the eastern North Pacific is not known. However, 
sardine are occasionally recorded in pelagic trawl gear in the 
Bering Sea and northwest Gulf of Alaska by the NOAA North 
Pacific Observer Program. Observers have been collecting data 
in the region since 1973 (Ganz et al. 2020). We used these occur-
rences (50 positive catch locations from 1985 to 2022) to iden-
tify regions in the Bering Sea and Gulf of Alaska that may have 
served as overwintering habitat for Japanese Sardine en route 
from the western to eastern North Pacific. Daily SST time- series 
were used to identify times and areas where temperatures were 
above assumed lower thermal limits.

3   |   Results

3.1   |   Reference Genome

3.1.1   |   Genome Sequencing

Long- read and short- read sequencing was generated for a sin-
gle S. sagax sample referred to as SsagS4. The SsagS4 sample 
was run on two PacBio HiFi SMRT cells, generating a total of 

45.7 Gbp of data. There were 46.1 Gbp of Illumina paired- end 
short- read data and 107.5 Gbp of Hi- C data. The scaffolded, 
phased genome assembly resulted in haplotype lengths of 
917.0 Mb (hap 1) and 908.6 Mb (hap 2), scaffold N50 of 35.2 Mb 
(hap 1) and 35.1 Mb (hap 2), and BUSCO protein scores above 
80% (Table 1). Ninety percent of the genome assembly was con-
tained within 23 (hap 1) and 22 (hap 2) scaffolds. The genome 
has 24 chromosomes (Figure  S1). The overall HiFi sequenc-
ing coverage was approximately 50× or 25× for each haplo-
type. The total number of primary high confidence genes was 
36,223 (hap 1) and 35,629 (hap 2) (Figure S1b). The repeat con-
tent was similar across haplotypes (Table S1). We compared 
the kmer profiles from the whole genome assemblies of both 
haplotypes of SsagS4 with 11 other high quality Clupeiform 
genomes including (Denticeps clupeoides, Coilia nasus, Clupea 
harengus, S. pilchardus, Alosa sapidissima, Alosa fallax, Alosa 
alosa, Sardinella longiceps, Tenualosa ilisha, Tenualosa thi-
baudeaui, and Limnothrissa miodon). Specifically, we com-
pare the values derived from the Pankmer output which is 
the Jaccard similarity matrix where 0 = different, 1 = similar 
of the samples, derived from the kmers. Additional details as 
to how this is calculated can be found in the Pankmer man-
uscript (Aylward et  al.  2023). The two haplotypes from the 
same individual had a similarity of 0.5097. Based on the whole 
genome kmer comparison to other Clupeiformes, S. sagax 
was more similar (although very weak) to the S. pilchardus 
(Jaccard similarity 0.0678) which corresponds to an esti-
mated divergence time of 29.2 my based on TimeTree (Kumar 
et al. 2022). The S. sagax genomes were next most similar to 
the three Alosa spp. (A. sapidissima 0.046, A. fallax 0.0447, 
and A. alosa 0.0428) which corresponds to an estimated di-
vergence time of 41 my based on TimeTree. Interestingly, the 
A. alosa and A. fallax genomes had the highest similarity 
(0.6309). Fishes from within the same genus had more similar 
genomes. This was apparent for the three Alosa spp. and two 
Tenualosa spp. included in the analysis (Figure  S1c). The S. 
sagax genome is the first, haplotype- resolved genome assem-
bly of any Clupeiformes. Both of the haplotypes scaffold N50s 
are the fourth highest (Hap1 35.22, Hap2 = 35.06) behind A. 
sapidissima (38.44 Mb), Coilia nasus (35.42 Mb), and A. alosa 
(35.35 Mb). The mean scaffold length of the haplotypes for 
S. sagax was (54.09 Mb and 53.30 Mb, respectively), which is 
second only to the American Shad A. sapidissima (56.50 Mb) 
(GCA_018492685.1; Figure S2).

TABLE 1    |    Phased haplotype assembly results of Sardinops sagax (SsagS4.phased_hifiasm_hic).

Haplotype Total (Mb) Scaffolds (#) Scaffold N50 (Mb)
Mean scaffold 

length (Mb)
Longest 

scaffold (Mb)

1 917.0 703 35.2 1.3 54.1

2 908.6 453 35.1 2 53.3

Haplotype Gaps QV BUSCO

1 1164 47 C: 84.0% [S: 81.8%, D: 2.2%], 
F: 2.3%, M: 13.7%

2 954 47.4 C: 83.7% [S: 81.6%, D: 2.1%], 
F: 2.4%, M: 13.9%

Note: QV: Merqury QV base level accuracy estimation. BUSCO: Actinopterygii_odb10 (3640 BUSCOs) protein mode (braker)—CS (complete single- copy), CD (complete 
duplicated), F (fragmented), M (missing).
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3.2   |   lcWGS

Depth of coverage for the 384 lcWGS samples ranged from 0.01 
to 7.85 with a mean of 2.77. After QF, 345 samples remained 
with a mean coverage of 3.01. After targeted downsampling, 
mean coverage for the 345 QF samples was 1.53 (range 1.01 
to 4.19). SNP filtering parameters resulted in 4,821,933 poly-
morphic sites. Genome- wide PCA revealed two distinct genetic 
clusters separated on PC1, which explained 6.57% of the vari-
ation, with 50 individuals collected in 2022 from Oregon to 
Central California, USA (PC1 > 0.1), being clearly distinct from 
295 individuals collected in 2021 and 2022 from throughout the 
sampling range (PC1 < 0; Figure 1). As previously mentioned, 
in preliminary analyses these clearly differentiated groups 
were determined to represent Japanese and Pacific Sardine, 
respectively (see mitochondrial genome analyses for details 
below), and we refer to them as such for clarity moving forward. 
Separation of Japanese and Pacific Sardine along PC1 was also 
observed in every chromosome- specific PCA (Figure S3). PC2 
in the genome- wide PCA explained 0.33% of the variation and 
separated Pacific Sardine (PC1 < 0) into three groups. Notably, 
there was no apparent correlation with latitude as all three 
groups contained individuals from throughout the sampling 
range. Pacific Sardine also clearly clustered into three groups 
in PCAs for chromosomes 2, 11, and 15, again with no appar-
ent geographic correlation (Figure  S3). Admixture results for 

k = 2, which was the best supported k value, corroborated PCA 
results and definitively separated Pacific and Japanese Sardine 
(Figures  1A and 2, Figure  S3). Signals of introgression were 
unidirectional and relatively weak with only Pacific Sardine 
showing evidence of admixture with the highest reported value 
being ~4% (mean = 0.3%).

The neighbour joining analysis for mitochondrial genomes 
yielded a tree with two well- separated clusters within 
Sardinops samples (Figure  S4). The 50 individuals observed 
together in PCAs and admixture results (Figures  1 and 2, 
Figure  S3) formed a cluster that includes the two Japanese 
Sardine (S. melanostica) reference sequences (MW338734 
and NC_002616) and a single individual from the larger PCA 
and Admixture group (Figures  1 and 2, Figure  S3). The re-
maining 294 samples formed the other cluster that included 
the Pacific Sardine (S. sagax) reference mitochondrial ge-
nome (OR482441.1). These results indicate that the 50 sam-
ples collected in 2022 from north of Central California, USA, 
represent Japanese Sardine (S. melanostica) and the other 
cluster collected in 2021–2022 from Oregon, CA, USA, to Baja 
California Sur, Mexico, represent Pacific Sardine (S. sagax) 
with a single apparent case of mitochondrial introgression 
(S. sagax nuclear DNA and S. melanostica mtDNA). Notably, 
there was no sign of elevated nuclear introgression in the mi-
tochondrial introgressed individual (Figures 1A and 2).

FIGURE 1    |    (A). Principal component analysis on 4,821,933 polymorphic sites from 345 Sardinops samples collected off the west coast of North 
America. Mitochondrial genome analysis suggests the right grouping (PC1 > 0.1; 50 individuals) represent Japanese Sardine (S. melanostica) and 
the left grouping (PC1 < 0; 295 individuals) represent Pacific Sardine (S. sagax). Mitochondrial introgressed individual is labelled “mtIntro”. (B) 
Sardinops sampling sites.
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The global weighted FST between Japanese and Pacific Sardine 
(the distinct PC1 groups observed in the PCA) was 0.0827 
(p < 0.0001). Manhattan plots with locus specific FST revealed 
prolific differentiation throughout the genome with all chromo-
somes containing widespread regions characterised by high FST 
SNPs (Figure S5).

3.3   |   GTseq Species Identification

Overall, 3484 of the 4008 CCES sardine samples from 2013 to 
2023 sequenced with the mitochondrial GTseq panel (Table S2) 
passed quality filters (86.9%), ranging from 78.5% to 98.5% per 
year (Table  S3). Japanese Sardine haplotypes were only de-
tected in 2022 and 2023, aside from a single individual in 2014, 
which was subsequently identified as an introgressed Pacific 
Sardine (S. sagax nuclear DNA and S. melanosticta mtDNA) 
in a lcWGS library for another project (Longo et al., in prep). 
A subset of samples from 2021 and 2022 were sequenced both 
with lcWGS and GTseq (20 and 42, respectively), and yielded 
consistent species calls. A portion of CCES samples from 2021 
and 2022 were genotyped only with lcWGS data (93 and 92, 
respectively). Collectively, all 174 genotyped samples from 
2021 (81 GTseq, 93 lcWGS, 20 both) were identified as Pacific 
Sardine. Of the 172 genotyped samples from 2022 (80 GTseq, 
92 lcWGS, 42 both), 72 (41.9%) were genotyped as Japanese 
Sardine, and were collected from Santa Cruz, CA, to Astoria, 
OR (Figure  S6). For the 825 samples passing quality filters 
from 2023, 334 (40.5%) samples were genotyped as Japanese 
Sardine and were collected from the Southern California 
Bight to near Cape Flattery, WA (Figure S7). Notably, a por-
tion of the samples with Japanese Sardine mitochondrial gen-
otypes may represent mitochondrial introgressed individuals; 
however, these cases appear rare based on observed cases in 
the 2022 lcWGS data.

3.4   |   Aging

Thirty- three fish identified as Japanese Sardine were aged by 
reading otolith annuli. Samples comprised three age classes 
(1–3). The dominant age class was age two (N = 25), followed by 
age one (N = 7), and age three (N = 1).

3.5   |   Habitat Model

The sardine habitat model showed a band of favourable hab-
itat across the North Pacific Transition Zone region, which was 
the most continuous longitudinally during warmer months. 
Favourable habitat also extended northwards into the Bering 
Sea and Gulf of Alaska during summer (Figure 3). The Aleutian 
Islands were marginal during winter, while the rest of the Bering 
Sea was too cold to be suitable for sardine. Positive catch locations 
for sardine in the Bering Sea and Gulf of Alaska were clustered 
around the Pribilof Islands, the central Aleutian Islands, the east-
ern Aleutian Islands near Unimak Island, and Kodiak Island 
(Figure  S8). SST time- series from within these areas of interest 
showed that winter SSTs were typically well below the approxi-
mate lower thermal limit for sardine near the Pribilof Islands and 
eastern Aleutian Islands. However, winter SSTs near the central 
Aleutian Islands and Kodiak Island have stayed near or above 4°C 
since 2015 (Figure  4). In recent years, marginal and favourable 
habitat in these areas has become available earlier in the spring, 
and persisted later in the fall, when compared to the 1980s—a pre-
vious period of high Japanese Sardine biomass (Figure S9).

4   |   Discussion

This study added to the growing literature that demonstrates 
that lcWGS data can be a powerful resource in biogeography 

FIGURE 2    |    Admixture results for k = 2 on 4,821,933 polymorphic sites from 345 Sardinops samples collected off the west coast of North America. 
Individuals are arranged based on identification as Japanese Sardine (S. melanostica) and Pacific Sardine (S. sagax). Mitochondrial introgressed 
individual is labelled “mtIntro”.
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and fisheries management. Here, we used lcWGS to generate 
millions of genome- wide SNPs and to assemble full mitochon-
drial genomes in sardine from the northeastern (NE) Pacific. 
The unexpectedly strong levels of nuclear differentiation de-
tected across all chromosomes in conjunction with the mi-
togenome assemblies allowed for the first known detection of 
Japanese Sardine in the Eastern Pacific. This unexpected find-
ing may have implications for sardine population monitoring off 
the coast of North America as it changes our understanding of 
Sardinops spp. distribution and dispersal in the Pacific.

Several conspicuous patterns in the lcWGS data will be briefly 
noted here but will require a more thorough investigation in fu-
ture work. Although our sampling is relatively limited, admix-
ture results and the single case of mitochondrial introgression 
in these data (another case observed in GTseq and unpublished 
lcWGS data shows the same pattern) suggest introgression 
has likely occurred historically and was unidirectional from 
Japanese Sardine into Pacific Sardine. Indeed, we detect no ev-
idence of admixture in any Japanese Sardine and the level of 
admixture in Pacific Sardine is quite low. The mitochondrial in-
trogressed individual (Pacific Sardine with a Japanese Sardine 
mitochondrial haplotype) clearly clusters with Pacific Sardine 
in all PCAs and does not exhibit elevated levels of admixture 
compared to other admixed Pacific Sardine (0.5% compared to 
highest observed admixture of 4%), suggesting introgression oc-
curred in the evolutionary past corroborating previous genetic 
studies (Bowen and Grant 1997; Grant, Clark, and Bowen 1998). 
Furthermore, the relatively widespread distribution of high FST 
loci across all chromosomes observed in the Manhattan plot 

with limited evidence of discrete islands of divergence suggests 
that interspecific geneflow has likely not occurred recently (c.f. 
Shi et al. 2021). Notably, Pacific Sardine in PCAs for chromo-
somes 2, 11, and 15 and Japanese Sardine for chromosome 9 
(Figure S3) show a clear pattern often associated with inversions 
where homokaryotypes for inverted and uninverted karyotypes 
group separately with heterokaryotypes (i.e., individuals hetero-
zygous for inverted and uninverted regions) falling out between 
(Wellenreuther and Bernatchez 2018). Chromosomal inversions 
can act as barriers to geneflow in recently diverged taxa (Faria 
et al. 2019; Noor et al. 2001) and these may have played a role 
in the divergence of Pacific and Japanese Sardine. We also note 
that each putative karyotype group of the candidate inversions 
in Pacific Sardine contain individuals from throughout the 
broad latitudinal sampling range. This suggests that the respec-
tive inversion haplotypes likely do not harbour adaptive alleles 
related to environmental variables correlated with latitude, such 
as sea surface temperature (Anderson et al. 2005; Wellenreuther 
and Bernatchez 2018).

The presence of Japanese Sardine in the CCLME is a surpris-
ing finding and may have implications for both the commu-
nity ecology and management of coastal pelagic species along 
the west coast of North America. Their detection follows a 
period of noticeably increased MHWs in the northeast Pacific 
(Carvalho, Smith, and Wang 2021; Chen et al. 2021; Werb and 
Rudnick 2023). These warm conditions were implicated in sev-
eral biological phenomena including a shift in distributions of 
marine organisms (Cavole et al. 2016; Gold et al. 2023; O'Leary 
et  al.  2022; Thompson et  al.  2022) and may have provided 

FIGURE 3    |    Mean sardine habitats for years 2020–2022 by month. Favourable habitats were areas with SST ≥ 8°C and surface chlorophyll ≥ 0.2 mg/
m3, marginal habitats had SSTs of > 4°C and surface chlorophyll > 0.1 mg/m3, while unsuitable habitats had SST < 4°C or chlorophyll < 0.1 mg/m3.
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favourable conditions for the dispersal of Japanese Sardine to 
the CCLME. Indeed, sardine are characterised by life- history 
traits associated with rapid leading- edge range shifts in marine 
taxa—ecological generalists, short generation times, high adult 
mobility, and a long PLD (Pinsky, Selden, and Kitchel  2020). 
Notably, the ages of Japanese Sardine (1–3), which were col-
lected in 2022, coincide with widespread heatwave conditions 
in the Bering Sea and eastern North Pacific (Amaya et al. 2020; 
Carvalho, Smith, and Wang 2021; Chen et al. 2021).

The mechanism by which Japanese sardine moved to the 
CCLME is not yet clear. As with many Clupeiform fishes, the 
geographic range of the Japanese Sardine expands and contracts 
during periods of high and low abundance, respectively (Lluch- 
Belda et al. 1989; Sarr, Kindong, and Tian 2021). During periods 
of high abundance, Japanese Sardine may range into the Bering 
Sea (Sarr, Kindong, and Tian  2021) and the Pacific Sardine 
is known to range as far north as Alaska (Parrish, Serra, and 
Grant  1989). During synchronous periods of high abundance, 
it is therefore reasonable to assume that the ranges of these spe-
cies could overlap if ecological conditions are favourable. While 
this may explain historical patterns of mixing between these 

two species, it may not explain the current situation. Pacific 
Sardine are at relatively low biomass compared to historical 
levels and have contracted to its core distributional range off of 
southern California, USA, and northern Baja California, Mexico 
(Tran  2023). However, after crashing in the 1990s, Japanese 
Sardine abundance has been steadily increasing since 2010 and 
they have been detected as far east as 170°W since 2017 (Fisheries 
Stock Assessment Center 2020; Yang, Han et al. 2023).

Larval Japanese Sardine are dispersed eastwards into the west-
ern Pacific via the Kuroshio Current during spring spawning. 
Shi et al. (2023) modelled potential habitat on the main fish-
ing grounds and showed that it roughly followed the warm 
Kuroshio Extension, expanding eastward in late summer and 
early fall. Plausibly, favourable conditions in the Kuroshio 
Extension and western North Pacific could have provided 
the recovering Japanese Sardine population an intermittent 
habitat corridor following the North Pacific Current east to 
cross the Pacific basin. However, studies of eastwards debris 
dispersion after the 2011 Japan tsunami suggest that without 
active swimming, it would likely take more than 1 year for sar-
dine to reach the CCLME via passive advection (Maximenko 

FIGURE 4    |    Daily time- series of SST 1982–2023 within areas where sardine have been recorded by fisheries observers (see Figure  S8). The 
horizontal red line shows 4°C.
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et al. 2018). While the simple sardine habitat model suggested 
that favourable habitat can stretch across much of the North 
Pacific during most months, it is uncertain whether satellite- 
derived surface chlorophyll can capture abundance of the 
planktonic organisms that sardine require for growth and sur-
vival. Although sampling is sparse, several historical studies 
have also noted that while Japanese Sardine can be collected 
in the western North Pacific as far east as ~180°, they have 
not been collected further east in the offshore eastern North 
Pacific (Pearcy et al. 1996).

It is also possible that Japanese Sardine arrived at the CCLME 
using a more northward route. Unusually warm ocean condi-
tions may have facilitated the entry of Japanese Sardine into the 
Bering Sea from the south, as an extension of their usual north-
wards movements in summer and fall (Sakamoto et al. 2023). If 
warm temperatures allowed them to survive the winter in the 
Aleutian Islands or western Gulf of Alaska, they would then be 
able to move into the CCLME the following spring. A west to 
east dispersal pattern in the north Pacific is supported by ge-
netic studies in another Clupeiformes, Pacific Herring (Clupea 
pallasii), where NW Pacific mitochondrial lineages appear in 
the NE Pacific but no NE lineages appear in the NW Pacific (Liu 
et al. 2011, 2012).

How frequent are such Trans- Pacific Sardinops dispersal 
events? Although the lcWGS data only include 2021 and 
2022 samples, the ad hoc GTseq species panel ran on thou-
sands of samples from 2013 to 2023 only detected Japanese 
Sardine in 2022 and 2023 (a single Japanese Sardine haplo-
type was detected in 2014 but was subsequently identified as 
a mitochondrial introgressed Pacific Sardine; see Supporting 
Information for details). Additionally, a recent mtDNA phylo-
geographic analysis of 434 Pacific Sardine samples collected 
between 2002 and 2006 from British Columbia, Canada, 
to the Gulf of California, Mexico, did not detect Japanese 
Sardine (Adams and Craig 2024). Taken together, we do not 
see evidence for Japanese Sardine outside of 2022 and 2023. 
However, it is plausible that dispersal occurs somewhat regu-
larly when conditions are favourable across the North Pacific. 
The proposed divergence time of ~200,000–300,000 years be-
tween Japanese and Pacific Sardine (Bowen and Grant 1997; 
Grant, Clark, and Bowen  1998) encompassed prolonged gla-
cial periods (Kawamura et  al.  2007) when the North Pacific 
would have acted as a formidable barrier to dispersal. During 
these extended periods of low geneflow, species barrier loci 
(e.g., chromosomal inversions) could have evolved, which may 
be why we detected no evidence of recent introgression in our 
data although further investigation is needed to assess this 
possibility.

The detection of Japanese Sardine in the CCLME shifts 
the range edge of the species thousands of kilometres east. 
Empirical evidence suggests that most marine species range 
edges, particularly in the North Pacific, follow temperature 
boundaries and that winter temperatures can be integral com-
ponents of range edge dynamics (Fredston et al. 2021; Pinsky, 
Selden, and Kitchel 2020). Our habitat model suggests that re-
cent warming trends in the North Pacific resulted in winter 
temperatures reaching marginal conditions (i.e., above critical 
thermal minima) for sardine, possibly opening a habitat corridor 

across higher latitudes. This potentially emergent corridor for 
sardine may also enable dispersal in other temperate species of 
the eastern and/or western North Pacific that were previously 
restricted. Warming of poleward waters globally may be in-
creasing dispersal likelihood for temperate marine taxa across 
(i.e., longitudinally) previously unfavourable habitat in other 
ocean basins as well (e.g., North Atlantic). Continued monitor-
ing through surveys such as NOAA's CCES will be instrumen-
tal in detecting such dispersal events and determining whether 
Japanese Sardine in the CCLME represent a temporary or more 
permanent range shift.
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