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Abstract

In this work, the environmental occurrence ranges of different European cephalopod species are described for the whole
NE Atlantic shelf including the greater North Sea and Baltic Sea. This is done based on the environmental parameters
collected in-situ during surveys that caught commercially important cephalopod species (1990-2022). Results are supple-
mented and compared with information available in the published literature and are discussed in relation to available
habitat across the range, survey design, etc., and, in particular, which species are most likely to be affected by climate
change. Our analyses illustrate that Loligo forbesii occupies a broader depth range than Loligo vulgaris and Alloteuthis
spp. Because L. forbesii occurs further offshore and at greater depths, this species is likely more resilient to warming
than the other loliginids in our study. Octopus vulgaris is documented in areas close to the coast with a more southerly
distribution, whereas Eledone cirrhosa occurs further north and further away from the coast. Eledone cirrhosa occurs
at lower temperatures and has a much broader depth range, which may provide resilience against warming. By contrast,
both ommastrephid squid species (/llex coindetii and Todaropsis eblanae) showed a very similar tolerance to the three
environmental variables (salinity, temperature, depth). This information should contribute to future species distribution
modelling by allowing validation of realistic results against each species’ range, habitat requirements, and environmental
ranges, while appreciating the data limitations caused by the timing and gear used in the survey cruises that supply occur-
rence and density data.
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Introduction cephalopods appear to be amongst the ‘winners’ and have

benefited from ocean changes as a number of studies in

Changing oceans impact the marine ecosystem in different
ways. Rising ocean temperatures can affect the presence and
absence of species e.g., when local environmental condi-
tions exceed individual species’ physiological tolerances
(Worm and Lotze 2016), exacerbated by negative biotic
interactions (Pearson and Dawson 2003), which may result
in some species (‘losers’) being replaced by other species
(‘winners’) in changing oceans (Wernberg et al. 2014). The
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different areas of the world indicate (e.g., Doubleday et al.
2016). In addition, top-down effects of fishing on marine
food webs, by reducing the abundance of some commercial
predatory finfish species, might also support the increase of
cephalopods (Pauly et al. 1998; Pauly and Palomares 2005).
Evidence is mounting that climate change has caused shifts
in distribution and expansions for various cephalopods,
worldwide (e.g., Keller et al. 2016; Oesterwind et al. 2022;
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van der Kooij et al. 2016; Golikov et al. 2024; Huang et al.
2024). Consequently, fisheries have adapted to these new
resource levels and cephalopod landings have increased or
are increasing in many areas (e.g., Hastie et al. 2009a; Pin-
negar et al. 2016; Doubleday et al. 2016; Arkhipkin et al.
2021; Sulanke et al. 2026a). However, in some areas, a stable
or even a declining trend in cephalopod biomass is observed
(e.g., declines of Loligo forbesii on the Iberian Coast; Chen
et al. 2006), which might be linked to unfavourable living
conditions (e.g., low salinities, high temperatures) and/or
overfishing. Borges et al. (2023) also describe a potential
overarching negative impact of ocean warming on cephalo-
pods, which runs contrary to the ‘winners’ narrative.
Cephalopods play an important role in marine ecosys-
tems by exerting top-down pressure on lower trophic levels,
but also through a bottom-up effect caused by their role as
major prey for some marine mammals and predatory fishes
(Clark 1996a, 1996b; Rodhouse et al. 1996; Klages and
Clarke. 1996; Oesterwind and Piatkowski 2023). Hence,
changes in the distribution and abundance of cephalopods
might both cause and explain changes in ecosystem func-
tions and services, which highlights the importance of
knowledge regarding their distribution and its drivers. To
address the dynamic changes that we can expect in the
future, information on distribution-associated environmen-
tal conditions will provide the opportunity to model future
suitable habitats and occurrence of cephalopods, which is
interesting from both fishery and ecological perspectives.
Some model outcomes are already published and show
realistic projections (Alabia et al. 2016; Borges et al. 2022;
Guerreiro et al. 2023a; 2023b; Huang et al. 2024). The qual-
ity of the results depends not only on the modelling frame-
work used (e.g., whether all relevant abiotic factors are
included, consideration of spatial variability, etc.), but will
also depend on the available species data and its quality.
However, many statistically sound modelling studies have
failed to consider the ecology of the species, resulting in
implausible models (Fiorentino et al. 2025). For example,
Schickele et al. (2021) showed an observed contemporary
distribution for Octopus vulgaris based on a publicly avail-
able dataset (in this case, OBIS/GBIF), which very likely
has errors in relation to the northern limits of distribution
because this species does not normally occur in the North
Sea (at least, in recent decades; Goud et al. 2019; Oester-
wind et al. 2022) and which included very old records in the
model (the oldest is from 1843). Also, the model’s omission
of relevant ecological variables, such as salinity, resulted in
a slightly positive environmental suitability index for this
species in the Baltic Sea, where salinities are currently too
low for most cephalopods and will probably decrease fur-
ther in the future (Lehmann et al. 2022). Here, Schickele et
al. (2021) failed to take account of the salinity tolerances of
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O. vulgaris, although they considered this variable for two
other cephalopod species (Sepia officinalis and Loligo vul-
garis). The widespread use of public data and an increased
urgency to understand and predict the distribution shifts
attributable to global warming leads to more publications in
this topic, which increases the risk of obtaining inappropri-
ate models (Robinson et al. 2017).

Some information on the physiological tolerances of
cephalopods is known from laboratory studies and aquacul-
ture experience (e.g., Giménez & Garcia 2002; Rosa et al.
2014), which under certain conditions (i.e. where sufficient
temperature range is included) can provide information
about the fundamental niche of the species (see below). Tol-
erance information for a species can be inferred from field
observations about its realised niche (e.g., Pierce et al. 1998;
Hastie et al. 2009a; Oesterwind et al. 2010, 2015; Ikica et
al. 2019; Barrett et al. 2021). For example, environmental
data are sometimes logged in-situ and are coincident with
species sampling (e.g. on a research cruise), which pro-
vides a precise understanding of habitable conditions and
which can also be a useful comparison against modelled
environmental data. This is the empirical equivalent of a
more experimental approach, where temperature-logging
tags have been used to explore the thermal niche inside and
outside of the breeding season in Atlantic cod, along with
temperature-associated growth rates (Righton et al. 2010).
Information from both field and laboratory has advantages
and disadvantages, as discussed by Binning (2025). Labora-
tory data are constrained by the experimental design (e.g.,
often restricted to one or few temperature levels), while
aquaculture experiments aim to provide information about
optimal culturing conditions and hence present optimal
temperature-metabolism-growth relationships, rather than
replicating the real constraints presented by natural habi-
tats, chiefly biotic interactions. Nevertheless, this physi-
ological information from experiments can help to define
basic tolerances and, depending on the experiment, might
point towards the ‘fundamental niche’ (broad environmental
tolerances in the absence of other constraints, particularly
biotic interactions; Hutchinson 1957). The latter is gener-
ally wider than the ‘realised niche’ in a natural ecosystem,
which instead reflects the species tolerance shaped by food
availability as well as the pressures of biotic interactions
from predators, competitors, symbioses and facultative
interactions, etc. (Hutchinson 1957). Both fundamental and
realised niche information can be used to construct mod-
els that predict future species distributions with the latter
being more useful for estimating future distribution predic-
tions (Pearson and Dawson 2003). Such information can be
provided from field observation of where species occur in
nature. A caveat with cephalopods (and other marine spe-
cies) is that field data sources are limited by the spatial and
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temporal scope of surveys, as well as the catchability of
cephalopods in survey gears.

The International Council for Exploration of the Sea
(ICES) co-ordinates and hosts a publicly available data-
base, DATRAS (Database of Trawl Surveys), which is
focused on commercially fished species in the NE Atlantic.
This database hosts international fisheries survey sampling
data presented in a standardised format, with good infor-
mation on sampling effort and gear. Oceanographic con-
ditions measured in situ during fishing operations are also
provided for each fishing haul. Biases are, however, pres-
ent due to sampling constraints (such as sampling gear, also
very shallow or very deep areas are not sampled) and due
to changes over time in taxonomic identification and reso-
lution, specifically, early cephalopod records were identi-
fied to genus rather than species level and some species are
difficult to identify morphologically. The present study was
conducted by researchers who also contribute cephalopod
data to DATRAS, with detailed knowledge about potential
data biases. There are three purposes of this study. First, to
use DATRAS to describe the current distribution of com-
mercially important cephalopods in the NE Atlantic Shelf,
providing remarks about any biases and issues in those data.
Second, to advance our knowledge regarding the ‘realised
niche’ of these cephalopods using a combination of occur-
rence and in-situ oceanographic data, i.e. ‘environmental
occurrence’. This information provides a basis for assessing
the ecological plausibility of distribution modelling exer-
cises in the NE Atlantic under current and future climate
change scenarios. Finally, the environmental occurrences
and preferences of related species are compared to examine
whether differences might help to predict any ‘winners’ or
‘losers’ from future climate changes in the NE Atlantic.

Material & methods

To obtain data on both the occurrence of cephalopod spe-
cies in the NE Atlantic Shelf and associated oceanographic
data, we accessed the ICES DATRAS, an online database
including bottom trawl fish surveys. These fish surveys are
coordinated by different ICES expert groups that have been
developed for use in fish and shellfish stock assessments
and community studies by the ICES community and public
users. The spatial-temporal coverage of the different otter
and beam trawl surveys (Supplementary Table S1) includes
the following ICES ecoregions: Baltic Sea, Greater North
Sea, Celtic Seas and the Bay of Biscay & Iberian Coast (for
more information and fishing protocols: https://www.ices.
dk/data/data-portals/Pages/DATRAS.aspx). For the present
study, the available data from 1990 to 2022 were extracted
and filtered by species and ICES fishing areas. Taxa recorded

at genus (except for Alloteuthis spp.), family, or higher taxo-
nomic ranks were excluded. Species names were checked
using the World Register of Marine Species (WoRMS) data-
base. Some taxonomic issues were identified. For example,
it is very likely that lllex illecebrosus records in the Irish
Shelf and North Sea study regions refer to 1. coindetii (Oes-
terwind et al. 2020; Sheerin et al. 2020; AMP pers. obs.), so
these records were combined under I. coindetii. However,
records of Alloteuthis subulata as well as some records of
O. vulgaris in the northern part of the North Sea seem to
be questionable and indicate some additional identification
problems within the surveys (Sheerin et al. 2023; Oester-
wind et al. 2022; Goud et al. 2019), which will be discussed
in depth in the relevant sections below.

Information about the species occurrence and associated
environmental ranges was obtained by cross-referencing
the station information (i.e., haul meta-data - HH table)
and length-based data (HL table) from DATRAS, using the
shared fields survey, year, quarter (Q1 to Q4), ship, gear, sta-
tion number and haul number. Oceanographic variables con-
sidered were bottom depth, sea bottom temperature (SBT)
and sea bottom salinity (SBS), because these are demersal
surveys and fished individuals are linked to the environmen-
tal conditions at the bottom. Only fishing hauls classified
as valid and with information on the total number of ani-
mals caught or the catch weight were considered. To filter
out implausible environmental values in the dataset, such
as those caused by data entry errors, we removed, for each
species, all data points that were outside the Ist and 99th
percentile boundaries. For the most frequently observed
species, we also calculated the mean abundance, standard-
ized to 60 min haul duration, and the standard error using a
bootstrapping procedure. Mean abundance estimates were
determined using all valid hauls, including those with zero
catch of the species, to cover the full extent of the sampled
area. Hauls with invalid animal counts (e.g., negative values
in the original dataset) were excluded.

The cleaning and processing of DATRAS datasets was
partially conducted using modified versions of functions
provided by the tidyices package (Hjorleifsson 2021) while
the data visualization was performed using the ggplot2
package (Wickham 2016), both developed for R (R Core
Team 2019). We further conducted a literature review to
supplement and compare our analysis.

Results
Survey coverage

The surveys cover the whole NE Atlantic shelf including
the greater North Sea and Baltic Sea (Fig. 1). A total of 100

@ Springer


https://www.ices.dk/data/data-portals/Pages/DATRAS.aspx
https://www.ices.dk/data/data-portals/Pages/DATRAS.aspx

141 Page 4 of 16

Marine Biology (2026) 173:141

Depth (m)
0-50
50-300
300-500
500-1000
1000-1500

1500-2000
2000-4000
4000-6000

30°N 4,
10°wW

Fig.1 Location of all valid hauls (orange dots) between 1990 and 2022
according to the DATRAS database and considering the shoot location
for each haul. Each dot represents a fishing operation

736 valid hauls with plausible geographic information were
analysed, including a depth range between 1 m and 787 m,
SBS between 4.92 and 38 psu and SBT between —0.2 and
35.4 °C (Supplementary Figure S1). The most frequent
species available were Alloteuthis spp., Eledone cirrhosa,
1. coindetii, L. forbesii, L. vulgaris, O. vulgaris and Toda-
ropsis eblanae (Fig. 2). Datapoints were also available for
species such as Todarodes sagitattus and sepiolids but these
were not analysed further on the basis that 7. sagittatus is an
oceanic squid and we assume that the area covered by sur-
veys does not sufficiently cover its total distribution range;
while for sepiolids, we assume that catchability was low due
to the mesh sizes used.

Species distribution and environmental occurrence
Alloteuthis spp.

New genetic results indicate some taxonomic problems
within the genus Alloteuthis, especially between 4. subu-
lata and A. media because their distribution overlaps in
Iberia and the Mediterranean, although the North Sea and
Irish Shelf currently contain only A. media (Olmos-Pérez et
al. 2018; Garcia-Mayoral et al. 2020; Alujevi¢ et al. 2022;
Sheerin et al. 2023). Therefore, we have used the classifi-
cation Alloteuthis spp. when referring to records from the
entire range for this genus. Prior to recent genetic barcod-
ing confirming North Sea and Irish Shelf records as A.
media, species assignments were based on morphology and
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Alloteuthis ‘subulata’ was reported as widely distributed in
shallow coastal waters of the NE Atlantic and Mediterra-
nean Sea (between 20 °N and 60 °N) (Hastie et al. 2009b,
2013). It is particularly abundant in Irish waters and the
English Channel (Rodhouse et al. 1988; Lordan et al. 1995;
Nyegaard 2001) and common in the North Sea (De Heij and
Baayen 2005; Oesterwind et al. 2010). Alloteuthis spp. were
also considered the dominant cephalopod in the southern
North Sea (De Heij and Baayen 1999). These species extend
southward along the coasts of France, Spain and Portugal
(Hastie et al. 2009a; Olmos-Pérez et al. 2018; Moura et al.
2020; Garcia-Mayoral et al. 2020) and the Mediterranean
Sea (Mangold-Wirz 1963; Belcari and Sartor 1993; Relini et
al. 2002; Cuccu et al. 2003; Kaspiris and Tsiambaos 1986;
Lefkaditou et al. 2012) and it is clear that 4. subulata and
A. media are present throughout that range (Sheerin et al.
2023). Our analysis of DATRAS shows that Alloteuthis spp.
are distributed all over the NE Atlantic Shelf area (Fig. 2),
particularly in the central region of the North Sea and in
the Irish Sea, which has also been shown by current litera-
ture (Oesterwind et al. 2010; de De Heij and Baayen 2005).
However, Alloteuthis spp. are absent from some areas of
deeper water to the west of Ireland (Fig. 2; Table 1).

Within our dataset, Alloteuthis spp. were fished between
7 and 154 m depth (Table 1). In terms of local abundance,
DATRAS showed a peak between depths of 50 and 100 m
(Fig. 3). Our data showed that Alloteuthis spp. occur at
SBTs between 5.6 and 20.1 °C (Table 1). The analysis
showed two temperature-related peaks in occurrence (Sup-
plementary Figure S2). One was around 17 °C, and due
mainly to records obtained during the third quarter of the
year for the relatively shallow central and southern North
Sea (ICES division 4b, 4c) and the English Channel (7d)
(Supplementary Figure S5). This peak is comparable only
with temperatures preferred by A. ‘subulata’ in Portuguese
waters (15—18 °C; Hastie et al. 2009b). The second peak
was approximately 7.5 °C, where high abundances were
also recorded, mainly driven by samples obtained during the
first quarter of the year, around the north and central North
Sea (ICES divisions 4a, 4b) (Fig. 3, Supplementary Figure
S5). In the past, most records of Alloteuthis spp. in divisions
4a, 4b and 4c coincided with progressively lower SBTs, a
trend that has reversed in the past 10 years as temperatures
are increasing in the North Sea (Supplementary Figure S5).
Seasonal migrations performed by Alloteuthis spp. within
the North Sea (Heij and Baayen 1999; Oesterwind et al.
2010) may also influence the observed SBT peaks in the
central North Sea.

Concerning SBS, Alloteuthis spp. occurred between 30.1
and 36.2 psu (the broadest salinity tolerance of the three
loliginids) but with most of the observations coincident
with salinity values around 35 psu (Table 1, Supplementary
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Fig. 2 Distribution of the pres-
ence records (i.e. with informa-
tion on the total number of indi-
viduals caught or the total weight
of the catch) for the seven taxa
considered most well covered by
the ICES DATRAS Surveys dur-
ing 1990-2022

Eledone cirrhosa lllex coindetii

50°N

Figure S2). The peak in observations at SBSs around 35 psu
also coincided with records of highest abundance (Fig. 3).

Loligo forbesii

The veined squid (Loligo forbesii) has a significant com-
mercial value in Northeastern Atlantic waters (Jereb et al.
2015). It is a nektobenthic species that can be found in
coastal and continental shelf areas of the NE Atlantic, from
the Faroe Islands (Gaard 1987) and Norway (Grieg 1933)
to the west coast of Africa and around the Canary Islands,
Azores and Madeira (Porteiro and Martins 1992; Clarke
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and Lu 1995; Pham et al. 2009; Jereb et al. 2015) and it is
also present in the Mediterranean Sea (Quetglas et al. 2000;
Lefkatidou et al. 2003; Relini et al. 2009). Loligo forbesii is
very common in the North and Central North Sea (Pierce et
al. 1998; Bellido et al. 2001; Oesterwind et al. 2010; Smith
et al. 2013), west of Ireland (Sheerin et al. 2023) and south-
wards to the French and Iberian coasts (Pereira et al. 1998;
Relini et al. 2009).

Our analysis shows that the North and Central North Sea,
as well as Irish and Scottish waters showed the highest L.
forbesii occurrences (Fig. 2, Supplementary Figure S6).
Especially in ICES area 4a, b and 6a, L. forbesii occurrences
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Table 1 Environmental conditions summarised by species from survey fishing hauls, excluding invalid hauls and unlikely environmental values based on the 1st and 99th percentile boundaries.

n — number of sampling stations; SD — standard deviation

Bottom Salinity (psu)

Min

Temperature (°C)

Min

Depth (m)

Min

Taxa

n

Range
6.1

SD
0.9
0.5

mean
34.6

Max

n

Range

14.5
9.7
9.6
13

SD

4.7

mean

Max

SD Range n

33

mean
54

Max

3530
4959

30.1 36.2

33

4227

20.1 12.6

5.6
7

10,562
7630

147
501
448

154
524
488
349

Alloteuthis spp.

5506 36.7 354 3.7
2520 43
3375

1702
763

11.3 2.2

16.7

94
74
54
31

142

23

E. cirrhosa

2449
3287

354 0.5
35

36.1

319

16.1 11.1 22
32

6.5

7406

150

40

1. coindetii
L. forbesii

3.8
4.9

0.5

36.1

323

13,445 6.3 19.3 10.8
3754

1200
6187

326

104
57
98

23

1388
681

0.9
0.3

36.5 353

31.6

13.9
8.4
8.4

34
1.7
1.8

20.1 13.5

6.2

159
236
418

174
259
459

15
23
41

L. vulgaris

36.5 35.9 1.2
2.1

353

20.2 14.2

11.8

6.7

46

O. vulgaris

2627

34.2 36.3 35.5 0.3

2755

11.1

15.1

77

153

T. eblanae

have increased within the last 20 years (Supplementary Fig-
ure S6).

Of the loliginids, L. forbesii has the greatest depth
range and can occur in deeper waters than Alloteuthis spp.
and L. vulgaris (Table 1; Fig. 3). It also possesses a wide
salinity (32.3-36.1 psu, Table 1) and temperature range
(6.3-19.3 °C, Table 1). Most L. forbesii individuals from
DATRAS were fished around a depth of 125 m, but a second
abundance peak occurred around 90 m. In contrast, despite
the comparatively small number of occurrences, the records
of L. forbesii in the Cantabrian Sea were consistently found
in the shallowest waters. Abundances in relation to salin-
ity also show two peaks of equal magnitude, around 31 and
35 psu. Abundances linked with SBT illustrate only one
peak around 12 °C and almost all individuals were fished
between 8 and 13 °C (Fig. 3).

Loligo vulgaris

One of the most common squids in the coastal waters of
the NE Atlantic and the Mediterranean (Worms 1983; Rosa
et al. 2013), L. vulgaris, is a key cephalopod species for
European fisheries (Malhomme et al. 2015; Palas and Pita
2015; Jereb et al. 2015; Sulanke et al. 2026b). It is a nek-
tobenthic and neritic species with its distribution ranging
from Norway (Grieg 1933) to the west coast of Africa (off
Senegal and Angola; Adam 1962). It is commonly present
in the central and southern North Sea (De Heij and Baayen
2005; Oesterwind et al. 2010; Laptikhovsky et al. 2022),
and abundant in the English Channel (Royer et al. 2002)
and along the coasts of France, Spain and Portugal (Guerra
1992; Coelho et al. 1994; Moreno et al. 1994; Olmos-Pérez
et al. 2018; Moura et al. 2020; Garcia-Mayoral et al. 2020).
Loligo vulgaris is also widely distributed in the Mediterra-
nean Sea (Belcari and Sartor 1993; Relini et al. 2002; Lefka-
ditou et al. 2003; Piccinetti et al. 2012).

DATRAS data illustrated a wide distribution (Fig. 2) and
showed highest concentration of occurrences in the Central
North Sea and the English Channel (Supplementary Figure
S7), and in the Cantabrian Sea and Atlantic Iberian waters.
Within the last 20 years, the number of occurrences of L.
vulgaris has increased considerably in the eastern English
Channel, Atlantic Iberian waters and, to a lesser degree in
the Central North Sea, although this trend seems to have
been interrupted more recently (Supplementary Figure S7).
Loligo vulgaris was absent in the northern parts of the North
Sea and mainly absent to the north and west of Ireland and
in Scottish waters (Fig. 2, Supplementary Figure S7), in
contrast to the distribution of L. forbesii. In the Irish Sea
and Bristol Channel, L. vulgaris is present but rare.

DATRAS data showed a depth distribution ranging
between 15 and 174 m (Table 1) and occurrence in SBT
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Fig. 3 Estimates of mean abundance (number of individuals per
60 min of haul duration, y-axis) for loliginids species considered in
this study (4lloteuthis spp., Loligo forbesii and L. vulgaris) according

between 6.2 °C and 20.1 °C with two temperature-related
occurrence peaks (Supplementary Figure S2). One of the
peaks was around 15 °C and was mainly influenced by the
southernmost occurrences around the Bay of Biscay and the
Iberian Coasts (Supplementary Figure S8), which agrees
with field observations reported in the literature (Villa et
al. 1997; Pereira et al. 1998). The second record peak was
around 7.5 °C and was mainly driven by the occurrences
around the Central North Sea, in the first quarter of the year.
It is noteworthy that in some northern ICES divisions, L.
vulgaris was observed at relatively warmer temperatures
in recent years (e.g., sub-area 4c, southern North Sea; and
especially region 7d, the English Channel; Supplementary
Figure S8). A recent study has shown that L. vulgaris habi-
tat suitability has increased by 31% around the UK since
1985 due to ocean warming (Engelhard et al. 2018), which
highlights the effects of global warming on species distribu-
tion. However, ocean warming may also lead to a decrease
in embryo survival rate in L. vulgaris (Rosa et al. 2014),
which could counteract this.

Regarding salinity, DATRAS data showed that L. vul-
garis was present between 31.6 and 36.5 psu. Most records
for the species were found at stations with SBSs above 34
psu, with two distinct peaks: one around 35 psu and the
other around 36 psu (Supplementary Figure S2). These
results show a narrower salinity range compared with other
loliginids in DATRAS (particularly Alloteuthis spp.). This
narrower range is probably explained by the absence of L.
vulgaris from Skagerrak and Kattegat (in contrast with L.
forbesii), which tend to have lower salinities than the rest
of the study area.

to the depth, temperature and salinity gradients (x-axis). Depth values
are binned by 20-metre intervals while temperature and salinity values
are binned according to 1 intervals

Abundance begins to increase at SBT above 12 °C. Most
L. vulgaris were fished at shallow depths, around 20 m.

Illlex coindetii

An oceanic, benthopelagic species, {llex coindetii occurs in
subtropical / temperate, offshore and coastal waters and con-
tinental slope areas (Hastie et al. 2009a). In the NE Atlantic,
L coindetii is widely distributed and has been reported from
the Oslo Fjord in Norway (Lu 1973) and the Belt Sea of the
Baltic Sea (Oesterwind and Schaber 2020) as far south as
Namibia (Roeleveld 1998). While it seems that this species
expanded further north into the North Sea around 10 years
ago (2015 onwards, Supplementary Figure S9), probably
due to ocean warming (Oesterwind et al. 2020), the results
of the present study suggest that I. coindetii is almost absent
in the southern part of the North Sea and the English Chan-
nel (Fig. 2), possibly due to the very shallow bathymetry.
Within recent years, the highest frequency of occurrence of
L. coindetii was in the northern and Central North Sea and
southern Bay of Biscay.

The depth distribution within the DATRAS dataset
ranged from around 40 m to 488 m (Table 1; Fig. 4, Supple-
mentary Figure S3). The linked SBT ranged from around
6.5 °Cto 16.1 °C and showed two peaks. The first peak was
at around 12 °C (ranging from 10 °C to 14 °C) and was
mainly driven by the stations in the Cantabrian Sea (division
8c) and in the Atlantic Iberian waters (division 9a) (Table 1;
Fig. 4, Supplementary Figure S9). The second peak was in
the northern and Central North Sea around 8 °C (ranging
from 7 to 9 °C, Supplementary Figure S9). In relation to
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Fig.4 Estimates of mean abundance (number of individuals per 60 min
of haul duration, y-axis) for ommastrephid species considered in this
study (Illex coindetii and Todaropsis eblanae) by depth, temperature

salinity, highest abundances were at around 35 psu (Fig. 4),
while the general salinity range was between 31.9 and 36.1
psu (Table 1; Fig. 4, Supplementary Figure S3).

Regarding depth, peaks in abundance were observed
around 250 m, 350 m, and 400 m but /. coindetii was most
abundant at around 250 m. Abundance peaks in relation to
SBT were seen at around 7.5 °C and around 12 °C, the latter
being higher in magnitude (Fig. 4).

Todaropsis eblanae

A demersal mid-sized ommastrephid squid, Todaropsis
eblanae has a worldwide distribution, including the NE
Atlantic (Roper et al. 2010; Barrett et al. 2021), Mediter-
ranean (Jereb et al. 2015), SE Atlantic (Roeleveld 1998;
Kremer et al. 2025), SW Indian, and the SW Pacific Oceans
(Nesis 1979), along with eastern and NW Australian waters
(Jereb & Roper 2010). In recent years, T eblanae has also
been recorded in the Arctic (Sabirov et al. 2009). Similar to
L coindetii, T. eblanae is not present in the southern North
Sea and in the English Channel, again most likely due to the
shallow bathymetry (Fig. 2).

The DATRAS dataset showed occurrences in SBT
between 6.7 and 15.1 °C (Table 1, Supplementary Fig-
ure S3). The observed depth ranged from 41 m to 459 m
(Table 1, Supplementary Figure S3), while the salinity range
was 34.2-36.3 psu (Table 1).

With regard to abundance, most individuals were fished
at depths around 250 m, range 100-390 m; for SBT, abun-
dance peaked around 12 °C, ranging between 10 °C and

@ Springer

and salinity gradients (x-axis) across the study area. Depth values are
binned by 20-meter intervals while temperature and salinity values are
binned according to 1 intervals

14 °C; and highest abundance was at salinity values around
35 psu (Fig. 4).

Eledone cirrhosa

The horned octopus, Eledone cirrhosa, lives on rocky and
muddy bottoms over the continental shelf and slope of the
north-western Atlantic (Boyle 1983; Pierce et al. 2024). It is
documented from the Greater North Sea, Celtic Sea, Bay of
Biscay, Iberian Coast (Fig. 2) and Mediterranean Sea (Reg-
ueira et al. 2014; Jereb et al. 2015; Pierce et al. 2024), and
western Africa to Senegal (Luna and Rocha 2025). This spe-
cies appears as bycatch in commercial fisheries in the NE
Atlantic except for UK waters where fisheries interest in it
has increased in recent years (Barrett et al. 2023), and it is
also one of the most commercially important cephalopod
species in the Mediterranean Sea (Belcari et al. 2022b).

The distribution map shows gaps in E. cirrhosa occur-
rence in the southeastern North Sea (Fig. 2), but it was pres-
ent between 23 m and 524 m in the NE Atlantic (Table 1,
Supplementary Figure S4), with highest catches between
100 and 400 m depth (Fig. 5). Giordano et al. (2010) found
the highest Density Index values (N km™2) in Galician
waters between 100 and 200 m depth, and similarly, in the
central Mediterranean, the Density Index values were high-
est in the depth range 101-200 m, with the highest Biomass
Index (kg km™2) at 51-100 m. In the present study, most
individuals were fished between 150 and 400 m depth with
a maximum abundance around 200 m (Fig. 5).

Eledone cirrhosa tolerates a wide range of temperatures,
and our analysed dataset showed occurrence between SBTs
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Fig. 5 Estimates of mean abundance (number of individuals per
60 min of haul duration, y-axis) of Eledone cirrhosa and Octopus vul-
garis according to depth, temperature and salinity gradients (x-axis).

of 7 and 16.7 °C (Supplementary Figure S4), with highest
abundances between 10 and 15 °C and a maximum abun-
dance at 12 °C (Fig. 5). Its salinity range was between 33.0
and 36.7 psu (Table 1, Supplementary Figure S4), but high-
est abundances were at around 36 psu (Fig. 5).

Octopus vulgaris

Although widely distributed in the northern and central East
Atlantic and Mediterranean Sea (Rosa et al. 2024), most
Octopus vulgaris sampling stations are in a relatively small
area: the Gulf of Biscay and along the Iberian Coast. This
species is found in different biotopes: coral reefs, rocks,
sandy or muddy bottoms, and seagrass (Katsanevakis and
Verriopoulos 2004). Based on our dataset (Fig. 2), O. vul-
garis very seldom occurs in northern waters, and is not pres-
ent in the North Sea, Irish Sea, west of Ireland or Scottish
waters. Its main distribution is along the southern Shelf
including the Iberian Peninsula, with decreasing abundance
in the Bay of Biscay (Fig. 2).

Octopus vulgaris is one of the most important com-
mercial species with especially high economic value along
the Iberian coast (ICES 2025). This octopus is commonly
found in intertidal zones, inhabiting tide pools. However,
our analysis illustrates a depth distribution between 23 and
259 m (Table 1, Supplementary Figure S4), but with highest
abundances occurring at depths of less than 100 m (Fig. 5).
This is consistent with information from the Mediterranean
Sea, where Belcari et al. (2022a) mention that the species
becomes rare below 200 m.

Depth values are binned by 20-meter intervals while temperature and
salinity values are binned according to 1 intervals

Our SBT data showed occurrences between 11.8 and
20.2 °C (Table 1, Supplementary Figure S4), with most
individuals caught between 12 and 14 °C in the Gulf of Bis-
cay and between 14 and 16 °C on the Iberian Coast (Fig. 5).
Mangold (1983) described temperature tolerances between
6 and 33 °C, with an optimum of about 21-22 °C for sub-
adults (between 150 and 200 g) reported from aquaculture
studies (Miliou et al. 2005), whereas Giménez & Garcia
2002 reported in their experimental study, optimal economic
performance (balance between growth and costs) to be from
16 to 21 °C. It is clear that O. vulgaris is a stenohaline spe-
cies which cannot survive large changes in salinity (Igle-
sias et al. 2016). Our analysis reveals a salinity tolerance
between 35.3 and 36.5 psu (Table 1, Supplementary Figure
S4) with highest abundances at around 36 psu (Fig. 5). A
salinity of 30 psu was considered the minimum tolerance
after several laboratory experiments (Iglesias et al. 2016).
However, some local adaptation may occur. For example, in
the Ebro Delta, where Delgado et al. (2011) observed that
salinity did not affect the survival rate or growth within a
test range of 29.0-34.0 psu .

Discussion

A fisheries survey database was used here to describe the
realised niche or ‘environmental occurrence’ ranges of
several important cephalopod species in Europe to sup-
port future distribution predictions. Environmental ranges
were obtained for three key environmental drivers of spe-
cies distribution using species occurrence data and in-situ
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oceanographic information collected during fish surveys.
This analysis improves knowledge of distribution and the
realised niche for various cephalopod species on the NE
Atlantic shelf and highlights biases or pitfalls which can be
avoided when carrying out species distribution modelling
using DATRAS data.

Northward expansions and distribution shifts have been
observed for various cephalopod and fish species in the
North East Atlantic shelf waters (e.g. Perry et al. 2005;
Engelhard et al. 2014; van der Kooij et al. 2016; Nuiez-
Riboni et al. 2019; Oesterwind et al. 2022). Shallower shelf
areas and coastal waters may be more sensitive and respond
faster to climate changes (Reusch et al. 2018), which may
lead to an earlier impact on species distributions in these
areas. Certain species may also be more sensitive, such as
those with a narrow environmental tolerance range (if they
cannot adapt), and may be among the first ‘losers’ from dis-
tribution shifts due to climate change. For example, it can
be expected that neritic species with narrower depth ranges
may be more vulnerable to global warming because they
have limited access to cooler ‘refuge’ depths, hence they
may be among the first to face local extinctions. In addition,
spatial patterns in habitat availability (including accessibil-
ity of potential new habitats), which permit mobile species
to move into more suitable habitats, will also play a role.
For this reason, it may be an over-simplification to expect
simple latitudinal shifts to take place at the relatively local
scale of the European Seas (Rutterford et al. 2015). Though
usually not considered in species distribution modelling,
there may also be biotic constraints from predators, prey and
competitors; constraints that are not explicitly addressed in
this work.

DATRAS observations showed that L. forbesii has a
much wider depth range than L. vulgaris, while Alloteu-
this spp. are intermediate between the two Loligo species.
Therefore, in terms of global warming adaptation, the more
offshore and larger depth range of L. forbesii may render
this species more resilient to change than L. vulgaris or
Alloteuthis spp., especially since shallow coastal waters
warm up more quickly (Reusch et al. 2018). For salinity,
Alloteuthis spp. have more abundance modes at low salinity,
followed by L. forbesii, then L. vulgaris, which was sur-
prising, given the more coastal distribution and narrower
depth profile of the latter in our survey data. However, this
is likely to be explained by the current absence of L. vul-
garis from Skaggerak and Kattegat, where it was observed
in the past (Grimpe 1925; Tinbergen and Verwey 1945),
which tend to have lower salinities than the rest of the study
area. The temperature niche almost completely overlapped
in both species of Loligo, but the preferred modes differed:
Loligo forbesii had several modes of abundance at lower
temperatures while modal frequencies were observed at
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higher temperatures in L. vulgaris, demonstrating a more
southerly distribution of observations in the latter. Again,
L. vulgaris has not been observed in the Skagerrak and Kat-
tegat in recent years, although it is much more widespread
in the Mediterranean and more abundant in southern Europe
than L. forbesii, which reflects the preference of L. vul-
garis for warmer waters masses. Van der Kooij et al. (2016)
described an increasing abundance of L. vulgaris in the
north of its range and previous studies also have illustrated
that L. forbesii appears to be declining in the southern parts
of its range in the Iberian coast (Chen et al. 2006). Our anal-
ysis of DATRAS data shows that L. vulgaris is also absent
from northern and western waters of the Irish and Scottish
shelves, which contrasts markedly with the broadly similar
distributions presented in the literature for both Loligo spe-
cies (e.g., Jereb et al. 2005, 2015).

The distribution or migration pattern of L. vulgaris might
have changed over time. In the early-to-mid 20th century,
it was documented as migrating along the eastern North
Sea northwards until the Danish coast and in some years
into the Skagerrak and Kattegat (Grimpe 1925; Tinbergen
and Verwey 1945; Otterlinde 1959) but, by the 1990s and
beginning of 2000s it was very rare in the North Sea sur-
veys. In recent years, numbers are increasing and a targeted
fishery has developed for this species in the southern North
Sea during Winter months (Sulanke et al. 2026a). Whether
L. vulgaris was really absent in the northern area in 1990-
2000 s or whether the observed absence was due to a mis-
match between its presence and the timing of the survey is
unknown. The present study also found that the recorded
occurrence of L. forbesii has increased in the North and
Central North Sea, as well as in Irish and Scottish waters.
For L. vulgaris, the number of occurrences also increased
in recent years (with high fluctuations) in the Greater North
Sea and eastern English Channel, as well as further south in
the Bay of Biscay and eastern Portuguese waters.

In Alloteuthis spp. the two temperature-related occur-
rence peaks may be related to the two species present in
the fished range - A. media and A. subulata - with A. media
being the northernmost of the two in distribution (Sheerin
et al. 2023). In the north of the range, 4. media tends to
be coastal; absent in the deeper waters to the far west of
Ireland.

By contrast with loliginid squid, both ommastrephid
squids showed a very similar tolerance to all three environ-
mental variables. While . coindetii has been able to suc-
cessfully reproduce in its northernmost distribution area,
namely the North Sea, since around 2016 (Oesterwind et al.
2020), T. eblanae was established much earlier in the same
area (also its northernmost distribution). It appears that 1.
coindetii required higher temperatures for its establishment
than T. eblanae, because it started to successfully reproduce
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in the North Sea in a year with very high temperatures (Oes-
terwind et al. 2022). However, this contrast is not reflected
in the data of the present study, which shows similar toler-
ance ranges between adults of these species. With the high
depth tolerances observed in this study, it seems that both
ommastrephid species have the potential to migrate into
deeper waters to avoid excessive temperatures.

The two octopods considered in this analysis have differ-
ent abiotic tolerances, which are reflected in the distribution
maps. While O. vulgaris is only documented in areas close
to the coast and also appears to be restricted in its distri-
bution, which skews towards the south of the study area,
E. cirrhosa occurs much further north and farther from the
coast. The data show that, of the two species, E. cirrhosa
has a much broader depth range and can also cope with
lower temperatures. This might help E. cirrhosa to avoid
warmer coastal water temperatures. Indeed, Quetglas et al.
(2025) observed an increasing mean depth of E. cirrhosa in
the western Mediterranean (195.1+£5.0 m in 2001-2020 vs.
269.6+12.3 m in 2021-2024), which may already represent
an adaptation to the warming of coastal waters. Octopus
vulgaris was once native to the North Sea, but its pres-
ence there is now very rare. It seems that the cold winter in
1962/1963 (Crisp 1969) caused local extinctions in Octopus
populations in this part of the distributional range. However,
sightings of O. vulgaris in the English Channel are becom-
ing increasingly common and there are reports of ‘blooms’
or once-off peak abundance years in this area (Stewart et al.
2026). Temporary incursion of O. vulgaris in the English
Channel has been documented in the distant past (Garstang
1900), while the warming of the North Sea and less bottom
trawling could lead to recolonization of the northern area in
the future (Hiemstra 2015). Overall, while E. cirrhosa tends
to dominate the north, O. vulgaris appears to be dominant
in the south.

Sampling cephalopods on fisheries surveys has limita-
tions, though the present study mitigated some of these.
These surveys are aimed at finfish and are limited to certain
seasonal sampling while the mesh sizes involved mainly
sample larger juveniles and adults (beginning from 20 mm
dorsal mantle length; Oesterwind et al. 2010). This approach
offers only a snapshot of particular parts of the short life-
cycles that are typical of cephalopods and only covers a
limited number of seasons. As mentioned above, it cannot
be determined whether or not L. vulgaris has been failing
to migrate as far north into the North Sea in the 1990s and
2000s, as assumed (Oesterwind et al. 2022), or whether the
time window of its migration has shifted due to temperature
changes and hence were not covered by the survey period. A
second limitation is the importance of matching the fishing
gear used on survey cruises with cephalopod habitat pref-
erences; for example, the present analysis elected to focus

only on bottom or near-bottom-dwelling cephalopod species
as these are more appropriate for bottom trawls data, as rep-
resented in DATRAS. A third limitation of fisheries survey
data regards controlling for several important taxonomic
biases: doubtful records in DATRAS were re-assigned in
the present study (e.g. 1. illecebrosus to 1. coindetii). Also,
it is likely that many Alloteuthis spp. were incorrectly
reported as Loligo spp. in older records (and possibly vice-
versa), so ‘Loligo spp.’ records were omitted entirely from
the present analysis. For this reason, apparent increases
observed in Alloteuthis spp. abundance (as seen in the pres-
ent study) should be interpreted with caution. Also, since
many records from the 1990s did not distinguish L. forbe-
sii and L. vulgaris, even in areas where only one of those
species is common (such as western waters of Ireland and
Scotland), caution should be applied to reports of increases
in either Loligo species from timeframes that draw on early
‘Loligo’ records.

Many records in DATRAS are at genus or family level.
However, the very distinct preferences shown by congeners
in the present study illustrates the importance of species-
specific analyses and modelling. Carrying out an analysis
with only genus information could lead to erroneous con-
clusions. For example, as shown in the present study, the
fact that Alloteuthis spp. had two distinct abundance peaks,
at <10 °C and 20 °C, probably reflects the fact that there are
two species in the sampled range, with 4. subulata having
the more southerly distribution, and the North Sea / Irish
shelf confirmed to contain 4. media only, although both spe-
cies do occur throughout the rest of the range (Sheerin et
al. 2023). Hence, the inclusion of taxonomic revisions of
Alloteuthis spp. in the present analysis permitted improved
interpretation of the apparently broad environmental toler-
ances seen across this genus.

Excluded from this analysis are pelagic species (e.g. T.
sagittatus) that would not be captured in DATRAS sam-
pling gear. Unsuitable depth preferences (7. sagittatus) and
smaller-bodied species (sepiolids) for whom the mesh sizes
used in trawls are too large were also omitted. The coverage
of the analysed dataset includes the total NE Atlantic Shelf
area and therefore a very wide spatial range, but does not
include very shallow areas that are inaccessible to survey
vessels, or areas beyond the shelf where at least some of
the species occur (the deepest records obtained in DATRAS
were ~700 m). The tolerances represented in the analysis
are associated with adults, since eggs and paralarvae are
inaccessible or too small to be retained in the sampling gear,
but it should be borne in mind that early life stages often
have narrower tolerances compared with adults and greater
conservatism in their habitat requirements. Apart from
ommastrephids, the cephalopods featured in this study breed
inshore hence the entire lifecycle is otherwise captured.
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Despite all these caveats, DATRAS data includes surveys
from the coldest and warmest oceanographic seasons (Q1
and Q3) in the northern parts of the study area (for further
information see Supplementary Table S1), and includes
several decades worth of data. Both of these features are
advantageous as including a large spatial and temporal scale
is critical when investigating the distribution shifts arising
from global warming (Pearson and Dawson 2003).

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00227-0
26-04892-9.
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