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ABSTRACT
We investigated whether statolith microchemistry analysis could classify ommastrephid and loliginid squid species into fishery 
stocks. Statolith nucleus (early life stage) and edge (life stage at time before catch) of Illex coindetii (Verany, 1839) and Loligo 
forbesii (Steenstrup, 1856) from various areas of the North East Atlantic Ocean and Mediterranean Sea during 2021–2022 were 
analysed using laser ablation ICP-MS to measure values of 11 trace elements (Na, Mg, Mn, Fe Co, Cu, Zn, Sr., Ba, Pb and U) next 
to calcium. Four stocks were categorised for I. coindetii and five stocks for L. forbesii amongst sample areas. Common hatching 
areas and migration into distinct fishing regions were also identified. Our results provide substantial information to sustainably 
manage fisheries for both species in European waters by providing stock definitions, spawning periods and migration patterns.

1   |   Introduction

Cephalopods have gained importance in European commercial 
fisheries due to abundance shifts and range expansions (Chen 
et al. 2006; van der Kooij et al. 2016; Oesterwind et al. 2022), 
whilst European finfish populations and fishery harvests have 
declined (Sabolić et al.  2021). Due to their rapid growth, high 
productive rates and adaptability, cephalopods are likely able to 
exploit ecological opportunities arising from the overfishing of 
commercial finfish stocks (Mangold and Boletzky 1988; Caddy 
and Rodhouse  1998). These features, along with their high 

market price, make cephalopods valuable harvest targets (Vaz-
Pires et al. 2004). However, little is known about the stock struc-
ture of commercially important and highly mobile squid species 
in Europe (Pierce et al. 2025).

Two squid species that migrate extensively are the broadtail 
shortfin squid Illex coindetii and the veined squid Loligo forbesii. 
I. coindetii, an oceanic and neritic species, is widely distributed 
in the Atlantic and Mediterranean and plays an essential role in 
oceanic ecosystems by acting as an ‘ecosystem accelerator’ that 
converts food into energy-rich biomass which sustains higher 
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trophic levels (González and Guerra 2013). Genetic analyses of I. 
coindetii from the Iberian Atlantic and the central Mediterranean 
revealed a homogenous population structure, albeit with moder-
ate temporal and geographical variation (Martínez et al. 2005). 
However, statolith shape analysis revealed multiple stocks for I. 
coindetii in the North East Atlantic Ocean and Mediterranean 
Sea (Bobowski et al. 2024). L. forbesii, a demersal squid species 
that typically migrates ontogenetically, with juveniles mov-
ing offshore to feed and adults moving inshore to spawn, oc-
curs primarily over the continental shelf (Pierce et  al.  2013). 
However, around the Balearic Islands, adults have also been 
observed moving offshore to feed (Valls et  al.  2015). Despite 
a lack of evidence for distinct stocks in European waters from 
morphometric and genetic analyses, isolated populations occur 
around the Azores and Rockall Bank (Shaw et al. 1999; Göpel 
et al. 2022; Sheerin et al. 2022). Statolith shape analyses, in con-
trast, indicated the presence of at least three stocks in the North 
East Atlantic Ocean and two stocks in the Mediterranean Sea 
(Bobowski et al. 2024).

Although squid species are currently not managed in Europe 
(Bobowski et al. 2023; Pierce et al. 2025), both species are im-
portant in European fisheries (Martínez et  al.  2002; Pierce 
et al. 2013), especially as bycatch in trawls (Sánchez et al. 1998; 
Pierce et al. 2013). Furthermore, cephalopod fishing in Europe, 
especially for cuttlefish and squid, is increasing in the North 
East Atlantic Ocean. For example, Danish cephalopod landings 
from the northern North Sea and Skagerrak increased from 50 t 
in 2011–2014 to over 430 t in 2020 (Vinther  2021). Although 
cuttlefish and octopus are main contributors to cephalopod 
landings in Europe, landings of longfin squids (L. forbesii, L. 
vulgaris, Alloteuthis spp.) increased after 2017, with peak land-
ings in 2022 (ICES 2023). In parallel, landings of short-finned 
squids (I. coindetii, Todarodes sagittatus and Todaropsis ebla-
nae) increased significantly in 2021, with peak landings in 2022 
(ICES  2023). Understanding population dynamics and defin-
ing management units or stocks (FAO Fishery Glossary,  n.d.) 
is crucial for sustainable fishery assessment and management 
(Rodhouse et al. 2014).

Statolith microchemistry can be a valuable tool for defining 
stocks of cephalopod species and for identifying migration path-
ways or hatching grounds, to support their sustainable man-
agement (Zumholz, Hansteen, et al. 2007; Liu et al. 2015, 2016; 
Avigliano et al. 2020; Han et al. 2022). Statoliths are one of the 
few hard structures in cephalopods that consist mainly of ara-
gonite, a polymorph of calcium carbonate (Dilly 1976). In addi-
tion to their use for age estimation based on statolith increments 
consisting of pairs of light (aragonite) and dark rings (organic 
material) that are laid down over time (usually daily) (Hanlon 
et  al.  1989; Jackson  1994; Perez et  al.  2006), statoliths can be 
used for estimating growth rates (Jackson and Choat  1992). 
Another important application of statoliths is stock discrimi-
nation based on statolith shape (Sheerin et al. 2022; Bobowski 
et al. 2024) or microchemistry analysis of trace elements in sta-
toliths (Green et al.  2015). During cephalopod ontogeny, trace 
elements are absorbed into statoliths from surrounding water 
and ingested food that give rise to distinct elemental composi-
tions caused by different habitats (water masses) occupied by 
individual squid, which can be used as a natural marker to dis-
tinguish cephalopod stocks (Avigliano et al. 2020). Besides stock 

identification, statolith element profiles can provide information 
on natal origin (Liu et al. 2015) or migration patterns of individ-
uals (Liu et al. 2016; Han et al. 2022). Most trace elements are in-
corporated in squid statoliths during darkness when squids are 
at the sea surface, so sea surface temperature may have a more 
significant impact on the uptake of elements than deep water 
temperature (Liu et al. 2016).

With a concentration of ~400,000 ppm (Zumholz, Hansteen, 
et  al.  2007; Han et  al.  2022), calcium is the main component 
in cephalopod statoliths (Ikeda et  al.  1998; Liu et  al.  2013). 
Therefore, concentrations of key trace elements in statoliths are 
commonly expressed as a ratio in relation to calcium, including 
elemental ratios correlated with temperature, such as Barium/
Calcium, Iodine/Calcium, Strontium/Calcium, Uranium/
Calcium or salinity, such as Iodine/Calcium, Magnesium/
Calcium, of surrounding water (Ikeda et  al.  1998; Zumholz, 
Hansteen, et al. 2007; Liu et al. 2011). These ratios can be used as 
indicators of population migration and habitat (Han et al. 2022). 
Considering the complex relationship between statolith elemen-
tal composition and element availability in the environment, 
between elements and squid physiology, and the fact that no mi-
crochemical statolith studies of I. coindetii and L. forbesii have 
been conducted in Europe, as many of the relevant elements as 
possible should be examined.

Our objective was to determine if different stocks of I. coin-
detii and L. forbesii occur in the North East Atlantic Ocean and 
Mediterranean Sea, based on the elemental composition of sta-
toliths. We also sought to determine which elements contrib-
uted most to stock differentiation. Two different spots on each 
statolith, the nucleus and the edge, were chemically analysed to 
provide complementary insights into stock structure: spawning 
origin (nucleus) and environmental history close to the capture 
date (edge). Age was also estimated to ascertain hatching pe-
riods and detect temporal overlap amongst stocks with respect 
to cohorts in the study area. We also determined if similar ele-
mental ratios were present at different times (yearly quarters). 
Our findings provide a potential basis for developing sustainable 
fisheries management plans and actions for squids in European 
waters of the North East Atlantic Ocean and Mediterranean Sea.

2   |   Material and Methods

Squid were collected using established protocols as part of ICES 
(International Council for the Exploration of the Sea) coordinated 
International Bottom Trawl Surveys (IBTS) and Mediterranean 
International Bottom Trawl Surveys (MEDITS) (ICES  2017, 
2012). Additional squid were collected using standardised proto-
cols as part of the Irish Anglerfish and Megrim Survey (IAMS) 
(Reid et al. 2007) and Scottish West Coast Groundfish Survey 
(SCOWCGFS) (ICES 2020). Squid were collected from the North 
East Atlantic Ocean in the North Sea in Q1 and Q3, 2021, Sea 
West of Scotland in Q4, 2021 and Celtic Sea in Q1, 2022. Squid 
were collected from the Mediterranean Sea in the Balearic Sea, 
Sea East of Sardinia, Sea West of Sardinia, South Adriatic Sea 
and Western Ionian Sea in Q3 of 2021 (Figure 1 and Table 1).

Dorsal mantle length (DML, mm) and total weight (W, 0.01 g) 
were measured, sex and maturity stage (ICES  2022) of I. 
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coindetii and L. forbesii were classified, and statoliths were ex-
tracted from the statocyst. Statoliths previously used for shape 
analysis (Bobowski et  al.  2024) were cleaned with distilled 
water, affixed to a microscopic glass slide using a thermoplastic 
adhesive (Crystalbond), polished to the core with micro-mesh 
polishing paper (6000, 8000 and 12,000 grid) and rinsed with 
distilled water.

For age estimation, polished statoliths were photographed under 
transmitted light with an Axiocam 105 colour camera attached 
to an Olympus BX60 microscope and microscopy software Zen 2 
blue edition (ver.2.0.0.0 by Carl Zeiss Microscopy GmbH, 2011). 
To minimise distortion and blurring caused by diffraction of the 
statolith that would cause miscounting of increments, a series 
of depth-focussed images was captured from the nucleus to the 
edge of the statolith. Increments were counted from the nucleus 
to the edge (dorsal dome) for I. coindetii and from the natal ring 
to the edge (dorsal dome) for L. forbesii. To estimate the preci-
sion of age estimates, increments on each statolith were counted 
twice by the same trained person. Only those age estimates with 
a standard deviation of less than 10 increments (days) were used 
for age estimation (n = 181 I. coindetii; and n = 245 L. forbesii). 
Based on the interpretation of statolith growth increments, we 
assumed that material at the nucleus corresponds to early life 
stages and material at the edge represents environmental condi-
tions during the final weeks before capture.

Elemental composition of 453 polished statolith nuclei and edges 
(Figure 2) was quantified by laser ablation-inductively coupled 

plasma-mass spectrometry (LA-ICP-MS), using a New Wave 
Research UP213–LA paired with a Thermo Fisher Scientific 
ELEMENT2 ICP-MS. To ensure that measuring points were po-
sitioned as correctly as possible, microscopy images of polished 
statoliths taken by the same person were used as reference ma-
terial. Statolith regions were ablated with a 40 μm spot size at 
70% power, a pulse repetition rate of 10 Hz and ~14 J cm−2 energy 
density over ~40 s. Values were recorded every 0.836 s. A blank 
value was calculated from the first 16 measurements, and the 
average value for each corresponding measurement point was 
computed from the remaining 31 measurements. Reference ma-
terials for calibration included a synthetic silicate glass NIST612 
(National Institute of Standards and Technology) and a cal-
cium carbonate pressed powder pellet MACS-3 (United States 
Geological Survey) (Jochum et al. 2011). Both reference mate-
rials were measured in triplicate at the beginning and end of 
each laser session, with up to 14 samples between, and a dwell 
duration of 24 s.

Raw data were expressed as ratios to calcium (43Ca). Raw con-
centration (ppm) was first corrected using relative sensitivity 
factors (RSFs) based on reference materials and then divided 
by calcium concentration in statoliths to express element-to-
calcium ratios. Values below detection limits were excluded. 
Elements included sodium (23Na), magnesium (25Mg), manga-
nese (55Mn), iron (57Fe), cobalt (59Co), copper (65Cu), zinc (66Zn), 
strontium (88Sr), barium (137Ba), lead (208Pb) and uranium (238U). 
Crystalbond adhesive was also measured to ensure elements in 
the adhesive did not interfere with sample measurements.

FIGURE 1    |    Sampling areas for Illex coindetii and Loligo forbesii in the North Sea (NS), Sea West of Scotland (SS), Celtic Sea (CS), Balearic Sea 
(BS), Sea West of Sardinia (SWS), Sea East of Sardinia (SES), Western Ionian Sea (IS), South Adriatic Sea (AS) in the North East Atlantic Ocean and 
Mediterranean Sea during 2021–2022.
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A principal component analysis (PCA) was performed in R.4.2.2 
(R Core Team 2022) using the prcomp() function from the base 
stats package. Missing values were imputed using the mice 
package (v3.14.0; van Buuren and Groothuis-Oudshoorn 2011). 
The first two principal components (PC1 and PC2) were used 
to describe spatial patterns of elemental ratios. Scatterplots 
of PC2 against PC1, with 95% confidence ellipses for grouped 
PCA scores, were plotted using the ggplot2 package (v3.3.6; 
Wickham  2016). Group means and standard errors were plot-
ted as error bars to visualise central tendency and variation 
across sampling areas. Due to inhomogeneity of multivariate 
spatial variances, partitioning of variation amongst groups 
based on principal components was assessed by analysis of sim-
ilarity (ANOSIM) using the vegan package (v2.5–7; Oksanen 
et al. 2020). To reduce Type I error, a Bonferroni correction was 
applied to p-values of multiple comparisons. For the correlation 
between observed and predicted classes, PCAs were classified 
using caret (v6.0–86; Kuhn 2020) and e1071 packages (v1.7–9; 
Meyer et al. 2021). To test for significant differences in element 
ratios between nucleus and edge measurements in each area, t-
tests for normally distributed data or Mann–Whitney U tests for 
non-normally distributed data were computed using SigmaPlot 
13 (Systat Software Inc. 2014).

3   |   Results

3.1   |   Biological Data

Biological data were collected from 475 squid, including 222 I. 
coindetii and 253 L. forbesii (Table 1). Fewer squid were analysed 
for statolith microchemistry, including 206 I. coindetii and 247 L. 
forbesii, and even fewer were analysed for age estimation (181 I. 
coindetii, 245 L. forbesii; Table 1).

All Mediterranean I. coindetii captured in Q3 of 2021 hatched 
in winter 2021, and four individuals from the South Adriatic 
Sea hatched in spring 2021 (April) (Table 1). L. forbesii from the 
Mediterranean also hatched in winter 2021, with some South 
Adriatic individuals hatched in autumn 2020. I. coindetii from 
the North Sea captured in Q1 and Q3 of 2021 hatched in sum-
mer of 2020, whereas L. forbesii from the North Sea differed in 
hatching periods between those caught in Q1 and Q3 of 2021. 
L. forbesii from the Sea West of Scotland hatched in spring 2021 
and overlapped with spring–summer spawners in the North Sea 
that hatched in Q2 and Q3 of 2020.

For both I. coindetii and L. forbesii, microchemistry of the sta-
tolith nucleus deposited near the time of hatching and stato-
lith edge deposited near the time of capture were divided into 
distinct groups that reflected different spawning and mating 
groups. However, groups differed between measurements at the 
nucleus and edge. For nucleus and edge measurements of both 
species, Co and Fe compositions explained greater variance in 
PC1 and PC2 than other elements, except Na at the I. coindetii 
nucleus (Figures 3B,D and 4B,D), for which a small angle of dif-
ference amongst elements indicated high similarity.

For microchemistry of I. coindetii at the statolith nucleus, the 
first two principal components explained 41% (PC1 = 26%; 
PC2 = 15%) of element variation, whereas at the statolith edge, Sp
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the first two principal components explained 45% (PC1 = 26%; 
PC2 = 19%) of element variation (Figure  3). For the Western 
Ionian winter spawning stock, element variation was highest at 
the statolith nucleus and highly influenced by Cu, Pb and Zn 
(Figure  3A,B). For Eastern Sardinian and Western Sardinian 
winter spawning stocks, element variation was highest at the 
statolith edge (Figure  3C,D). Element concentrations did not 
differ significantly between Balearic and each of the Eastern 
Sardinian winter spawning, South Adriatic winter–spring 
spawning, Ionian winter spawning and Celtic spring–summer 
spawning stocks, either at the nucleus or the edge (Table  2). 
Nucleus element concentrations did not differ significantly: (i) 
amongst Balearic winter spawning and Western Sardinian win-
ter spawning stocks, (ii) between North Sea summer spawning 
groups (captured in Q1 and Q3) and (iii) between Eastern and 
each of Western Sardinian winter spawning, Adriatic winter 
spawning and Ionian winter spawning stocks. Element concen-
trations at the statolith edge did not differ significantly between 
Eastern and Western Sardinian winter spawning stocks.

For microchemistry of L. forbesii at the nucleus, the first two 
principal components explained 45% of element variation 
(PC1 = 24%; PC2 = 21%), with North Sea spring–summer, au-
tumn–winter and Western Scotland spring spawning stocks 
strongly overlapping (Figure  4). Element concentrations over-
lapped for Celtic Sea summer spawning, Adriatic autumn–win-
ter spawning and Balearic winter spawning stocks, which were 
more strongly influenced by Co and Fe than those of the North 
Sea and Scottish Sea stocks (Figure 4A,B). For element concen-
trations at the statolith edge, the first two principal components 
explained 54% of element variation (PC1 = 35%, PC2 = 19%). At 
the statolith edge, element profiles were strongly influenced 
by Co and Fe for Balearic winter spawning, Celtic summer 
spawning and South Adriatic autumn–winter spawning stocks 

and by Cu, Pb, Zn and Ba for the Western Scotland spawning 
stock (Figure 4C,D). Elemental composition at the statolith edge 
differed amongst sampled areas. In contrast, element concen-
trations at the statolith nucleus did not differ significantly: (i) 
amongst Balearic winter spawning and each of Celtic summer 
spawning and Adriatic autumn spawning stocks and (ii) be-
tween North Sea spring–summer spawning and North Sea au-
tumn–winter spawning stocks (Table 2).

For I. coindetii, classification accuracy based on element ra-
tios at the statolith nucleus was highest for the North Sea stock 
sampled in Q1 (100%), followed by the Celtic Sea stock (72%; 
Table  3). For Mediterranean Sea stocks, classification accu-
racy was less successful for Western Sardinian winter spawn-
ing, South Adriatic winter–spring and Western Ionian winter 
spawning (40%–69%), and stocks were completely misclassified 
for Balearic and Eastern Sardinian winter spawning stocks (0%). 
North Sea summer spawning squid captured in Q3 were com-
pletely misclassified based on element ratios at the statolith nu-
cleus, but were assigned to the correct stock, albeit in a different 
quarter (NS Q1). Based on element composition at the statolith 
edge, classification was successful for squid from the North East 
Atlantic and Western Sardinian winter spawning stocks (80%–
100%). Squid from other spawning stocks in the Mediterranean 
Sea were less correctly classified (33%–61%) or were completely 
misclassified to the Balearic winter spawning stock. Based on 
element ratios at the statolith nucleus and edge, Mediterranean 
Sea squid were mostly misclassified, with some misclassified to 
the Celtic Sea.

For L. forbesii, spawning stock classification for stocks in the 
North East Atlantic Ocean was higher based on element composi-
tion at the statolith edge, whereas those from the Mediterranean 
Sea were more correctly classified based on element composition 

FIGURE 2    |    Ablation point locations on a polished right-sided Illex coindetii (left) and Loligo forbesii (right) statolith from the North Sea. The nu-
cleus represents the early life stage, and the edge represents the period of capture in developing, maturing or matured squid.
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FIGURE 3    |     Legend on next page.
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at the nucleus (Table  3). Classification accuracy based on ele-
ment concentrations at the statolith nucleus was higher for 
the North Sea autumn-winter spawning stock (> 90%) than for 
Balearic winter spawning, Celtic summer spawning, North Sea 
spring–summer spawning and South Adriatic autumn-winter 
spawning stock (50%–65%). Classification accuracy was low-
est for the Western Scotland spring spawning stock (28%), with 
misclassified squid all classified to the North Sea. Based on ele-
ment classification at the statolith edge, classification accuracy 
was higher for North Sea and Sea West of Scotland spawning 
stock (80%–96%) than for the Celtic summer spawning stock 
(67%) that were often classified to the North Sea autumn-winter 
spawning stock. Classification accuracy was low for Balearic 
winter spawning and South Adriatic autumn-winter spawning 
stocks (20%–48%).

Except for a few locations, element ratios of Sr, U and Zn differed 
between statolith nucleus and edge for both I. coindetii and L. 
forbesii (Table 4). For most sampling areas, Ba and Cu element 
ratios differed between statolith nucleus and edge for I. coin-
detii, whereas Na, Mg and Pb differed for L. forbesii. In contrast, 
whilst element ratios of Co and Fe discriminate sampling loca-
tions in the PCA, they did not differ much between the nucleus 
and edge of statoliths for both species, except L. forbesii from the 
Western Scotland spring spawning stock. For I. coindetii from 
the Western Ionian winter spawning stock, no element ratios 
differed significantly between statolith nucleus and edge.

4   |   Discussion

Microchemical differences in statolith element ratios we ob-
served have been previously linked to environmental fac-
tors, such as temperature, salinity or habitat use (Zumholz, 
Klügel, et  al.  2007; Liu et  al.  2016). For example, in combina-
tion with sea surface temperature, fluctuations in U/Ca ratios 
can indicate ontogenetic migration routes (Zumholz, Klügel, 
et al. 2007). Sr/Ca and Ba/Ca ratios can provide additional in-
sights (Liu et al. 2016), with Ba/Ca correlated with water depth 
(Arkhipkin et al. 2004; Jones et al. 2018). Moreover, the Sr/Ca 
ratio as a temperature indicator seems more suitable to identify 
horizontal migration patterns (e.g., onshore-offshore) in loligi-
nid species like L. forbesii than in oceanic ommastrephids like 
I. coindetii, whose horizontal movement is possibly masked 
by extensive diel-vertical migrations (Arkhipkin et  al.  2004). 
However, elements like Fe and Zn, along with Sr, are related 
to temperature in the ommastrephid squid Todarodes pacificus 
(Ikeda et al. 1996). Whilst Mg/Ca is often used to indicate sa-
linity variations due to its positive correlation with salinity in 
coral skeletons (Mitsuguchi et al. 1996), this correlation is not 
evident in cephalopods. Instead, Mg concentrations in cepha-
lopod statoliths are linked to the deposition of organic matter 

and progressively decrease from the statolith nucleus to the 
edge as squid grow (Arkhipkin et  al.  2004; Zumholz, Klügel, 
et al. 2007; Fan et al. 2023). Furthermore, I/Ca is positively cor-
related with temperature and negatively correlated with salinity 
in the common cuttlefish Sepia officinalis (Zumholz, Hansteen, 
et  al.  2007). Non-biodegradable accumulating trace metals in 
statoliths, such as, Cd, Cr, Cu, Pb, Hg and Zn (Sharifuzzaman 
et al. 2016), can provide insight into residence at specific loca-
tions during ontogeny.

The ablation spot (40 μm) in our study corresponded to 25–30 
daily increments in I. coindetii statoliths and 10–15 daily incre-
ments in L. forbesii statoliths, so elemental composition at the 
statolith nucleus represented early life stages, and the edge rep-
resented a few weeks before capture. Based on differences in 
element ratios at the nucleus and edge of statoliths, I. coindetii 
and L. forbesii were separated into seasonally and geographi-
cally distinct groups within the areas of the North East Atlantic 
Ocean and Mediterranean Sea that we interpret as stocks. 
Similar approaches using statolith element ratios have been 
successfully applied to discriminate squid stocks in other spe-
cies (Fang et al. 2014; Green et al. 2015; Avigliano et al. 2020). 
Consistent with previous findings that statolith microchemistry 
reflects natal origin (Warner et al. 2009; Liu et al. 2015) differ-
ences in nucleus profiles here likely indicate hatching in differ-
ent regions, whereas similar profiles suggest a shared origin. 
Differences in both nucleus and edge microchemistry, by con-
trast, suggest the presence of different stocks, consistent with 
previous studies demonstrating that variation in statolith ele-
ment composition can delineate stock structure in squid (Fang 
et al. 2014; Avigliano et al. 2020). Alternatively, deposition of el-
ements is influenced by abiotic factors and diet (Zumholz 2005), 
so squid from different areas that were temporally and spatially 
separated, but experienced similar abiotic conditions, could also 
have similar elemental ratios in their statoliths, thereby making 
their classification into distinct groups less accurate for some 
regions.

Combining our results with those from statolith shape analysis 
of the same individuals (Bobowski et al. 2024) allowed for the 
identification of potential cohorts of I. coindetii around south-
ern Italy and possible common hatching or feeding grounds of 
both species that provided more detailed insight into European 
stock structures. For I. coindetii, microchemical analysis indi-
cated that three distinct stocks and one mixed stock were found 
in Italian waters, thereby suggesting temporary ontogenetic 
separation, with overall connectivity, consistent with the ‘mid-
dle course’ situation proposed for the Mediterranean (Sánchez 
et al. 1998). This observation is consistent with the previously re-
ported homogenous population structure (Martínez et al. 2005), 
highlighting that ecological separation does not imply genetic 
differentiation. Our analysis of L. forbesii revealed five distinct 

FIGURE 3    |    Sample (A, C) and variable (B, D) biplots of the first two principal components (PC1, PC2) for statolith microchemistry of Illex coindetii 
spawning stocks sampled in the Balearic Sea (WiSS = dark blue), Celtic Sea (SpSuSS = light blue), North Sea (SuSS Q1 = grey, SuSS Q3 = black), Eastern 
Sardinian Sea (WiSS = red), Western Sardinian Sea (WiSS = orange), South Adriatic Sea (WiSpSS = yellow) and Western Ionian Sea (WiSS = purple) 
in the North East Atlantic Ocean and Mediterranean Sea during 2021–2022 (A, B = statolith nucleus, C, D = statolith edge; colours in A and C cor-
respond to different spawning stocks: SuSS = Summer spawning stock, WiSS = Winter spawning stock, SpSuSS = Spring–Summer spawning stock, 
WiSpSS = Winter–Spring spawning stock). Open circles depict the mean (± standard error) and ellipses depict 95% of samples from each area.
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189Fisheries Management and Ecology, 2026

stocks, with some connectivity amongst North East Atlantic 
stocks during different ontogenetic stages, contradicts a ho-
mogenous population structure inferred from genetic analysis 
(Göpel et al. 2022).

Our results are consistent with earlier studies that also found 
no evidence for temporally separated stocks of I. coindetii in 
the North Sea based on biological data (DML, maturity stage, 
hatching period) and statolith shape (Oesterwind et  al.  2020; 

FIGURE 4    |     Legend on next page.

 13652400, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fm

e.70016 by C
ochraneItalia, W

iley O
nline L

ibrary on [13/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



190 Fisheries Management and Ecology, 2026

Bobowski et  al.  2024). Our findings, combined with obser-
vations of egg-spheres in the Norwegian Channel (Ringvold 
et al. 2021), support an assumption that I. coindetii in the North 
Sea complete their whole life cycle in the area as an indepen-
dent North Sea stock (Oesterwind et al. 2010, 2015, 2020; Barrett 
et al. 2021). Based on element composition at the statolith nu-
cleus and the edge, a proportion of the Celtic spring–summer 
spawning stock was assigned to the Mediterranean stock. 
Considering that water masses can have similar abiotic factors 
despite spatial and temporal separation, and the Celtic Sea and 
Mediterranean Sea areas around Italy are geographically dis-
tant areas, we assume that misclassified individuals inhabited 
environments with similar water conditions, which illustrates a 
limitation of our approach. Based on these considerations, and 
differences in statolith microchemistry (this study) and shape 
(Bobowski et al. 2024), we conclude that I. coindetii squid from 
the Celtic Sea belong to an Atlantic stock that originated from 
a different hatching area that was separated from stocks in the 
North Sea and Mediterranean Sea.

Stock identification by microchemistry analyses is more com-
plex for I. coindetii in the Mediterranean Sea due to high mis-
classification and similarity amongst areas, similar to a statolith 
shape analysis (Bobowski et  al.  2024). The Mediterranean I. 
coindetii population is complex, with multiple cohorts, micro-
cohorts or heavily overlapping cohorts (Sánchez et  al.  1998). 
I. coindetii does not attach its eggs to hard substrates, but lays 
floating gelatinous egg-spheres (Jereb and Roper  2010) that 
would facilitate exchange amongst areas. Because all squid 
we analysed were of similar age and part of the same spawn-
ing group, we conclude that squid from the Mediterranean Sea 
were exposed to seasonally similar water parameters during 
early life. Misclassified squid from the Mediterranean Sea were 
primarily classified for the Sea west of Sardinia and the south 
Adriatic Sea based on microelement composition of the statolith 
nucleus, whereas misclassification was lower based on statolith 
shape and squid did not differ amongst areas surrounding Italy 
(Bobowski et al. 2024). In contrast to microchemistry, statolith 
shape formation is a biologically regulated process that occurs 
over a longer period that involves proton and ion transporter 
control of endolymph composition and organic matrix and ei-
ther promotes or inhibits crystal nucleation (Bettencourt and 
Guerra 2000). Consequently, shape analysis can indicate main 
areas of residence but provides no information about hatching 
areas or migration routes. Overall, our results indicated that 
squid around Italy might share a hatching region that splits into 
multiple cohorts thereafter, whilst also using similar feeding 
grounds.

Statoliths of I. coindetii from both Sardinian Sea areas were high-
est in concentrations of Cu, Pb and Zn at the edge, which suggests 
exposure to these trace metal elements near capture locations. 

The harbour at Cagliari (Sardinia, Italy) has an oil terminal with 
significant concentrations of trace metals in surface sediments 
throughout the area (Schintu et al. 2016). Additionally, soils and 
vegetation of the mining areas in southwest Sardinia have ex-
ceptionally high levels of Ca, Pb and Zn (Leita et al. 1989), which 
might enter surrounding seas through runoff that accumulates 
in statoliths of squid in this area. Accumulation might occur 
through direct deposition from water or through prey exposed to 
these metals. Early life stages of squid from the Western Ionian 
Sea had the highest value of Cu, Pb and Zn in their statoliths, so 
we assume that ommastrephid hatchlings incorporated such trace 
metals in their statoliths from surrounding water. These elements 
were not present or were lower in concentrations in early life 
stages of squid from East and West Sardinian Sea, so we infer that 
maturing and mature individuals from waters around Sardinia 
might have hatched outside the area and migrated into Sardinian 
Seas. Furthermore, all elements we measured did not differ be-
tween life stages of squid from the western Ionian Sea. Diets of 
I. coindetii change between early and late life stages (Sánchez 
et al. 1998; Schäfer et al. 2024), so we infer that both early and 
late life stages of these squid occupied the same area, or at least in 
regions with similar water parameters. However, some squid from 
the western Ionian Sea were misclassified to the Adriatic Sea in 
both life stages, which also supports an assumption that squid mi-
grated amongst areas in southern Italy, similar to statolith shape 
analysis of the same samples of squid (Bobowski et al. 2024).

Mature female L. forbesii in the North East Atlantic are mainly 
found in the northern and central North Sea, northern and west-
ern Scotland and Ireland, and egg clusters attached to hard sub-
strates have been found at coastal areas in northern Scotland 
and the Moray Firth (Laptikhovsky et  al.  2022). A relatively 
high number of squid we sampled from the North Sea and the 
Western Scotland spring spawning stock were misclassified 
based on measurements at the statolith nucleus and edge, with 
higher misclassification of early life stages. High misclassifi-
cation might indicate that paralarval stages were exposed to 
similar water conditions, perhaps due to a common spawning 
and hatching area. Whilst a potential migration was described 
from the West of Scotland into the North Sea (Waluda and 
Pierce  1998), routine migration was not evident between the 
two areas (Viana et al. 2009), so squid likely dispersed from a 
more northern region of Scotland. Nonetheless, these groups of 
squid likely have distinct feeding grounds because misclassifica-
tion of individuals from the North Sea and Sea West of Scotland 
was lower based on element composition at the statolith edge 
as well as statolith shape comparisons (Bobowski et al. 2024). 
Moreover, early life stages did not differ significantly in stato-
lith microchemistry between North Sea spring–summer and 
autumn–winter spawning stocks, which suggests that water 
conditions in areas inhabited by early life stages were relatively 
similar amongst different periods.

FIGURE 4    |    Sample (A, C) and variable (B, D) biplots of the first two principal components (PC1, PC2) for statolith microchemistry of Loligo forbe-
sii sampled in the Balearic Sea (WiSS = dark blue), Celtic Sea (SuSS = light blue), North Sea (SpSuSS Q1 = grey; AuWiSS Q3 = black), Western Scotland 
(SpSS = green) and South Adriatic Sea (AuWiSS = yellow) in the North East Atlantic Ocean and Mediterranean Sea during 2021–2022 (A, B = statolith 
nucleus, C, D = statolith edge; colours in A and C correspond to different spawning stocks: AuWiSS = Autumn–Winter spawning stock, SpSS = Spring 
spawning stock, SpSuSS = Spring–Summer spawning stock SuSS = Summer spawning stock, WiSS = Winter spawning stock). Open circles depict the 
mean (± standard error) and ellipses depict 95% of samples from each area.
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TABLE 2    |    Pairwise comparisons of statolith elemental composition of Illex coindetii and Loligo forbesii between spawning stocks in the Balearic 
Sea, Celtic Sea, North Sea, Sea East of Sardinia, Sea West of Sardinia, Sea West of Scotland, South Adriatic Sea and Western Ionian Sea in the 
North East Atlantic Ocean and Mediterranean Sea during2021 to 2022 (AuWiSS = Autumn–Winter spawning stock, SpSS = Spring spawning stock, 
SpSuSS = Spring–Summer spawning stock, SuSS = Summer spawning stock, WiSS = Winter spawning stock, WiSpSS: Winter–Spring spawning 
stock). Significant differences are in bold (p < 0.05, adjusted with Bonferroni method).

Illex coindetii
Balearic 

WiSS
Celtic 

SpSuSS
North Sea 

SuSS Q1
North Sea 
SuSS Q3

Eastern 
Sardinian 

WiSS

Western 
Sardinian 

WiSS

South 
Adriatic 
WiSpSS

Nucleus Celtic SpSuSS 0.602 — — — — — —

North Sea 
SuSS Q1

0.003 0.003 — — — — —

North Sea 
SuSS Q3

0.003 0.003 1.000 — — — —

Eastern 
Sardinian WiSS

1.000 0.020 0.003 0.003 — — —

Western 
Sardinian WiSS

0.134 0.003 0.003 0.003 0.392 — —

South Adriatic 
WiSpSS

1.000 0.003 0.003 0.003 1.000 0.003 —

Western. 
Ionian WiSS

1.000 0.003 0.003 0.003 0.224 0.003 0.008

Edge Celtic Sea 
SpSuSS

0.666 — — — — — —

North Sea 
SuSS Q1

0.003 0.003 — — — — —

North Sea 
SuSS Q3

0.003 0.003 0.003 — — — —

Eastern. 
Sardinian WiSS

0.210 0.003 0.003 0.003 — — —

Western 
Sardinian WiSS

0.011 0.003 0.003 0.003 1.000 — —

South Adriatic 
WiSpSS

1.000 0.003 0.003 0.003 0.007 0.003 —

Western 
Ionian WiSS

0.258 0.003 0.003 0.003 0.003 0.003 0.003

Loligo forbesii Balearic WiSS Celtic SuSS
North Sea 
SpSuSS Q1

North Sea 
AuWiSS Q3

Western 
Scotland SpSS

Nucleus Celtic SuSS 0.065 — — — —

North Sea SpSuSS Q1 0.002 0.002 — — —

North Sea AuWiSS Q3 0.002 0.002 0.558 — —

Western Scotland SpSS 0.002 0.002 0.002 0.002 —

South Adriatic AuWiSS 0.372 0.002 0.002 0.002 0.002

Edge Celtic Sea SuSS 0.002 — — — —

North Sea SpSuSS Q1 0.002 0.002 — — —

North Sea AuWiSS Q3 0.002 0.002 0.002 — —

Western Scotland SpSS 0.002 0.002 0.002 0.002 —

South Adriatic AuWiSS 0.006 0.002 0.002 0.002 0.002
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L. forbesii from the Sea West of Scotland had the highest concen-
trations of Cu, Pb and Zn at the edge of the statolith, although 
the source of these elements was not clear, which suggests the 
use of feeding grounds separated from the hatching area that 
potentially included prey that had already accumulated these 
metals in tissues. L. forbesii hatches in the western English 
Channel and Celtic Sea (Laptikhovsky et al. 2022), before mi-
grating through the English Channel into the southern North 
Sea and returning to the Celtic Sea to spawn (Holme  1974). 
Alternatively, migration into the North Sea could also be from 
northern Ireland or the Sea West of Scotland into the northern 
North Sea (Waluda and Pierce 1998). A relatively high number 
of squid from the Celtic spring–summer spawning stock (25%) 
were misclassified to the North Sea autumn-winter spawning 

stock, based on element composition at the statolith edge. These 
squid did not likely migrate from the North Sea back into the 
Celtic Sea, because the shortest migration route through the 
English Channel spans over 560 km (López Solano et al. 2022), 
which is impossible for L. forbesii to cover in 2 weeks (statolith 
edge ablation point) at the average swimming speed of 3.0 km/
day for L. reynaudii (Sauer et al. 2000). Furthermore, Celtic Sea 
squid that were misclassified based on statolith microchemistry 
to the North Sea autumn-winter spawning stock were not the 
same as those misclassified to the North Sea based on statolith 
shape analysis (Bobowski et al. 2024). Consequently, these squid 
more likely stayed in a region with water parameters similar to 
the North Sea where squid hatched in autumn-winter, perhaps 
separated from correctly classified squid that were primarily 

TABLE 4    |    Differences in element concentration between statolith nucleus and edge (t-test or Mann–Whitney U-test) of Illex coindetii and Loligo 
forbesii from Balearic Sea, Celtic Sea, North Sea, Sea East of Sardinia, Sea West of Sardinia, Sea West of Scotland, South Adriatic Sea and Western 
Ionian Sea in the North East Atlantic Ocean and Mediterranean Sea during2021 to 2022 (SpSS = Spring spawning stock, SuSS = Summer spawning 
stock, WiSS = Winter spawning stock, AuWiSS = Autumn–Winter spawning stock, SpSuSS = Spring–Summer spawning stock, WiSpSS = Winter–
Spring spawning stock). Significant differences (p < 0.05) are in bold.

Balearic 
WiSS

Celtic 
SpSuSS

North Sea 
SuSS Q1

North Sea 
SuSS Q3

Eastern 
Sardinian 

WiSS

Western 
Sardinian 

WiSS

South 
Adriatic 
WiSpSS

Western 
Ionian 
WiSS

Illex 
coindetii

Na 0.116 0.292 0.047 0.005 < 0.001 < 0.001 < 0.001 0.223

Mg 0.009 < 0.001 < 0.001 < 0.001 0.648 0.061 < 0.001 0.224

Mn 0.216 0.307 < 0.001 0.054 0.973 0.448 0.039 0.110

Fe 0.648 0.851 0.601 0.846 0.818 0.568 0.587 0.992

Co 0.515 0.864 0.530 0.231 0.320 0.815 0.712 0.604

Cu 0.013 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.618

Zn 0.006 0.006 0.022 0.021 < 0.001 < 0.001 < 0.001 0.807

Sr < 0.001 < 0.001 0.139 < 0.001 0.007 < 0.001 < 0.001 0.658

Ba 0.046 < 0.001 0.001 < 0.001 0.002 0.001 0.033 0.164

Pb 0.010 < 0.001 0.265 0.245 < 0.001 < 0.001 < 0.001 0.957

U < 0.001 < 0.001 < 0.001 0.001 0.073 < 0.001 < 0.001 0.456

Balearic 
WiSS Celtic SuSS

North Sea 
SpSuSS Q1

North Sea 
AuWiSS Q3

Western 
Scotland 

SpSS

South 
Adriatic 

WiSS

Loligo 
forbesii

Na 0.003 0.014 0.004 0.011 < 0.001 0.406

Mg < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Mn < 0.001 0.012 < 0.001 < 0.001 0.718 0.391

Fe 0.960 0.714 0.647 0.989 < 0.001 0.808

Co 0.805 0.342 0.953 0.964 0.909 0.547

Cu < 0.001 0.011 0.152 0.574 < 0.001 0.011

Zn 0.001 < 0.001 0.017 0.236 < 0.001 0.005

Sr 0.005 < 0.001 < 0.001 0.412 < 0.001 0.013

Ba < 0.001 0.671 < 0.001 < 0.001 < 0.001 0.179

Pb 0.004 < 0.001 0.002 0.006 < 0.001 0.035

U 0.011 < 0.001 < 0.001 < 0.001 0.027 0.221
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found in a considerably more southern area than misclassified 
squid in the Celtic Sea. However, seasonal or annual differences 
in element incorporation could affect classification.

Microelement composition at the edge of L. forbesii statoliths 
suggested that squid caught in the southern Adriatic Sea dif-
fered from those caught in the Balearic Sea, with two separate 
stocks and hatching areas, similar to results of statolith shape 
analysis (Bobowski et  al.  2024). In contrast, the similar micro-
element composition of the statolith nucleus we found sup-
ported the possibility of a common stock, like an earlier genetic 
analysis that showed a linkage between the two regions (Göpel 
et al. 2022). However, squid from the two areas may be separate 
stocks, with paralarval stages that may have been exposed to 
similar abiotic conditions after hatching in winter, which aligns 
with the November to July period when most Loligo spp. eggs are 
typically found in the Mediterranean (Laptikhovsky et al. 2025). 
Additionally, squid from the Adriatic winter spawning stock were 
the least correctly classified (20%), based on the elemental com-
position at the statolith edge, with 75% misclassified to the Celtic 
summer spawning and North Sea autumn-winter spawning 
stocks combined. Squid from the Balearic winter spawning stock 
were also misclassified (37%) for the same North East Atlantic 
areas based on element composition of the statolith edge. The 
Adriatic Sea is relatively narrow, bordered by land on three sides 
and influenced by the river Po, which may have influenced inputs 
of elements to cause high variability in nearshore seawater com-
position. For instance, harbours and estuaries in coastal areas of 
the southern Adriatic are critical hotspots for Zn, Cu, Mn and Ni 
(Accornero et al. 2004). Moreover, the Adriatic is an upwelling 
area (Vilibić and Orlić 2002) and this hydrographic element could 
further concentrate microelements mentioned above. Elevated 
concentrations of Cu and Zn at the statolith edge of L. forbesii 
from the Adriatic Sea reflect this pollution. However, squid from 
the North Sea had lower values of these trace metals in their sta-
tolith edge, whilst squid from the Adriatic winter spawning stock 
ranged widely. This suggests that misclassification between these 
two spawning stocks was caused by squid with low trace metal 
concentrations in the Adriatic Sea or by similar element concen-
trations as in squid from the North Sea. Misclassification of squid 
from both Mediterranean areas was lower in early life stages, 
but they were misclassified as Celtic summer spawning or North 
Sea autumn-winter spawning stocks. A small number of squid 
from Celtic summer spawning and North Sea autumn-winter 
spawning stocks were also misclassified to the Balearic and 
Adriatic winter spawning stocks based on microchemical anal-
ysis. Misclassification of squid between areas in the North East 
Atlantic Ocean and Mediterranean Sea based on statolith nu-
cleus microelements may have been linked to depth differences 
of eggs because similar water parameters could exist at different 
depths in these areas. However, because only squid from areas 
in the Mediterranean Sea and North Sea did not differ at early 
life stages, the effect of depth was likely negligible. Furthermore, 
misclassification of elemental composition was higher at the 
statolith edge than at the nucleus, so early life stages may reside 
at more specific locations with less seawater element variability 
(possibly caused by pollution) than maturing and mature indi-
viduals. Last, misclassification of L. forbesii between North East 
Atlantic and Mediterranean may have been caused by the ten-
dency of cephalopods to accumulate certain environmental mi-
croelements (e.g., Zn, Cu, Fe and Sr.; Lourenço et  al.  2009). In 

polluted environments, such accumulation could further obscure 
differences amongst areas. Overall, results of our study were sim-
ilar to results of shape analysis of the same individuals (Bobowski 
et al. 2024), with higher or similar correct classification to most 
areas for both species in the life stage before capture (i.e., stato-
lith edge).

5   |   Conclusions

Our study clearly showed the potential and limitations of sta-
tolith microchemistry for stock discrimination. Stock discrim-
ination in squid is highly complex, and a single approach is 
likely insufficient to comprehensively discriminate all stocks. 
Microchemistry of the statolith edge reflects the influence of 
water parameters or diet close to the time of capture, but pro-
vides no information about primary habitat prior to the time 
of capture. Nevertheless, in combination with elemental ra-
tios at the statolith nucleus and age estimates, statolith edge 
microchemistry provided a good indication of whether indi-
viduals from the same capture area shared the same hatching 
area. However, to accurately determine the primary habitat 
of squid, shape analysis is preferable to microchemical analy-
sis based solely on nucleus and edge measurement. Of all ele-
ments we measured, Co and Fe best separated capture areas. 
However, when all elements were considered, both species were 
incorrectly classified to some areas, especially the squid in the 
Mediterranean Sea. Therefore, we recommend that for a cor-
rect and detailed stock differentiation, including hatching area, 
migration pathway and the main residence area, microchemis-
try analysis of transect measurements from nucleus to edge be 
combined with shape analysis and age estimation. Additionally, 
based on high concentrations of statolith trace metals in some 
life stages and areas, we assume that microchemistry could be 
used as an indicator for trace metal pollution in marine areas or 
prey organisms.
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Appendix A

Figures A1 and A2

FIGURE A1    |    Concentration of copper (Cu), lead (Pb) and zinc (Zn) at the nucleus and edge of statoliths from Illex coindetii sampled in the Balearic 
Sea (B WiSS), Celtic Sea (C SpSuSS), North Sea (NS SuSS Q1 = captured in Q1; NS SuSS Q3 = captured in Q3), Sea East of Sardinia (ES WiSS), Sea West 
of Sardinia (WS WiSS), South Adriatic Sea (AS WiSpSS) and Western Ionian Sea (WI WiSS) in the North East Atlantic Ocean and Mediterranean 
Sea during 2021–2022 (AuWiSS = Autumn–Winter spawning stock, SpSS = Spring spawning stock, SpSuSS = Spring–Summer spawning stock, 
SuSS = Summer spawning stock, WiSS = Winter spawning stock, WiSpSS = Winter–Spring spawning stock). Data distributions with quartiles; box 
for Q1 to Q3 whiskers extend to minimum and maximum values within 1.5 times the interquartile range.
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FIGURE A2    |    Concentration of copper (Cu), lead (Pb) and zinc (Zn) at the nucleus and edge of statoliths from Loligo forbesii sampled in the 
Balearic Sea (B WiSS), Celtic Sea (C SuSS), North Sea (NS SpSuSS = captured in Q1, NS AuWiSS = captured in Q3), Sea West of Scotland (WSc SpSS), 
South Adriatic Sea (SA AuWiSS) in the North East Atlantic Ocean and Mediterranean Sea during 2021–2022 (AuWiSS = Autumn–Winter spawning 
stock, SpSS = Spring spawning stock, SpSuSS = Spring–Summer spawning stock, SuSS = Summer spawning stock, WiSS = Winter spawning stock). 
Data distributions with quartiles; box for Q1 to Q3 whiskers extend to minimum and maximum values within 1.5 times the interquartile range. Two 
visualisations for microchemical edge data: right column = all sampled areas, and middle column = excluding West Scotland Spring spawning stock, 
where extreme values were recorded.
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