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ABSTRACT

Atlantic bluefin tuna (ABFT) has always displayed
spectacular changes in its spatial distribution, but the
underlying mechanism of such variations still remains
obscure. This study focuses on this challenging issue
by scrutinizing the intriguing ‘Brazilian episode’ during
which a large quantity of ABFT (a temperate species)
was caught during the 1960s in the equatorial Atlan-
tic. To investigate this event, we applied a niche
model to an extensive data set of catch and environ-
mental variables from 1960 to 2009. ABFT exhibited
a remarkably large ecological niche, which matches
well with our current knowledge of ABFT. Our results
also depicted a high probability of ABFT occurrence
in the South Atlantic and, more interestingly, favor-
able environmental conditions in the western equato-
rial Atlantic during the 1960s, but not later. ABFT
could thus have migrated from their northern spawn-
ing grounds to the South Atlantic during the 1960s
through the western equatorial Atlantic, playing the
role of an ‘ecological bridge’. We argue that the rarity
of ABFT in the southern Atlantic during the last four
decades would result from the interaction of several
processes, particularly oceanographic conditions,
migratory behavior, density-dependence, exploitation
levels and population structure. Examination of the
catch data further indicated that the fish caught in the
equatorial Atlantic were from the western stock and

we concluded that the lack of rebuilding of this stock
could result from a regime shift due to the combina-
tion of oceanographic changes in the equatorial
Atlantic and overfishing in the North Atlantic in the
1960s and 1970s.
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INTRODUCTION

Mediterranean fishermen have exploited Atlantic
bluefin tuna (ABFT, Thunnus thynnus) since antiquity
and used hundreds of fishing sites to profit from the
seasonal migration along the coast toward their spawn-
ing sites (Ravier and Fromentin, 2001). These fisheries
supplied a significant amount of the protein require-
ment to the human populations in Western Europe
until the rise of cod and herring fisheries, and
remained important in Mediterranean countries until
the mid-20th century (Doumenge, 1998). For the last
two decades, ABFT has become an emblematic species
of the world fisheries crisis (e.g., Worm et al., 2009)
due to severe overfishing, high market value, recurrent
illegal fishing, and deficient governance at both the
international and national levels (Fromentin and
Ravier, 2005; WWF, 2008). This worrying situation
distracts us from the long-lasting fascination that this
species has had on philosophers and scientists because
of its remarkable biological traits and intriguing migra-
tory behavior (e.g., Aristotle, IV B.C.; Sarmiento,
1757; Heldt, 1926; Sella, 1929).

Throughout its 1000-yr-old exploitation, ABFT
catch has never been stable and has exhibited conspic-
uous long-term fluctuations resulting from environ-
mentally driven changes in ABFT migration patterns
(Ravier and Fromentin, 2004). During the 20th cen-
tury, large Nordic and Japanese fisheries rapidly arose
in unexpected fishing areas, i.e., the North and Norwe-
gian Seas and the equatorial Atlantic, but then disap-
peared suddenly after a few years or decades (Mather
et al., 1995). A recent empirical study has related the
enigmatic Nordic episode to changes in ABFT
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migration routes that may have been induced by the
synergy of a rapid cooling of the North Atlantic in the
early 1960s with a decline in prey availability and local
overfishing (Fromentin, 2009).

This brief historical perspective emphasizes fre-
quent major changes in ABFT spatial distribution.
This feature is rather uncommon among the other
large pelagic fish (ICCAT, 2012) and appears to be
environmentally driven, but the underlying ecological
processes remain obscure. Our study focuses on this
challenging and intriguing issue by scrutinizing one of
the most striking changes in ABFT spatial distribu-
tion, the so-called ‘Brazilian episode’, during which
Japanese fishing boats caught large quantities of ABFT
(a temperate species) in the equatorial Atlantic where
they were targeting tropical tunas (mostly yellowfin
and bigeye tuna, see ICCAT, 2012). The ‘Brazilian
episode’ occurred just after the collapse of the ABFT
Nordic fisheries but was much briefer. No clear link
has been established between these two events; how-
ever, there could be similar underlying processes –
modifications in oceanographic features of the Atlan-
tic that may have affected ABFT migration routes
and/or habitat.

To investigate the underlying processes of the ‘Bra-
zilian episode’, we applied an ecological niche model
to characterize the abiotic niche of ABFT. Then, we
compared the temporal variations in the probabilities
of ABFT occurrence obtained from the niche model
with the changes in the distributions of ABFT catch.
As ABFT vertical behavior appears to be associated
with the thermocline (Walli et al., 2009), we also
studied long-term changes in the intensity and depth
of the thermocline in the Atlantic and then investi-
gated any potential relationship with changes in
ABFT spatial distribution. We finally discussed our
results and ABFT spatial and population dynamics in a
broader context, paying special attention to migratory
behavior, density-dependence, exploitation levels and
population structure.

MATERIAL ANDMETHODS

Data

The fit of an ecological niche model requires the most
exhaustive data set on ABFT occurrence from a spatial
and temporal viewpoint. Therefore, we included all
catch from the long line (LL) and purse seine (PS)
fleets targeting this species. The LL fisheries displayed
a wider spatial coverage of ABFT catch in the offshore
regions of the Atlantic and adjacent seas. The PS fish-
eries were more concentrated in the coastal and conti-
nental shelf regions (ICCAT, 2012). Note that the

‘Brazilian episode’ (i.e., ABFT catch in the equatorial
Atlantic) was due to a single fleet: the Japanese long-
liners (JpLL), which was the only commercial fleet
operating at a large scale at that time. ABFT catch
and effort were spread over most of the Atlantic, from
122.5°W to 35.5°E and from 63°N to 42.5°S, with a
spatial resolution of 5° 9 5° for LL (N = 6113 obser-
vations) and 1° 9 1° for PS (N = 4496 observations)
at a monthly resolution from 1960 to 2009. All ABFT
catch and fishing effort were provided by the Interna-
tional Commission for the Conservation of Atlantic
Tunas (ICCAT, http://www.iccat.int/).

The ‘Brazilian episode’ was characterized by
remarkably high catch of ABFT around the Equator by
the JpLL fleet during the 1960s (Mather et al., 1995;
Fromentin and Powers, 2005). To define this episode
more precisely, we summed all the catches of the JpLL
fleet occurring solely in the tropical belt (i.e., between
20°S and 20°N). The resulting time series showed that
the onset of this event occurred in 1960–1961 (catches
~340 t) and the highest catch of ABFT (from 1200 to
8300 t) occurred in the following 4 yr (i.e., from 1962
to 1965). The ‘Brazilian episode’ ended in 1966–1967
(catch ~ 110 t). Since 1968, the JpLL catch of ABFT
in this area has always been <16 t (and most often
<1 t, Fig. S1). Note that the Japanese fishery arose in
1956 in the Atlantic and that ABFT catch remained
low during the late 1950s in the tropical belt (i.e., 0 t
in 1956, about 30 t in 1957 and 1958, and increasing
up to 200 t in 1959, Fig. S1). The ‘Brazilian episode’
thus lasted 8 yr (from 1960 to 1967) and peaked over
4 yr (from 1962 to 1965).

Following Reygondeau et al. (2012), we selected
three comprehensive environmental factors: (i) sea
surface temperature (SST), (ii) bathymetry (i.e., depth
of the sea floor) and (iii) sea surface salinity (SSS), to
compute the ABFT ecological niche. Temperature is
an essential factor affecting ABFT spatial distribution
because of its influence on several key biological pro-
cesses, such as reproduction, larval survival, growth
(Brill et al., 2001; Teo et al., 2007), and small-scale
(Royer et al., 2004) as well as large-scale (Druon et al.,
2011) behaviour. ABFT is a pelagic species that is
mostly distributed in areas >200 m, but it can also be
found on the continental shelf during reproduction or
feeding (Lutcavage et al., 2000; Block et al., 2001).
ABFT primarily reside in surface waters but both juve-
niles and adults frequently dive to depths of 500–
1000 m (Block et al., 2001). Salinity affects most fish
species through the process of osmoregulation (Bœuf
and Payan, 2001) and may further influence the large-
scale spatial distribution of tuna species (Reygondeau
et al., 2012).
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Monthly mean SST was extracted from the Inter-
national Comprehensive Data Set (ICOADS) at a
spatial resolution of 1° for the period 1960–2009
(http://icoads.noaa.gov/). In all areas with no informa-
tion, the extended Reconstructed Sea Surface Tem-
perature (ERSST) was used, which is computed using
the ICOADS and the Advanced Very High Resolu-
tion Radiometer data sets (AVHRR, Smith et al.,
2008). Bathymetry was downloaded from the GEneral
Bathymetric Chart of the Oceans (GEBCO) on a
1° 9 1° grid (Smith and Sandwell, 1997). As no
exhaustive and validated time series of SSS was avail-
able, the climatology of monthly SSS was downloaded
from the World Ocean Database 2009 (WOA09) at a
1° 9 1° grid (Antonov et al., 2010). In doing so, we
took into account changes in the spatial variability of
SSS, but not interannual variability. All environmen-
tal data were extracted from 132.5°W to 45.5°E and
75°N to 55°S. We could not integrate the ocean color
(i.e., chlorophyll a concentration estimated from
remote sensing data) into the ABFT ecological niche
due to the lack of data during the 1960s (and 1970s), a
period which was central to this study. Furthermore,
we could not use a climatology of ocean color (as we
did for SSS) because of highly variable seasonal, inter-
annual and decadal patterns (Martinez et al., 2009).

Water column stability directly influences the
abundance, the species richness and the movement of
marine species in the epipelagic waters. Studies have
shown that intensity and/or depth of the thermocline
could regulate the blooming period of plankton species
(Reygondeau and Beaugrand, 2011) and also affect the
vertical distribution of marine top predators (e.g.,
Pelletier et al., 2012). In this study, 1 731 000 profiles
of temperature have been gathered from World Ocean
Database website (http://www.nodc.noaa.gov/OC5/
SELECT/dbsearch/dbsearch.html), covering the
Atlantic basin from 55°S to 70.5°N and 132.5°W to
45.5°E during the 1960–2009 period. The intensity
and depth of the thermocline was calculated using a
procedure that identifies the depth and the intensity of
the maximal gradient of each temperature profile
(Reygondeau and Beaugrand, 2011). The monthly,
yearly and decadal patterns were then inferred, using
the NOAA procedure (Antonov et al., 2010). As for
the ocean color, we could not integrate the intensity
and/or depth of the thermocline into the ABFT eco-
logical niche as there were too many missing values
during the 1960s and 1970s. Therefore, we only con-
sidered the average conditions for each month, year
and geographical cells on a 2° 9 2° grid for the 1960–
2009 period and performed a simple correlation analy-
sis with the other variables of interest.

Statistical analyses

Catch >0.2 t was considered to represent a presence of
ABFT (N = 8822). The threshold of 0.2 t was empiri-
cally chosen to circumvent any potential misidentifi-
cation of the species (especially with the southern
bluefin tuna, Thunnus maccoyii). For each geographical
cell (pixel) that included an ABFT catch >0.2 t, the
corresponding values of SST, bathymetry and SSS of
the given month and year were retrieved, so that we
finally obtained a reference matrix of N = 8822 obser-
vations and P = 3 variables. The ABFT envi-
ronmental niche was then characterized using a
non-parametric probabilistic procedure called the
non-parametric probabilistic environmental niche
model (NPPEN, Beaugrand et al., 2011).

The NPPEN model is based on the concept of the
ecological niche of Hutchinson (Hutchinson, 1957).
It can be summarized as a test that calculates the dis-
similarity of a given sample set (here, any geographical
cell) to a known set (here, all the geographical cells in
which ABFT catch has been observed). The method
uses a generalized distance of Mahalanobis (1936),
which, instead of a classical Euclidian distance, offers
a double advantage: (i) it enables the correlation
between variables to be taken into account and (ii) it
is independent of the scales of the descriptors. The
probability of each grid point belonging to the refer-
ence matrix is then calculated using a simplified ver-
sion of the multiple response permutation procedure
(MRPP) (Mielke et al., 1981). This probability is the
number of times the simulated distance was found
greater than or equal to the observed average distance.
If the probability is close to 1, the environmental con-
ditions of the tested point are at the center of the eco-
logical niche. A probability close to zero indicates that
the environmental conditions of the point are outside
of the ecological niche. In this study, NPPEN gives
the probability of ABFT occurrence as a function of
the three selected variables, which defines the ecologi-
cal niche of the species. The probabilities of ABFT
occurrence were estimated from the whole data set,
including all the catch and abiotic data from 1960 to
2009.

ABFT niche is thus solely computed in three
dimensions: SST, SSS and bathymetry. The environ-
mental envelope calculated by the model (Fig. S2)
does not vary in time (month and year) or space (lon-
gitude and latitude), as it represents the fundamental
niche of the species. Nonetheless, NPPEN enables the
probability of ABFT occurrence to be mapped accord-
ing to the corresponding environmental conditions in
each geographical cell of the studied area at a given
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time. Indeed, the ecological niche of ABFT calculated
by NPPEN is an environmental envelope that relates
the probability of ABFT occurrence to the values of
the environmental variables. Therefore, the vector of
SST, SSS and bathymetry in a given geographical cell
can be translated directly into a given probability of
ABFT occurrence in that cell, giving a map of ABFT
occurrence. This mapping can be done over a given
period of time simply by averaging the environmental
conditions in each geographical cell over the months/
years of that period. In the present study, we consid-
ered the whole period (1960–2009), the ‘Brazilian epi-
sode’ (1960–1967, see above), and each decade
between 1960 and 2009. To do so, the time series of
monthly SST were averaged in each geographical cell
for each period of interest on a grid of 1° 9 1°. The
annual climatology of SSS in each geographical cell
was calculated by averaging the monthly climatology
of SSS and was applied to each period of interest.
Bathymetry in each geographical cell was assumed to
be constant during the whole period studied.

RESULTS

The ABFT abiotic niche (calculated from 1960 to
2009) is unusually large for a bony fish, as ABFT can
sustain a range of temperature from 0°C to 30°C, salin-
ity from 31 to 39& and bathymetry from 0 to 6000 m
(Fig. S2). Mapping ABFT occurrence over the whole
period (1960–2009) shows high probabilities of occur-
rence in the North Atlantic and adjacent seas, espe-
cially offshore northwestern Africa and southwestern
Europe, the central North Atlantic, the northeastern
American coast, the western Mediterranean Sea, and
the Gulf of Mexico (Fig. 1a). This result confirms
numerous past studies based on catch information, but
more interesting is the occurrence of high probabilities
in the South Atlantic at around 30°S and along the
southwestern African coast.

To investigate the ABFT ecological niche during
the ‘Brazilian episode’ (i.e., from 1960 to 1967), we
computed the map of the probability anomalies, calcu-
lated as the map of ABFT occurrence during 1960–
1967 minus the median probabilities calculated in
each pixel from 1960 to 2009. During the ‘Brazilian
episode’, the ABFT ecological niche was rather similar
to that calculated from 1960 to 2009, except in the
western equatorial Atlantic (and, secondarily, along
the U.S. Atlantic coasts), which displayed much
higher probabilities (Fig. 1b). The 1960s were the only
decade over the last 50 yr that exhibited a relatively
high probability of ABFT occurrence around the Equa-
tor (Fig. S3). Since the 1970s, the equatorial Atlantic

has been characterized by a band of low probabilities,
which have tended to widen with time and have
reached the lowest levels of probability during the last
decade (2000–2009). Also of interest are the higher
probabilities of ABFT occurrence above 45°N during
this last decade (Fig. 1c).

We then superimposed the ABFT JpLL catch on
the map of the probability anomalies of ABFT occur-
rence from 1960 to 2009 (summed over all the longi-
tudes between 20°E and 90°W, Fig. 2a). There has
been a remarkable change in the spatial distribution of
JpLL catch through time, with a clear shift from the

(a)

(b)

(c)

Figure 1. Maps of the probabilities of Atlantic Bluefin tuna
(ABFT) occurrence deduced from the NPPEN niche model
(see Material and Methods): (a) for the entire period (1960–
2009); (b) map of the anomalies of the probabilities of ABFT
occurrence during the ‘Brazilian episode’ (computed as the
map of ABFT occurrence during 1960–1967 minus the
median probabilities calculated in each pixel from 1960 to
2009); and (c) same as (b) for the period 2000–2009.
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equatorial Atlantic during the 1960s to the central
North Atlantic (at around 30°–40°N) during the
1970s to 1980s and to finally the northern North
Atlantic (at around 50°–60°N) since the mid-1990s.
These changes in the spatial distribution of JpLL catch
provided a good match with the probabilities of ABFT
occurrence (Fig. 2a). Note that the absence of JpLL
ABFT catch in the equatorial Atlantic during the last
four decades was not due to a spatial shift of the JpLL
fisheries. On the contrary, these fisheries have
increased their effort in the tropical belt since 1970,
where they continued to target and catch tropical tuna
(Fig. 2b). Furthermore, whereas the JpLL effort spread
over the whole equatorial Atlantic during the 1960s
(i.e., from 20°E to 90°W, see Supporting Information
Fig. S4), ABFT catch mostly occurred in the western
part during the ‘Brazilian episode’, where the probabil-
ities of the ABFT ecological niche were much higher
(Fig. 1b).

The strongest anomalies were detected in the equa-
torial Atlantic during the 1960s and in the northern
North Atlantic since the mid-1990s, indicating a
northern shift of the probability of ABFT occurrence
over the last five decades (Fig. 2a). However, the
northern location of JpLL ABFT catch was also due to

the northern expansion of the JpLL fisheries since the
mid-1990s (Fig. 2b).

Changes in the spatial distribution of JpLL catch
have thus clearly coincided with the changes in the
probabilities of ABFT occurrence. To investigate the
statistical significance of this potential relationship,
we computed the correlation between JpLL ABFT
catch in the equatorial Atlantic (log-transformed to
stabilize the variance) and the anomaly of the proba-
bility of the ABFT ecological niche. The Spearman
correlation coefficient is positive and significant, even
after the adjustment of the degrees of freedom to
account for autocorrelation [rs (Spearman correlation
coefficient) = 0.67 and P < 0.05; Fig. 3a,b]. This
result indicates a log-linear relationship between both
variables and tends to confirm that the ‘Brazilian epi-
sode’ could be related to spatio-temporal variations in
the ABFT ecological niche. There is also a statistically
significant match (P < 0.05) between the anomalies of
the depth and intensity of the thermocline and the
JpLL catch in the equatorial Atlantic (Fig. 3c,d). Note
that the Spearman correlations between the four time
series of Fig. 3 are all significant at the 5% level, but
those between the anomalies of probability of ABFT
occurrence and the anomalies of the intensity or depth

(a)

(b)

Figure 2. Maps of the probabilities of ABFT occurrence with fisheries information cumulated over all longitudes: (a) annual
anomalies of the probabilities of ABFT occurrence (computed as the annual ABFT occurrence minus the median probabilities
calculated in each pixel from 1960 to 2009) together with the catch of the Japanese longline fishing fleet (black circles) per year
and per latitude; (b) effort of the Japanese longline fishing fleet per year and per latitude.
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of thermocline are lower than this between the two
thermocline variables (i.e., rs = 0.38, –0.39 and –0.68,
respectively) .

DISCUSSION

The application of an NPPEN model to a spatially and
temporally extensive data set of ABFT catch allowed
us to uncover the remarkably large ecological niche of
this species. ABFT can sustain a wide range of SSS
(restricted to marine waters), depths (from coastal to
offshore oceanic regions) and SST (from tropical to
subpolar seas). This high tolerance of ABFT to SST is
probably related to its endothermic abilities to main-
tain muscle, eye, brain and visceral temperatures at
relatively constant temperatures. This property is com-
mon to tuna species and some sharks and is highly
developed in ABFT (Graham and Dickson, 2001).
Nonetheless, the ABFT niche remains partly incom-
plete due to: (i) the lack of availability of other key
environmental variables for the 1960s and 1970s, espe-
cially chlorophyll, (ii) the absence of spatio-temporal
data of ABFT forage species over the Atlantic, and
(iii) the limited number of ABFT observations in
coastal areas (such as the Gulf of St Lawrence), whose
specific environmental characteristics cannot there-
fore be retrieved by the model. Furthermore, some reg-
ulations, such as the prohibition by ICCAT of a
directed fishery on ABFT in the Gulf of Mexico since
the early 1980s or the late development of industrial
fisheries in the eastern Mediterranean, led to underes-
timations of the probabilities of ABFT occurrence in
those areas.

Despite those limitations, the mapping of the
ABFT ecological niche matches well with our current
knowledge of ABFT spatial distribution and oceanic
habitat utilization that have been deduced from fisher-
ies information (Mather et al., 1995; Fromentin and
Powers, 2005) and intensive electronic tagging pro-
grams (Walli et al., 2009). The areas of highest proba-
bilities of the ABFT ecological niche were offshore
the northwestern African and southwestern European
coasts, along the Northeast American coast and over
the central North Atlantic, western Mediterranean
Sea and Gulf of Mexico. The map of probability of
ABFT occurrence thus reflects the map of the distribu-
tion of ABFT, but these two maps can differ in some
respects. For instance, the model can predict a rather
high probability of occurrence in an area where ABFT
has not been observed or caught, simply because the
environmental conditions in that given area are in
general favorable to ABFT.

All these areas are in the North Atlantic, which
explains why ABFT has long been seen as a North
Atlantic species. The present study also displays a high
probability of ABFT occurrence in central South
Atlantic at around 30°S and along the southwestern

Figure 3. Plots of the time series (1960–2009, N = 50) of:
(a) cumulated ABFT catch (log-transformed) from the Japa-
nese longline fishing fleet between 20°S and 20°N in the
Atlantic; (b) anomalies of the probabilities of ABFT habitat
[rs is the Spearman correlation coefficient between time ser-
ies (a) and (b), and p is the associated probability computed
after the adjustment of the degrees of freedom to account for
autocorrelation]; (c) anomalies of the depth of the thermo-
cline in the equatorial Atlantic [rs is the Spearman correla-
tion coefficient between time series (a) and (c)]; and (d)
anomalies of the intensity of the thermocline in the equato-
rial Atlantic [rs is the Spearman correlation coefficient
between time series (a) and (d)]. The vertical light gray box
corresponds to the whole period of the ‘Brazilian episode’,
while the vertical dark gray box corresponds to the core of
the ‘Brazilian episode’.
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African coast. This result is in agreement with a few
old records mentioning ABFT catch in the South
Atlantic (ICCAT, 2012). Nonetheless, the occurrence
of ABFT in the South Atlantic has always been rare,
except during the ‘Brazilian episode’. Furthermore, no
ABFT spawning sites have ever been documented in
the southern hemisphere, which might explain the rar-
ity of the species below the Equator. The central South
Atlantic might thus reflect the probability of occur-
rence of other close tuna species, such as the southern
bluefin tuna or albacore tuna (Thunnus alalunga),
which could display similar ecological niches. This
hypothesis, however, does not explain why ABFT
appeared in the equatorial and southern Atlantic dur-
ing the 1960s, but more rarely since then. Worm and
Tittensor (2011) proposed that the disappearance of
ABFT from the southern hemisphere (and so, the
ABFT spatial range contraction) was due to exploita-
tion, but the authors did not investigate the potential
underlying mechanisms. We argue below that this
range contraction would result not only from exploita-
tion but also from the interaction of several factors or
processes, particularly oceanographic conditions,
migratory behavior, density-dependence, exploitation
levels and population structure.

Our study shows favorable environmental condi-
tions for ABFT in the equatorial Atlantic at the time of
the ‘Brazilian episode’, but not later. ABFT could have
thus migrated from their northern spawning grounds to
the South Atlantic during the 1960s through the wes-
tern equatorial Atlantic, which played the role of an
‘ecological bridge’, i.e., a large-scale oceanographic
structure between the central North and the central
South Atlantic. However, this bridge appears to have
broken down in the late 1960s, which could make
ABFT migration to the South Atlantic more difficult.
This hypothesis is illustrated by the superimposition of
seasonal JpLL ABFT catch on the map of probability of
ABFT occurrence during the 1960s (Fig. S5). This may
depict a migration from the equatorial Atlantic to the
western spawning ground of the Gulf of Mexico during
the first semester and to a reverse north–south migra-
tion during the second part of the year. Consequently,
the southeastern Atlantic feeding grounds (offshore
South Africa, Namibia and Angola) may well have
been shared by both ABFT and southern bluefin tuna
during the 1960s (and possibly before).

The seasonal pattern of JpLL ABFT catch during the
1960s also indicates a connection between the equato-
rial Atlantic and the Gulf of Mexico spawning ground,
but not with the Mediterranean spawning ground
(although JpLL also operated in the Northeast Atlantic
during that period, Figs S4 and S5). As ABFT presents

high rates of natal homing (Rooker et al., 2008), JpLL
would have solely exploited the ABFT western stock
while fishing in the equatorial Atlantic during the
1960s. If so, there would have been little or no connec-
tion between the ‘Brazilian episode’ and the collapse
the ABFT Nordic fisheries in the early 1960s, which
mostly operated on the East Atlantic and Mediterra-
nean stock (Fromentin, 2009). The lack of biological
archives of fish caught in the equatorial Atlantic during
the 1960s precludes us from retrieving the natal origin
of those fish and thus to draw any firm conclusion con-
cerning this specific issue. Nonetheless, our analysis
presents original and important findings about the
ABFT spatial distribution and dynamics, especially the
temporary pathway in the western equatorial Atlantic
and the occurrence of favorable habitat in the eastern
and western South Atlantic (on both sides of the tropi-
cal gyre). These new elements have been summarized in
an updatedmap of ABFT spatial distribution (Fig. 4).

Because ABFT displays a large ecological niche, it
has potentially more abiotic opportunities (i.e., a lar-
ger ecological window) than other large pelagic fish.
This may explain why the ABFT spatial distribution
appears generally more variable than those of other
pelagic fish (Fromentin and Fonteneau, 2001). It is
also likely that the ABFT spatial distribution may
expand northward (beyond 60°N) in the near future
(as it did from the 1930s to the 1950s, MacKenzie and
Myers, 2007) due to the effects of global warming. Our
study and evidence from new fisheries grounds in the
most northern regions (e.g., the Gulf of St Lawrence)
since the 2000s indicate that this northward expansion
probably began during the last decade. But the ques-
tion remains as to how ABFT are able to find these
new regions. The simplest explanation is random
search. Interestingly, our study exhibits a statistically
significant match between the anomalies of the depth
and intensity of the thermocline and the JpLL catch in
the equatorial Atlantic. We thus hypothesize that
thermocline may play a key role in ABFT migratory
behavior. This oceanographic feature may act as an
‘ecological corridor’ (i.e., a meso-scale oceanographic
structure) allowing ABFT to efficiently explore its
environment and find new regions. This hypothesis is
coherent with two other recent findings, which
showed that: (i) ABFT vertical behavior was closely
associated to the thermocline, possibly for feeding
(Walli et al., 2009) and (ii) the foraging activity and
efficiency of another marine predator (the little pen-
guin, Eudyptula minor) was related to the detection of
the thermocline, which could represent temporary
indicators of enhanced food availability (Pelletier
et al., 2012).
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As with many other pelagic fish species, ABFT
exhibit complex life-cycle patterns, adopting different
migratory behavior at different times due to environ-
mental cues. This is not surprising, as changes in envi-
ronmental conditions have been already proposed to
explain changes in ABFT spatial distribution or migra-
tion (e.g., Ravier and Fromentin, 2004; Sibert et al.,
2006; Teo et al., 2007). Nonetheless, density-depen-
dent processes could also play a role and interact with
environmental conditions to modify ABFT migratory
behavior. Huse et al. (2002) showed that changes in
wintering areas and migration patterns of the Norwe-
gian spring herring were related to the numerical dom-
inance of strong year classes, each one establishing
new wintering grounds and new migratory pathways.
In other words and according to the contingent
hypothesis (Secor, 1999), the sudden appearance of
large cohorts can induce substantial changes in the
spatial distribution of pelagic fish. ABFT western stock
could have thus produced large cohorts during the
1940s and 1950s, which explored new feeding grounds
and migrated to the South Atlantic because of favor-
able environmental conditions in the equatorial
Atlantic. Note that the historical Nordic fisheries were
mostly supported by large cohorts from the 1940s and
early 1950s in the eastern ABFT stock (Fromentin,
2009). These new geographical spots could have subse-
quently been transmitted from year to year through
spatial learning and entrainment of younger fish

(Petitgas et al., 2010). The ‘Brazilian episode’ may
have ended because of the closure of the ‘equatorial
bridge’.

Finally, the strong decline in ABFT western stock
abundance during the 1970s (ICCAT, 2011) may have
resulted from the loss of these highly migratory contin-
gents due to local/regional overfishing in the 1960s
and early 1970s. Indeed, from the late 1960s to the
mid-1970s, JpLL catch in the whole western Atlantic
remained low (i.e., about 700 t per year as opposed to
4000 t per year in 1960–1967) and the ABFT catch in
the western Atlantic was, at that time, mostly taken
by U.S. purse seiners targeting smaller fish (<30 kg),
i.e., different year classes. Thus, the highly migratory
ABFT contingents may have been either fished out or
outside of the JpLL spatial range. The second hypothe-
sis is, however, very unlikely because (i) the JpLL spa-
tial range remained similar in the late 1960s and early
1970s (and even slightly expanded) and (ii) JpLL oper-
ated in the western ABFT spawning ground during the
spawning season at that time. Although the onset of
the JpLL was in the 1960s, this fleet could have fished
out these large cohorts in a few years: the total JpLL
catch in the equatorial Atlantic and in the whole wes-
tern Atlantic was, in 1960–1967, about 19 000 and
32 500 t, respectively, i.e., about 130 000 and
220 000 individuals.

From a meta-population perspective (as hypothe-
sized for ABFT, see Fromentin and Powers, 2005), the

Figure 4. Spatial distribution of Atlantic bluefin tuna and main migration routes deduced from past literature and present
work.
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loss of those highly migratory contingents not only
could have resulted in a simple removal but could have
also affected ABFT population connectivity and pro-
ductivity (Kerr et al., 2010). The lack of recovery of
the western stock, after three decades of low quota, has
often been seen as a consequence of overfishing in the
Mediterranean, which may have severely decreased
the number of ABFT that make trans-Atlantic migra-
tions (ICCAT, 2011). We propose that this lack of
stock recovery may also originate from the vanishing
of these western migratory contingents. Such a disap-
pearance could result from a loss of phenotypic diver-
sity due to overfishing and/or the absence of the
‘equatorial bridge’ that could have closed the ABFT
pathway to the South Atlantic since the 1970s. Thus,
the ABFT western stock could be less productive cur-
rently than it was during the 1950s and 1960s. In other
words, the ABFT western stock could have experi-
enced a regime shift due to the combination of ocean-
ographic changes in the equatorial Atlantic and
overfishing in the North Atlantic in the 1960s to
1970s.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Cumulated catch (raw data) of the Japa-
nese longline fishing fleet in the equatorial Atlantic
from 1956 to 2009.

Figure S2. Probability of ABFT occurrence (the
realized ABFT niche) as a function of the three
selected variables: (a) sea surface temperature and
bathymetry, (b) salinity and bathymetry and (c) sea
surface temperature and salinity.

Figure S3. Decadal maps of the probabilities of
ABFT occurrence during: (a) the ‘Brazilian episode’,
(b) the 1970s, (c) the 1980s, (d) the 1990s and (f) the
2000s.

Figure S4. Maps of the probabilities of ABFT
occurrence with fisheries information cumulated over
all latitudes: (a) annual anomalies of the probabilities
of ABFT occurrence (computed as the annual ABFT
occurrence minus the median probabilities calculated
for each pixel from 1960 to 2009) together with the
cumulated catch of the Japanese longline fishing fleet
(black circles) per year and per longitude; (b) cumu-
lated effort of the Japanese longline fishing fleet per
year and per longitude.

Figure S5. Seasonal maps of the probabilities of
occurrence together with the corresponding cumulated
catch of the Japanese longline fishing fleet (black cir-
cles) for 1960 to 1967 (left panel) and 1970 to 2009
(right panel).
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