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Abstract

Quantitative data on cephalopods collected in ten multidisciplinary surveys (20-2000 m) between 2004 and 2012, together
with original oceanographic and satellite data, were analyzed using multivariate techniques. Statistical analyses were based on
presence—absence matrices by species and hydrological variable indices. The results show that cephalopods are distributed in
two main zoogeographical groups separated by latitude: “Temperate water” and “Tropical water” clusters. They extended by
temperate and tropical regions, separated by a geographical boundary, Cape Blanc, particularly strong in the case of coastal
species between these groups. For the total fauna, we have identified a third particular cephalopods’ cluster, the “Upwelling”
cluster (22°-17°N), characterized by a higher diversity and dominance of oceanic cephalopods. This is proposed as a new
zoogeographical region that would coincide with the area of greatest productivity, intensity and permanence throughout the
year of the canary current upwelling, confined between the north of Cape Blanc and the south of Mauritania. The results
confirm the strong relationship between the three zoogeographical regions (temperate, tropical, and upwelling) and certain
water bodies that characterize the regional hydrology. This paper deepens into the zoogeography of the cephalopods from
Northwest Africa (Central-Eastern Atlantic), providing a new, more detailed insight into the region and its boundaries in
relation to the oceanography.
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difficult to define and less well known than those of ter-
restrial species (Cox and Moore 2000). As a consequence,

Introduction

The distribution of marine species is globally associated
with regions and provinces separated by geographical bar-
riers, linked to the geomorphology of the seabed and water
masses, and in turn strongly influenced by the regional evo-
lutionary history, patterns of dispersal and isolation (Ekman
1953; Briggs 1974, 1995; Spalding et al. 2007; Costello
et al. 2017). It also involves gradual gradients, finding large
areas where organisms have variable tolerances to different
physical properties of water bodies. As a result, the precise
biogeographic boundaries of marine species are much more
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several approaches to global marine biogeographic classi-
fication have been proposed (Spalding et al. 2007, 2012;
Briggs and Bowen 2012; Sutton et al. 2017).

Following the pioneering works in marine zoogeography
(Ekman 1953; Hedgpeth 1957; Briggs 1974), subsequent
authors have identified marine biogeographic regions and
their respective limits worldwide (Briggs 1995; Longhurst
1998; Spalding et al. 2007, 2012; Briggs and Bowen 2012).
These were based on different criteria, such as zoogeo-
graphic characteristics, climatic zones, levels of endemism,
expert knowledge, or environmental barriers. However, due
to incomplete knowledge of the distributions of most marine
taxa, these classifications were based exclusively on certain
species groups, primarily fishes (Domanevsky 1980). Thus,
biogeographical regions may vary depending on the studied
zoological group and environment (Griffiths et al. 2009). As
consequence, it is considered that the fauna found in coastal
and shelf areas biogeographically differs from that found
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in adjacent oceanic waters and deep-sea benthic habitats
(Ekman 1953; Hedgpeth 1957; Briggs 1974; Spalding et al.
2007, 2012; Watling et al. 2013). For instance, in the case of
cephalopod biogeography, Nesis (1982) discussed the gen-
eral principles of faunistic and zoogeographical zoning of
the shelf-bottom species, although this work had a limited
scope. Other more relevant articles by this Russian author
were crucial to the zoogeography of the group (Nesis 1987,
2001, 2003). Furthermore, Burukovsky (1998) conducted
a significant zoogeographic study of the northwest African
region, analyzing the distribution of 250 shrimp species.

In recent decades, the necessity of using biogeographic
regionalization for resource assessment, biodiversity man-
agement, and marine conservation planning has highlighted
the absence of a suitable global classification of marine
kingdoms. Consequently, several essays have integrated
current global and regional knowledge, as well as new sci-
entific findings, such as phylogeny, to modify, redefine, and
describe new world biogeographic classifications. Multi-
variate methods using quantitative data have recently been
employed for marine regionalization (Kulbicki et al. 2013;
Freitas et al. 2019; Caballero-Herrera et al. 2021). How-
ever, most reviews still analyze the biogeography of pelagic,
benthic, and deep-water habitats separately (Spalding et al.
2007, 2012; Watling et al. 2013). Only Costello et al. (2017)
have produced the first global map of marine biogeography,
including coastal, deep-sea, pelagic, and benthic environ-
ments, across all marine taxa.

Cephalopods comprise nearly 860 species (Hoving et al.
2014; Sales et al. 2019; Fernandez-Alvarez et al. 2020,
2021Santos et al. 2022) and inhabit all marine environments.
Among them, benthic coastal cephalopods are one of the
most well-known benthic taxa due to their commercial sig-
nificance (Arkhipkin and Laptikhovsky 2006; Rocha et al.
2017). Nevertheless, achieving biogeographic regionaliza-
tion for this class is challenging due to the diverse habi-
tats its species inhabit, including neritic, oceanic, pelagic
and bottom-dependent, coastal shelf, and deep-sea waters
(Nesis 1982, 2003). Studying their distribution is a chal-
lenge because the species in each of these marine habitats
have substantially different worldwide distribution patterns,
and the ecology and biology of the species remain unknown.

The northwest coast of Africa is part of the Canary Cur-
rent Large Marine Ecosystem (CCLME), which is one of
the four main Eastern Boundary Upwelling ecosystems.
The CCLME hosts high productivity and important fishery
resources (Valdés and Déniz-Gonzalez 2015). Large Marine
Ecosystems usually consists of more than one biogeographic
province, representing transitional zones where species from
different affinities converge. The study area of our research
is the CCLME, which extends from the Strait of Gibraltar to
Sierra Leone border (36°-8° N), and includes the exclusive
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economic zones (EEZ) of seven countries (Valdés and
Déniz-Gonzalez 2015).

The CCLME covers both warm-temperate and tropical
zones, and is an area where temperate and tropical species
meet. It has been classified into different realms, provinces
and ecoregions according to current worldwide classifica-
tions (Ekman 1953; Briggs 1974, 1995; Longhurst 1998;
Spalding et al. 2007, 2012; Briggs and Bowen 2012).
CCLME marine fauna has been included in the Lusitanian
Province (Mediterranean—Atlantic Region) by Briggs (1974,
1995), in the Canary and Guinea Currents Coastal Provinces
by Longhurst (1998), or in the Lusitanian and Tropical East-
ern Atlantic Provinces by Briggs and Bowen (2012).

The CCLME region has been positioned in different bio-
geographical demarcations, but is considered one unique
pelagic unit—the Canary Current Province, included in the
Atlantic Warm Water Realm—by Spalding et al. (2012).
However, based on the classification of the coastal and
shelf areas by Spalding et al. (2007), the benthic and neritic
fauna of northwest Africa could be separated by a strong
geographically frontier located in Cape Blanc (approx.
21°N). This latitude would constitute the boundary between
the Temperate Northern Atlantic Realm (TNAR) and the
Tropical Atlantic Realm (TAR), including their respective
provinces and ecoregions—Lusitanian and West African
Transition provinces, and Saharan and Sahelian Upwelling
ecoregions.

Although Costello et al. (2017) analyzed the distribution
of 65,000 marine pelagic and benthic species in all oceans
available in the ocean biogeographic information system
(OBIS), the records about Canary Current cephalopods doc-
umented in this database are very few (316 records, 35 spe-
cies). However, the biodiversity and distribution of cephalo-
pod in the study area can currently be considered relatively
well known, thanks to recent work (Arkhipkin and Laptik-
hovsky 2006; Rocha and Cheikh 2015; Rocha et al. 2017;
Luna et al. 2021—Supplementary material - Table S2).
Rocha and Cheikh (2015) and Rocha et al. (2017) estab-
lished the bathymetric distribution, biodiversity, ecology
and fisheries of cephalopods from the CCLME and Mau-
ritanian waters, respectively. Arkhipkin and Laptikhovsky
(2006) and Rocha et al. (2017) pointed out that, at the faunis-
tic level, the CCLME region represents a transitional area
where tropical, subtropical, and boreal cephalopod species
mix, probably associated with bodies of water with specific
characteristics, as seen in other works (Bein et al. 2023).

However, the existence of biogeographical boundaries
for cephalopods in the CCLME region was still unresolved
because no specific analysis focused exclusively on this
class had been conducted. The only currently available
information on the possible separation of the temperate
and tropical cephalopod fauna in Northwest Africa is
contained in the worldwide classification of Nesis (1982,
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2003). This author established a unique boundary for
both oceanic—pelagic and shelf-neritic species, along the
Northwest African continental margin, which would also
coincide with Cape Blanc. To the north and south of this
latitude, the nektonic cephalopods of the shelf would be
included in the Mauritanian and Guinean provinces, while
the oceanic species would spread from west to east across
the Atlantic, separated in the North Subtropical and Tropi-
cal zones (Nesis 2003).

This work takes advantage of the huge number of ceph-
alopods and data collected using a consistent sampling
methodology and accurate taxonomic analysis. Through
multivariate analysis, it provides, the first global overview
of cephalopod distribution and biogeography, with a, focus
on the entire CCLME region. The study establishes the
boundaries and zoogeographic patterns of cephalopods in
relation to oceanographic parameters.

Fig. 1 Location of the stations
from which the cephalopods
were collected during the ten
surveys conducted along the
shelf and continental slope of
Northwest Africa

Materials and methods

Our faunistic and oceanographic data were collected dur-
ing ten bottom-trawling surveys between 2004 and 2012,
comprising 1298 trawl stations. We have updated this data
with the latest available bibliography information (Rocha
and Cheikh 2015; Rocha et al. 2017; Luna et al. 2021—
Supplementary material - Table S2) and satellite data. Dur-
ing surveys along the northwest African coast, cephalopod
specimens and data were collected on board Spanish and
Norwegian research vessels (Vizconde de Eza and Dr Fridt-
Jjof Nansen). The sampling covered the shelf and continental
slope (from 20 to 2000 m in depth) in the region spreading
between the Strait of Gibraltar and the northern border of
Sierra Leone (36°-8°N) (see Fig. 1). To simplify the sta-
tistical analysis, we grouped the species into two catego-
ries based on the specifics of the studied material: coastal
and slope (Arkhipkin and Laptikhovsky 2006; Ibafiez et al.
2009). Coastal species are those that mainly live near the
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coast, on the shelf and upper slope. This category includes
benthic, slope-shelf, and neritic—pelagic cephalopods asso-
ciated with bottom or shelf waters. Slope species include
those associated with the slope, such as deep-sea and nerito-
oceanic species, and pelagic—oceanic species. It is the case
of a typical representative of the nerito-oceanic eco-group
Todarodes sagittatus (Lamarck, 1798), whose population
living off the coast of Northwest Africa may occasionally
stay close to the coast (Nigmatullin et al. 2002). Pelagic—oce-
anic species are attached to the slope category because they
are collected by bottom-trawling gears. It is known as, dur-
ing trawl operations, oceanic cephalopod specimens come
across accidentally and, mainly, when lifting the trawl, as it
climbs openly, not adequately sampling these species.

For this study, we used only the identified cephalopod
species. We eliminated any for which there was doubt about
correct taxonomic classification, rare species, and taxa not
identified to species level. Our basis was the matrix of occur-
rence of 82 original species (33 coastal and 49 from the
slope) taken during ten surveys.

To investigate the potential existence of biogeographic
regions and boundaries in the distribution of cephalopods
along the CCLME (Fig. 2), we utilized various multivariate
techniques. Initially, we constructed similarity matrices by
applying the Sgrensen-Dice index to the presence—absence
data for each species within two latitudinal degrees (between
36° and 8° N). Hierarchical agglomerative clustering and
non-metric multi-dimensional scaling (nMDS) methods

Fig.2 Delimitation of the zoo-
biogeographical zones found in
our work for the cephalopods of 1+
the CCLME TE
Temperate
(24°-36° N)
v
s
Upwelling
(10°-22° N)
Tropical I
(8°16°N) 1 }
|
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were used to analyze the similarity matrices. First, the
analysis was performance on the total dataset, followed by
the coastal species subset. The agglomerative clustering
analysis employed various algorithms, with the group aver-
age (unweighted pair group method with arithmetic mean
UPGMA; Clarke and Gorley 2015) being chosen due its
higher cophenetic correlation.

In order to verify the possible link of the identified
biogeographical communities with specific water masses
that could be determining factors in the location of the
faunal breaks and the corresponding biogeographical
boundaries, we created a matrix of main variables char-
acterizing the regional hydrology within one latitudinal
degree. We then applied principal component analysis
(PCA). During the surveys, measurements of temperature
(°C), salinity (psu), and oxygen (ml L™}) in the sea bottom
were obtained using CDT and net-sensors. Besides, we
assessed various physical and biological indexes based on
latitude, including sea-surface temperature, chlorophyll
a concentration (mg m~>), primary production (organic
carbon for all types of phytoplankton, mol m=2 s71),
and wind stress (N m~2). These assessments were made
using integrated satellite data series maps available on the
NOAA Climate Change Web Portal (https://psl.noaa.gov/
ipcc/ocn/ccwp.html) for the entire year. Oxygen indexes
(O) were estimated from a vertical Sect. (0-800 m depth)
of a north—south profile taken along the northwest Afri-
can coast from 34°N to 10°N (Pelegri and Pefia-Izquierdo
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2015). Latitude was included as one variable. To account
for the different units of the variables, we used the cor-
relation method for our PCA instead of the covariance
method.

An analysis of similarity test (unordered ANOSIM)
was used using a one-way layout and 999 permutations.
The test was applied to the occurrence resemblance
matrix and normalized hydrological factors to determine
the statistical significance of the cephalopod groupings’
separation, the strength of biogeographical boundaries,
and its possible relation with the water masses occurring
along northwest Africa. The analyses were performed
using the PRIMER v7 (Clarke and Gorley 2015) and
XLSTAT (Addinsoft 2022) software.

Fig.3 Dendrogram (a) and 20+ a
three-dimensional nMDS (b)
resulting of the multivariate
analysis based on the presence—
absence data by cephalopod 404
species and two latitude-degrees
(Sgrensen-Dice similarity index,
group average algorithm, cophe-
netic correlation =0.93044)

]
1
1
]
]
1
1
]
]
1
1
1
1
1
]
1
1
1
1
1
1
1

Results

Globally, the cephalopods fauna from Northwest Africa is
composed by 100 oceanic (75.2%) and 33 coastal species
(24.8%). The majority of the oceanic species have Atlantic
(48.1%), cosmopolitan (21.8%), amphiatlantic (11.3%), or
circumglobal affinities. In contrast, the coastal species are
almost exclusively of Atlantic affinity (88.0%), with a minor
component of amphiatlantic species (12.0%) (Table S1).
The multivariate analysis results show a separation in
three clearly differentiated groups at almost the 60% of
similarity level (red lines in the dendrogram in Fig. 3a).
The cophenetic correlation coefficient is high (p=0.93044)
and statistically significant (p <0.001). The first clus-
ter comprises the northernmost latitude in the temperate
region, which extends from the Gibraltar Strait to the north
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of Western Sahara (35°-22°N, Temperate water cluster,
Fig. 3a). The second group includes the latitudes of the
southernmost region in the tropical area, ranging from south
of Mauritania to Guinea (16°-8°N, Tropical water cluster).
A third cluster groups the southern part of Western Sahara,
Cape Blanc area, and almost the entire Mauritanian coast
(22°-17°N). This cluster shows a stronger similarity in its
faunistic composition (73.3%) compared to the temperate
and tropical water clusters, which only reached 60.8% and
63.0% similarity, respectively.

The three-dimensional nMDS (Fig. 3b) confirms the
latitudinal segregation in three faunistic regions, highlight-
ing the existence of two zoogeographical boundaries in the
distribution of cephalopods along the northwest African
coast. In this three-dimensional representation, temperate,
upwelling, and tropical units are clearly separated. The two
identified boundaries were in Saharan waters (23°-21°N)
and in the south of Mauritania (17°-~16°N). The low stress
value in the three-dimensional representation (stress =0.05)
in Fig. 3b demonstrates a better fit than the bi-dimensional
representation (stress =0.07), indicating the robustness

Table 1 Summary of total number and percentage of coastal and oce-
anic cephalopods in the three biogeographical communities identified
along Northwest Africa (only data from surveys)

of the similarity within the three groups and their faunal
segregation.

Tables 1 (a summary of the total number and percentage
of coastal and oceanic cephalopods) and 2 (a comprehen-
sive species list in the three zoogeographical assemblages)
demonstrate clear differences in the specific richness and
composition of the three cephalopods clusters. The tables
highlight the highest diversity and the importance of oceanic
cephalopods in the upwelling zone, where these species rep-
resent almost 60% of the total. On the contrary, in temperate
and, mainly, in tropical communities, diversity is lower and
the fauna is dominated by coastal species (59.4% and 61.5%,
respectively). It is important to note that the ‘tropical water’
cluster includes both species that are classically defined as
tropical and some that are temperate-tropical, such as Illex
coindetii (Vérany, 1839), which have been detected in the
tropical realm through our analyses. On the other hand, T.
sagittatus and Todaropsis eblanae (Ball, 1841) are typically
temperate species that have also been found in this cluster.

To analyze the similarity and possible grouping of spe-
cies, we used a second multivariate approach on the same
presence—absence matrix. The resulting dendrogram in
Fig. 4 shows a distinct cluster, indicating a strong association
among coastal cephalopods (short species names in Supple-
mentary material - Annex 1). The high similarity (78.8%)
within this community demonstrates that it is a characteristic
and robust faunistic group. The coastal cluster is separated
from the oceanic cephalopods, which are divided into three
groups with a low similarity level (20.0%). However, when
considering the oceanic species as a whole, they exhibit a
high similarity (70.5%).

SN cereemr-eyreremreses RO RO

Temperate Upwelling Tropical
Total 32 35 13
Coastal 59.4 429 61.5
Oceanic 40.6 57.1 38.5
Fig.4 Dendrogram resulting 0-
of the multivariate analysis
showing the similarity among
the cephalopod species based on
the presence—absence data by 204
species and two latitude-degrees
(Sgrensen-Dice similarity index, Y
. o~
group average algorithm, cophe- 2 40
netic correlation=0.77496). For >
species abbreviation see Supple- =
mentary material - Annex 1 ‘_3
£ 604
P
804

Dis=46,2%

gw%aya;:tq*g;aez:;ggg gﬂmc-—é;;oggggcggwa

ngmsswzg;:;iifﬂw 852752237 °585°8%
Coastal Oceanic
Sim=78,8% Sim=70,5%
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We analyzed the presence—absence dataset of exclusively
coastal species separately, considering the stronger cohe-
sion of coastal cephalopods compared to oceanic species.
The resulting graphics from both hierarchical clustering and
nMDS (Fig. 5a, b) show identical and very marked latitu-
dinal separation of almost 70% (in the dendrogram) with
an excellent fit goodness in the three-dimensional nMDS
(stress=0.001). The northern temperate is divided into
two geographical sub-regions, extending from the Strait of
Gibraltar (approx. 36° N) to southern Mauritania. The tropi-
cal sub-region occupies the Senegalese, Bissauan, and Guin-
ean shelves. A faunistic frontier located in the southern zone
off Mauritania (16°-17°N), appears to divide both zoogeo-
graphic regions. Table 2 displays the main species found in
the temperate and tropical components of the coastal cepha-
lopod community identified in Northwest Africa, highlight-
ing the exclusive species in each cluster.

The correlation circle graphics resulting from the
principal components analysis display the correlations
between the main oceanographic variables (red vectors)

Fig.5 Dendrogram (a) and a
three-dimensional nMDS (b)

in a two-dimensional space (Fig. 5a, b). The two principal
components (F1 and F2), represented on the horizontal and
vertical axis, explain a high percentage of the variability
(88.44%) (Fig. 5a). Although this value may be considered
reliable, we have also checked the contribution of the third
dimension (F3) to the total amount of information (Fig. 5b)
and found it to be almost insignificant (4.64%). Latitude
and certain hydrological factors directly associated to it,
mainly oxygen content and salinity, are positively correlated
(p=0.786 and 0.792, respectively) (Table 3). As a result,
their vectors appear grouped together and pointing to the
right in the same direction (Fig. 5a). Conversely, surface
temperature, which is negatively and strongly correlated
with the latitude (p=—0.963) and with the oxygen content
(p=-0.944), is displayed to the left in the opposite direction
(Table 3). The main principal component (F1) represented
in the horizontal axis was strongly influenced by these vari-
ables. The oceanographic variables related to the upwelling
phenomena, mainly wind stress, and to a lesser extent
chlorophyll a content, do not correlate with the mentioned
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Table 2 Main species of cephalopods in the three biogeographical zones identified along Northwest Africa in our study (in gray, the oceanic
cephalopods)

Temperate Upwelling Tropical
Abralia (A.) veranyi Abralia (A.) veranyi Abralia (A.) veranyi
Alloteuthis africana Alloteuthis africana Alloteuthis africana
Alloteuthis subulata Alloteuthis subulata Illex coindetii
Ancistroteuthis lichtensteinii Bathypolypus ergasticus Octopoteuthis megaptera
Bathypolypus ergasticus Bathypolypus sponsalis Octopus vulgaris
Callistoctopus macropus Bathypolypus valdiviae Opisthoteuthis agassizii
Chiroteuthis veranii Brachioteuthis riisei Sepia elegans
Chtenopteryx sicula Callistoctopus macropus Sepia hierredda
Eledone cirrhosa Galiteuthis armata Sepia officinalis
Eledone moschata Grimalditeuthis bonplandi | Sepiella ornata
Galiteuthis armata Haliphron atlanticus Taonius pavo
Heteroteuthis dispar Histioteuthis reversa Todarodes sagittatus
lllex coindetii Illex coindetii Todaropsis eblanae
Japetella diaphana Leachia atlantica
Liocranchia reinhardti Liocranchia reinhardti
Loligo vulgaris Loligo vulgaris
Macrotritopus defilippi Muusoctopus januarii
Magnoteuthis magna Neorossia caroli
Neorossia caroli Octopoteuthis megaptera
Octopoteuthis megaptera Octopoteuthis rugosa
Octopus vulgaris Octopoteuthis sicula
Pteroctopus tetracirrhus Octopus vulgaris
Rondeletiola minor Onychoteuthis banksii
Rossia macrosoma Opisthoteuthis agassizii
Sepia elegans Pteroctopus tetracirrhus
Sepia officinalis Rondeletiola minor
Sepia orbignyana Rossia macrosoma
Sepietta oweniana Sepia bertheloti
Sepiola atlantica Sepia elegans
Spirula spirula Sepia officinalis
Todarodes sagittatus Sepia orbignyana
Todaropsis eblanae Todarodes sagittatus

Todaropsis eblanae

Vampyroteuthis infernalis

Vitreledonella richardi

variables (Table 3). They pointed out in an orthogonal direc- (Fig. 5a). However, the third upwelling-related factor (the
tion, significantly contributing to the second component (F2)  primary production) shows a stronger relationship with the
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Table 3 Main species of

the temperate and tropical
components in the community
of coastal cephalopods
identified in Northwest Africa
(in gray, species exclusive to the
respective group)

F1 axis. The goodness of the representation of the environ-
mental variables in the axis F1-F2 space is confirmed by
the high values of the square cosines between the variable

Table 4 Spearman’s rank
correlation coefficients (p)
between the main hydrological
variables along northwest
Africa (latitude is included)

Temperate

Tropical

Abralia (A.) veranyi
Alloteuthis africana
Alloteuthis subulata
Austrorossia mastigophora
Callistoctopus macropus
Eledone caparti

Eledone cirrhosa
Eledone moschata

lllex coindetii

Loligo vulgaris
Macrotritopus defilippi
Neorossia caroli
Octopus vulgaris
Pteroctopus tetracirrhus
Rondeletiola minor
Rossia macrosoma
Scaeurgus unicirrhus
Sepia bertheloti

Sepia elegans

Sepia hierredda

Sepia officinalis

Sepia orbignyana
Sepietta oweniana
Sepiola atlantica
Todaropsis eblanae

Abralia (A.) veranyi
Alloteuthis africana
Eledone caparti
Illex coindetii
Octopus vulgaris
Sepia elegans
Sepia hierredda
Sepia officinalis
Sepiella ornata
Todaropsis eblanae

vectors and the factor axes (Table 4). Oxygen content and
surface temperature (two hydrological variables whose val-
ues strongly vary along the latitudinal range), the latitude

Variables Lat BS BO (0] PP Chl
BS 0,786

BO 0,792 0,810

ST —-0,963 -0,802 —-0,754

(¢] 0,889 0,750 0,755 -0,944

PP -0,614 -0,412 -0,705 0,632 -0,709

Chl -0,180 0,082 -0,295 0,205 -0,336 0,625

WS 0,079 0,411 -0,033 -0,085 —-0,058 0,562 0,730

Lat latitude degree, BS bottom salinity, BO bottom oxygen concentration, ST sea-surface temperature, O
sea-surface oxygen, PP primary productivity, Chl sea-surface chlorophyll a, WS wind stress (in bold: sig-
nificant correlation)
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Table 5 Squared cosines between the variable vectors and the three
main factor axes

Variables/Axis F1 F2 F3

Lat 0.874 0.032 0.034
BS 0.669 0.240 0.044
BO 0.803 0.001 0.163
ST 0.895 0.029 0.064
(0] 0.899 0.000 0.050
PP 0.625 0.260 0.016
Chl 0.134 0.690 0.000
WS 0.006 0.916 0.000

Lat latitude degree, BS bottom salinity, BO bottom oxygen concentra-
tion, St sea-surface temperature, O sea-surface oxygen, PP primary
productivity, Chl sea-surface chlorophyll a, WS wind stress

itself (as a proxy of these variables, projected in the axis F1),
and mainly wind stress (linked to axis F2) presented higher
square cosines that fluctuate between 0.803 and 0.916. The
square cosines of chlorophyll a (0.690), salinity (0.669), and
primary production (0.625) are lower and present a lesser
connection with the respective axes F2 and F1 (Fig. 5a). The
goodness of PCA results is too confirmed by the Bartlett’s
sphericity test, which shows that the correlation of oceano-
graphic variables is significant (value-p bilateral <0.0001)
(Table 5).

The spatial representation of the latitudinal strata, also
resulting of the PCA (Fig. 6), clearly shows its strong cor-
relation with the main physical and productive character-
istics that identified the regional water masses. Temperate
latitudes (23°-35°N) are in the right side of the graphic
following a south—north pattern (from Western Sahara

a Variables (axis F1 & F2: 88.44%)
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Fig.6 Representation in the correlation circle of the hydrological
variables plus the latitude (red arrows) in the two-dimensional facto-
rial space resulting of the PCA. (Lat latitude degree, BS bottom salin-
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to Gibraltar Strait) which is related to the increasing in
oxygen content and the decreasing in surface temperature
and upwelling. On the left side of the graph are situated
the lowest latitudes (16°-8°N) corresponding to tropical
water masses, characterized by higher surface tempera-
tures and low oxygen content. In the upper left part, the
latitudes that would correspond to the upwelling ecore-
gion (22°-17°N) are sited, related to the highly productive
water masses mainly linked to wind stress and chlorophyll
a, and to a lesser extent primary production (Fig. 7).

Results of the ANOSIM test (Table 6) statistically vali-
date the robustness of the zoogeographical cephalopods seg-
regation, the two boundaries located between three main
clusters identified through the multivariate analyses, as well
as its clear relationship with the characteristics of the water
masses flowing along the northwest African margin. Effec-
tively, all-pairwise comparison, both in the case of faunistic
groups and water masses, shows high values of R statistic
and significant p (Table 6). ANOSIM R statistics present
maximum value (R=1.000) for coastal cephalopods and for
the Tropical group against the Temperate and Upwelling
ones. Although the differences in the cephalopod composi-
tion between the Temperate and Upwelling regions seem to
be somewhat lower (R=0.873), the R-value remains large,
also presenting very high levels of significance (p <0.001).
This would prove the very good and clear faunistic separa-
tion, and the robustness of the zoogeographical boundaries
found through our analysis, with the boundary separating the
cephalopod assemblages from the Upwelling and Tropical
regions being only slightly weaker (p =0.01).

This faunistic separation clearly coincides with the
presence of the three types of water masses, temperate,
upwelling, and tropical, with different characteristics, that

b Variables (axis F1 & F3:65,96 %)
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ity, BO bottom oxygen concentration, ST sea-surface temperature, O
sea-surface oxygen, PP primary productivity, Chl sea-surface chloro-
phyll a, WS wind stress) (color figure online)
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Fig.7 Representation of the latitudinal strata in a two-dimensional
space resulting of the PCA with respect to the three main axis and
hydrological variables that they explain (F/ latitude-related factors,
F2 upwelling-related)

Table 6 Results of the Bartlett’s sphericity test that shows the signifi-
cance of correlations among the hydrological variables

Chi-square (observed value) 272,820
Chi-square (critical value) 41,337
Degrees of freedom 28

P value (bilateral) <0.0001
Alfa 0.05

(p value <0.0001)

suggested the PCA, as shown by the high values of the R
statistic, greater than 0.9 (0.919-0.947) and highly signifi-
cant, in all cases.

Discussion
Biogeographic zoning and boundaries

One main subject on Northwest Africa biogeography is the
location of the boundary between temperate and tropical
fauna and their respective provinces, which were placed
at different latitude according to diverse worldwide clas-
sifications: in Cape Verde (Senegal; Briggs 1995), at Cape
Juby (northern Western Sahara; Briggs and Bowen 2012),
or in Cape Blanc (northern Mauritania; Spalding et al.
2007).

For cephalopods, Nesis (2003) suggested that the main
patterns of faunistic zonation should coincide with con-
tinental shelves and open ocean, because both realms are
affected by the general scheme of oceanic circulation. Like
this, the author identified for shelf, neritic, and oceanic

cephalopods a unique boundary along Northwest Africa,
which matches in Cape Blanc. Northern and southern of
this latitude, shelf-nektonic cephalopods were associated
to Mauritanian and Guinean Provinces. Oceanic species,
which spread from western to eastern through the Atlan-
tic, were separated in the North Subtropical and Tropi-
cal Zones (Nesis 2003). The boundary proposed by Nesis
(2003) matches that of Spalding (2007) for the coastal
shelf fauna.

Cape Blanc, effectively constitutes the area where the
main regional hydrological feature in the northwest Africa
margin—Cape Verde Frontal System—is located. The front
which stretches from Cape Blanc to Cape Verde Islands is
an oceanic frontier where water bodies of subtropical and
tropical origin converge (Pastor et al. 2015; Pelegri et al.
2017). After the first studies on marine fauna from the Afri-
can Atlantic coast, Cape Blanc in Mauritania (20° 47' N)
has proved to be a zoogeographical barrier where a drastic
faunistic change occurred for fish and benthic fauna (Doma-
nevsky 1980; Le Loeuff and von Cosel 1998).

Nevertheless, some researchers have suggested that the
turnover between temperate and tropical northwest Africa
biota must take place, at least for some particular benthic
invertebrates, not at Cape Blanc, but somewhere along the
Mauritanian—Senegalese margin. The coast that stretches
between Cape Blanc and the south of Cape Timiris (Mau-
ritania) to Cape Verde (Senegal) is considered a hydrologi-
cal transitional zone between tropical and temperate fauna
(Le Loeuff and von Cosel (1998)). Throughout this area, the
marine fauna of continental shelf shallow-water reaches its
southern limit and is replaced by a tropical fauna native to
West Africa (van Soest 1993; Matos-Pita et al. 2017). Thus,
it is known that in Mauritania, some invertebrate taxa, as
sponges, echinoderms or hydrozoans, have stronger affin-
ity with the Atlantic—-Mediterranean elements than with the
tropical ones (van Soest 1993; Calero et al. 2017). On the
contrary, Matos-Pita et al. (2017) highlighted the predomi-
nance of tropical species (45% of the total) in the decapod

Table 7 Results of the ANOSIM test showing the R statistic values
and the significance level (p) of the separation between the three bio-
geographical cephalopod clusters and water masses identified along
north-west African coast

Water
masses

Biogeographical region Cluster

Total cephalopods Global 0.954 *** (0.947 ***

Temp vs Upw 0.873 #** (0.919 ik

Temp vs Trop 1.000 *** (0977 ***

Upw vs Trop 1.000 ** 0.92] #**
Coastal Temp vs Trop 1.000 ***

Temp temperate, Upw upwelling, Trop tropical
*#¥p <0.001, **p=0.01
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crustaceans (Brachyura) communities off Mauritania. In
general, the proportion of species with Atlantic—-Mediter-
ranean affinities is higher in the Banc d’Arguin (northern
Mauritania), while the Guinean fauna is more abundant in
the southern zone. Rocha et al. (2017) argued that the abun-
dant and diverse Mauritanian cephalopod’s fauna is mainly
composed of a mixture of species with tropical, temperate,
and cold affinities.

In the present work, we had tried to test the possible coin-
cidence with the worldwide biogeographic classifications
previously established (Domanevsky 1980; Briggs 1995;
Spalding et al. 2007; Briggs and Bowen 2012; Costello
et al. 2017) and, particularly, with the studies of Nesis on
the cephalopods (1982, 2003). For the whole cephalopod
community, we have identified two main boundaries separat-
ing three different faunistic regions at the 60% of similarity
level (Fig. 2). These limits would be located northern Cape
Blanc, in south of Saharan waters (22°-21° N), and southern
Mauritania (16°-17° N). Our north boundary matches with
the zone where some previous works placed the main bio-
geographical limit for the worldwide coastal fauna (Doma-
nevsky 1980; Spalding et al. 2007) and for coastal and oce-
anic cephalopods (Nesis 1982, 2003) in the CCLME region
(Figs. 3-5).

Some species found in temperate and tropical clusters
have quite extensive ranges, covering the Mediterranean Sea
and the Eastern Atlantic from the subarctic or north part
of boreal zones to the coast of Angola, Namibia, or South
Africa. There are a few species that should be highlighted
here (Jereb and Roper 2005, 2010; Jereb et al. 2016). It is
remarkably that the temperate species Sepia officinalis Lin-
naeus, 1758, distributed from southern Norway to 20°N and
very rare to 16°N, it is present in the tropical cluster (see
Table 7). Austrorossia mastigophora (Chun, 1915) a his-
torically tropical species, is found in the temperate cluster
(see Table 2). The group of tropical species includes Octo-
pus vulgaris Cuvier, 1797, I. coindetii, T. eblanae, and S.
elegans Blainville, 1827, which are also widely distributed
in the temperate zone, being generally located outside the
studied area (see Table 2). This could be due to a change
in the distributional patterns of some of these species with
the recent increase in global temperatures, such it could be
the same case in some other octopods (Eledone cirrhosa
(Lamarck, 1798), E. moschata (Lamarck, 1798), Scaeurgus
unicirrhus (Delle Chiaje [in Férussac & d’Orbigny], 1841),
and Macrotritopus defilippi (Vérany, 1851); document in
preparation). Besides, it should be borne in mind that nets
designed for scientific sampling have a certain selectivity
and efficiency (Clarke 2003; Eleftheriou & Moore 2013).
In consequence, it is necessary to complement the sampling
of an area with other techniques, such as the sampling by
teutophagous predators (Luna et al. 2022, 2024; Xavier et al.
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2022), in order to have a more complete view of the biodi-
versity of the area (Clarke 2003).

Proposing a new zoogeographic ecoregion

There is a particular zoogeographical unit characterized
by a higher diversity and dominance of oceanic cepha-
lopods, located between the north-temperate and south-
tropical waters of the studied area. It is associated with
the upwelling, and may be defined as the “Cape Blanc
upwelling” ecoregion. Spalding et al. (2007) pointed out
that among the features that define an ecoregion could be
upwelling phenomena, nutrient inputs, temperature regimes
and currents. These authors remarked that endemism level,
which seems very low for cephalopods in northwest African
region, is not a determinant key in the identification of these
marine units. In accordance with Spalding’ definition, the
Cape Blanc upwelling ecoregion, at approximately between
22° and 17°N, is adjacent to the Sahara Desert. It coincides
with the most productive zone of the CCLME that spreads
over the Western Saharan and Mauritanian coasts. This area
experiences almost continuous upwelling throughout the
year, with stronger upwelling intensity and higher quality
of upwelled waters (Aristegui et al. 2009; Pelegri and Pefia-
Izquierdo 2015; Pelegri et al. 2017). In addition, this region
experiences high deposition rates of Sahara Desert particles
carried by the wind. This enhances productivity, maintains
high biodiversity, and supports important populations of
commercial species such as cephalopods (Aristegui et al.
2009; Ramos et al. 2017).

The hydrological factors that have the most influence in
the area, and which vary throughout the latitudinal range, are
the oxygen content and the sea surface temperature. These
factors, along with wind stress, promote the productivity of
the waters. The Cape Blanc upwelling ecoregion would be
placed between the northern boundary where the Canary
Current separates from the coast and the permanent year-
round upwelling generates a giant filament that transport off-
shore high productivity waters (Sangra 2015). The southern
boundary would be located south of Mauritania and seems
to be the main biogeographic frontier in the cephalopod’s
distribution along the CCLME. It separates cold temper-
ate from tropical species and is particularly important for
coastal species.

Despite their low endemicity, shelf-benthic and bottom-
associated neritic species are the most common cephalopods
in the CCLME region. They form a compact group with high
internal similarity (78.8%), clearly separated from the oce-
anic ones by the multivariate analysis. This southern bound-
ary seems to match the limit in which the favorable winds
for the winter upwelling decrease and where the tropical
water masses dominate for most of the year (Aristegui et al.
2009; Pelegri et al. 2017; Moctar et al. 2020). Although
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many mobile tropical species can migrate to warmer higher
latitudes in summer, most are restricted to the 20 °C winter
limits (Briggs 1995). According to Burukovsky (1998), the
permanence of cold upwelled waters the central and north-
ern Mauritanian coastal shelf could be a northward limiting
factor for the distribution of tropical species. This author,
in line with our results, identified both temperate (21°N)
and tropical (17°N) boundaries in the shelf of the northwest
African coasts and distinguished, as a consequence of an
increase in summer upwelling, the existence of anti-ecotones
(zones without endemics species and with low biodiversity)
located symmetrically to the equator. In addition, the result-
ing drop in temperature at the bottom as a consequence of
this phenomena makes it possible to find species that belong
to more temperate zones than expected according to the
temperature observed in that period. As pointed out by Le
Loeuff and von Cosel (1998), the factor that determines the
degree of affinity between the tropical and temperate regions
is it would not be the geographic distance but the presence of
seasonal upwelling in the colder waters. In our work, tropi-
cal species are distributed south of 17°N on the coasts of
Senegal and Guinea-Bissau. The presence of the mouth of
the Senegal River (around 16°N), the only permanent river
on the Mauritanian coast, could be one of the environmental
keys to species distribution and the delimitation of biogeo-
graphical frontiers. The strong decrease in salinity during
the rainy season could prevent the migration of stenohaline
species, contributing to the separation of the temperate and
tropical biota (Domanevsky 1980; Le Loeuff and von Cosel
1998).

The study by Arkhipkin and Laptikhovsky (2006) was
conducted precisely in the highly productive zone of the
CCLME, which extends along the South of the Sahara and
the Banc d’Arguin, and highlights the association of cepha-
lopod species with boreal and tropical affinities with specific
water masses. These authors noted that the boreal nektonic
squids, such as Loligo vulgaris Lamarck, 1798, T. sagit-
tatus or Alloteuthis subulata (Lamarck, 1798), are linked
to the cold waters of the Sahara and Canary currents or to
coastal upwelling areas, respectively. On the other hand,
the widely distributed temperate—tropical cephalopods 1.
coindetii and T. eblanae seem to avoid the cold upwelling
areas, and occupy the water masses of tropical origin. This
selective preference for certain water masses leads to a clear
bathymetric stratification of the cephalopods recorded, not
only for this highly productive zone (Arkhipkin and Lap-
tikhovsky 2006), but also for Mauritania and the CCLME
zone in general (Rocha and Cheikh 2015; Rocha et al. 2017).
Most of the cephalopods that Arkhipkin and Laptikhovsky
(2006) associate with cold or tropical water masses (as L.
vulgaris and T. sagittatus, or 1. coindetii and T. eblanae),
have a wide distribution, as evidenced by their presence in
the three zoogeographical regions that we have characterized

in the region. Although some cephalopod species are linked
to cold or tropical water masses, what seems to characterize
the Cape Blanc upwelling ecoregion at the faunistic level
is its higher diversity and abundance of oceanic—pelagic
cephalopods. The appearance of these “accidental” species
in waters where they would not be expected, could be due to
punctual incursions of foreign water masses, to particularly
strong global ENSO phenomena (El Nifio-Southern Oscilla-
tion, Indeje et al. 2000; Omondi and Lin 2023) or to climate
change. In an area of fisheries interest such as the northwest
Atlantic coast of Africa, a detailed zoogeographical clas-
sification of this group is essential, not only to expand the
knowledge of basic scientific information, but also to assess
the priorities for fisheries exploitation and conservation
planning in a climate change scenario (Spalding et al. 2007;
Whittaker et al. 2005).

Conclusions

We propose a new zoogeographical regionalization for the
benthic and pelagic cephalopod fauna in the Northwest Afri-
can waters. Our proposal integrates the analysis of current
data and considers existing biogeographical approaches. Our
approach has the novelty to merge the result of different
analyses to strengthen and provide more robustness to our
proposal for a new zoogeographic area linked to the complex
phenomena of the upwelling for the cephalopod fauna.

For all cephalopods, we have identified two main bound-
aries that separates three different faunistic regions (60%
similarity). These boundaries are located at the northern
Cape Blanc in south of Saharan waters (22°-21°N) and
southern Mauritania (16°-17°N). These boundaries match
the previously known main biogeographical limit for world-
wide cephalopods (Nesis 1982, 2003) and fish fauna (Doma-
nevsky 1980) in the CCLME region. This would form a
particular zoogeographical unit characterized by a higher
diversity and dominance of oceanic cephalopods: The Cape
Blanc Upwelling Ecoregion. This suggested new ecoregion
is characterized by the permanence of a stronger and intense
upwelling through all the year (Aristegui et al. 2009; Pelegri
and Pefia-Izquierdo 2015; Pelegri et al. 2017) and influenced
by high deposition rates of Sahara Desert particles trans-
ported by the winds. The Cape Blanc Upwelling Ecoregion
coincides with the most productive zone of the CCLME that
spreads over the Western Saharan and Mauritanian coasts,
maintaining a high biodiversity and important populations
of commercial species as the cephalopods (Aristegui et al.
2009; Ramos et al 2017).
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