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The neritic-oceanic squid /llex argentinus supports one of the largest fisheries in the Southwest Atlantic. It is characterized by extensive migrations
across the Patagonian Shelf and complex population structure comprising distinct seasonal spawning groups. To address uncertainty as to
the demographic independence of these groups that may compromise sustainable management, a multidisciplinary approach was applied
integrating statolith ageing with genome-wide single-nucleotide polymorphism (SNP) analysis. To obtain complete coverage of the spawning
groups, sampling was carried out at multiple times during the 2020 fishing season and covered a large proportion of the species’ range across
the Patagonian Shelf. Statolith and microstructure analysis revealed three distinct seasonal spawning groups of winter, spring-, and summer-
hatched individuals. Subgroups were identified within each seasonal group, with statolith microstructure indicating differences in environmental
conditions during ontogeny. Analysis of >10 000 SNPs reported no evidence of neutral or non-neutral genetic structure among the various
groups. These findings indicate that /. argentinus across the Patagonian Shelf belong to one genetic population and a collaborative management
strategy involving international stakeholders is required. The connectivity among spawning groups may represent a “bet-hedging” mechanism

important for population resilience.
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Introduction

Cephalopods have become an increasingly important fishery
resource and are viewed and exploited as alternatives to many
depleted traditional finfish fisheries (Caddy and Rodhouse,
1998). Fishing pressure on cephalopod populations has in-
creased over the last 50 years as catches have levelled off to
3.6 million tonnes in 2018 from a peak of 4.9 million tonnes
in 2014 (FAO, 2020). These species often occupy important
roles as predators and prey in marine ecosystems (Xavier et
al., 2014). This makes identifying the population structure of
these species crucial for both fishery management and ecosys-
tem conservation. Nonetheless, our biological knowledge of
some of the largest biomasses of exploited cephalopods in
the world is limited as these species often exhibit high lev-
els of phenotypic plasticity, short life cycles, and high growth
rates (Rodhouse, 2001). These characteristics obfuscate the
extent of population cohesion or independence when stud-
ied with only traditional approaches. Accordingly, there is the
need to combine multiple stock identification methods (McK-
eown et al., 2015, 2017). In-depth knowledge of the popula-
tion structure of cephalopod populations will enable the es-
tablishment of baselines for groups of commercially exploited
species, which may subsequently be used to adapt stock as-
sessments (Arkhipkin ez al., 2015).

Nektonic cephalopods, some of which migrate over large
oceanic distances and move between several oceanic ecosys-

tems, present an additional challenge for aligning operational
and biological management strategies in population manage-
ment. As they pass through the exclusive economic zones
(EEZs) of multiple states and international waters (Arkhip-
kin et al., 2020, 2022), they may be exploited by multiple na-
tional fleets and at various life stages, making them “strad-
dling stocks”. The Argentine short-fin squid (Illex argenti-
nus) is a neritic-oceanic species, distributed between 22 and
55°S along the Patagonian Shelf and slope (Rodhouse et al.,
2013). It supports one of the largest fisheries in the South-
west Atlantic; annual catches reached a peak of over 1 mil-
lion tonnes in 2015 (FAQ, 2020) and 16.4% of global squid
catch in 2020 (FAO, 2022). Furthermore, as this species is tar-
geted by multiple international stakeholders, namely Repub-
lic of China (Taiwan), Republic of Korea, Spain, Argentina,
and People’s Republic of China, it is of global importance
(Arkhipkin et al., 2015). This further complicates the man-
agement of the fishery as currently there is no cohesive man-
agement strategy in the region, with each coastal country
setting independent conservation targets (Arkhipkin, 2015).
The population structure of I. argentinus appears to be com-
plex, as there are uncertainties regarding the total number of
seasonal spawning groups, with up to four distinct groups
hypothesized (Figure 1a) (Brunetti, 1988; Hatanaka, 1988).
The winter-spawning group has been identified as the largest
and spawning occurs in the austral winter (June—August;
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Figure 1. (a) Putative spawning and feeding areas of /. argentinus spawning groups. The two hypothesized spawning sites for the SPS group are
depicted as (i) north of 35°S and (ii) between 45 and 48°S. (b) Sampling locations of /. argentinus and the occurrence of the spawning groups identified.
ESPS, early-maturing South Patagonian Stock; LSPS, late-maturing South Patagonian Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS,
High Seas Spring Spawning Stock; SSS, Summer Spawning Stock; FICZ, Falkland Islands Interim Conservation and Management Zone (red line); FOCZ,
Falkland Islands Outer Conservation Zone (green line); and LOLBOX, Loligo Box (black line).

Rodhouse et al., 2013). This group has been further divided
into the Bonaerensis North Patagonian stock (BNPS), occur-
ring north of 43°S, and the South Patagonian stock (SPS),
occurring south of 44°S (Brunetti, 1988). The SPS group is
the most abundant and individuals complete the largest-scale
migrations, from 34-38 to 51°S to feed during the austral
summer (November—-March) and subsequently return north
to spawn in early April (Arkhipkin, 1993). There are two hy-
potheses regarding the possible spawning site for this group:
(1) north of 35°S in the south Brazil area of the shelf and
shelf-break (Haimovici and Pérez, 1990; Arkhipkin, 2013);
or (ii) between 45 and 48°S, on the Patagonian outer shelf
(Haimovici et al., 1998; Torres Alberto et al., 2020). Statolith
microstructure investigations revealed that the SPS comprised
two subgroups: (i) the shelf subgroup, maturing at smaller
sizes, with higher growth rates; and (ii) the slope subgroup,
maturing at larger sizes, with slower growth rates (Arkhipkin,
1993). The slope SPS subgroup may be further divided into
the early-maturing South Patagonian Stock (ESPS) and late-
maturing South Patagonian Stock (LSPS) groups (Falkland Is-
lands Government, 2021). The ESPS group has been primarily
observed in the north and northeastern areas of the Falkland
Islands Conservation Zones (FICZ and FOCZ) in March and
attains smaller sizes at maturity. Conversely, the LSPS arrives
in the FICZ in April, in the western areas, and attains larger
sizes at maturity (Falkland Islands Government, 2021). The
Falkland Islands Spring Spawning Stock (SpSS) group is hy-
pothesized to spawn in coastal waters, such as the San Matias
Gulf (41-42°S; Crespi-Abril et al., 2008, 2013; Crespi-Abril

and Baron, 2012), and may use the high-seas areas between
45 and 47°S during austral summer. The Summer Spawning
Stock (SSS) group is believed to spawn on the shelf between
42 and 46°S from December to February, and occasionally
migrate to the high seas (Crespi-Abril et al., 2010). The defi-
nition of these spawning groups is often based on single tech-
niques that focus on either phenotypes or genotypes with the
primary focus on group phenotypes such as size and spatial
distribution, whereas genotypic traits are often considered in-
dependently.

The identification of at least four seasonal groups high-
lights the uncertainty as to whether this species should be
managed as a single stock or as a composite stock. Pheno-
typic markers may reveal differences among groups that re-
flect plastic responses to environmental heterogeneity within
a single panmictic population (see Van Der Vyver et al.,
2016; McKeown et al., 2019 for examples in squid). There-
fore, phenotypic differences among groups may require their
separate fisheries management (Kritzer and Liu, 2014). Ge-
netic approaches represent the only method to confirm re-
stricted interbreeding among groups; however, a lack of ge-
netic differentiation may reflect resolution thresholds of the
markers employed rather than actual connectivity. This is an
important consideration here as previous genetic studies of
I. argentinus, which reported a lack of genetic struc-
ture, employed small numbers of loci (Adcock et al,
1999a, b). Furthermore, these studies did not investi-
gate individual membership to the different spawning
groups and/or their sampling was primarily focused on
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latitudes south of 45°S, during the austral winter, tar-
geting mainly the SSS and SPS groups (Roldian et al.,
2014). Recent advances in genomic methods, such as the
development of restriction site-associated DNA sequenc-
ing (RADseq), are providing unprecedented insight into
connectivity and local adaptation among marine popula-
tions with direct applications to harvest regulation and
stock identification (Mullins et al., 2018; McKeown et al.,
2020).

Another tool for the characterization of populations is
the analysis of hard body structures. Statoliths are valuable
sources of ecological and life history data for individuals and
can be used as “black boxes” for numerous squid species
(Arkhipkin, 2005). They are paired calcareous concretions lo-
cated in the statocysts of the cephalic cartilage and are pri-
marily used for balance (Arkhipkin and Bizikov, 2000). Sta-
tolith ageing and associated microstructure analysis make use
of daily growth increments, which provide high-resolution life
history data that allow for the distinction between groups
based on their hatching dates and growth rates (Arkhipkin
and Shcherbich, 2012; Petric et al., 2021).

The combined use of genetic and phenotypic methods can
provide different insights into ontogenetic dispersal patterns,
and the patterns and processes by which different groups may
be demographically connected over varying spatial and tem-
poral scales (McKeown et al., 2015; 2017). Combining such
methods offers considerable power to align fisheries manage-
ment units with biological populations (Reiss et al., 2009).
Therefore, the combined use of these two powerful tools (sta-
toliths and RADseq), also in combination with extensive spa-
tial sampling throughout the I. argentinus range, allows the
present study to investigate the extent of mixing of the sea-
sonal groups of this species.

Following the contradicting evidence obtained from pre-
vious studies using either phenotypic characteristics or tra-
ditional genetic tools, the aim of this study was to com-
bine information from phenotypic traits, in this case sta-
toliths, and genetic variation assessed by genome-wide single-
nucleotide polymorphism (SNP) analysis to explore popu-
lation structure in I. argentinus. First, individual member-
ship to spawning groups was estimated by back-calculation
of hatching dates inferred from statoliths in order to deter-
mine how the spawning groups are distributed in space and
time. Statolith microstructure was also examined in order to
confirm the differentiation of subgroups within the seasonal
spawning groups and subsequently inform the population ge-
nomic analysis. Second, genome-wide SNP analysis of indi-
viduals assigned to these spawning groups was used to in-
vestigate neutral and non-neutral genetic structuring among
groups. The use of RADseq allowed for a higher resolution of
population structure compared with more traditional popula-
tion genomics studies. Consideration of all classically defined
spawning groups was achieved by extensive spatial sampling
across the Patagonian Shelf (42-52°S), and fortnightly sam-
pling throughout the duration of the I. argentinus fishing sea-
son in the Southwest Atlantic. We first test the hypothesis that
individuals collected at different times and locations have dif-
ferent hatching dates and different statolith microstructures
and belong to different seasonal groups. Then, we investigate
if there are genetic differences among these groups that may
indicate some level of stock isolation. In contrast, absence of
genetic structuring would indicate gene flow and interbreed-
ing among spawning groups.

I. Chemshirova et al.

Material and methods

Sample collection

A total of 1878 specimens were collected on fortnightly ba-
sis from 15 January until 14 October 2020. Samples were
obtained through a combination of routine deployments of
staff on the Falkland Islands Fisheries Department (FIFD) Ob-
server Programme, departmental research cruises onboard F/V
Castelo and F/V Argos Cies, and random commercial catch
supplied by vessels operating in the high seas. Squid were
immediately frozen at sea and subsequently processed in the
FIFD laboratory. Dorsal mantle length (DML) was measured
to the nearest 0.5 cm, body weight was recorded to the nearest
0.1 g, and sex and maturity were assigned using the maturity
scale by Lipinski (1979). Extracted statoliths were stored in
95% ethanol. Muscle tissue (1 x 2 cm piece) was cut from the
mantle, approximately one-third away from the head, fixed in
96% ethanol in a glass vial, and stored at room temperature
until DNA extraction. Implements used for the dissection of
mantle tissue were washed first in water, then in 96% ethanol
between individuals in order to avoid cross-contamination.
To ensure high-quality DNA extraction, samples were slowly
thawed on steel surfaces. Smaller individuals (<20 cm DML)
were refrigerated at 4°C during processing to avoid tissue
damage.

A sub-sample of 191 individuals was selected for further
genomic and ageing analyses (Figure 1). Individuals were se-
lected based on maturity, DML, sample location, and date
with the aim of including as many of the spawning groups
as possible. The selection of samples was focused on primar-
ily females (n = 189) as they mature at a slower rate than
males (Arkhipkin and Laptikhovsky, 1994). This allowed for a
more accurate distinction between the spawning groups prior
to ageing analysis.

Statolith preparation and ageing

One statolith from an individual squid was mounted con-
cave side up using thermoplastic resin, CrystalBond™ 509
(AREMCO Products, Inc., USA). The statolith was subse-
quently ground and polished on both sides using P1200 and
P2400 wet paper. To achieve maximum visibility of growth
rings, statoliths were embedded in Canada Balsam™ mount-
ing medium and covered with a cover glass slip. Statoliths
were then dried in a temperature-controlled cabinet at 30°C
for at least 1 week prior to reading. Statoliths were read using
an Olympus BX51 compound microscope at x 500 magnifica-
tion, with a phase-contrast Nomarski effect to improve read-
ability as previously described in Arkhipkin and Shcherbich
(2012). The total number of growth increments was counted
from the natal ring to the edge of the dorsal dome. One growth
increment was considered to represent 1 day, as per the “one
growth increment—one day hypothesis” previously validated
for the sister species Illex illecebrosus from the Northwest At-
lantic (Dawe et al., 1985; Hurley et al., 1985). Therefore, the
total number of increments counted per statolith was consid-
ered to be the age of an individual in days post-hatch.

The hatching date of each squid was back-calculated from
the date of collection. Individuals were subsequently as-
signed to the seasonal spawning groups based on DML, hatch
date, sample location, and statolith microstructure. Statolith
microstructure was investigated by plotting the number of
increments counted per 20 pum distance along the length
of the statolith. Subsequently, a second-degree polynomial
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locally weighted regression (loess) was performed with a span
of 0.4 per spawning group in order to visualize the width of
the growth increments.

Statistical analysis

Statistical analysis was performed using R 4.2.0 (R Core
Team, 2022). The following packages were used: tidyverse
(Wickham et al., 2019) for compiling the dataset and vi-
sualization of data; measurements (Birk, 2019) for convert-
ing spatial coordinates into decimal degrees; and lubridate
for the calculation of hatching dates (Grolemund and Wick-
ham, 2011). Spatial data were visualized using QGIS 3.4.12
Madeira (QGIS Development Team, 2022).

Precision of ageing estimates was assessed by a random se-
lection of 50 statoliths that were aged a second time by the
primary reader (IC). The sub-sampled individuals were also
aged by a second reader (AA) without any prior knowledge
of the specimens in order to verify the age estimates. Aver-
age percent error [APE; Equation (1)] and average coefficient
of variation [ACV; Equation (2)] were calculated for all three
readings using the FSA package (0.9.3) in R (Ogle ez al., 2022)
using the method described by Beamish and Fournier (1981)
and Chang (1982), respectively.

R Xji—X;
PP IARY =

APE = 100
x nR ’

(1)

where x;; is the ith age estimate for the jth statolith, x; is the
mean age estimate for the jth statolith, R is the number of
times that each statolith was aged, and 7 is the number of
individuals in the sample.
R
'y 3
ACV = 100 x == % (2)
n
where s; is the estimated standard deviation of R age estimates
for the jth statolith.

Restriction site-associated DNA sequencing
(RAD-seq) and bioinformatics

DNA was extracted following Winnepenninckx ez al. (1993)
using a Qiagen DNeasy Blood and Tissue Kit (Qiagen,
GmbH, Hilden, Germany) following the manufacturer’s in-
structions. Genome-wide SNP analysis was performed using
tuneable genotyping by sequencing (tGBS; Ott et al., 2017)
of a Bsp12861 digested library sequenced on an Illumina
HiSeq X (Illumnina, Inc., San Diego, CA, USA). Sequenced
reads were analysed using a custom Perl script (available
at https://github.com/orgs/schnablelab), which assigned each
read to a sample and removed barcode sequences. Seqclean
(https://sourceforge.net/projects/seqclean) was used to remove
adaptor sequences and chimeric reads harbouring internal re-
striction enzyme sites. Retained reads were subjected to qual-
ity trimming in two phases using the software Lucy2 (Li and
Chou, 2004) in which bases with PHRED scores <15 (of
40) were removed. In the first phase, sequences were scanned
at each end, whereas in the second phase, sequences were
scanned using overlapping 10-bp windows. As there is no ref-
erence genome available for the Illex genus, de novo analysis
was performed; sequence reads were aligned to one another
and subsequently clustered to build loci. An SNP was called
homozygous in an individual if at least 15 reads supported the
genotype at the site and at least 90% of all reads covering that

site shared the same nucleotide. A SNP was considered het-
erozygous in an individual if each of the two nucleotide vari-
ants was reported at least 10 times, and each allele was rep-
resented in >35% of the total reads. To reduce any bias that
may be introduced by retaining low-frequency SNPs (Roesti
et al., 2012), the minimum allele frequency (MAF) was set at
5%.

Summary statistics and outlier detection

Allele frequencies and observed (Hp) and expected (Hg) het-
erozygosities were estimated using ARLEQUIN 3.4.2.2 (Ex-
coffier et al., 2005). ARLEQUIN was also used to test for de-
partures from expectations of Hardy—Weinberg equilibrium
(HWE). Genetic differentiation among samples was quantified
by global and pairwise Fst (Weir and Cockerham, 1984) with
statistical significances evaluated in ARLEQUIN with 10000
permutations. The Bayesian clustering method in STRUC-
TURE 2.3.4 (Pritchard et al., 2000) was also employed to
(i) identify the most probable number of genetically distinct
groups (K) represented by the data; and (ii) estimate assign-
ment probabilities (Q) for each individual (specifically their
genomic components) to these groups. The analysis was per-
formed with and without the LOCPRIOR model, in both cases
assuming admixture. Simulations were run 10 times for each
proposed value of K (1-5; higher values of K were tested in
shorter pilot runs) to assess convergence. Each run had a burn-
in of 100 000 Markov chain Monte Carlo (MCMC) samples
followed by 1 000 000 MCMC repetitions. Models were as-
sessed using L (K) (Pritchard et al., 2000) and AK (Evanno et
al.,2005). Genetic structuring among the sampled individuals
was further investigated by performing principal components
analysis (PCA) on allele counts with the adegenet package in
R (Jombart, 2008). Scaling was disabled as all alleles vary on a
common scale and three principal components were retained.

The detection of loci potentially under selection was per-
formed using the independent approaches in ARLEQUIN
and BAYESCAN 2.1 (Foll and Gaggiotti, 2008). For the AR-
LEQUIN analysis, the hierarchical Fdist model was imple-
mented following recommendations by Leone et al. (2019).
SNPs with significantly higher Fsr values at p < 0.001 were
considered positive outliers. For the BAYESCAN analysis, all
parameters that can be modified in the software were left as
default. The false discovery rate was set at 5% meaning that
a marker with a g value <0.05 was considered an outlier. The
BAYESCAN analysis was performed globally (i.e. across all
samples) and between all pairs of samples as recommended
by Vitalis et al. (2001). Functional significance of outlier loci
was investigated by analysing the SNP-containing sequences
using BLAST following Milano et al. (2011). The BAYES-
CAN method has been shown to have a low Type I error rate
(Narum and Hess, 2011; De Mita et al., 2013).

Results

Statolith ageing and spawning group identification
A total of 191 individuals were successfully aged, with a mean
age of 178 days and a range of 118-230 days. Three inde-
pendent statolith age estimates were successfully performed
on a subsample of 50 individuals, with an APE of 2.54%
and an ACV of 3.45%. The back-calculated hatching dates
revealed that continuous hatching occurred throughout the
year, with a distinct peak from early August until late October
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Table 1. Summary of samples collected throughout 2020 and the spawning groups identified.

Spawning group Sample location N DML range (cm) Age range (days)
ESPS FICZ/FOCZ 32 19-33 161-215
HS 27 16-29 147-212
LSPS FICZ/FOCZ 10 28-32 190-222
HS SpSS HS 65 11-33 118-230
FI SpSS LOLBOX 22 12-29 132-202
SSS HS 19 10-31 122-198
Unassigned FICZ/FOCZ 3 12-20 146-184
LOLBOX 13 10-26 122-186

N, number of individuals sampled; DML, dorsal mantle length; ESPS, early-maturing South Patagonian Stock; LSPS, late-maturing South Patagonian Stock;
FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning Stock; SSS, Summer Spawning Stock; UN, Unassigned; FICZ, Falkland
Islands Interim Conservation and Management Zone; FOCZ, Falkland Islands Outer Conservation Zone; LOLBOX, Loligo Box; and HS, High Seas.

(Figure 2; Table 1). The following seasonal spawning groups
and associated subgroups were identified: (i) winter-hatched
ESPS (7 = 59) and LSPS (n = 10); (ii) spring-hatched High
Seas SpSS (HS SpSS; # = 65) and Falkland Islands SpSS (FI
SpSS; 7 = 22); and (iii) summer-hatched SSS (7 = 19) and
Unassigned (UN; z = 16).

Early-maturing South Patagonian Stock (ESPS)
ESPS individuals were located in the northern part of the FICZ
or the High Seas south of 46°S (Figure 1). Hatching peaked
between late July and early September; overall, individuals
hatched continuously from the end of June until the begin-
ning of October (Figure 2). Statolith microstructure presented
narrow daily increments in the dark zone of the statolith,
where more than five daily increments observed per 20 um
(Figure 3a; Figure 4). Individuals with medium DML (15
< 25 cm) were generally older when compared with other
spawning groups (Figure 5; Table 1).

Late-maturing South Patagonian Stock (LSPS)

For the LSPS group, individuals were found in the western
part of the FICZ only (Figure 1). Hatching occurred between
late August and early September (Table 1; Figure 2). Sta-
tolith microstructure was similar to that of ESPS individu-
als, with the notable difference the daily increments were nar-
rower in the latter part of the dark zone of the statolith i.e.
from 200 um onwards the number of daily reached up to
six increments per 20 um (Figure 3b; Figure 4). Overall, in-
dividuals were older than the ESPS at similar DML (Table 1;
Figure §).

High Seas Spring Spawning Stock (HS SpSS)

HS SpSS individuals were found to be characterized by dis-
tribution in the high seas, mainly north of 46°S (Figure
1). Hatching of this group primarily occurred throughout
November; however, some overlap with the ESPS group
was noted as this group had the longest hatching period
starting as early as the beginning of September until the
end of December (Table 1; Figure 2). The HS SpSS pre-
sented wide daily increments in the statolith dark zone
with just over five daily increments per 20 wm (Figure
3¢, Figure 4). This spawning group contained the oldest in-
dividual sampled at a maximum age of 230 days (Table 1;
Figure 5).

Falkland Islands Spring Spawning Stock (FI SpSS)
The FI SpSS spawning group was found to be distributed in
areas south of 50°S, in the “Loligo Box” of the FICZ (Figure
1). Hatching dates ranged from the beginning of Septem-
ber until the end of October with a peak in the end of
September, a considerable overlap with the HS SpSS group
was evident (Figure 2). The statolith microstructure of this
spawning group was distinct, due to the narrow daily in-
crements observed in the dark zone with more than six per
20 um (Figure 3d; Figure 4). Individuals were older than their
HS SpSS counterparts with small DML (<15 cm) (Table 1;
Figure 5).

Summer Spawning Stock (SSS)

The SSS group was found in the high seas, primarily north
of 46°S (Figure 1). Hatching dates ranged from the begin-
ning of January until the end of March, with a peak in
early January (Figure 2). The statolith microstructure re-
vealed the widest daily increments in the statolith dark
zone when compared with other spawning groups, with
less than five daily increments per 20 pm (Figure 3e,
Figure 4).

Unassigned (UN)

The Unassigned spawning group was primarily sampled
within the FICZ, from 48 to 53°S with the largest number
of individuals located in the “Loligo Box” (Figure 1). Hatch-
ing dates ranged from the late January until early April, with a
peak in early March, there was considerable overlap with the
SSS group (Figure 2). Examination of the statolith microstruc-
ture revealed narrowing daily increments over the distance be-
tween 200 and 300 um with more than six increments per
20 pum (Figure 3f; Figure 4).

Genomic diversity

A total of 2 x 528 267 065 sequence reads were obtained
with an average of 2 x 2 751 391 per individual (average read
length = 144 bp; minimum read length = 30 bp; maximum
read length = 213 bp). Following filtering of these sequences
and trimming to 140 bp, a total of 298 756 SNPs were iden-
tified that were genotyped in at least 50% of individuals. Fur-
ther filtering to include only SNPs genotyped in at least 90%
and a minimum allele frequency of 5% resulted in 10 353
biallelic SNPs, which were used for downstream analysis.
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Figure 2. Hatching date distribution of spawning groups identified. ESPS, early-maturing South Patagonian Stock; LSPS, late-maturing South Patagonian
Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning Stock; SSS, Summer Spawning Stock; and UN,

Unassigned.

As each genotyped individual had been included in the
statolith ageing, we initially grouped samples according to
their membership to the six groups revealed in that analysis.
These groups exhibited similar levels of multi-locus variabil-
ity (Table 2). Each group exhibited a significant deviation from
Hardy-Weinberg equilibrium due to a deficit of heterozygotes,
evident in positive Fig values in each case (Table 2). Across
the groups the global Fsr was not significant (Fst = 0.0001).
In line with this, pairwise Fsy values were low and
non-significant in most cases (Table 3). The only significant
Fst value was obtained in the comparison between the ESPS
and FI SpSS samples. However, the corresponding p-value be-
comes non-significant after Bonferroni correction for multi-
ple tests (Rice, 1989). Rearranging the samples according to
other grouping schemes reported the same salient features of
(i) negligible genetic differentiation between groups, and (ii)
heterozygote deficits within groups. Bayesian clustering analy-
sis in STRUCTURE provided unanimous support for K =1, as
estimated using L (K). In line with this, PCA reported consid-
erable overlap among individuals from the assigned spawning
groups (Figure 6).

The ARLEQUIN outlier analysis performed for different
sample configurations typically identified less than five out-
lier SNPs in each case. The pattern of outliers was seem-
ingly random. For example, the tests excluding either the
HS SPSS or FI SpSS samples (both Spring spawners) re-
covered different (i.e. non-overlapping outliers). Analysis of
the sequences of putative outliers provided no information
as to functional significance, while individual-based cluster-
ing analysis of outlier genotypes did not reveal any struc-
ture. In line with the weak support for outliers, the cor-
responding BAYESCAN analyses did not identify any loci

that deviated from neutral expectations. As there was no
overlap in SNPs identified across the various analyses it
was not possible to identify a robust suite of consensus
outliers.

Discussion

An understanding of population structure in relation to man-
agement units and their continual alignment within a respon-
sive management approach is necessary to ensure fishery sus-
tainability and conservation of biodiversity (Reiss ef al., 2009;
Kerr et al., 2017). Given the complexity of the processes that
shape stock structure, fisheries managers are increasingly com-
bining information obtained from different stock identifica-
tion methods. This is the first study to combine statoliths with
genome-wide SNP analysis in a squid species. Specifically, sta-
tolith ageing and microstructure analysis revealed that indi-
viduals of I. argentinus collected at different times and lo-
cations can be assigned to three seasonal groups, each with
respective subgroups: (i) winter-hatched (ESPS and LSPS);
(ii) spring-hatched (HS SpSS and FI SpSS); and (iii) summer-
hatched (SSS and UN). While these groups had been previ-
ously described in other studies (Brunetti, 1988; Crespi-Abril
and Barén, 2012; Arkhipkin ef al., 2022), the larger spatial
scale of sampling used here provided a greater insight into
their spatial dynamics. Genome-wide SNP analysis of individ-
uals assigned to spawning groups identified >10 000 SNPs,
which permitted testing of our hypothesis that the different
spawning groups may be derived from a single genetically co-
hesive population. This hypothesis of high connectivity was
supported by Fst and individual clustering analyses, which
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Figure 3. Statolith microstructure of the identified spawning groups: (a) ESPS; (b) LSPS; (c) HS SpSS; (d) FI SpSS; (e) SSS; and (f) UN. ESPS,
early-maturing South Patagonian Stock; LSPS, late-maturing South Patagonian Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High
Seas Spring Spawning Stock; SSS, Summer Spawning Stock; and UN, Unassigned.

reported a lack of genetic structure among spawning groups
while outlier tests provided no evidence of non-neutral struc-
turing. The statolith ageing analysis confirmed year-round
hatching throughout the species range, highlighting the eco-
logical plasticity of this species. Statolith microstructure also
supported the identification of subgroups (i.e. LSPS, FI SpSS,
UN) within the seasonal groups as differences in increment
width revealed possible variation in the environmental con-
ditions individuals experienced during ontogeny. Overall, the
I. argentinus population on the Patagonian Shelf was charac-
terized using phenotypic and genotypic markers to reveal dis-

persal among seasonal spawning groups against a background
of high gene flow.

Ageing estimates in the present study were consistent with
previous studies on I. argentinus (Bainy and Haimovici, 2012).
Additionally, the low APE and ACV values obtained from the
ageing validation in the current study indicated a high level
of reproducibility.T herefore, the methods used for statolith
microstructure analysis were confirmed. The continuous
hatching identified in the present study is consistent with a
previous study where statolith age processing was performed
in real time, over the course of a fishing season, which showed
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Figure 4. Predicted number of daily growth increments using loess smoothing (span = 0.4) in a subset of the dark zone of the statolith as a function of
distance for the spawning groups identified. ESPS, early-maturing South Patagonian Stock; LSPS, late-maturing South Patagonian Stock; FI SpSS,
Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning Stock; SSS, Summer Spawning Stock; and UN, Unassigned.

that there were several “waves of abundance” of squid pass-
ing through the fishing grounds from 52 to 42°S (Arkhip-
kin, 1993). The seasonal spawning groups assigned here
are consistent with the structure previously established for
I. argentinus (Arkhipkin et al., 2022). Similar seasonal struc-
ture has been observed in other ommastrephids, such as I.
illecebrosus (Jones and Hendrickson, 2022) and I. coindetti
(Arkhipkin et al., 2000; Petri¢ et al., 2021).

Statolith microstructure differed between the seasonal
groups identified by the present study. This may be due to the
different ambient temperatures individuals experience during
their life span. Statolith growth has been positively associated

with ambient temperature in loliginid species (Durholtz and
Lipinski, 2000). Furthermore, laboratory experiments have
revealed that squid exposed to lower ambient temperatures
(11°C) compared to their warmer group counterparts (20°C)
exhibited narrower growth increments in the statolith (Vil-
lanueva, 2000). Therefore, as the statolith increments are
deposited throughout ontogeny (Rodhouse and Hatfield,
1990), increment width may also be an indicator of the ambi-
ent temperature of the water masses inhabited by individuals
throughout ontogeny (Arkhipkin, 2005). The differences in
the growth increment width of different seasonal groups ob-
served in the present study suggest that individuals from the
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Figure 5. Age range per spawning group as a function of dorsal mantle length. ESPS, early-maturing South Patagonian Stock; LSPS, late-maturing South
Patagonian Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning Stock; SSS, Summer Spawning Stock; UN,
Unassigned; and DML, dorsal mantle length.

Table 2. Summary indices of genetic variation for the assigned spawning groups delineated by statolith ageing.

Individuals

Spawning group genotyped Poly loci Ho (SD) Hg (SD) Fis

ESPS 59 10 349 0.170 (0.109) 0.207 (0.122) 0.178
LSPS 10 8 534 0.208 (0.143) 0.251 (0.134) 0.175
HS SpSS 65 10 350 0.172 (0.109) 0.206 (0.122) 0.167
FI SpSS 22 10 052 0.194 (0.129) 0.218 (0.131) 0.116
SSS 19 9 805 0.181 (0.122) 0.219 (0.131) 0.180
UN 16 9 628 0.194 (0.131) 0.227 (0.133) 0.153

Genetic variation is described using the number of polymorphic loci, observed and expected heterozygosity (Ho and Hg, respectively), with their associated
standard deviations. Deviations from Hardy-Weinberg equilibrium expectations were tested using Fys, which were significant in each case. ESPS, early-maturing
South Patagonian Stock; LSPS, late-maturing South Patagonian Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning
Stock; SSS, Summer Spawning Stock; and UN, Unassigned.
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Table 3. Pairwise Fs7 based on all loci (Weir and Cockerham, 1984).

Spawning group ESPS LSPS HS SpSS FI SpSS SSS UN
ESPS -

LSPS 0.004 -

HS SpSS 0.001 0.004 -

FI SpSS 0.003 0.006 0.003 -

SSS 0.003 0.005 0.003 0.004 -

UN 0.002 0.005 0.003 0.004 0.004 -

Significance was assessed after 10000 permutations with significant values denoted in bold. ESPS, early-maturing South Patagonian Stock; LSPS, late-maturing
South Patagonian Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning Stock; SSS, Summer Spawning Stock; and

UN, Unassigned.
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Figure 6. Principal component scatter plot with individuals denoted by spawning group assignment. ESPS, early-maturing South Patagonian Stock; LSPS,
late-maturing South Patagonian Stock; FI SpSS, Falkland Islands Spring Spawning Stock; HS SpSS, High Seas Spring Spawning Stock; and UN,

Unassigned.

assigned spawning groups are not only separated in time (due
to different hatching dates) but also in space, due to differ-
ent migration/dispersal paths. This is clearly visible in the SSS
and UN groups, where individuals all hatched during austral
summer. However, the statoliths of the UN group had nar-
rower increments in the latter part of the statolith dark zone,
implying that individuals experienced slower growth due to
presumably colder ambient temperatures compared with the
SSS group, where increments were wider. The observed dif-
ference in increment width could be attributed to differences

in water masses and migration of individuals through them.
The sampling locations of the SSS group were north of 46°S,
where sea surface temperatures can be as high as ~15°C.
Conversely, the UN group was found as far south as 52°S,
where sea surface temperatures may be as low as ~11°C in
the same time period. Long-term temporal trends in temper-
ature are unlikely to be explanatory of the differences ob-
served in the present study as all individuals were sampled
in the same year, thus all have experienced only seasonal
variation.
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Previous genetic studies of I. argentinus in the region
have reported no population genetic structure (Adcock et
al., 1999a, b). However, such studies may have been lim-
ited in terms of resolution owing to the small number of
loci analysed (fewer than nine microsatellite loci) and their
more limited sampling, which was primarily focused on lat-
itudes south of 45°S, during the austral winter and there-
fore would have mainly comprised the SSS and SPS groups
(Roldan et al., 2014). The present study addressed these con-
cerns by the discovery and genotyping of >10 000 SNPs,
and wider spatial sampling over the Patagonian Shelf ranging
from 42 to 52°S. Furthermore, by integrating ageing data, we
were able to partition samples a priori, according to spawn-
ing group. Overall, the data supported a lack of genetic differ-
entiation among groups and individual assignment tests with
and without a priori groupings provided no evidence of clus-
tering of individuals. However, it is of note that the present
study sampled predominantly females. Therefore, it is possi-
ble that the findings would differ if more males were included.
Nevertheless, as no segregation by sex has been observed in
Illex coindetii (Gonzalez and Guerra, 1996), it is possible that
a similar behaviour occurs in I. argentinus. Therefore, it is un-
likely that the sex ratio of the sample used in the present study
had an inordinate effect on the findings. An allozyme study by
Carvalho et al. (1992) reported significant differences among
samples in contrast to the lack of structure reported here and
previous microsatellite-based studies. The most likely expla-
nation for this discrepancy is that the allozyme loci may have
been shaped by environmental selection occurring against a
background of high gene flow. In this case, an important con-
sideration is the extent to which the allozyme patterns reflect
locus-specific selection or locally adapted demes. Numerous
genomic studies have reported signals of adaptive divergence,
in the form of outlier loci, even when neutral markers sug-
gest panmixia (Bradbury et al., 2013; Bekkevold et al., 2015;
McKeown et al., 2020). However, this does not seem to be
the case for I. argentinus, as no outlier loci were detected in
the present study despite extensive global and pairwise testing
among ecologically and spatially defined groups. While cryp-
tic local adaptation should not be discounted, as genome scans
may often have limited power (Bourret et al., 2014), the pat-
terns suggest that the intergroup divergence reported by Car-
valho et al. (1992) may reflect locus-specific selection rather
than locally adapted demes and aligns with neutral patterns
in supporting a genetically cohesive population. Overall, the
findings of the present study are based on over 10 000 SNPs
obtained from 191 individuals. It may be possible that some
differentiation between the groups remains unidentified due
to the limited sample sizes; however, the combination of the
large number of markers and the mixing that occurs between
the spawning groups during the adult phase means this is un-
likely.

The lack of genetic structure reported for I. argentinus fits
with the general pattern of geographically extensive gene flow
reported for other squid species such as Loligo forbesi (Shaw
et al., 1999), D. opalescens (Reichow and Smith, 2001), L.
reynaudi (Shaw et al., 2010), Doryteuthis pealeii (Shaw et
al., 2010), and D. gahi (McKeown et al., 2019). Spatial ge-
netic structuring in cephalopods seems to occur where there
is some form of oceanographic/physical barrier to dispersal
(Sandoval-Castellanos et al., 2007; Staaf et al., 2010; McK-
eown et al., 2019). An important consideration here is that
high levels of evolutionary significant gene flow may obscure
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contemporary dispersal restrictions. However, restricted dis-
persal seems unlikely here for such a highly migratory species.
I. argentinus individuals undertake a feeding and spawning
migration across several large marine ecosystems in the South-
west Atlantic (Arkhipkin, 2013) and spawning has not been
observed in I. argentinus. However, in I. illecebrosus, egg
masses are spawned on the surface and subsequently sink,
until neutral buoyancy is attained, and the masses float mid-
water (Rodhouse et al., 2013). Therefore, it is possible that
a similar mechanism in I. argentinus increases the dispersal
ability of the species. As there is uncertainty regarding the ex-
act spawning locations of the groups of interest, there may be
a small number of migrants, which are sufficient to reduce
genetic divergence between groups (Allendorf et al., 2010).
Furthermore, the most numerous spawning group (SPS) com-
pletes a 2000 km round trip from juveniles to spawning
adults. The present study identified groups with spring (FI
SpSS) and summer (UN) hatching dates located as far south
as 52°S, in the FICZ. To the best of our knowledge, this is
the first study to report these groups, which further under-
scores the dispersal ability of this species. This finding sup-
ports the theory put forward by Parfeniuk et al. (1992) that
suggested the presence of a juvenile southward transport from
the Brazil-Falkland Confluence (~38°S), for spring-hatched
individuals, to the southern part of the Argentine Basin and
their subsequent active migration through the eastern branch
of the Falkland Current to the southern part of the Patago-
nian Shelf. Restricted gene flow in the face of such disper-
sal could be maintained if there was some level of philopa-
try, but this has not been reported in any squid species to
date.

All samples were found to exhibit significant deficits of
heterozygotes, which may indicate variability in recruitment
success across all seasonal spawning groups identified in the
present study. Cheng et al. (2020) reported no differentiation
between samples collected at peak spawning times, but a low
level of patchy differentiation among samples on more local
scales, which they attributed to intra-annual pulses of recruit-
ment. We propose that the heterozygote deficits reported in
the present study are driven by similar processes of recruit-
ment variability, where ephemeral genetic differences are gen-
erated among groups, followed by mixing at later life his-
tory stages. Heterozygote deficits among adult samples of
this species have previously been described by Adcock et al.
(1999b), with the authors excluding inbreeding or mixing of
genetically distinct populations as causes. Interestingly, both
Carvalho et al. (1992) and Adcock et al. (1999b) reported
significant genetic differentiation between temporal samples
despite a lack of spatial differentiation within an annual co-
hort. Therefore, temporal recruitment variability may play a
role in generating allele frequency differences within a sin-
gle population. Similar patterns have also been reported in
Garoia et al. (2004), which the authors linked to spawning
at different times. Individuals from the SPS group of I. ar-
gentinus have previously been shown to undertake the north-
ward spawning migration in pulses of abundance (Arkhipkin,
1993). Therefore, it is possible that the offspring of the first ar-
rivals to spawn would be exposed to different environmental
conditions compared with the offspring of the last arrivals to
spawn, leading to the within-group differences observed here.
Environmental conditions in the hatching grounds have pre-
viously been shown to have a significant effect on the abun-
dance and recruitment success of the SPS group in the sub-
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sequent fishing season (Waluda er al. 1999; Chemshirova et
al., 2021). As the effects of such processes are predicted to
be diminished by ontogenetic dispersal (Planes and Lenfant,
2002), the genetic patchiness observed here must be consid-
ered a conservative reflection of the extent of recruitment
heterogeneity.

Genetic variability is recognized as fundamental for sustain-
able yields and adaptability of populations (Kenchington et
al., 2003). Levels of intrasample genetic diversity were sim-
ilar across all samples providing no evidence of reduced ge-
netic variation among any spawning group. Levels of SNP
variability were also higher than those reported by Cheng et
al. (2020) in the commercially harvested D. opalescens. Pre-
vious microsatellite-based studies of 1. argentinus have also
showed the species to retain high levels of intrasample diver-
sity across a period of intense harvesting pressure (Adcock et
al., 1999b). Although the population variability at microsatel-
lites and SNPs is not readily comparable due to different mu-
tation rates of the different types of markers, the data support
the view that despite harvesting intensity, and previously men-
tioned recruitment variability, if current stock sizes are main-
tained the genetic drift is not sufficient to reduce genetic vari-
ation.

The combination of statolith ageing and genomics in the
present study is unique and revealed the lack of genetic struc-
turing in I. argentinus in a more conclusive manner. Reliance
on sampling location alone for distinction between groups
may be misleading, particularly for a species with a migration
rate of >20 km per day (Arkhipkin, 1993), and may result
in multiple samples of the same spawning group throughout
ontogeny, but from seemingly different locations. This per-
ceived mismatch between ecological groupings and a single
genetic population has wider implications, particularly with
respect to management strategies of the I. argentinus fishery.
First, the observed structuring in space and time of the as-
signed spawning groups implies that a “bet-hedging” mech-
anism may be in place to protect the population from col-
lapse (Caddy, 1983). Therefore, the overexploitation of one
of these groups, would reduce the capacity of the entire pop-
ulation to recover, thus consistent monitoring of all spawn-
ing groups would be required to ensure the full operational
capacity of the fishery. Second, the lack of genetic structur-
ing in I. argentinus confirms that the fishery should be con-
sidered a straddling stock, as individuals migrate through
several EEZs and international waters. Nonetheless, no re-
gional organization for management of this fishery exists in
the Southwest Atlantic currently; instead, each coastal state
implements individual management measures (Arkhipkin ez
al., 2022). As this fishery is of a global interest due to the in-
ternational stakeholders involved in harvesting and trade, the
findings of this study underscore the need for a cohesive sus-
tainable strategy in management that would ensure the stabil-
ity of international trade and relations (Ospina-Alvarez et al.,
2022).

Future studies should consider resolving the provenance of
the spawning groups assigned in the present study. This would
reveal the extent of the mixing of the spawning groups in the
early stages of their ontogeny. Furthermore, identifying the
ontogenetic migrations of the spawning groups using time-
resolved elemental chronologies may elucidate any further as-
sociations with environmental factors.
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