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a b s t r a c t

An ecological niche modelling (ENM) approach was used to predict the potential feeding and spawning
habitats of small (5–25 kg, only feeding) and large (>25 kg) Atlantic bluefin tuna (ABFT), Thunnus thynnus,
in the Mediterranean Sea, the North Atlantic and the Gulf of Mexico. The ENM was built bridging knowl-
edge on ecological traits of ABFT (e.g. temperature tolerance, mobility, feeding and spawning strategy)
with patterns of selected environmental variables (chlorophyll-a fronts and concentration, sea surface
current and temperature, sea surface height anomaly) that were identified using an extensive set of pre-
cisely geo-located presence data. The results highlight a wider temperature tolerance for larger fish
allowing them to feed in the northern – high chlorophyll levels – latitudes up to the Norwegian Sea in
the eastern Atlantic and to the Gulf of Saint Lawrence in the western basin. Permanent suitable feeding
habitat for small ABFT was predicted to be mostly located in temperate latitudes in the North Atlantic and
in the Mediterranean Sea, as well as in subtropical waters off north-west Africa, while summer potential
habitat in the Gulf of Mexico was found to be unsuitable for both small and large ABFTs. Potential spawn-
ing grounds were found to occur in the Gulf of Mexico from March–April in the south-east to April–May
in the north, while favourable conditions evolve in the Mediterranean Sea frommid-May in the eastern to
mid-July in the western basin. Other secondary potential spawning grounds not supported by observa-
tions were predicted in the Azores area and off Morocco to Senegal during July and August when extrap-
olating the model settings from the Gulf of Mexico into the North Atlantic. The presence of large ABFT off
Florida and the Bahamas in spring was not explained by the model as is, however the environmental vari-
ables other than the sea surface height anomaly appeared to be favourable for spawning in part of this
area. Defining key spatial and temporal habitats should further help in building spatially-explicit stock
assessment models, thus improving the spatial management of bluefin tuna fisheries.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Atlantic bluefin tuna, Thunnus thynnus (Linnaeus, 1785), is a
highly migratory species able to tolerate wide ranges of environ-
mental conditions (Arrizabalaga et al., 2015) in tropical and tem-
perate waters of the Atlantic Ocean and Mediterranean Sea. The
earliest scientific reference on that species comes from Aristotle
in his treatise History of Animals, written in 350 B.C., describing
the migratory and reproductive habits of tuna in the Aegean and
Black Sea (D’Arcy Wentworth Tompson, 1947). The two main ABFT
populations are known to spawn in the Gulf of Mexico (western
stock) and the Mediterranean Sea (eastern stock) respectively
while the productive waters of the North Atlantic are the main
feeding grounds. Adolescent fish are known to feed on the shelf
of the North West Atlantic, in the North East Atlantic and in the
Mediterranean Sea (e.g. Fromentin and Powers, 2005; Katavić
et al., 2013; Rooker et al., 2008b). The habitat at the scale of the
entire distribution of the species remains relatively unknown
despite being heavily exploited recently. Total ABFT catches
increased dramatically after the mid 80s, from less than 20,000 t
up to more than 53,000 t in the mid 90s. Introduction of annual
quota regulations by the International Commission of the Conser-
vation of Atlantic Tunas (ICCAT) gradually reduced these numbers
below 15,000 t in the mid 2000s (ICCAT, 2014). The recent overex-
ploitation patterns of fish stocks led managers to more frequently
require information on the distribution of marine resources,
enabling them to identify the areas of most suitable habitat
(European Commission, 2008; Rubec et al., 1999). Understanding
the dynamics and spatial distribution of species is crucial for man-
agement, as spatial variability governs the definition of manage-
ment units, stocks and boundaries (Fromentin and Powers, 2005).
Herein we provide an approach for accomplishing such a task by
delivering an indirect identification of the Atlantic bluefin tuna
habitats based on the association between environmental traits
and presence data. The relatively recent introduction of remote
sensing and access to relevant data from the scientific community
allowed for incorporating environmental data into distribution and
abundance analyses. This has confirmed that bluefin tuna distribu-
tion is significantly affected by spatial and temporal variations of
environmental conditions (see e.g. Fromentin et al., 2014). During
their seasonal migrations, ABFTs seem to track changes in water
temperature and currents, while they appear to preferably feed
along frontal features (Druon et al., 2011; Royer et al., 2004;
Schick et al., 2004). An attempt to associate presence data with
several plausible factors affecting bluefin tuna distribution and
abundance was recently undertaken by Druon et al. (2011) provid-
ing potential feeding and spawning habitats in the Mediterranean
Sea.

In this paper, we link the ecological traits of small and large
ABFTs to environmental variables (Ecological Niche Model
approach, hereafter ENM) and investigate the respective feeding
and spawning requirements. We used a large dataset of presence
data and the literature for deriving the appropriate environmen-
tal envelope at the scale of the species distribution range (Gulf
of Mexico, Mediterranean Sea and North Atlantic [defined as
from 8.5�N to 74.0�N and from 82�W to 20�E outside of the
other two areas]) and by size class (5–25 kg and above 25 kg,
hereafter separating the small and large fish). The overlay of
electronic tagging experiments and the potential habitats helped
validate the model results and provide insights on the migration
patterns important for understanding stocks dynamics. The sea-
sonal and decadal habitat variability and spatial extent were dis-
cussed with respect to their potential impact on east and west
ABFT stocks dynamics, as well as the utility on assessment and
management.

2. Materials and methods

2.1. Description of the ecological niche modelling

The methodological approach used in our ENM is essentially
composed of four main steps (Fig. 1), namely: (1) identify the main
behaviours and ecological traits of ABFT based on literature; (2) col-
lect and process the ABFT presence data and environmental covari-
ates by geographical area; (3) derive a cluster analysis to identify a
suite of relevant thresholds of environmental variables related to
the ABFT ecology that describe the feeding and spawning habitat
characteristics and finally (4) develop a habitat model to classify
on a daily basis the degree to which each portion of the study area
(model grid cell) is either suitable or unsuitable for each habitat
(environmental envelope). All variables were projected on the finest
horizontal grid of the satellite ocean colour data which was used
(NASA MODIS-Aqua sensor), i.e. at the resolution of 1/24�.

2.2. Step 1 – specifying the ABFT habitats

This first step of ENM consists of identifying the relevant eco-
logical traits of ABFT that link behaviours to its environment. We
conducted a literature review and assembled an important and
widely distributed dataset of ABFT presence data across the geo-
graphical areas (see Section 2.3). Royer et al. (2004) and Druon
et al. (2011) already found that feeding ABFT is preferably located
in the vicinity of chlorophyll-a frontal features so that the horizon-
tal gradient of chlorophyll-a (hereafter gradCHL) is used as a proxy
for food availability. A specific range of chlorophyll-a concentration
(CHL) is also associated with that proxy. ABFT is one of the rare fish
species to be thermo-regulated at about 20 �C (e.g. Carey et al.,
1971; Carey and Lawson, 1973) and is able to occasionally dive
to depths of >1000 m (Block et al., 2001) but spends most of its
time in surface waters (79 ± 8% in the first 50 m from tagging stud-
ies, Walli et al., 2009). Large ABFTs have thus a rather large toler-
ance for temperature although it appears to be an important
constraint for juvenile fish (Galuardi and Lutcavage, 2012). There-
fore a specific range of sea surface temperatures (SST) was intro-
duced to account for the thermal tolerance of both size classes
while they feed. Sea surface height anomaly (hereafter SSHa) was
tested as a variable potentially impacting the distribution of feed-
ing habitat of both size classes. SSHa is mainly influenced by sea-
sonal changes in temperature and currents that create eddies and
gyres, i.e. divergent and convergent areas, potentially responsible
for enhanced primary productivity and tuna prey aggregation
(see examples in Hobday and Hartog (2014)). Arrizabalaga et al.
(2015) and Teo and Block (2010) notably found that the temperate
ABFT grows in colder and more productive environments with neg-
ative SSHa compared to tropical tuna species (with near null or
positive SSHa).

ABFT spawning is known to occur in rather warm and mostly
oligotrophic surface waters during spring. Parts of the Gulf of Mex-
ico and Mediterranean Sea present such characteristics (Fromentin
and Powers, 2005; Rooker et al., 2007). A specific CHL and SST
range, as well as the monthly increase of SST (DSST30), which sim-
ulates the spring stratification build-up, were selected to represent
likely suitable spawning grounds (Druon et al., 2011). Additionally,
a preferred range of SSHa was introduced for its potential role in
food and larvae retention (see e.g. Bakun, 2013) as well as in trans-
port from oligotrophic to mesotrophic areas. Intermediate levels of
Eddy Kinetic Energy (EKE), which is derived from SSHa, were
shown to strongly favour pelagic fish spawning (ABFT – Bakun,
2013; Teo et al., 2007; Teo and Block, 2010; Tuna species –
Reglero et al., 2014; Small pelagic species – Asch and Checkley,
2013).
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