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Abstract The distribution of the common octopus
(Octopus vulgaris) in the Mediterranean and Eastern
Atlantic waters is evaluated using two presence-only
analyses: The maximum entropy model (Maxent) and
the ecological niche factor analysis (ENFA). Maxent
predicts those geographical areas that satisfy the
environmental or abiotic requirements of a species
while ENFA explores the niche and habitat prefer-
ences of O. vulgaris. The analyses were implemented
recovering the spatial information from 213 octopus
presence data collected from surveys and biblio-
graphical records. Together, these analyses provided
reasonable estimates of the species distribution and
the octopus habitat. Among the gathered set of
explanatory environmental variables, sea bottom
temperature, sea bottom salinity, surface dissolved
oxygen and sea surface chlorophyll-a appear as the
main variables involved in O. vulgaris distribution.
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Introduction

The comprehension of the geographical distribution
of a species is one of the most important aspects for
the study of its populations, ecology and manage-
ment. In marine species, the relationships between
species distribution and environmental factors are
essential to comprehend many aspects of their
ecology towards effective conservation and manage-
ment and assessment of possible impacts from
anthropogenic activities (MacLeod et al., 2008;
Valavanis et al., 2008). However, in many cases,
the distribution limits of a species are difficult to
define due to inherent difficulties in detecting marine
species. As indicated by Tsoar et al. (2007) for most
regions and taxa, detailed data on species distribution
are usually not available and collecting such data is
costly and labour intensive (Prendergast et al., 1999;
Bowker, 2000; Ottaviani et al., 2004).

One solution to this lack of distributional data is
the use of mathematical approaches to investigate the
relationships between environmental variables and
species occurrence modelling the species distribution
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and habitat. These relationships can be used to predict
the areas where species most likely occur (e.g. Elith
et al.,, 2006; Basille et al., 2008; MacLeod et al.,
2008; Ready et al., 2010). However, many potential
techniques require both accurate presence and
absence data that not always can be available,
particularly for marine species that are difficult to
detect due to their mobility and habitat preferences or
inadequate sampling procedures. In this sense, the
alternative presence-only approaches are of special
interest for modelling marine species distributions
(Tsoar et al., 2007; MacLeod et al., 2008) and the use
of such models to study marine species with poorly
known or limited presence records facilitates the
generation of distributional maps that can be used as
a tool for studying in danger or protected species
where sampling is limited (Hirzel et al., 2002a;
Ready et al., 2010).

One of these approaches is the maximum entropy
model (Maxent), developed by Phillips et al. (2006)
to assess species geographic distributions in relation
to environmental variables with limited presence-
only data. Maxent takes as input a set of commonly
georeferenced gridded layers or environmental vari-
ables as well as a set of species occurrence locations
and produces a model of the species distribution
(Phillips et al., 2004, 2006; Phillips & Dudik, 2008).
Maxent has been used to study the distribution of
terrestrial (Elith et al., 2006; Phillips et al., 2006;
Basille et al., 2008; Veloz, 2009) and marine
(Lefkaditou et al., 2008; Ready et al., 2010) species.

Another approach to evaluate the relationship with
environmental variables using presence-only data is
the ecological niche factor analysis (ENFA), devel-
oped by Hirzel et al. (2002b), based in Hutchinson’s
niche concept (Hutchinson, 1957). Specifically,
Basille et al. (2008) have conceived and implemented
ENFA in R (R Development Core Team, 2010) as an
exploratory tool to identify the variables regulating
the niche of the species and to distinguish between
the available conditions and the habitat selected by
the species.

One marine species with unresolved distribution
and habitat preferences in European waters is the
common octopus, Octopus vulgaris Cuvier, 1797,
despite the fact it is the most important harvested
octopus species from the Atlantic and the Mediter-
ranean waters reaching global catches of more than
37,000 tonnes in 2007 (Josupeit, 2000; FAO, 2009).

@ Springer

A great amount of knowledge is available on several
aspects of its biology and ecology (e.g. Mangold,
1983; Guerra, 1992; Domain et al., 2000; Hernandez-
Lopez et al, 2001; Otero et al., 2008, 2009;
Hermosilla et al., 2010), although, some aspects like
its geographical distribution are still poorly known.
Furthermore, its populations show notable yearly
fluctuations on abundance and catch due to the high
paralarval and settlement mortality (Otero et al.,
2008, 2009) as well as species’ rapid response
to environmental variation (Sobrino et al., 2002;
Gonzalez et al., 2005). Production fluctuations can be
detected even in nearby ports in the same season, a
fact that has been reported by Murphy et al. (2002) in
Northern and Southern Sahara Bank and Mauritania.

In the past, the presence of O. vulgaris has been
recorded in several regions of the world suggesting
that this was a cosmopolitan species (Mangold, 1983;
Roper et al., 1984; Warnke et al., 2004). However,
this statement has been questioned by other authors
(Mangold, 1998; Mangold & Hochberg, 1991) that
suggest O. vulgaris is one member of a species
complex (Norman, 2000) and its distribution is only
limited to east Atlantic and Mediterranean waters
(Guerra, 1992; Mangold, 1998). Remarkably, recent
evidences support the previous assertions suggesting
O. vulgaris distribution is probably cosmopolitan and
extending to Mediterranean Sea, Eastern Atlantic
Ocean (from South England to Southwest African
waters), Azores, Canary, Cape Verde, St. Helena,
Tristan da Cunha Islands, southern Brazil, Isla
Margarita (Venezuela), southeastern coast of South
Africa, Japanese and Taiwanese waters in the Pacific
and Saint Paul and Amsterdam Islands in the Indian
Ocean (Warnke et al., 2004; Pardo-Gandarillas et al.,
2009; Guerra et al., 2010). In any case, the most
probable situation of O. vulgaris could be that its
distribution is wider than the Mediterranean and
Eastern Atlantic and that it overlaps the distributions
of other similar species forming a species complex.

In this study, we used two complementary pres-
ence-only analyses, Maxent and ENFA, to model the
spatial distribution of O. vulgaris in the Mediterra-
nean and Eastern Atlantic waters and to reveal its
habitat preferences, respectively. Since these two
analyses approach species distribution modelling in a
different manner, it is interesting to determine which
environmental variables are more relevant in each
analysis for the octopus.
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Materials and methods
Octopus data sets

Two data sets were used in this study, following the
indications of Fielding & Bell (1997) and Veloz
(2009). The first data set was used to develop both
models and hence, was called the training data. It
consists of 213 O. vulgaris records (Fig. 1) from
different sources, including sampling data collected
from 2006 to 2008 as well as bibliographical records
(Table 1). An independent (non-correlated) data set
was used to test and validate the Maxent and ENFA
models. This data set was kindly provided by I.
Sobrino, P. Pascual and L. Gil de Sola from Instituto
Espafiol de Oceanografia and consists of a set of
O. vulgaris presence data obtained during several
research surveys in the Gulf of Cadiz (survey years
from 1993 to 2009), Morocco coast (survey years
from 1989 to 1990), Mauritania coast (survey
years from 2006 to 2007) and Mediterranean Sea
(Alboran Sea and Vera Gulf, from MEDITS survey,
2005-2008). These data sets were too large and
redundant. Thus, for each data set only 57 presence
records were selected avoiding repetitions and bias.
When more presence records were available in a data
set, only 57 of them were randomly selected using R.
In consequence, a total test sample size of 171 octopus
presence records was used to test models. The
independent test sample size is smaller than the
training data set used to develop the models (n = 213)

because the test sample represents a smaller area than
that represented by the training data set.

Environmental variables

A total of 17 environmental or abiotic variables were
assembled and utilized in this study, selected because
they were directly or indirectly related to octopus
biology and ecology. Whereas it is true that more
variables are related to its biology, habitat prefer-
ences and distribution, there are not public datasets
available for all variables that we would like to
include. In other cases, when the data set exist, it does
not cover the complete area included in the study.

From the 17 environment variables, only five of
them were used in the final model development:
dissolved oxygen (DO0O and DO200 in ml O/1, at O
and 200 m depth, respectively), sea bottom salinity
(SBS %o), sea bottom temperature (SBT in °C) and
chlorophyll-o (CHLA in mg/m®). All the variables
were assembled as climatological (long-term) aver-
ages, except from CHLA, which was assembled as
annual average for 2006 (most of sampling data were
collected during that year). Long-term averages were
used because this is the first attempt to create a
picture of the distribution of the species in a wide
area utilizing the wide extent of satellite data (the use
of time-stamps according to samples dates would not
allow to produce a wide-area map).

The other variables examined (estuary area, eupho-
tic depth, mean primary production, precipitation, sea

Fig. 1 Map showing the
location of O. vulgaris
presence data utilized in this
study. Black dots represent
presence data used in
Maxent and ENFA models.
Grey crosses represent test
data used in Maxent model
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Table 1 List of survey data and bibliographical records used in this study

Source

Area sampled

This study

Belcari et al. (2002)

Borges-Seixas et al. (2002)
Byrne et al. (2002)
Cabranes et al. (2008)

Catalan et al. (2006)

Cerezo-Valverde & Garcia-
Garcia (2005)

Chapela et al. (2006)

Costa et al. (2004)

Ezzeddine & El-Abed (2004)
Faraj & Bez (2007)
Hernandez-Lopez et al. (2001)

Katsanevakis & Verriopoulos
(2004b)

Katsanevakis & Verriopoulos
(2006b)

Lefkaditou et al. (2003)
Madan & Wells (1996)
Maltagliati et al. (2002)

A total of 12 sampling localities in: Spain (Vigo, Vilanova i la Geltri, Malaga, Cadiz, Bilbao);
Southern Portugal; Italy (Bari, Sicily, Naples); Greece (Lesbos and Crete), and; Mauritania
(Atlantic)

Mediterranean region: Alboran Sea; Alicante region; Catalonian Sea; Morocco; Gulf of Lion;
Corsican Sea; Ligurian Sea; Sardinian Sea; Tyrrhenian Sea; Sicilian Channel; Adriatic Sea; Ionian
Sea; Argosaronikos region; Aegean Sea

Portuguese Atlantic Coast: Viana do Castelo and Cascais
Mediterranean coast of France (Corse: Stareso, Calvi) and Italy (Bay of Naples)

Spanish Atlantic Coast (Asturias, Galicia and Portugal); Atlantic (Canary Island); Mediterranean
(Murcia)

Spanish Atlantic coast: Gulf of Cadiz

Spanish Mediterranean coast: coast of Murcia

Spanish Atlantic coast: Vigo

Portuguese Atlantic coast: Peniche (NW) and Olhdo (South)
Mediterranean region: Tunisia (Gulf of Gabes)

Atlantic Coast of Africa: Southern Morroco (26°N to 21°N)
Atlantic waters: Canary Islands (Spain)

Mediterranean region: Aegean Sea

Mediterranean region: Aegean Sea

Mediterranean region: Ionian Sea
Mediterranean region: Coast of France

Mediterranean region: Spain (Vilanova i la Gertra); Italy (Western Sardinia, Gulf of Olbia, Leghorn
and Porto Santo Stefano in Tuscany, Gulf of Naples, Porto Palo in Sicily), Greece (Crete north of

Heraklion)
Miliou et al. (2005)
Quetglas et al. (1998)
Rodriguez-Rua et al. (2005)

Salman et al. (2002)
Mediterranean

Mediterranean region: Saronicos Gulf (Aegean Sea)
Mediterranean region: Palma de Mallorca (Spain)
Spanish Atlantic coast: Huelva and Bay of Cadiz

Mediterranean region: Turkish coastal waters: Sea of Marmara, Aegean sea and eastern

surface salinity, sea surface temperature, sediment
type, tidal range, wind speed, wind direction) were
discarded from analysis due to low contribution to
model development (data not shown). In addition,
bathymetry and shelf area were also evaluated
preliminary (data not shown) but since O. vulgaris is
a species known to live in the continental shelf, i.e. in
shallow waters, these variables were not included in
the analysis, in order to reveal less obvious factors that
affect octopus distribution and habitat preferences.
Furthermore, it is known that bathymetry and shelf
area are correlated with other variables selected in the
final analysis, such as DO, which generally declines
with depth, SBT and SBS (the deeper, the colder and
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saltier), therefore, since it is not recommended to
incorporate highly correlated variables into Maxent
we did not include them into the analysis.

Data were obtained from NASA’s OceanColor
website (CHLA, oceancolor.gsfc.nasa.gov), Aquam-
aps (SBS, SBT, Kaschner et al., 2008, http://www.
aquamaps.org/) and World Ocean Atlas 2005 (DOO
and DO200, Garcia et al., 2006, http://www.nodc.
noaa.gov/OC5/WOAO05/pr_woa05.html). All data
were converted to ESRI’s ArcGIS grids and resam-
pled under a common spatial resolution (0.05° or
5 km approximately) covering the Mediterranean and
Eastern Atlantic (17°-48°N, 19°W-42°E using
SAGA-GIS software (Conrad, 2006).


http://www.aquamaps.org/
http://www.aquamaps.org/
http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html
http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html
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Maxent model

Maxent analysis was carried out using Maxent
software (V. 3.3.2) and downloaded from the ‘Maxent
software for species habitat modelling’” web page
(www.cs.princeton.edu/ ~ schapire/maxent). As pre-
viously mentioned, 171 independent data points were
used to test the reliability of the model using a bino-
mial test of omission to evaluate the statistical sig-
nificance of the prediction.

The importance of each environmental variable in
the model was evaluated by means of a heuristic
estimation during training of the model and by means
of a jackknife test. The latter test was executed
initially running the model by excluding one variable
in each run, then running the model with only one
variable and finally, including all variables in the
model. Next, the performance of the different models
was evaluated. Response curves were created for
each environmental variable showing the effect of
every environmental variable on the logistic predic-
tion, i.e. the marginal effect of changing one variable
in the model, by keeping the remaining variables at
their average value. The model was evaluated with
the threshold-independent receiver operating charac-
teristic (ROC) approach, by calculating the area
under the ROC curve (AUC) as the measure of the
prediction success. The ROC curve is obtained by
plotting all true positive values (sensitivity fraction)
against their equivalent false positive values
(1-specificity fraction, Phillips et al., 2006). Analysis
was performed 10 times to generate 95% confidence
intervals.

ENFA model

The ENFA analysis compares the total area combi-
nations of habitat variables available to the species
with the combinations of habitat variables at the
locations where the species is found by means of the
terms marginality and specialization. Marginality is a
measure of the separation between this optimal
habitat combinations (those of the actual presence
sites) and the average available environmental con-
ditions within the study area; specialization contrasts
the global distribution variance with the species
habitat variance, i.e. it measures how restricted is the
species niche in comparison with available habitat

combinations (Hirzel et al., 2002a; Basille et al.,
2008).

ENFA is implemented in the Adehabitat package
(Calenge, 2006) of R software (R Development Core
Team, 2010). The analysis performs a principal-
component analysis-like analysis, calculating factors
that have biological meaning. The first factor explains
marginality (m) and the remaining ones explain the
specialization (s). Larger values of marginality indi-
cate that the species is not equally distributed in the
environment and that the habitats utilized strongly
differ from the average conditions in the study area
(Hirzel et al., 2002a; Basille et al., 2008). Alterna-
tively, small values of specialization represent less
restricted niches on some particular environmental
variable (Basille et al., 2008) and high values of
specialization means the species do not tolerate
variation in that dimension.

Adehabitat package also provides global margin-
ality (M) and global tolerance (T) of the species to the
habitat evaluated: the greater the marginality, the
more the niche deviates from the available condi-
tions; the smaller the tolerance, the more restricted is
the niche, i.e. more specialized is the species. These
global estimations, however, must be used cautiously
as they only apply to the specific area covered in a
specific study and assumes that the environmental
variables do not change over time (Hirzel et al.,
2002a; Basille, per. comm.).

Marginality, the specialization axes and tolerance
were evaluated with Monte-Carlo tests to assess their
significance after 999 replicates (Basille et al., 2008,
2009; Calenge & Basille, 2008). As in Maxent, the
analysis was also evaluated with ROC approach. In
order to perform this validation, ENFA was applied
to a set of 200 random absence points created with
Dismo package (Hijmans et al., 2010) of R software,
avoiding land areas and areas nearby to presence
points to minimize ‘false’ absences in these points.
Then, the predicted suitability of both training and
test data was contrasted with the ENFA results
performed with the absence points by means of
ROCR package (Sing et al., 2009) of R software.

Results

According to the heuristic estimations of Maxent, the
variables that mostly contribute to the model are
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Table 2 Relative contributions of the environmental variables to the Maxent and ENFA models

Variable MAXENT ENFA
Percent contribution Marginality Specialization 1 Specialization 2
CHLA 6.1 —0.078 0.231 —0.177
DO0 14.7 0.124 —0.575 —0.615
DO200 35 0.656 0.763 —0.491
SBS 12.7 1.452 —0.129 —0.319
SBT 63.0 1.700 —0.132 0.498

SBT, DOO and SBS (63.0, 14.7 and 12.7% of
contribution to the model, respectively, Table 2).
The jackknife test shows that the variables that
produce the greater gain in the model when consid-
ered in isolation are SBT, SBS and CHLA (longest
dark grey bars in Fig. 2), which therefore appear to be
more relevant for the octopus distribution; those that
mostly decrease the gain of the model when they are
omitted is DOO, CHLA and SBT (shortest light grey
bars in Fig. 2), which consequently appear to have
the most information that is not present in the other
variables.

Maxent model indicates that predicted suitability
of O. vulgaris increases in zones where SBT, DOO,
SBS and CHLA range is 15-30°C, 5.0-7.5 ml/l,
30—-45%o and 0-50 mg/m°, respectively (Fig. 3). The
area under the curve (AUC) for the training data was
0.958 and for test data was 0.946 (Fig. 4A), which
means that the model prediction is higher than chance
(AUC = 0.5). Furthermore, the binomial test of
omission was less than 0.0001 indicating the model
estimations were significantly better than random
predictions. The map generated by Maxent shows the
areas with the best predicted conditions for octopus

occurrence (Fig. 5) and it is congruent with the
known distribution of O. vulgaris. In addition, several
areas with higher probability of presence are coinci-
dent with the current fisheries areas for the species
(e.g. Sahara bank, Iberian Peninsula, Italy and
Greece).

Global marginality estimated by ENFA was 5.45
(P = 0.001), which indicates that the area used by
octopus strongly differs from the average conditions
in the Mediterranean Sea and Atlantic Ocean (niche
centroid shown in Fig. 6) and that it requires a specific
niche of habitat. In terms of variable importance, the
analysis indicates that SBT and SBS are the main
variables that contribute to marginality (Table 2,
longest arrow projections on marginality axis in
Fig. 6). SBT and SBS have large and positive values,
meaning that octopus prefers areas where these
variables have an average greater than those of the
environment (see Fig. 7).

Two specialization axes were kept in the analysis
because they accounted for the main part of special-
ization (data not shown). They correspond to an
eigenvalue of 12.7 (P = 0.005) and 9.1 (P = 0.001),
meaning that the variance of the available

Fig. 2 Results of the

[ without variable

jackknife test of variable
importance in the Maxent

model. In dark grey, model SBT
gain using only that
variable; light grey, effect SBS

of removing that variable
from the model. Bars
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B  with only variable]
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environment is 12.7 and 9.1 times larger than the
variance of the ecological niche in each of those
dimensions. Hence, the niche appears rather restricted
in those dimensions.

Indeed, the biplot of ENFA (Fig. 6) showed that
the niche is quite restricted, since low values of
tolerance indicate constrained niches (Dolédec et al.,
2000; global tolerance is 1.15, P = 0.001). At this
point, it is worth mentioning that it is not recom-
mended to compare marginalities, specializations and
tolerance from different studies, i.e., a tolerance value
from a model built with three variables cannot be
compared to a tolerance value of a model built with
10 variables (Basille, per. comm.).

DO0200 and DOO are the variables with higher
specialization coefficients, thus they are the most
critical in terms of habitat selection (longest arrow
projection on specialization axis in Figs. 6 and 7,
Basille et al., 2008). The AUC for the training data
was 0.784 and for test data was 0.659 (Fig. 4B),
meaning that the model prediction is also better than
randomness (AUC = 0.5), although comparatively,
the ability of ENFA to predict suitability areas is
inferior to that of Maxent model.

Discussion

This study represents the first attempt to understand O.
vulgaris habitat preferences and distribution in the
Mediterranean and Eastern Atlantic waters using novel
techniques such as Maxent modelling and ENFA
analysis, which integrate multiple environmental vari-
ables with presence-only data. To date, studies have
been focused in local abundance and/or fisheries of O.
vulgaris in relation to some environmental variables
like SST, CHLA, Season, Rainfall or Depth and the
North Atlantic Oscillation (NAO) (Hernandez-Lopez,
2000; Balguerias et al., 2002; Gonzalez & Sanchez,
2002; Sobrino et al.,, 2002; Katsanevakis &
Verriopoulos, 2004a; Vargas-Yafez et al., 2009;
Caballero-Alfonso et al.,, 2010). Similar studies
showed positive relationships between paralarval
abundance and SST and upwelling (Katsanevakis &
Verriopoulos, 2006a; Moreno et al., 2009; Otero et al.,
2009). This study integrates octopus presence data
from a wide distribution range with an extensive
number of environmental variables.

Nevertheless, it would be relevant for future
studies, to extend the number of training and test
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Fig. 4 Receiver operating characteristic (ROC) curve for
O. vulgaris data using Maxent model (A) and ENFA (B).
Dashed lines represent 95% CI

records, avoiding biases due to region misrepresen-
tation. For instance, it is urgent to include more
records from eastern and southern Mediterranean,
which is clearly less studied. An effort must be made
in this sense to carry out more surveys and to publish
the results in peer review journals.

In terms of analysis comparison, Maxent model is
more robust than ENFA as a predictive tool: both
training and test AUC plots confirmed its high
performance (Fig. 4A), though test AUC had a lower
value because test data did not include the entire area
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that was incorporated in the training data. In contrast,
ENFA had a lower fitness because the absence model
was built using random points that covered most of
the total available habitat, thus the model could not
perform adequately.

Both analyses agreed that SBS and SBT are
relevant variables to octopus spatial distribution and
habitat preferences (Figs. 2, 6), although they showed
a small discrepancy in terms of the remaining
variables. For instance, to Maxent, CHLA is a
decisive variable (Fig. 2) whereas to ENFA, i.e. to
habitat preferences, it does not seem to be a relevant
variable (low marginality and specialization value;
Fig. 6). This is a reflection of the differences of both
analyses. Whereas Maxent deals with spatial distri-
bution, ENFA focuses in habitat preferences. There-
fore, to Maxent model, CHLA, a measure of primary
production, is essential to spatial distribution of the
species, because high levels of CHLA are in direct
relationship with high productivity areas and food
availability, key element to cephalopod abundance,
especially for octopus (Rocha et al., 1999; Gonzélez
et al., 2005; Otero et al., 2009). In the other hand,
CHLA is not influential to its habitat preferences,
which make sense because a benthic species should
not select its (benthonic) habitat according to CHLA
values.

Previous studies have shown the importance of
SST in octopus habitat preferences, distribution and
ecology; however, results have shown both positive
correlations (Demarcq & Faure, 2000; Balguerias
et al., 2002; Sobrino et al., 2002; Vargas-Yafez et al.,
2009; Caballero-Alfonso et al., 2010) and negative
relationships (Gonzalez & Sanchez, 2002) to abun-
dance and catch. However, results of this study do not
show a major effect of SST in O. vulgaris distribu-
tion; in fact, SST was discarded during preliminary
evaluation due to its low contribution to the analyses.
Instead, our study places SBT as an important factor
in octopus spatial distribution and habitat prefer-
ences, in accordance to octopus nature. Most likely,
the relevance of SST in regulating adult O. vulgaris
spatial distribution could have been overestimated,
due to its availability as marine environmental
variable or due to the limited use of SBT in their
analysis.

In this sense, SST can affect mainly octopus
paralarvae abundance (Moreno et al., 2009) in their
pelagic zooplanktonic habitat where their survival



Hydrobiologia (2011) 670:35-47

43

Fig. 5 Distribution 16W 12 8 4

20 24 28 32 36 40 44E

representation for

} - 0.96 \ S z
O. vulgaris using Maxent S os = g
model. Darker colours
show areas with better o q
predicted conditions. 1
represents more suitable % %2
prediction and O represents
not suitable prediction for T p-3
octopus
= =l
o Lar]
N -l
(o] (o]
- 5 o~
=1 I Eal
= " £
= i . . . . . . . ; : . ; — 1 F3
16W 12 8 4 4 8 12 16 20 24 28 32 36 40 44E
d=2 for the spatial distribution and habitat preferences of
Xax = mar o .
L O. vulgaris juveniles and adults, the bottom temper-
yax=sp D0200 : : «
ature must be considered an important factor instead
of sea surface temperature.
In the other hand, SBS, it is not surprising an essential
variable to O. vulgaris. This cephalopod is known as a
CHLA species that cannot tolerate low values of salinity
(Vaz-Pires et al., 2004); indeed, low salinity phenomena
SBS SBT can be highly stressful or even fatal to this species
(Chapela et al., 2006). Therefore, bottom salinity can
explain the absence of O. vulgaris in low salinity waters,
like estuarine environments and Black Sea.
DOO0O and DO200 were more relevant to ENFA
than to Maxent (Figs. 2, 6), because they contributed
DOO the most to the specialization axis, meaning that they
do not tolerate drastic changes in DOO and DO200.
This coincides with basic physiological requirements

Fig. 6 Octopus vulgaris niche display in the study area. Axes
represent marginality (x-axis) and specialization (y-axis). Light
grey area represents total available area and dark grey
represents used area (niche). White dot represents the niche
centroid (centroid of the available area is located at the origin
of the coordinates 0,0). Arrows represent the projections of the
environmental variables on the marginality and specialization
axes

depends on sea surface temperature and productivity
(Rocha et al., 1999; Gonzalez et al., 2005). However,
when octopus juveniles leave zooplanktonic habitat
to live as adult benthonic species (Guerra, 1992;
Belcari et al., 2002; Gonzalez & Sanchez, 2002), the
importance of SST could be limited. In consequence,

of this species (Vaz-Pires et al., 2004). Besides, DO0O
levels estimated by Maxent model (Fig. 3), agreed
with results from Cerezo-Valverde & Garcia-Garcia
(2005), who report that ventilatory frequency is
altered below mean oxygen levels of 4.5 4+ 0.95 mg
0y/1 (~3.1 £0.66 ml O,/1; mean temperature
20.5°C); above that value, ventilatory frequency is
optimal. In addition, mean critical oxygen saturation
reported at 2.3 £+ 0.57 mg O,//1 (~1.6 & 0.40 ml
0,/1; mean temperature 20.5°C) (Cerezo-Valverde &
Garcia-Garcia, 2005). Consequently and according to
results in the present work, octopus is searching for
areas with optimal oxygen levels.

Because cephalopods can be easily affected by
environmental changes (Lefkaditou et al., 2008;
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Fig. 7 Representation of the niche—environment system in the study area. Black lines represent the used units (the niche) and grey

lines represent the available resource units (the environment)

Pierce et al.,, 2008; Tian, 2009), it could be
meaningful to carry out the presented analysis on
annual basis in order to evaluate variations in octopus
spatial distribution and changes in habitat preferences
due to environmental fluctuations caused by climate
change and global warming. Furthermore, it could be
interesting to include other variables in the models,
such as the NAO index and sea currents data to
further understand the distribution of O. vulgaris.

Finally, Maxent, as a tool to assess how environ-
mental variables are related to the Octopus vulgaris
spatial distribution in the Mediterranean and Eastern
Atlantic can be used to generate valid distribution
models for this species, given its geographical
distribution is poorly known (Elith et al., 2006;
Kaschner et al.,, 2006; FAO, 2010; Ready et al.,
2010). In this study, we have tested part of the known
distribution of the species in the Mediterranean and
Eastern Atlantic producing a robust model, based on
environmental variables, capable of predicting its
distribution.

In the future, this model can be applied in a wider
geographical area to locate other habitable areas for

@ Springer

O. vulgaris, generating a distributional pattern at
global scale. It can also be used to complement the
current distribution map provided by FAO (FAO,
2010), adding information about more or less suitable
areas for the species and helping to elucidate the
possible O. vulgaris presence in regions where the
actual identity of the species is uncertain and where
no genetic and taxonomic studies are possible.

Conclusion

Together, Maxent model and ENFA identified habitat
preferences and spatial distribution patterns of Octo-
pus vulgaris. Main environmental variables related to
them are congruent with known species life history
and previous studies. To Maxent, sea bottom tem-
perature, sea bottom salinity and chlorophyll-o: are
the most relevant variables to its spatial distribution;
whereas to ENFA, sea bottom temperature, sea
bottom salinity, dissolved oxygen level (at 0 and
200 m) are the key variables in terms of habitat
preferences. Maxent can successfully predict octopus
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spatial distribution with the capability to evaluate
which variables are more important to its distribution.
This could be very useful to understanding the
distributional patterns and ecology of the species.
Finally, if these models are generated annually, it
could be possible to evaluate variations in octopus
distribution due to changes caused by climate change
and global warming.
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