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Abstract  

Although cephalopods are commercially used in Europe, they are currently not covered by the 

European Common Fisheries Policy (CFP), and are therefore not subject to fisheries 

management, resulting in unregulated fishing in Europe. To avoid overfishing and promote 

sustainable fisheries, it is essential to identify and differentiate so-called fishery stocks. In this 

study, I focused on the squids Illex coindetii and Loligo forbesii, two of the most economically 

important cephalopod species in the North East Atlantic and Mediterranean Sea. To 

distinguish stocks from different fishing areas, shape analysis and microchemical analysis of 

statoliths combined with age determination were employed. The results revealed distinct 

stocks and cohorts, and suggested potential migration patterns both between stocks (shared 

feeding grounds) and throughout ontogeny (shared spawning or nursery grounds). In addition, 

spawning areas and seasonal patterns of L. forbesii were determined. These findings 

contribute to the identification and distinction of Illex coindetii and Loligo forbesii stocks and 

thus provide an important foundation for future sustainable fisheries management of the two 

studied species in Europe. Furthermore, this study highlights current gaps in the assessment 

and management of cephalopods in the North East Atlantic and Mediterranean Sea and 

illustrates the opportunities and limitations of assessing European cephalopod stocks. 

K E Y W O R D S: 

broadtail shortfin squid, veined squid, Loliginidae, Ommastrephidae, Myopsida, Oegopsida, 

statolith shape analysis, statolith microchemistry analysis, stock assessment, stock structure, 

MSFD 

 

 

 

Figure 1: Habitus illustration of Illex coindetii in dorsal view  
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Zusammenfassung 

Obwohl Kopffüßer in Europa kommerziell genutzt werden, sind sie derzeit nicht in die 

Gemeinsame Fischereipolitik (GFP) der Europäischen Union integriert und unterliegen daher 

keinem Fischereimanagement, welches in einer unregulierten Befischung in Europa resultiert. 

Um Überfischung zu vermeiden und eine nachhaltige Fischerei zu ermöglichen, ist es 

notwendig, sogenannte Fischereibestände zu identifizieren und voneinander abzugrenzen. In 

der vorliegenden Studie konzentrierte ich mich auf die Kalmare Illex coindetii und 

Loligo forbesii, zwei der wirtschaftlich bedeutendsten Tintenfischarten im Nordostatlantik und 

Mittelmeer. Zur Unterscheidung von Beständen aus verschiedenen Fanggebieten wurden die 

Umrissanalyse sowie die mikrochemische Analyse der Statolithen in Kombination mit 

Altersbestimmung verwendet. Die Ergebnisse zeigten abgegrenzte Bestände und Kohorten 

und deuteten auf potentielle Migrationsmuster sowohl zwischen Beständen (gemeinsame 

Nahrungsgründe) als auch im Laufe der Ontogenese (gemeinsame Laich- oder 

Aufzuchtgründe) hin. Ergänzend dazu konnten Schlupfgebiete und saisonale Muster von 

L. forbesii ermittelt werden. Diese Erkenntnisse tragen zur Identifizierung und Trennung von 

Illex coindetii und Loligo forbesii Beständen bei und bilden somit eine wesentliche Grundlage 

für ein zukünftiges, nachhaltiges Fischereimanagement der beiden untersuchten Arten in 

Europa. Darüber hinaus weist die Studie auf bestehende Lücken in der Bewertung und dem 

Management von Kopffüßern im Nordostatlantik und dem Mittelmeer hin und zeigt sowohl 

die aktuellen Möglichkeiten als auch die Grenzen der Bestandsbewertung europäischer 

Kopffüßer auf. 

S C H L Ü S S E L W Ö R T E R: 

Breitschwanz-Kurzflossenkalmar, Nordischer Kalmar, Loliginidae, Ommastrephidae, 

Myopsida, Oegopsida, Statolithen Umrissanalyse, Statolithen Mikrochemieanalyse, 

Bestandsstruktur, MSRL 
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1 Introduction 

1.1 Relevance of the Thesis 

Climate change and food-web changes have caused a worldwide distribution shift and a 

change in abundance of cephalopod species (Chen et al., 2006; Guerreiro et al., 2023). Both 

increases and decreases in abundance are reported, reflecting a variety of underlying causes. 

Climate-induced changes in abiotic factors and habitat suitability can extend, shift or decrease 

the distribution area via migration, especially in highly mobile species like squids (Schickele et 

al., 2021; Guerreiro et al., 2023). Furthermore, cephalopods can profit from changes in the 

food web, e.g., due to overfishing of predatory finfish stocks. With absent key competitors, 

highly adaptable cephalopods can quickly occupy ecological niche spaces. Additionally, the 

lack of main predators reduces predation pressure, further benefiting cephalopod populations 

(Caddy and Rodhouse, 1998; Boyle and Rodhouse, 2005). Contrarily, fishing pressure on 

cephalopods from both indirect (bycatch) and direct (targeted) fisheries can lead to an 

overexploitation (Rodhouse et al., 2014), especially without catch limits. Currently, most 

cephalopods are not subject to fisheries management, resulting in unregulated fishing in 

Europe. To avoid overfishing and promote sustainable fisheries, it is essential to identify and 

differentiate so-called fishery ‘stocks’. Fish ‘stocks’ are defined as more or less isolated, self-

sustaining units of living resource populations (FAO Fishery Glossary, n.d.). In fisheries, this 

definition is combined with economic considerations to characterise those stocks that are 

significant for fisheries exploitation. This study highlights current gaps in the assessment and 

management of cephalopods in the North East Atlantic and Mediterranean Sea and illustrates 

the opportunities and limitations for an assessment of European cephalopods.   

Intense fishing activity could lead to stock collapse in cephalopods, particularly given 

their semelparous life cycle, where a single reproductive event is followed by death (Vaupel 

et al., 2013). To avoid an overexploitation and guarantee sustainable fisheries, it is necessary 

to define, assess and manage cephalopod stocks which have gained increasing commercial 

interest in fisheries (Pierce and Portela, 2014). Although the European Marine Strategy 

Framework Directive (MSFD) has mandated an assessment for the Good Environmental Status 

(GES) since 2012, cephalopods have so far received limited attention due to incomplete data 

as well as a lack of appropriate indicators (Manuscript I). Furthermore, the European Common 

Fisheries Policy (EU-CFP) aims at an assessment for sustainable fisheries, which requires even 
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more data than an assessment within the MSFD. Ten key challenges are evident for the 

management of cephalopod fisheries: (i) rapid growth rates, (ii) individual variability in growth 

rates, (iii) high productivity, (iv) ecological opportunism, (v) short lifespan, (vi) complex life 

cycle phenology, and (vii) fluctuations in population abundance. Additionally, management 

are hindered by (viii) difficulties in species identification, (ix) challenges in accurate age 

determination, and (x) the absence of clearly defined populations or stocks (ICES, 2023). These 

conditions make a traditional finfish stock assessment difficult or impossible to transfer to 

cephalopods.  

However, existing data on cephalopods already provide a foundation for assessment. 

Fisheries landings data as well as various surveys, like the International Bottom Trawl Survey 

(IBTS) in the North East Atlantic or the Mediterranean International Trawl Survey (MEDITS) in 

the Mediterranean Sea, while not focused on cephalopods, allow a limited assessment of 

many cephalopod species in Europe (Manuscript I;  ICES, 2023). Nevertheless, stock 

identification as a key component of fisheries stock assessment entails various difficulties. For 

example, the swimming capacity of various cephalopod species suggests an ‘intermediate’ 

level of population exchange (Payne et al., 2013), which seems to correspond to an 

intermediate level of genetic differentiation in cephalopod populations (Wolfram et al., 2006). 

Hence, populations might share spawning grounds but migrate into distinct areas outside this 

region, which results in biological differences (Begg et al., 1999; Arvanitidis et al., 2002; 

Moreno et al., 2002). For this reason, genetic microsatellite analysis appears to reveal 

differences only at a larger geographical scale (Göpel et al., 2022). Moreover, conventional 

age-based models are often impractical for identifying and assessing cephalopod stocks 

(Arkhipkin et al., 2021), requiring alternative methods to meet the unique challenges posed 

by these short-lived species.  

One such alternative approach is morphological analysis of hard structures, such as 

statoliths or beaks. It has shown promise in distinguishing stocks, albeit with some limitations 

(Fang et al., 2014). Various studies used statolith shape to develop regional-scale markers for 

an ‘ecological’ stock identification based on the shape alone or in combination with 

microchemical analyses of the statolith or genetic surveys (Green et al., 2015; Fang et al., 

2018; Sheerin et al., 2022; Wang et al., 2024). Statoliths, as calcified structures, contain 

valuable ecological information in their microstructure and chemical composition (Zumholz, 
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2005) and can serve as archives of life cycle information (Lipiński, 2001). Morphological 

Fourier shape analysis of otoliths is a valuable tool for fish stock discrimination, as numerous 

studies have shown differences in otolith shapes among stocks of the same fish species 

(Campana and Casselman, 1993; Smoliński et al., 2020). Fourier shape analysis also shows 

promise for analysis of cephalopod statoliths, as their shapes are species-specific, with 

biologically-controlled crystallisation involving various activation and inhibition factors 

(Lipiński, 2001). Further, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS) is an effective tool for analysing the microchemistry of both fish otoliths and cephalopod 

statoliths, providing insights into individual life histories, migratory behaviour, and habitat use 

(Zumholz et al., 2007). Variations in elemental compositions, detected by LA-ICP-MS, can 

reflect environmental conditions (e.g., water chemistry, temperature, and salinity) as well as 

ontogenetic differences (Fowler et al., 1995; Thorrold et al., 1997). 

The current study focuses on the stock identification and differentiation of two of 

Europe´s most commercially important species, Illex coindetii and Loligo forbesii, through 

analyses of the statolith shape (Manuscript II) and microchemistry (Manuscript III) analysis 

using Fourier analysis and LA-ICP-MS, respectively, in combination with biological data. In 

addition to stock structure and distribution, identification of the potential spawning grounds 

and seasons of L. forbesii (Manuscript IV) represent a crucial element in the management of 

these stocks.  
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1.2 Focus and Key Contributions 

The increasing commercial importance of cephalopods, their unpredictable abundance 

fluctuations, as well as the risk of overfishing highlight the urgent need for stock assessment 

and fisheries management (ICES, 2023). Protective measures, such as temporal and spatial 

fishing restrictions, can help prevent the exploitation of reproducing individuals and should 

account for regional differences in spawning seasons. This thesis aims to provide scientific 

data for such protective measures. More specifically, the objective of this thesis was to 

differentiate populations of Illex coindetii and Loligo forbesii in the North East Atlantic and 

Mediterranean into distinct stocks, providing a basis for sustainable fisheries management. 

 

Figure 2: Illustration of the different MSFD cephalopod related Descriptors. This illustration was also used as graphical abstract 
for Manuscript I (Bobowski et al. 2023) 

Manuscript I summarizes potential indicators for meeting the criteria of each 

cephalopod-related Descriptor within the framework of the European Marine Strategy 

Framework Directive (MSFD), highlighting those that can already be addressed using existing 

survey data and analytical methods. It also introduces the individual Descriptors (D1 – D11) 

and identifies those under which cephalopods should be included (Figure 2). Furthermore, the 
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manuscript examines the current state of cephalopod inclusion in the MSFD, detailing which 

member states are obligated to report on cephalopods, which have already done so in the 

2012 and 2018 reporting cycles, and the reason some states provide for the exclusion of 

cephalopods within their reporting. In addition, it provides an overview of the MSFD’s primary 

goal of protecting and preserving the marine environment and its natural resources. 

Manuscript II and III are focused on the stock discrimination of European I. coindetii and 

L. forbesii, using three statolith based approaches: (i) shape analysis (Manuscript II), (ii) 

microchemical analysis (Manuscript III) and (iii) age determination (also in Manuscript III). For 

comparability and data integration, all three methods were conducted on the same statolith 

samples. In addition to distinguishing between different areas, Manuscript II examined the 

influence of sex and maturity stage on statolith shape. Meanwhile, Manuscript III 

incorporated age determination to identify hatching periods of the analysed individuals. The 

combination of methods revealed distinct stocks across the studied areas for both species. 

Additionally, Manuscript IV focused on spawning areas and seasons of Loligo spp. within the 

Lusitanian Zoogeographical Province over a period of more than 30 years. 

In summary, the current status of cephalopods within the MSFD (Manuscript I), the 

identified stocks of I. coindetii and L. forbesii across the sampled areas in the North East 

Atlantic and Mediterranean Sea (Manuscript II & III), along with the identification of spawning 

areas and seasons of L. forbesii (Manuscript IV), provide a solid foundation for a sustainable 

fisheries management of these two species. Additionally, the study highlights both the 

limitations of individual methods and how their combination can offer a more comprehensive 

overall view.   
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1.3 Scientific approval 

The results of this study were presented in international and national conferences and 

seminars as well as at an internal institute colloquium: 

1. ICES WGCEPH 2021. WebEx, June 2021  

➢ Presentation - Bobowski, B.T.C. – Assessment status of cephalopods in Europe 

2. CIAC (Cephalopod International Advisory Council) 2022. Sesimbra, Portugal, April 

2022 

➢ Poster - Bobowski, B.T.C., Power, A.M., Pierce, G.J., Moreno, A., Iriondo, A., 

Valeiras, J., Sokolova, I., Oesterwind, D., 2022. The missing assessment of 

European cephalopods – Future integration of cephalopod species under 

Descriptor 1 and 3 within the MSFD. 

https://doi.org/10.13140/RG.2.2.29016.16641 

➢ Presentation - Pierce, G.J., Abad, E., Ainsworth, G.B., Allcock, A.L., Bobowski, 

B.T.C. et al., 2022. Management for sustainable cephalopod fisheries in Europe: 

review and recommendations 

3. ICES WGCEPH 2022. Tenerife, Spain, June 2022 – online participation 

➢ Poster - Bobowski, B.T.C. – Cephalopods within the MSFD 

4. Lange Nacht der Wissenschaft – Rostock University. Rostock, Germany, May 2023 

➢ Presentation - Bobowski, B.T.C. - Tintenfische – Alles andere als Fisch 

5. ICES WGCEPH 2024. Lowestoft, England, June 2024 – online participation 

➢ Presentation - Bobowski, B.T.C. - Squid stock discrimination by statolith shape 

analysis and microchemistry 

6. Thünen Institute of Baltic Sea fisheries colloquium. Rostock, Germany, February 2024 

➢ Presentation - Bobowski, B.T.C., Oesterwind, D. - 

Bestandsidentifikationsmethoden von Kopffüßern 

 

The material of this study was published in four original publications across three different 

peer- reviewed scientific journals: 

1. Bobowski, B.T.C., Power, A.M., Pierce, G.J., Moreno, A., Iriondo, A., Valeiras, J., 

Sokolova, I.M., Oesterwind, D., 2023. Cephalopods, a gap in the European Marine 

Strategy Framework Directive and their future integration. Mar. Biol. 170, 26. 

https://doi.org/10.1007/s00227-022-04148-2 
 

2. Bobowski, B.T.C., Power, A.M., Burns, F., Carbonara, P., Cuccu, D., Donnaloia, M., 

Follesa, M.C., Moreno, A., Sokolova, I.M., Valls, M., Oesterwind, D., 2024. Stock 

discrimination of two European squids (Illex coindetii, Loligo forbesii) by statolith 

shape analysis. Fish. Manag. Ecol. e12689. https://doi.org/10.1111/fme.12689 

https://doi.org/10.13140/RG.2.2.29016.16641
https://doi.org/10.1007/s00227-022-04148-2
https://doi.org/10.1111/fme.12689
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3. Bobowski, B.T.C., Power, A.M., Burns, F., Carbonara, P., Cuccu, D., Follesa, M.C., 

Jochum, K.P., Moreno, A., Sokolova, I.M., Valls, M., Oesterwind, D., 2025. 

Classification of European Illex coindetii and Loligo forbesii Squid Stocks by Trace 

Element Analysis of Statoliths. Fish. Manag. Ecol. https://doi.org/10.1111/fme.70016 
 

4. Laptikhovsky, V., Moreno, A., Oesterwind, D., Perales Raya, C., Pierce, G.J., Robin, J.-

P., Sobrino, I., Valls, M., Villanueva, R., Allen, A., Abad, E., Bello, G., Bobowski, B.T.C., 

Fernández-Álvarez, F.Á., Cabanellas-Reboredo, M., González, A.F., Hernández-Urcera, 

J., Krstulović Šifner, S., Lefkaditou, E., MacLeod, E., Valeiras Mota, J., Onsoy, B., 

Pereira, J., Salman, A., Seixas, S., Power, A.M. 2025. The reproductive ecology of 

Loligo squids (Cephalopoda: Myopsida) in Lusitanian Zoogeographical Province. Reg. 

Stud. Mar. Sci. 91. https://doi.org/10.1016/j.rsma.2025.104506 

Moreover, the ICES WGCEPH 2022 Meeting output was published in a Technical Report: 

1. ICES, 2023. Working Group on Cephalopod Fisheries and Life History (WGCEPH; 
Outputs from 2022 meeting). ICES Scientific Reports. 5:01. 163 pp. 
https://doi.org/10.17895/ices.pub.21976718 

 

https://doi.org/10.1111/fme.70016
https://doi.org/10.1016/j.rsma.2025.104506
https://doi.org/10.17895/ices.pub.21976718
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2 Material and Methods 

2.1 Analytical Approaches Using Squid Statoliths 

Three different methods, based on the same individual statolith, were used to identify distinct 

stocks of the squids Illex coindetii and Loligo forbesii in Europe. These methods include (i) 

statolith shape analysis (Manuscript II), based on the statolith contour; (ii) statolith 

microchemistry analysis (Manuscript III), which examines various elements measured at the 

nucleus (representing early-life stages) and the outermost edge (representing the later life 

stages immediately preceding the capture); and (iii) age determination (Manuscript III), based 

on counted increments (growth rings), where one increment presumably corresponds to one 

day of life (Figure 3). 

 

Figure 3: Polished right-side statolith of a mature North Sea Loligo forbesii (centre) with key morphological features 
labelled. Surrounding the statolith are the methods used for stock identification in this study: Statolith Shape – mean 
statolith shape of North Sea L. forbesii; Age Determination - visible increments (representing days of life); Statolith 
Microchemistry – considered elements measured during microchemical analysis at the nucleus and edge ablation points. 
Element values were considered in relation to Ca. 
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2.2 Sampling and preparation 

Samples of I. coindetii and L. forbesii were either collected by me (North Sea) or by the 

corresponding co-authors within a one-year timeframe (Q1 2021 - Q1 2022), in the North East 

Atlantic and Mediterranean Sea. The samples from the following eight areas were analysed: 

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 (Manuscript II & III). The collection was 

part of four different surveys, namely: the International Bottom Trawl Survey (IBTS), 

Mediterranean International Bottom Trawl Survey (MEDITS), Irish Anglerfish and Megrim 

Survey (IAMS), and Scottish West Coast Groundfish Survey (SCOWCGFS) (Reid et al., 2007; 

ICES, 2012, 2017, 2020a). The sampled areas were visualised using QGIS 3.40 (QGIS.org, 2024;  

Figure 4).  

 

 

Figure 4: Sampling areas of Illex coindetii (A) and Loligo forbesii (B) 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 and Mediterranean Sea during Q1 2021- Q1 2022. Bathymetric map of GEBCO 2024 Grids (GEBCO 
Compilation Group, 2024), land polygons are based on data from Natural Earth (Natural Earth, 2024).  

The biological data of each individual (dorsal mantle length (DML), weight, sex and 

maturity stage) were recorded for each individual, and statoliths were prepared for analysis 

(Manuscript II), with a significant portion of the samples provided by the corresponding co-

authors. For the detailed statolith preparation for shape analysis, age determination and 

microchemical analysis, conducted by me, see Manuscript II and Manuscript III, respectively. 

A total of 482 right-side statoliths were analysed in the studies. Due to the exclusion of some 

statoliths in the individual analysis for various reasons (breakage, over-grinding, no measured 

values), the respective numbers were slightly lower than the total sample size (Table 2). To 

ensure consistent naming throughout the thesis and across both species, sample groups are 

A Illex coindetii B Loligo forbesii 
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referred to base on their inferred spawning season, rather than solely on area or quarter of 

caption. The following table (Table 1) provides the correspondence between the original, 

capture-based sample identifiers (used in Manuscript II) and the spawning season-based 

labels (introduced in Manuscript III), which are used consistently in all subsequent figures and 

tables. 

Table 1: Sample group labels used throughout the thesis, including original capture information and inferred spawning 
seasons. 

Species Sample Label Original Area ID 
Quarter of 

Capture 

Spawning 

Season 
Abbreviation 

Il
le

x 
co

in
d

et
ii

 

Balearic WiSS Balearic Sea Q3 Winter WiSS 

Celtic SpSuSS Celtic Sea Q1 Spring, Summer SpSuSS 

North Sea SuSS Q1 North Sea Q1 Q1 Summer SuSS 

North Sea SuSS Q3 North Sea Q3 Q3 Summer SuSS 

Eastern Sardinian WiSS Sea East of Sardinia Q3 Winter WiSS 

Western Sardinian WiSS Sea West of Sardinia Q3 Winter WiSS 

South Adriatic WiSpSS South Adriatic Sea Q3 Winter, Spring WiSpSS 

Western Ionian WiSS Western Ionian Sea Q3 Winter WiSS 

Lo
lig

o
 f

o
rb

es
ii 

Balearic WiSS Balearic Sea Q3 Winter WiSS 

Celtic SuSS Celtic Sea Q1 Summer SuSS 

North Sea SpSuSS Q1 North Sea Q1 Q1 Spring, Summer SpSuSS 

North Sea AuWiSS Q3 North Sea Q3 Q3 Autumn, Winter AuWiSS 

Western Scotland SpSS Sea West of Scotland Q4 Spring SpSS 

South Adriatic AuWiSS South Adriatic Sea Q3 Autumn, Winter AuWiSS 
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Table 2: Numbers of analysed right-side statoliths of Illex coindetii and Loligo forbesii in the respective method of analysis 
per spawning stock. The numbers refer to the same total sample size, with minor differences due to exclusions specific to 
each method. North Sea individuals captured in Q1 and Q3 are combined in shape analysis. 

Species Spawning Stock 

Shape 

analysis 

Microchemical 

analysis 

Age 

determination 

Total sample 

size 

Il
le

x 
co

in
d

et
ii

 

Balearic WiSS 13 10 12 13 

Celtic SpSuSS 42 40 37 44 

North Sea SuSS Q1 
50 

31 36 37 

North Sea SuSS Q3 22 21 23 

Eastern Sardinian WiSS 12 15 10 16 

Western Sardinian WiSS 23 28 22 29 

South Adriatic WiSpSS 25 32 24 32 

Western Ionian WiSS 22 26 19 29 

Lo
lig

o
 f

o
rb

es
ii 

Balearic WiSS 33 31 32 33 

Celtic SuSS 25 24 24 26 

North Sea SpSuSS Q1 
128 

54 57 59 

North Sea AuWiSS Q3 65 67 71 

Western Scotland SpSS 49 50 46 50 

South Adriatic AuWiSS 19 20 19 20 

 

2.3 Analytical methods 

Statolith shapes (contour) of I. coindetii and L. forbesii were analysed by Fourier Shape analysis 

using the software SHAPE (ver.1.3 by Iwata and Ukai, 2002). Microchemistry analysis of the 

statolith nucleus and outermost edge of the same species were conducted with a Laser 

Ablation – Inductively Coupled Plasma - Mass Spectrometry (LA-ICP-MS). For the detailed 

methods see Manuscript II and Manuscript III, respectively.  

2.4 Data analysis 

Extracted statolith shapes and measured elemental values were visualized with principal 

component analysis (PCA) to represent differences in the statoliths of each sampled area. 

Additionally, a variation between groups (defined as areas in Manuscript II and spawning 

stocks in Manuscript III) and the correlation between observed and predicted classes were 

analysed based on the PCAs using the statistical programming language R. For details on used 

packages in R for each analysis see Manuscript II and Manuscript III, respectively. 
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2.5 Egg masses 

Nearly 700 observations of egg masses and egg mass groups along the European and West 

African shore were collected from 1992 to 2023. The observations were reported with 

decreasing frequency by recreational divers, commercial and research fishing activities, 

attached to artificial substrates or observed by ROV (Remotely Operated Vehicle) – see 

Manuscript IV for detailed information – with a significant part of the data from recreational 

divers compiled by me. Collected data included individual egg masses and group of egg masses 

classified as ‘spawning sites’, identified of the species L. vulgaris, L. forbesii or unclassified 

Loligo species. 
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3 Results 

3.1 Stock identification based on Statolith Shape and Statolith Element 

Differences 

Based on the statolith shape and the microchemistry analysis of the statolith nucleus and 

edge, both I. coindetii and L. forbesii can be divided into geographical-distinct groups within 

the studied areas. Individuals of both species from the North Sea (black colour) exhibited the 

most pronounced statolith key-morphological characteristics (Figure 5 Illex coindetii & Loligo 

forbesii A.2). In contrast, individuals from the Balearic Winter Spawning Stock (WiSS - dark 

blue colour) showed less pronounced statolith shape characteristics in both species. These 

results are also reflected in Principal Component Analysis (PCA); although most data points 

(95% confidence intervals) showed strongly overlapping components, individuals from the 

North Sea and the Balearic showed the least overlap in both species with those from other 

areas with regard to the statolith shape (Figure 5 Illex coindetii & Loligo forbesii A.1).  

Age determination revealed only one spawning season for North Sea I. coindetii 

(Manuscript III). The microchemical analysis results reflect these findings, as North Sea 

I. coindetii individuals showed a high overlap and also the lowest elemental variability for both 

quarters of the year (grey & black colour) at both the nucleus and edge measurement points 

(Figure 5 Illex coindetii B.1, C.1). The highest element variability was driven by Cu, Pb and Zn 

and was shown by the Western Ionian WiSS of I. coindetii (purple colour) at the nucleus (Figure 

5 Illex coindetii B.1, B.2) and in both, Eastern and Western Sardinian WiSS (red & orange 

colour) at the statolith edge (Figure 5 Illex coindetii C.1, C.2). Although L. forbesii individuals 

from the Western Scotland Spring Spawning Stock (SpSS - green colour) showed a high overlap 

in the nucleus microchemical PCA with both spawning stocks from the North Sea (grey & black 

colour) (Figure 5 Loligo forbesii B.1), the edge measurement point revealed a strong influence 

of Ba, Cu, Pb and Zn only in individuals from the Western Scotland SpSS (Figure 5 Loligo forbesii 

C.1 & C.2). 

 

Figure 5:  Illex coindetii (left page) and Loligo forbesii (right page) 
from the North East Atlantic and Northern Mediterranean Sea during 2021–2022. 

A.1, A.2 - Statolith Shape: Sample PCA (A.1) and mean statolith shapes (A.2), grouped by inferred spawning stock  
B.1, B.2 - Statolith Nucleus Microchemistry: Sample (B.1) and variable (B.2) PCA biplot of statolith nucleus microchemistry 
C.1, C.2 - Statolith Edge Microchemistry: Sample (B.1) and variable (B.2) PCA biplot of statolith edge microchemistry 
Spawning stocks (SS) are color-coded as follows: Balearic SS (dark blue), Celtic SS (light blue), North Sea SS (grey & black), 
Eastern Sardinian SS (red), Western Sardinian SS (orange), Western Scotland SS (green), South Adriatic SS (yellow), Western 
Ionian SS (purple). The specific spawning stocks represented in each subplot are indicated in the respective legends. Open 
circles represent the mean (± standard error), and ellipses encompass 95% of samples per spawning stock.  
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PCA graphs for both species (Figure 5 Illex coindetii & Loligo forbesii A.1, B.1, C.1), show 

distinct clustering patterns and are explained by different percentages of PC1, PC2 and PCsum 

in shape and microchemistry analysis (Table 3). The highest percentage values are given by 

shape PCA for both species, whereas the lowest are given by microchemical PCA for the 

nucleus measurements (both analyses having been conducted on the same individuals). 

Table 3: Principal component analysis results (PC1, PC2 and PCsum [PC1 and PC2 combined]) in percentage per method 
(shape & microchemistry analysis) per species 

Species Method  PC1 (%) PC2 (%) PCsum (%) 

I.
 c

o
in

d
et

ii
 Shape analysis  38.54 25.07 63.61 

Microchemistry 

analysis  

nucleus 26.01 14.62 40.63 

edge 26.08 19.29 45.37 

L.
 f

o
rb

es
ii

 Shape analysis  50.28 12.77 63.05 

Microchemistry 

analysis  

nucleus 23.95 21.09 45.04 

edge 34.85 19.01 53.86 

 

In the pairwise comparisons of statolith shape, I. coindetii showed differences between 

the Balearic WiSS, Celtic SpSuSS, and North Sea Summer Spawning Stock (SuSS) and most 

other area-specific spawning stocks, whereas Mediterranean spawning stocks, except for the 

Balearic WiSS, showed no differences among each other (Manuscript II, Table 2). By 

comparison, L. forbesii exhibited differences in statolith shape between all area-specific 

spawning stocks, except between North Sea (SpSuSS & AuWiSS) and Celtic SuSS. Considering 

the elemental composition, differences were observed between most area-specific spawning 

stocks for I. coindetii and L. forbesii in pairwise comparison (Manuscript III, Table 2). However, 

no significant differences were found in elemental values at the nucleus measurement point 

for either species between the Balearic WiSS and other Mediterranean spawning stocks, nor 

between Balearic WiSS and Celtic spawning stocks. Similarly, no differences were observed in 

I. coindetii between the Eastern Sardinian WiSS and other Mediterranean spawning stocks. 

Additionally, both species showed no differences in the elemental composition of the nucleus 

between North Sea individuals captured in Q1 and Q3. At the statolith edge, no differences 

were evident between Eastern and Western Sardinian spawning stocks in I. coindetii. 
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3.2 Area Classification 

The classification success rates of observed and predicted area-specific spawning stocks, 

based on statolith shape and elemental ratios, were highly accurate in the North East Atlantic 

for both species (>80%) across both analysis methods and measurement points. However, 

L. forbesii Celtic SuSS was an exception, with a lower classification success rate in shape 

analysis (44%) and microchemical analysis (>60%) (Table 4). In the Mediterranean, most 

individuals were classified more accurately using shape analysis compared to microchemistry. 

For detailed numbers of correctly classified individuals as well as misclassified individuals per 

area specific spawning stock, see Manuscript II, Table 3 and Manuscript III, Table 3. 

Table 4: Classification success rates per method in percentage per spawning stock (SS); Balearic SS, Celtic SS, North Sea SS, 
Eastern Sardinian SS, Western Sardinian SS, Western Scotland SS, South Adriatic SS, Western Ionian SS. North Sea pawning 
stocks captured in Q1 and Q3 are combined in Shape Analysis. A second value in parenthesis in microchemical analysis 
stands for the classification success rate for North Sea (captured in Q1 & Q3) combined. 

  Classification success rate [%] 

Species Spawning Stock Shape Analysis 
Microchemistry 

Nucleus Analysis 

Microchemistry 

Edge Analysis 

Il
le

x 
co

in
d

et
ii

 

Balearic WiSS 53.85 0.00 0.00 

Celtic SpSuSS 80.95 72.50 80.00 

North Sea SuSS Q1 
88.00 

100.00 (100.00) 90.32 (93.55) 

North Sea SuSS Q3 0.00 (100.00) 31.82 (100.00) 

Eastern Sardinian WiSS 33.33 0.00 33.33 

Western Sardinian WiSS 56.52 69.23 85.14 

South Adriatic WiSpSS 72.00 59.38 43.75 

Western Ionian WiSS 54.55 40.00 61.54 

Lo
lig

o
 f

o
rb

es
ii 

Balearic WiSS 87.88 64.52 48.39 

Celtic SuSS 44.00 62.50 66.67 

North Sea SpSuSS Q1 
87.50 

35.19 (62.96) 83.33 (96.30) 

North Sea AuWiSS Q3 63.08 (90.77) 63.08 (87.69) 

Western Scotland SpSS 81.63 28.00 79.59 

South Adriatic AuWiSS 89.47 50.00 20.00 
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3.3 Seasonal egg mass occurrence and hatching period of Loligo 

Loligo egg masses were found in offshore areas at depths ranging from 3 m to 556 m across 

all European Mediterranean Seas, including the Balearic, Ligurian, Tyrrhenian, Sicilian, Ionian, 

Adriatic, Aegean and Levantine Sea. Throughout the year, most recorded egg masses were 

identified as L. vulgaris, with rare records of L. forbesii in the Western and Eastern 

Mediterranean Sea (Manuscript IV). This reflects the low abundance of L. forbesii in the 

Mediterranean Sea and is consistent with the smaller sample size of this species in statolith 

shape and microchemical analysis in Mediterranean areas. Most of the egg mass records were 

documented between November to July. For detailed information on the recording periods 

and detection methods used, see Manuscript IV. The majority of the analysed Mediterranean 

L. forbesii individuals for shape and microchemistry analysis, counted statolith increments 

revealed a hatching period in winter (Q1) 2021 (Manuscript III). 
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4 Discussion 

This thesis aimed to identify and differentiate populations of I. coindetii and L. forbesii 

in the North East Atlantic and Mediterranean into distinct stocks, providing a basis for 

sustainable fisheries management. The results revealed distinct stocks, cohorts and potential 

migration patterns both between stocks (shared feeding grounds) and throughout ontogeny 

(shared spawning or nursery grounds). In addition, identified spawning grounds and seasons 

can inform protective measures, and therewith prevent the exploitation of reproducing 

individuals by accounting for regional differences in spawning seasons. These findings provide 

an important foundation for future sustainable fisheries management of the two studied 

species in Europe. In the following, the findings are discussed with a particular focus on 

comparing the results from Manuscript II and III. 

Statoliths, as calcified structures growing over time, develop their crystalline structure 

through nucleation influenced by environmental factors (Lipiński, 2001), with their shape and 

size changing during ontogeny (Morris and Aldrich, 1984; Thomas and Moltschaniwskyj, 1999). 

The principal component analysis (PCA) of statoliths shape and microchemistry of the same 

individuals, yielded differing levels of explained variance. While localized measurement points 

(microchemical analysis – Manuscript III) reflect element values over short time periods (a 

few weeks each), statolith shape (Manuscript II) integrates biotic and abiotic environmental 

influences across the entire lifespan of an individual. Thus, statolith shape can serve as a 

marker of the individual’s main residence area, leading to higher PC1 and PC2 values. 

Influenced by ontogeny, habitat, and species-specific traits, statolith shape varies in response 

to environmental factors. During early life stage development, temperature and salinity of 

surrounding water bodies already affect statolith shape (Chung and Lu, 2005). Furthermore, 

statolith morphology can be classified into demersal and pelagic types, reflecting the squid’s 

ecological niche (Arkhipkin and Bizikov, 2000). However, the shape varies not only between 

species from different families, but also among closely related species (Pineda et al., 1998; 

Fang and Chen, 2017) and even within the same species (Green et al., 2015; Sheerin et al., 

2022, Manuscript II). By encompassing all influences and variations in the system (e.g., 

seasonal fluctuations, long-term trends, external factors), shape analysis allows principal 

components to capture more dominant patterns and explain a larger proportion of the 

variance. In contrast, elemental values measured at the statolith nucleus, which represents 
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early life stages, show the lowest explained variance. This may be due to individuals from 

different areas experiencing more similar environmental conditions during this stages, as 

specific environmental parameters (temperature, light intensity, salinity, pH and specific ion 

concentrations) are required for hatching and development of squids (O’Dor et al., 1982; 

D’aniello et al., 1989; Paulij et al., 1990; Barón, 2002; Sen, 2004). Additionally, early life stages 

include the egg phase, during which the semipermeable nature of cephalopod eggs may 

influence elemental incorporation. These gelatinous egg cases can act as a barrier against 

environmental stressors (Amida et al., 2019) and provide physical and chemical protection 

(Cornet et al., 2015), potentially leading to more uniform elemental compositions in statoliths 

across different geographical areas. However, statoliths of some squid species appear to be 

hollow during embryogenesis, as reported for L. vulgaris (Rosa et al., 2013). If this also applies 

to the statoliths of I. coindetii and L. forbesii, the presumed post-embryonic onset of 

elemental incorporation would reflect similar environmental conditions experienced 

throughout early life stages following hatching. Consequently, principal component 

differences in explained variance between shape and microchemical analysis can be attributed 

to their temporal and structural statolith contexts. However, although PCA values were lower 

in microchemical analysis, variation was also evident (at both the statolith nucleus and edge 

measurement point) in I. coindetii and L. forbesii among geographically and seasonally 

separated groups, which were interpreted as separate stocks. 

Until 2010, it was assumed that the North East Atlantic harboured only one I. coindetii 

stock (Pierce et al., 2010). However, Oesterwind et al. (2020) identified a new spawning stock 

in the North Sea based on survey data and age determination. Supporting this conclusion, the 

age determination of North Sea individuals captured in Q1 and Q3 (Manuscript III) revealed 

only one spawning season (summer) in this area. Moreover, observed gelatinous egg spheres 

in the Norwegian Trench, genetically identified as I. coindetii (Ringvold et al., 2021), provide 

evidence of a North Sea spawning stock. Corroborating this, both methods (Statolith Shape 

and Microchemistry - Manuscript II & III) showed a high classification success rate based on 

statolith differences for the I. coindetii North Sea Summer Spawning Stock (SuSS) and Celtic 

Spring-Summer Spawning Stock (SpSuSS), suggesting that the North East Atlantic now 

harbours at least two distinct I. coindetii stocks.  
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In the Mediterranean, gelatinous egg spheres, likely belonging to I. coindetii, were 

observed in the Balearic Sea, Golfe du Lion, Ligurian Sea, Tyrrhenian Sea, Sicilian Sea and 

central Adriatic Sea (Ringvold et al., 2021). These free-floating gelatinous egg masses are 

suspended in the mesopelagic zone suitable for embryonic development conditions, and drift 

passively (O’Dor and Balch, 1985). This suggests that the observed locations are not 

necessarily I. coindetii hatching areas but might be adjacent to these areas. If spawning areas 

are near observed egg masses, analysed I. coindetii individuals from different Mediterranean 

areas appear to have local spawning areas nearby. However, the misclassification between 

Mediterranean spawning stocks using both statolith shape and microchemistry revealed a 

high similarity between individuals. Overall, shape analysis results indicate substantial 

exchange of I. coindetii individuals and the absence of independent stocks in the 

Mediterranean region, especially around Italy (Sardinian spawning stocks, Western Ionian 

Winter Spawning Stock (WiSS), South Adriatic Winter-Spring Spawning Stock (WiSpSS)). 

Although microchemical analysis yielded similar results, certain additional patterns were 

captured. The highest classification success rate based on microchemical analysis in the 

Mediterranean was observed in individuals from the Western Sardinian WiSS (Manuscript III). 

Combined with the misclassification of individuals from the Eastern Sardinian WiSS as 

belonging to the western side, particularly in early life stages, suggests Sardinian waters may 

host a distinct stock. This stock seems to be more separated from the Ionian and Adriatic 

spawning stocks, possibly due to biogeographic barriers like the Calabrian peninsula between 

the Western and Eastern Mediterranean basins (Serra et al., 2007). However, surface 

connectivity reveals strong links between the Ionian Sea and the Strait of Sicily, as well as 

between the Eastern Ionian Sea and Adriatic Sea (Celentano et al., 2020). These connections 

correspond with the misclassifications observed in the microchemical analysis of individuals 

from sampled Italian Sea spawning stocks, indicating that the Sardinian ‘sub-stock’ is not 

entirely distinct, but rather part of an intermediate exchange between the remaining 

spawning stocks. These findings support the description of Mediterranean I. coindetii by 

Sánchez et al. (1998), who characterized it as exhibiting a ‘middle course’ situation, with 

multiple cohorts, micro-cohorts, or heavily overlapping cohorts. Moreover, geographically 

distinct spawning stocks, such as the Balearic WiSS and the Western Ionian WiSS or South 

Adriatic WiSpSS, as well as the Mediterranean spawning stocks and the Celtic SpSuSS, 

exhibited some misclassification among each other. Although, I. coindetii is a highly mobile 
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species, with adults capable of reaching critical swimming speeds of 70-90 cm/s 

(I. illecebrosus; Webber and O´Dor, 1985), a consistent exchange of all life stages between 

these biogeographic separated areas seems unlikely. Instead, the observed misclassification 

is more likely driven by similarities in incorporated elemental values, influenced by 

comparable water conditions or consumed prey. However, as statoliths function as life history 

‘black boxes’ (Arkhipkin, 2005), their full complexity is not yet fully understood and additional 

factors may contribute to these misclassifications. Considering geomorphological features and 

habitat characteristics (Quetglas et al., 2012), it is reasonable to assume that the Balearic Sea 

hosts a distinct stock of I. coindetii, which is not only separated from the Celtic WiSS but also 

from those in Italian Sea areas.  

As early as 1974, migration of L. forbesii through the English Channel was described 

(Holme, 1974). Observed statolith shape similarities (Manuscript II) between individuals from 

the Celtic SuSS and the North Sea suggest that some individuals originating from the Celtic 

SuSS may temporarily reside in the North Sea. Since statolith shape develops and changes over 

an individual’s entire lifetime (Thomas and Moltschaniwskyj, 1999), the environmental 

influences (both biotic and abiotic) must have persisted for a significant period. This indicates 

that statoliths of misclassified Celtic SuSS individuals were possibly shaped during a foraging 

phase in the North Sea. A suggested immigration into the North Sea likely to exploit feeding 

grounds, and emigration back into the Celtic Sea for mating and spawning based on the 

observed statolith shape similarities aligns with the described migration pathway by Holme 

(1974). The water conditions of the English Channel are highly influenced by water inflow from 

the North Sea (Lumby, 1925). According to this, the partial misclassification of Celtic SuSS 

individuals as North Sea Autumn-Winter Spawning Stock (AuWiSS) based on elemental values 

of the statolith edge (Manuscript III) suggests either a return into the Celtic Sea shortly before 

capture, or exposure to similar water conditions, likely located in the English Channel, during 

these life stages. Based on the statolith shape findings, compared with the occurrence of 

different size classes at least two temporally separated stocks within the North Sea were 

suggested (Manuscript II). On one hand individuals hatched in the Celtic Sea and on the other 

hand North Sea spawners as well as presumed Scottish individuals. Although, individuals from 

the Western Scotland Spring Spawning Stock (SpSS) were correctly classified by statolith shape 

(Manuscript II), they revealed the lowest classification success rate (28%) based on elemental 

values (Manuscript III) of the statolith nucleus, frequently misclassified as North Sea spawning 
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stocks. However, statolith edge elemental values revealed a much higher classification success 

rate (80-96%) for both area-specific spawning stocks, suggesting that the L. forbesii Western 

Scotland SpSS and North Sea spawning stocks experienced similar environmental conditions 

during early life stages. Based on these results it seems likely that L. forbesii Western Scotland 

SpSS and North Sea spawning stocks share a common hatching area at northern Scotland, 

where egg masses have been reported from January to June (Laptikhovsky et al., 2022), and 

diverge into two distinct areas in later life stages.  

Genetic analysis (microsatellite and mitochondrial DNA studies) indicate an overall 

genetic homogeneity of L. forbesii across the Mediterranean Sea (Göpel et al., 2022; Sheerin 

et al., 2022). However, the high classification accuracy (>87%) and significant differences in 

statolith shape (Manuscript II) of L. forbesii Balearic WiSS and South Adriatic AuWiSS suggests 

the presence of distinct stocks in these areas. As L. forbesii appears to be much less common 

than L. vulgaris in the Mediterranean (Guerra et al., 1994; ICES, 2023), most unidentified egg 

masses in Manuscript IV likely belong to L. vulgaris. However, if some of these unidentified 

Loligo egg masses belong to L. forbesii, the hatch season determined in Manuscript III (January 

– March) indicates specific spawning areas, namely the Balearic, Tyrrhenian, Western Ionian, 

and Adriatic Seas. These results suggest different spawning areas for analysed L. forbesii 

individuals from the Balearic WiSS and South Adriatic AuWiSS, albeit some individuals were 

misclassified between these spawning stocks based on elemental values of the statoliths 

deposited at early life stages (50-65% correct classification) or during the period preceding 

capture (20-48% correct classification) (Manuscript III). Although L. forbesii can reach 

maximum speeds of 0.8 m/s, it typically hovers off-bottom and may use ‘soaring’ to conserve 

energy in currents (O’Dor et al., 1995). Given these movement patterns, long distance 

migration between geographically distinct areas – especially across biogeographic barriers – 

seems unlikely. Notably, misclassification was not only observed between Balearic WiSS and 

South Adriatic AuWiSS but was even more frequent between the former two spawning stocks 

and the Celtic SuSS and North Sea AuWiSS. Given low likelihood of long-distance migration 

among these areas, these data suggest that adult L. forbesii of these spawning stocks were 

experiencing similar environmental conditions, which could influence the elemental 

composition of their statoliths. However, as already described, the precise influence of 

environmental conditions on statoliths are not fully understood and requires further 

investigation.  
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5 Conclusion 

The findings based on statolith shape analysis and microchemical analysis provide valuable 

insights into stock discrimination for European I. coindetii and L. forbesii. Despite some 

variation in results between the two methods with respect to the amount of variation 

explained by the PCA, pairwise comparisons, and classification matrices, most individuals from 

both species exhibited similar patterns across the studied areas in Europe. Based on the 

results from Manuscript II and III, Figure 6A (I. coindetii) and Figure 6B (L. forbesii) illustrate 

the spawning stocks and their geographic distribution, as well as their interconnections. 

 

Figure 6: Geographic distribution and connectivity of Illex coindetii (A) and Loligo forbesii (B) spawning stocks in the North 
East Atlantic and Mediterranean Sea based on statolith shape (1) and statolith microchemical analysis (2). Stocks are 
labelled according to geographic region and spawning season as spawning stocks (SS): North Sea Autumn-Winter SS (NS 
AuWiSS), Spring-Summer SS (NS SpSuSS), and Summer SS (NS SuSS); Western Scotland Spring SS (WSc SpSS); Celtic Spring-
Summer SS (C SpSuSS), and Summer SS (C SuSS); Balearic Winter SS (B WiSS); Western Sardinian Winter SS (WS WiSS); 
Eastern Sardinian Winter SS (ES WiSS); Western Ionian Winter SS (WI WiSS); South Adriatic Autumn-Winter SS (SA AuWiSS), 
and Winter-Spring SS (SA WiSpSS). Similar colour schemes and directional arrows indicate potential interconnections 
between stocks. Bathymetric map of GEBCO 2024 Grids (GEBCO Compilation Group, 2024), land polygons are based on data 
from Natural Earth (Natural Earth, 2024). 
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Both analytical methods identified similar distinct stocks throughout the sampled 

areas. While microchemical analysis provided a more detailed view of stock structure in 

certain life stages, shape analysis indicated temporal residence in a neighbouring fishing area. 

To achieve a more comprehensive stock discrimination – including migration patterns, shared 

hatching areas, seasonally distinct stocks, and sub stocks – a combination of both methods 

along with biological data such as age determination, is recommended. Furthermore, effective 

fisheries management should consider stock delimitation, temporal or permanent mixing, and 

potential stock splitting to ensure sustainability. 

The results of both analytical methods (Manuscript II & III) represent an important first 

step toward stock assessment within the CFP. In addition to stock structure and distribution, 

the identification of spawning grounds and seasons (Manuscript IV) is crucial for effective 

stock management. Spawning grounds are vital for maintaining reproduction and ensuring 

sustainable stock levels. Protecting spawning grounds allows management to implement 

tailored measures, such as protected areas, fisheries regulations and comprehensive 

environmental actions, to ensure a long-term preservation of these species. 

For sustainable management, innovative depletion models (i.e., models used to estimate 

population abundance), incorporating seasonal data, are recommended, along with high-

frequency data collection to enable separate assessment of individual cohorts (Arkhipkin et 

al., 2021). However, current European fisheries surveys are not focused on cephalopods and 

performed either annually (MEDITS) (Bertrand et al., 2002) or conducted in different quarters 

of the year (IBTS) (ICES, 2020b). Given the existing data limitations in many cephalopod 

fisheries, developing alternative assessment methods or increasing the frequency of relevant 

surveys is essential for more accurate stock assessments and management. 
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