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Atlantic bluefin tuna (BFT) is a highly migratory species that feeds in cold waters in the North Atlantic, but migrates to tropical seas to
spawn. Global climate-model simulations forced by future greenhouse warming project that upper-ocean temperatures in the main
western Atlantic spawning ground, the Gulf of Mexico (GOM), will increase substantially, potentially altering the temporal and spatial
extent of BFT spawning activity. In this study, an ensemble of 20 climate model simulations used in the Intergovernmental Panel for
Climate Change fourth Assessment Report (IPCC-AR4) predicted mean temperature changes within the GOM under scenario A1B
through to 2100. Associations between adult and larval BFT in the GOM and sea temperatures were defined using 20th century obser-
vations, and potential effects of warming on the suitability of the GOM as a spawning ground were quantified. Areas in the GOM with
high probabilities of larval occurrence decreased in late spring by 39–61% by 2050 and 93–96% by the end of the 21st century.
Conversely, early spring may become more suitable for spawning. BFT are therefore likely to be vulnerable to climate change, and
there is potential for significant impacts on spawning and migration behaviours.
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Introduction
Over the past 45 years, mean water temperatures in the upper
300 m of the oceans have increased by 0.38C (Levitus et al.,
2000), and they are expected to continue increasing throughout
the remaining portion of the 21st century (Hansen et al., 2006;
Christensen et al., 2007). A warming climate will result in
regional environmental changes relevant to marine ecosystems,
including changes in precipitation and evaporation rates,
changes in riverine discharge, loss of coastal habitat through
flooding, changing oceanic circulations, and increasing ocean
acidification (Scavia et al., 2002; Roessig et al., 2004). Within
marine ecosystems, fish and fisheries are likely to be affected
through the loss or degradation of nearshore fish habitat,
alteration of larval dispersion pathways, and changes in
species ranges, because of physiological and behavioural
responses to environmental gradients (Scavia et al., 2002;
Perry et al., 2005; Hare et al., 2010). Contractions of species
ranges, in both space and time, are likely to be most pro-
nounced where species already exist near the upper limits of
their physical tolerances (Pörtner and Peck, 2010).

Current climate forecasting models predict that water tempera-
tures in the Gulf of Mexico (GOM) large marine ecosystem will be
significantly affected by climate change (Christensen et al., 2007).
Commercial and recreational fisheries in the GOM may be affected
strongly and adversely by such warming conditions and fisheries
production could decrease substantially (Cheung et al., 2009).

The impacts of climate change are already measurable in inshore
communities in the northern GOM, with shifts in nearshore fish
assemblages (Fodrie et al., 2009) and distributions of species,
such as manatee (Trichechus manatus; Fertl et al., 2005) and bone-
fish (Albula vulpes; Cuevas et al., 2004). However, the impacts of
climate change on offshore regions of the GOM and pelagic
species that utilize this habitat are largely unknown.

Many large migratory fish species with high economic and eco-
logical importance occupy the GOM during some portion of their
life cycles, including the Atlantic bluefin tuna (BFT; Thunnus
thynnus). Although this species is widely distributed, the vast
majority of spawning in the western Atlantic has been recorded
only in the GOM, from mid-April to June (Richards, 1976;
Stokesbury et al., 2004). BFT possess a unique physiology that
allows them to tolerate colder waters than other tuna and has
facilitated their expansion into feeding areas in the North
Atlantic (Lutcavage et al., 2000). Although BFT migrate long dis-
tances to reach the GOM and spawn, they may be adversely
affected by warm (.28–308C) waters (Blank et al., 2004) and
display behavioural patterns to avoid warm features in the
GOM, such as the Loop Current (LC; Teo et al., 2007a). Tagged
BFT have not been recorded in ambient temperatures of .308C
and nearly 30 years of plankton surveys by NOAA Fisheries in
the GOM have not collected BFT larvae at locations where sea
surface temperature (SST) exceeds 298C (Muhling et al., 2010).
Large BFT spawning in the GOM during late spring may therefore
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be approaching the limits of their cardiac capacity (Blank et al.,
2004), as ambient water temperatures approach 308C in late June.

Adult BFT are likely to target moderately warm waters to
spawn. Tagged BFT in the GOM during spring preferentially
inhabit waters between 24 and 278C (Block et al., 2005; Teo
et al., 2007b), and larvae are collected most commonly in waters
of between 23.5 and 288C (Muhling et al., 2010). The lower
limit of spawning activity is likely to be �248C (Schaefer, 2001;
Masuma et al., 2008), and larval BFT development is optimal at
�258C (Miyashita et al., 2000). In the Mediterranean Sea, spawn-
ing condition of adult BFT is well correlated with water tempera-
ture (Medina et al., 2002; Heinisch et al., 2008), and both initiation
and duration of spawning are likely temperature controlled
(Masuma et al., 2006). If commencement of spawning requires a
minimum water temperature and adult BFT cannot tolerate
waters above a maximum temperature limit, a specific temperature
window exists for spawning activity. It is therefore likely that shifts
in water temperatures in the GOM will affect the spatial and/or the
temporal distribution of BFT spawning effort. Changes in spawn-
ing times, spawning areas, and migratory behaviours are possible
(Fromentin and Powers, 2005), with subsequent effects on stock
sizes and fisheries.

Previous work has defined associations between larval BFT
occurrences and environmental variables, especially temperature
(Muhling et al., 2010). This has allowed a basic classification of
BFT spawning habitat within the GOM. Given their physiology,
temperature-driven changes to BFT distributions or behaviours
within the GOM are highly possible under climate change scen-
arios. To predict the likely nature of these changes, this project
aimed to define current associations between BFT and tempera-
ture; then to project temporal and spatial changes in available
spawning habitat over the next 100 years, using projections from
an ensemble of climate models. Larval BFT occurrences were
derived from plankton survey data completed under the
Southeast Area Monitoring and Assessment programme
(SEAMAP; 1982–2006) and adult occurrences from observer
data from longline fishing vessels (1992–2009). We hypothesized
that increasing temperatures in the GOM would increase the
amount of theoretically suitable spawning habitat in early spring
(March and April) and decrease available habitat in late spring
(June).

Methods
Biological data collection
Larval BFT data were available for every year from 1982 to
2006, except 1985 and 2005, from the National Marine
Fisheries Service SEAMAP. Both bongo and neuston net tows
were completed across a grid of stations (the SEAMAP grid)
in the northern GOM in late April and May, with sampling
continuing into June in some years. Cruises were usually
divided into two legs, with the grid of stations completed
once on each leg. Bongo nets were fitted with 333-mm mesh,
on two 61 cm diameter round frames and were towed obliquely
as described in Scott et al. (1993) and Richards et al. (1993),
mostly to 200 m depth. Larval fish concentrations per cubic
metre of seawater sampled were calculated using the General
Oceanics flowmeter fitted to the net. The neuston nets were
fitted with 0.95 mm mesh on a 1 × 2 m frame and were
towed at the surface. Samples from the neuston net and the
right bongo net only were sorted and larvae identified to the

lowest possible taxa at the Polish Plankton Sorting and
Identification Center in Szczecin, Poland. The identifications
of Scombridae larvae were validated at the Southeast Fisheries
Science Center in Miami, FL, and occurrences of larval BFT
were recorded. If .0 BFT larvae were collected at a station in
either bongo or neuston nets or in both, then the station was
considered “positive” for BFT larvae.

Hydrographic data were collected on plankton cruises using a
Seabird SBE 9/11 Plus CTD with an SBE 03 temperature sensor,
SBE digiquartz pressure sensor, SBE 04 conductivity sensor, and
SBE 43 dissolved oxygen sensor. Temperatures from the surface
and 200 m depth were utilized in this study.

Adult BFT were caught on longline gear in the GOM, as
bycatch in fisheries targeting other species. Data from observers
present on fishing vessels were available from 1992 to 2009.
Unfortunately, reliable temperature data were not available con-
current with BFT catches. To roughly define the probability of
catching BFT on a longline gear under GOM-wide temperature
regimes, daily mean SST data were extracted from two sources:
the HYCOM-NCODA GOM 1/258 Resolution Analysis (www.
hycom.org) and two buoys in the western and the central
GOM (Figure 1), for the date of each adult BFT catch.
HYCOM surface temperature data were available from 2003
on and buoy data for 1992 on. The correlation between daily
mean temperatures at the two buoys was high (r2 ¼ 0.86),
suggesting that temperatures in the mid- and western GOM
varied in a consistent manner. Relationships between adult
BFT and extracted temperatures from HYCOM and buoys
were used in combination with published temperature
preferences and limits to adult physiology and behaviour to
predict potential effects of climate change on distributions
and spawning activity.

Definition of relationships between BFT and temperature
Relationships between the occurrences of BFT larvae and adults
with SST and day of the year (within spring to early summer)
were initially investigated using simple preference models (Cock,
1978). The proportion of stations (larvae) or sets (adults) contain-
ing BFT were calculated across a range of temperatures and dates.
This allowed an examination of whether either larvae or adults
were proportionally more likely to be caught at certain tempera-
tures, or around certain dates.

To define statistically associations between larval BFT occur-
rences and water temperature, a classification-tree model was
constructed, using DTREG software (Sherrod, 2003).
Classification-tree modelling splits a dataset into increasingly
small and homogeneous subsets, with each split made using
the variable that provides the greatest improvement in the
homogeneity of the two resulting groups (De’ath and
Fabricius, 2000; Castellon and Sieving, 2006). The classification-
tree approach was suited to our dataset as it is a non-parametric
procedure that can cope with non-linear relationships and inter-
action among predictor variables (Franklin, 1998; De’ath and
Fabricius, 2000; Vayssieres et al., 2000). A misclassification cost
can also be set that is useful for predicting the occurrence of
sparsely distributed organisms, such as larval fish. The tree con-
structed here was a simplification of a previous study (Muhling
et al., 2010) that predicted the occurrence of larval BFT using a
variety of in situ variables, such as temperature, salinity, and
settled plankton volumes. To increase the predictive power of
the initial classification tree, stochastic gradient boosting was
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employed. This technique is an adaptive method that combines
several smaller tree models after the initial classification tree to
improve predictive performance. It is a highly accurate habitat
modelling technique, comparable with methods such as general-
ized additive models (Elith et al., 2008). This analysis aimed to
define habitat conditions that had the highest likelihood of
occurrence of BFT larvae, using only water temperature at the
surface and at 200 m depth.

Water temperature at 200 m depth does not tend to change sea-
sonally; it therefore provides a good indicator of water mass and is
useful for displaying the boundary of the LC and warm eddies
(Wennekens, 1959). Water temperature is also known to initiate
spawning (Schaefer, 2001), and the very warm water found in
the GOM in late spring and summer is close to the physiological
limit of adult BFT (Blank et al., 2004). Associations defined
between temperatures at the surface and at depth and BFT in
the 20th century should therefore retain some reliability for pro-
jections of future scenarios.

Climate models
An ensemble of 20 models was used to predict temperature

changes within the GOM to the end of the 21st century, under

scenario A1B, for the months of March, April, May, and June

(Table 1). Scenario A1B is characterized by a rapid and successful

economic growth, the development of new and efficient technol-

ogies, and a balanced emphasis on the use of fossil and non-fossil

fuel sources, and is the scenario best represented in recent litera-

ture (Nakicenovic and Swart, 2000). Data from each model were

interpolated to a 0.258 resolution to allow comparison with

observed climatology data for the past 30 years of the 20th

century, which were sourced from the Generalized Digital

Environmental Model version 3.0 (GDEM3) temperature and sal-

inity climatology (Carnes, 2009).
Predictions from each climate model were weighted to give the

most accurate models greater input into the final ensemble mean.
To achieve this, the square root of the difference between the

Figure 1. Mean catches of adult BFT per 1000 hooks on longline fishing vessels, 1992 to 2009, per whole latitude and longitude degree (top)
and mean catches of larval BFT per m3 of seawater sampled, 1982–2006 (bottom). Positions of two NOAA buoys used to provide temperature
data and the four zones of the GOM (northwest, northeast, southwest, and southeast) are also illustrated.
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predicted (modelled) and observed (GDEM) temperatures for the
past 30 years of the 20th century and the observed temperatures
from GDEM was calculated for all grid points in the GOM. The
root mean square (RMS) error was then calculated using the
following equation:

RMS(i) =
�������������������������������
1

m

∑m

i=1
(Tmodel(i) − Tobs)2,

√
(1)

where i is the model number and m the grid point. RMS values are
calculated for surface, 100 m, and 200 m temperatures. The weight

for each model is computed based on the following equation:
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e
− RMS0 (i)
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( )2

+ e
− RMS100 (i)

L100

( )2

+ e
− RMS200 (i)

L200

( )2

3

⎛
⎜⎜⎝

⎞
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and (2)

b = N∑n
i=1{(e−(RMS0(i)/L0)2 + e−(RMS100(i)/L100)2 + e−(RMS200(i)/L200)2 )/3}

,

where N is the number of models, and L0, L100, L200 are the toler-
ances to be chosen for the surface, 100 m, and 200 m temperatures.
All tolerances (L0, L100, L200) were set to 1oC, meaning that no
weight was given to models with .1oC of RMS error.

Because many of the models displayed a large bias in their pre-
dictions of temperature before a weighting coefficient was applied,
the projected change in temperature displayed by each model for
each decade was added to the observed GDEM 20th century
data before applying a weighting coefficient. The same weight

Table 1. Suite of 20 climate models used in the prediction of
future temperatures in the GOM.

Climate model Institution Weight

BCCR-BCM 2.0 Bjerknes Centre for Climate Research,
University of Bergen, Norway

0.52

CNRM-CM3 Centre National de Recherches
Météorologiques, Météo France,
France

0.40

GISS-AOM Goddard Institute for Space Studies
(GISS), NASA, USA

0.34

GISS-EH Goddard Institute for Space Studies
(GISS), NASA, USA

0.61

GISS-ER Goddard Institute for Space Studies
(GISS), NASA, USA

1.33

IAP-FGOALS-g
1.0

LASG, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing,
China

1.02

INGV-ECHAM-4 Instituto Nazionale di Geofisica e
Vulcanologia, Italy

2.89

MIROC
3.2(medres)

Center for Climate System Research (The
University of Tokyo), National
Institute for Environmental Studies
and Frontier Research Center for
Global Change (JAMSTEC), Japan

0.63

CGCM3.1 Canadian Centre for Climate Modelling
and Analysis, Canada

0.83

CGCM3.1(T63) Canadian Centre for Climate Modelling
and Analysis, Canada

0.60

CSIRO-Mk 3.0 CSIRO Atmospheric Research, Australia 0.11
CSIRO-Mk 3.5 CSIRO Atmospheric Research, Australia 3.15
GFDL-CM 2.0 US Department of Commerce/NOAA/

Geophysical Fluid Dynamics
Laboratory, USA

0.57

GFDL-CM 2.1 US Department of Commerce/NOAA/
Geophysical Fluid Dynamics
Laboratory, USA

0.74

IPSL-CM4 Institut Pierre Simon Laplace, France 0.30
ECHO-G Meteorological Institute of the University

of Bonn, Germany and Meteorological
Research Institute of KMA, Korea

0.82

ECHAM5/
MPI-OM

Max Planck Institute for Meteorology,
Germany

1.54

MRI-CGCM 2.3.2 Meteorological Research Institute, Japan 2.80
CCSM3 National Center for Atmospheric

Research, USA
0.79

PCM National Center for Atmospheric
Research, USA

0.01

The weight of each model, as determined by its ability to hindcast water
temperature in the GOM for the late 20th century (1971–1999), is also
presented.

Figure 2. Probability of occurrence of adult and larval BFT across a
range of dates (top) and surface water temperatures (bottom) in the
GOM in spring. Temperatures associated with adult catches were
derived from the HYCOM-NCODA GOM 1/258 Resolution Analysis
and from buoys; temperatures associated with larval catches were
derived from CTD casts.
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was given to temperature predictions at the surface, 100 and
200 m.

A weighted mean of temperature at the surface and at 200 m,
across the GOM, was then predicted for each decade of the 21st
century, from 2005 to 2015. These data were then run using the
classification-tree model that was built using observed larval
BFT data from the 20th century. Each grid point in the GOM
(at 0.258 resolution) for each decade was scored with a probability
that larval BFT would be present under projected temperature
conditions and displayed as a surface using kriging. Although
projections were made across the GOM, available biological
data existed only for the northern GOM, within US waters.
Predictions of habitat in the southern GOM should therefore be
considered untested. The potential gain or loss of spawning
habitat was quantified using the changes in probability of larval
BFT occurring at each grid point across the GOM to the end of
the 21st century.

Because few data were available on direct preferences of adult
BFT for waters of specific temperatures, published temperature
limits on BFT spawning behaviour and thermoregulatory abilities
were employed to classify the GOM into favourable and unfavour-
able habitat for spawning. The lower limit for BFT spawning has
been consistently recorded as �248C (Schaefer, 2001), and it
was therefore assumed that although adult BFT would not be
excluded from waters below this temperature, spawning was not
likely. Tagged BFT in the GOM in spring have been demonstrated
to prefer areas with SSTs between 24 and 278C (Teo et al., 2007b)
and waters of �258C have been suggested as most advantageous
for the development of larval Pacific BFT (Miyashita et al.,
2000). Although spawning takes place in slightly cooler waters in
the Mediterranean, Garcia et al. (2005) also found an association
between larval BFT and temperature, with larvae most likely to

be collected where SSTs were between 24 and 258C. A temperature
of 308C was considered the upper physiological limit of adult BFT
(Blank et al., 2004), and neither adult nor larval BFT have been
recorded in waters above this temperature (Block et al., 2005;
Muhling et al., 2010). Waters of between 27 and 308C are likely
to be warmer than preferred by adult BFT. However, their physio-
logical and behavioural responses to moderately warm waters in
this range are unknown.

Results
Relationships between adult and larval BFT
and temperature
Both adult and larval BFT were distributed across the GOM,
although adult abundances were higher in the west (Figure 1).
Adult BFT were more likely to be caught near 278N, whereas
larvae were more widespread in their latitudinal distribution.

Occurrences of both adult and larval BFT were correlated with
day of the year and SST (Figure 2). Adult BFT were abundant in
early spring, became rarer in early June and were absent by the
end of June. In contrast, the proportion of sampled stations con-
taining BFT larvae increased from late April to the end of May,
before catches decreased in June. Both adult and larval BFT were
most likely to be collected where SSTs were between �24 and
288C and were rarely caught when SSTs exceeded 298C. Adult
temperature preference curves derived using the HYCOM model
and buoy data were similar, although preferences in cooler
waters were higher when calculated with extracted HYCOM data.

A simple classification-tree model (Figure 3), with a misclassi-
fication cost of 5:1, placed 88.7% (205 of 231) BFT larvae in theor-
etically suitable habitat, as defined by temperature at the surface
and at 200 m. Larvae were more likely to be collected where

Figure 3. Classification-tree model for predicting the presence or the absence of BFT larvae in the northern GOM, given temperature at the
surface and at 200 m. The number of samples at each node is displayed, as is the probability of occurrence of BFT larvae.

Predicting the effects of climate change on bluefin tuna spawning habitat Page 5 of 12

 by guest on M
arch 18, 2011

icesjm
s.oxfordjournals.org

D
ow

nloaded from
 

http://icesjms.oxfordjournals.org/


temperatures at 200 m were lower than 21.38C and where SSTs
were between 23.4 and 28.58C (Figure 3). Stochastic gradient
boosting improved the accuracy of the model to 96.2%.
Relationships defined between both larval and adult BFT and
water temperatures therefore agreed well with published prefer-
ences from larval surveys and behaviour of tagged adults (Teo
et al., 2007a; Muhling et al., 2010).

Projected changes in the physical environments
of the GOM
The upper ocean of the GOM, along with the Caribbean Sea,
serves as an important contributor to the Atlantic Warm Pool
(AWP), which is a warm body of surface water (.28.58C) in
the tropical North Atlantic. The AWP releases large amounts
of moisture into the overlying atmosphere and hence influences
rainfall over the continental United States and Central America,
as well as Atlantic hurricane activity (Wang et al., 2006; Wang

and Lee, 2007). The upper ocean of the GOM undergoes
warming during the BFT spawning months of April to June
and cooling in other months. During winter, the GOM upper
ocean experiences intense cooling at the surface, because of fre-
quent mid-latitude frontal passages and an associated increase in
latent cooling. Therefore, the shortwave radiation and the latent
heat flux are the major forcing terms that drive the seasonal
cycle of upper ocean heat budget in the GOM (Lee et al.,
2005, 2007).

The GOM-averaged SST evolution for each calendar month for
the period of 2001 and 2098 obtained from the ensemble average
of all IPCC-AR4 climate model simulations under the A1B scen-
ario is illustrated in Figure 4. In the earlier period of the 21st
century, the AWP appeared during July to September (Enfield
and Lee, 2005; Lee et al., 2005, 2007), whereas towards the end
of the 21st century, the AWP appeared much earlier in late May
to early June and disappeared in late October to early
November. As a result, the preferred period for BFT spawning
(�24–278C) was shifted from late April to early June in the
early 21st century to mid-March to late April in the late 21st
century.

To have a better perspective of what may cause the SST increase
in the GOM, the GOM-averaged surface heat flux components,
namely shortwave radiation, long-wave radiation, sensible heat
flux, latent heat flux, and the net surface heat flux, were plotted
using the ensemble average of all IPCC-AR4 climate model simu-
lations under the SRESA1B scenario as illustrated in Figure 5. For
each surface heat flux component, except for the net surface heat
flux, the average of 2001–2010 was subtracted for a better visual
comparison. As expected, the increased greenhouse gas concen-
trations induced a steady increase in the downward long-wave
radiation. Although much weaker than the long-wave radiation

Figure 4. The GOM-averaged SST evolution for each calendar
month for the period of 2001 and 2098 obtained from the ensemble
average of all IPCC-AR4 climate model simulations under SRESA1B
scenario. Note that the preferred period for BFT spawning (�24–
278C) is shifted from late April to early June in the early 21st century
to mid-March to late-April in the late 21st century.

Figure 5. The GOM-averaged surface heat flux components, namely
shortwave radiation, long-wave radiation, sensible heat flux, latent
heat flux, and net surface heat flux, obtained from the ensemble
average of all IPCC-AR4 climate model simulations under SRESA1B
scenario. For each surface-heat-flux component except net surface
heat flux, the average of 2001–2010 is subtracted for better visual
comparison.
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Figure 6. Prediction of temperature for four zones of the GOM, for the months of March, April, May, and June. Projections from all 20 models
are displayed, with the weighted mean as the heavy dashed line. Each plot displays projections for water temperature at the surface (top series)
and 200 m (bottom series).

Figure 7. Prediction of the extent of habitat suitable for the occurrence of larval BFT in the GOM under late 20th century conditions (1971–
1999) and projected conditions in 2045–2055 and 2085–2095, for the months of March, April, May, and June. The probability of occurrence
(%) is illustrated, based on output from the boosted classification-tree model using weighted mean temperature values.
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component, the short-wave radiation also increased over time,
suggesting that precipitation rate and cloud cover were both
reduced over the GOM. It is likely that the increased SST over
the GOM contributed to the increased latent cooling. The
(total) net surface heat flux was negative overall, suggesting that
ocean dynamics play a role in warming the upper ocean of the
GOM.

To formulate data for inclusion in the larval habitat model, a
weighted mean of temperature at the surface and at 200 m was pre-
dicted using the ensemble projections from all climate models for
each grid point in the GOM, for the months of March, April, May,
and June. For simplicity, a mean value for the northeast, north-
west, southeast, and southwest GOM was displayed for each
model and for each decade (Figure 6). Overall, model projections
suggested a mean increase of 2.108C across the GOM (mean 95%
CI +0.108C) at the surface and 2.158C (95% CI +0.158C) at
200 m, by 2085–2095, compared with the late 20th century
values. However, mean water temperatures at the surface and at
200 m were variable among models. The models predicting the
greatest increases in temperature were usually those that over-
estimated 20th century temperatures by the greatest amount.
These models therefore had a lower weighting, contributing less
to the weighted mean. As a result, the weighted mean was often
closest to the model predicting cooler temperatures. This was
especially the case in March and April (Figure 6). Projected temp-
eratures at 200 m were particularly variable in the southeastern
GOM, within the zone where the LC would have the greatest
influence.

Spatial and temporal changes in larval
BFT distributions
Data for each grid point in the GOM for each decade and each
month were run using the boosted classification-tree model and
scored through the weighted mean prediction of temperature at
the surface and at 200 m as variables. The output was a prob-
ability of larval BFT occurrence at each location, for each
month in each decade. When interpolated, these probabilities
gave an estimation of potentially favourable habitat for larval
BFT in the GOM (Figure 7). Scenarios are displayed for the
end of 20th century, from GDEM, the middle of the 21st
century (2045–2055) and the end of the 21st century (2085–
2095), for March, April, May, and June. Under 20th century
conditions, the habitat likely to support BFT larvae tended to
be located in the southern GOM in March and April and
across most of the GOM in May and June. By 2045 to 2055,
the suitable habitat had moved northwards in March and
April, but had started to shrink in the mid-latitudes of the
GOM in April. The proportion of the GOM where probabilities
of collecting larval BFT were predicted to be low increased
throughout May and June. By 2085–2095, the favourable
habitat remained extensive in March, but was much reduced
in April, May, and June.

The proportion of grid points in the suitable habitat (.20%
probability of larval occurrence) increased by 62% in March and
2% in April by 2050, although decreasing 39% in May and 61%
in June (Figure 8). By 2090, the suitable habitat had increased
by 20% in March, but decreased by 66% in April, 93% in May,
and 96% in June. Areas of unsuitable habitat (,10% probability
of larval occurrence) decreased by 21% in March, but increased
by 52% in April, 206% in May, and 334% in June by 2090.
Overall, the total suitable habitat across the 4-month spawning

season decreased from 44% of grid points in the late 20th
century to 12% by the end of the 21st century.

Predictions of the effects of climate change on adult BFT
distributions were more difficult to make, because direct
relationships between adult BFT and temperature in the
GOM are scarce. However, a simplistic approach with four cat-
egories of suitability was created, based upon projected SST in
the GOM (Figure 9). The potential suitability of March for
spawning increased throughout the 21st century, with most
of the GOM moving into a suitable temperature range by
2085–2095. The cooler waters currently found in the northern
GOM in April were predicted to disappear by the end of the
21st century, although the rest of the GOM was predicted to
remain within the 24–278C range in this month (Figure 9).
In May, the GOM was predicted to shift from being largely
in 24–278C water to 27–308C water by 2095. In June, most
of the GOM was projected to become very warm by the end
of the century, approaching physiological limits for adult BFT
(308C), especially in southeastern areas where BFT enter and
exit the GOM. These patterns displayed some similarity to
the predictions of larval habitat, with a potential increase in
the suitability of March, some warming-induced habitat loss
in April by 2095, and more conspicuous loss of suitable
habitat in May and June across the GOM.

Figure 8. Temporal trends in the number of grid points across the
GOM that were predicted to have a ,10% (top) or .20% (bottom)
chance of containing BFT larvae, based on output from the boosted
classification-tree model using weighted mean temperature values.
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Discussion
Data presented in this study support published evidence of BFT

migration and spawning behaviour, with larvae collected from

mid-April to mid-June and neither larvae nor adults found in

association with ambient water temperatures of .298C. Adult

BFT generally migrate to the GOM from northern Atlantic

feeding grounds between December and June (Block et al., 2005),

although this may not be an annual occurrence for all individuals

(Lutcavage et al., 1999). Spawning commences in April and is

likely to be triggered by temperature; a minimum threshold,

minimum rate of change, or both (Masuma et al., 2006; Heinisch

et al., 2008). BFT are likely to be serial spawners and may not stay

in the GOM throughout the entire spawning season (Farley and

Davis, 1998; Block et al., 2001; Rooker et al., 2007). However, by

late June, most BFT have left the GOM (Teo et al., 2007a), probably

in association with rising ambient water temperatures.
Initial climate modelling results presented here displayed an

increase in water temperatures at the surface and at depth, in the

GOM during the current BFT spawning season. Model projections

were highly variable; however, they suggest that an increase in

water temperatures of �2.08C down to 200 m depth could be

expected under emission scenario A1B. Under these conditions,

suitable spawning habitat for BFT in the GOM would increase

in March, initially increase slightly, then decrease in April and

be substantially reduced in May and June. These results partly sup-

ported the original hypothesis of an improvement in spawning

conditions in early spring, but it appears that water temperatures

may warm to the extent that both April and May will be largely

unsuitable for spawning by the end of the 21st century.
Global climate change therefore has high potential for affecting

temporal and spatial patterns of BFT spawning activity in the

GOM. If spawning activity is indeed triggered by temperature
and GOM waters warm earlier in the year, then spawning may
commence sooner and finish sooner. Some fish species also com-
mence spawning in association with photoperiod (Carrillo et al.,
1989); if this is the case for BFT, the spawning season could
instead be prematurely truncated.

Although the precise reasons for BFT migrating large distances
to spawn in the GOM remain unclear, it is likely that warm, oligo-
trophic waters benefit larval survival. Larval growth rates are high
in warm water (Brothers et al., 1983; Miyashita et al., 2000) and
oligotrophic waters may present favourable feeding conditions
for larvae with specialized diets (Bakun, 2006; Llopiz et al.,
2010). Under climate change conditions, primary and secondary
productivity regimes could be altered (Polovina et al., 2007) and
the current “match” between suitable water temperatures and
low productivity in the open GOM in spring (Muller-Karger
et al., 1991) might not be maintained. If this is the case, then
the survival rates of BFT larvae may change, as concentrations of
planktonic prey and predators change. Increasing water tempera-
tures will therefore affect spawning times and locations, larval
growth, feeding, and survival. However, trophic relationships of
this nature are complex and assessment of ecosystem-scale
effects of climate change on the GOM require far more sophisti-
cated models than those used in this study.

Historical data from the Mediterranean Sea suggest that BFT
may change their migration routes and spawning behaviours in
association with long-term fluctuations in temperature (Ravier
and Fromentin, 2004). Migration rates and routes of BFT may
also be influenced by prey concentrations on their feeding and
spawning grounds (Polovina, 2007). The currently accepted para-
digm is that two stocks of Atlantic BFT with shared feeding
grounds in the North Atlantic spawn in only two areas (the

Figure 9. Predicted suitability of habitat in the GOM for adult BFT, based on SSTs in the late 20th century (1971–1999) and projected
conditions in 2045–2055 and 2085–2095. Categories were estimated based on the published associations between temperature and BFT
spawning and physiology.
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GOM and Mediterranean Sea). However, fisheries have existed for
BFT in the past in other areas, such as Brazil (Fonteneau, 2009)
and the North Sea (Fromentin, 2009). Both fisheries disappeared
in the 1950–1960s, although the importance of contributing
factors, such as environmental change, changes in migration
rates, and fishing pressure are not well understood. This may
suggest more plasticity in feeding grounds and perhaps spawning
grounds than is currently assumed. However, if climate change and
warming water result in reduced suitability of the GOM for BFT
spawning, a major behavioural change would be required if a
new spawning ground were to be colonized. The ability of BFT
to adapt in this manner is unknown. BFT have been heavily
exploited in the past and are currently classified as overfished,
with stocks at low levels compared with 30–40 years ago
(Rooker et al., 2007; McAllister and Carruthers, 2008). If overfish-
ing has reduced genetic diversity, the ability of the species to adapt
to climate change may have been compromised (Perry et al., 2010;
Planque et al., 2010).

The results presented here are preliminary in the investigation
of climate change effects on BFT, and hence discussion of impli-
cations for BFT under climate change scenarios could be con-
sidered speculative. One source of such uncertainty is from the
IPCC-AR4 climate models. These models have typical spatial res-
olution of �18; they therefore have a limited ability to resolve the
regional western boundary current system (i.e. Yucatan Current,
LC, and Florida Current), which likely has a significant impact
on the heat budget cycle of the GOM. A high-resolution model
simulation is required for a detailed and reliable assessment of
the impact of ocean dynamics. IPCC-AR4 climate models
suggest that the GOM current system may slow down because of
the projected reduction of the Atlantic thermohaline circulation.
However, it is unclear whether and how the reduced ocean
current system will interact with the projected surface warming
in the GOM. Related to this issue of model uncertainty,
IPCC-AR4 climate models project that the rainfall over the
GOM may be reduced. Therefore, the surface salinity of the
GOM should increase. However, we found that none of the 20
climate models considered in this study could reproduce the
20th century upper ocean salinity of the GOM. Therefore, we
decided not to include salinity in our analysis. Downscaling of
climate models to the regional scale of the GOM will be essential
for resolving such model uncertainty issues.

In summary, further research is required on ecosystem-based
responses to climate change in the GOM and other large marine
ecosystems, before conclusions that are more robust can be
drawn. However, this study suggests that BFT are likely to be vul-
nerable to climate change impacts and that the potential for sig-
nificant impacts on spawning and migration is high. If this
species is to be managed effectively under climate change con-
ditions, improved understanding of both species responses and
ecosystem-level changes is urgently needed.
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