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Density maps by size and sex classes of presence data  
Below are the distribution maps of blue shark presence data used for the model calibration and 
validation by class of size and sex including fisheries observer data and the highest position accuracy 
data from electronic tags. See Table SM.1 for details on the number of data used for the calibration of 
each model parameter, as well as for the model validation.  

 

Figure SM.1 Distribution of both calibration and validation presence data of the small juvenile blue sharks (FL < 125 cm, n = 

60,904, number of presence data per grid cell of 0.25°). These data include fisheries observer data and the highest position 

accuracy data from electronic tags. 

 

Figure SM.2 Distribution of both calibration and validation presence data of the large female blue sharks (125 cm < FL < 180 cm, 

n = 54,611, number of presence data per grid cell of 0.25°). These data include fisheries observer data and the highest position 

accuracy data from electronic tags. 
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Figure SM.3 Distribution of both calibration and validation presence of the large male blue sharks (125 cm < FL < 190 cm, n = 

90,792, number of presence data per grid cell of 0.25°). These data include fisheries observer data and the highest position 

accuracy data from electronic tags. 

 

Figure SM.4 Distribution of both calibration and validation presence data of the adult female blue sharks (180 cm < FL < 330 cm, 

n = 29,773, number of presence data per grid cell of 0.25°). These data include observer fisheries data and the highest position 

accuracy data from electronic tags. 
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Figure SM.5 Distribution of both calibration and validation presence data of the large female blue sharks (190 cm < FL < 280 cm, 

n = 29,515, number of presence data per grid cell of 0.25°). These data include fisheries observer data and the highest position 

accuracy data from electronic tags. 

Filtering criteria for the geolocation of electronic tagging data 
A total of 234 tracks from electronically tagged blue sharks in the Pacific (95), Atlantic (132), and Indian 

Oceans (7) using different types of electronic tags (SPOT, PSAT, and miniPAT tags) were included in the 

environmental analysis (see also the seven habitat animations with the overlay of electronic tagging and 

observer data as separate SM). These data were filtered in terms of positioning quality following various 

criteria. To ensure short-term movements were realistic, we first filtered out tag positions that would 

have required the animal to exceed a daily mean velocity of 8 knots when moving between two 

consecutive positions (Queiroz et al. 2016). We then only kept the best quality positions. For SPOT and 

PTT tags, we rejected the points with no accuracy estimation and we kept location classes above or equal 

to 0 (higher precision than 5 km, Costa et al. 2010). For PSAT and miniPAT tags, position estimates were 

derived from an integrated state-space hidden Markov model called GPE3 (Wildlife Computers; Pedersen 

et al. 2011). We retained points if the observation score was above 50 (on a 0-100 scale), indicating a close 

match between the location suggested by the observation and the modeled location. Finally, we selected 

the first high-precision location from each day to limit oversampling in the same environment and reduce 

serial autocorrelation. As is typical when multiple data types are combined, there were differences in the 

resolution of the position estimates.  

Presence data used for the model calibration and validation 
The criterion for selecting the calibration data was a minimum CHL coverage (5-day integrated) of 35% in 

a 25 km radius centered on the presence data, following its location precision (about 50 km) to extract 

suitable environmental data. If it did not meet this calibration criterion, validation data needed to meet a 

minimum level of habitat coverage (5-day integrated). The functional form of minimum habitat coverage 

of the validation data decreased with an increasing distance to the pixel of the presence data following: 

Minimum coverage of 5-day habitat centered on presence data (%) = (np + 0.5) -0.4 

with np, the window size in pixels centered on the presence data (e.g., values of np of 1 [9 central cells], 

5 [81 central cells], and 10 [441 central cells] correspond to a minimum coverage of 85%, 51%, and 39%, 

respectively). This decreasing criterion of habitat coverage farther from the data location was thus used 
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to accept the validation data, and was furthermore needed to compute relevant distances of presence 

data to the closest suitable habitat.  

The number of presence data by size and sex class used for the model calibration is different due to 

variable i) coverage of environmental data (e.g., CHL), and ii) used distributions (cluster analysis or global, 

below or above CHLmin for biotic proxies). Table SM.1 summarizes the number of presence data used for 

the calibration of each class and type of environmental variable. The number of independent presence 

data used for the validation that depends on the habitat coverage around each presence data is also 

indicated.  

Table SM.1 Number of presence data by size and sex class that were used for the calibration (mean environmental value in a 
25 km-radius centered on the presence data) and validation of the blue shark foraging habitat model (07/2002-12/2018). SJ: small 
juvenile blue sharks; LJF: large juvenile females; LJM: large juvenile males; AF: adult females; AM: adult males; gradCHLint*: global 
distribution of 5-day mean horizontal gradient of sea surface chlorophyll-a (number of presence data only for 
CHLmin < CHL < CHLmax) (see Figure 3); MMnektonint**: global distribution of mesopelagic micronekton (number of presence data 

only for CHL < CHLmin) (see Figure 3); Abiotic – SST, SSHa (SSTmin/max, SSHamin/max)***: global distributions of abiotic variables (see 

Figure 4); Clustering – biotic & abiotic (CHLmin/max, gradCHLmin, MMnektonmin, SSTintermediate avoidance)****: cluster analysis using 
simultaneous availability of biotic and abiotic variables (see Figure 4 and Figures SM.7-11). 

Number of 

presence data 

Available Calibration 

(% of available) 

Validation 

(% of available) 

SJ 60,904 

(23%) 

Biotic – gradCHLint*  11,918 (20%)  

25,563 

(42%) 

Biotic - MMnektonint**  3,368 (6%)  

Abiotic – SST, SSHa***  27,343 (45%)  

Clustering – biotic & abiotic****  13,334 (22%) 

LJF 54,611 

(21%) 

Biotic – gradCHLint  11,416 (21%) 26,366 

(48%) Biotic - MMnektonint  4,948 (9%) 

Abiotic – SST, SSHa  27,761 (51%)  

Clustering – biotic & abiotic  14,665 (27%) 

Biotic – gradCHLint  13,902 (15%)  
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LJM 90,792 

(34%) 

Biotic - MMnektonint  6,763 (7%) 44,298  

(49%) 
Abiotic – SST, SSHa  33,640 (37%)  

Clustering – biotic & abiotic  18,815 (21%) 

AF 29,773 

(11%) 

Biotic – gradCHLint  2,057 (7%)  

15,594 

(52%) 

Biotic - MMnektonint  5,847 (20%) 

Abiotic – SST, SSHa  13,552 (46%)  

Clustering – biotic & abiotic  7,054 (24%) 

AM 29,515 

(11%) 

Biotic – gradCHLint  3,044 (10%) 14,004 

(47%) Biotic - MMnektonint 5,260 (18%)  

Abiotic – SST, SSHa  13,158 (45%)  

Clustering – biotic & abiotic  7,833 (27%) 

Total 265,595 

(100%) 

Biotic – gradCHLint  42,337 (16%)  

125,825 

(47%) 

Biotic - MMnektonint  26,186 (10%) 

Abiotic – SST, SSHa 115,454 (43%)  

Clustering – biotic & abiotic  61,701 (23%) 

 

Chlorophyll-a gradient calculation 
The daily chlorophyll-a data were pre-processed using iterations of a median filter to recover missing 

values on the edge of the valid data, followed by a Gaussian smoothing procedure to remove eventual 

sensor stripes (Druon et al. 2012; 2021). The norm of the chlorophyll-a gradient (gradCHL) was derived 

from the daily chlorophyll-a data, using a bi-directional gradient over a three-by-three grid-cell window as 

follows: 
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𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = �𝐺𝐺𝑥𝑥2 + 𝐺𝐺𝑦𝑦2 

with Gx, Gy, the longitudinal and latitudinal chlorophyll-a horizontal gradient, respectively, corrected by 

the pixel size in km. Small and large chlorophyll-a fronts refer to variable levels of chlorophyll-a gradient 

values. The gradCHL values, which are linked to the presence of pelagic species, were used in log-form to 

derive a dependent linear function at the basis of the daily foraging habitat in the mesotrophic 

environment (see Figure 3 of the main manuscript). 

Mesopelagic micronekton predictions 
Estimates of the mesopelagic micronekton distribution were extracted from the SEAPODYM-LTML 

(SEAPODYM for Low and Mid-Trophic Level organisms) model (Lehodey et al. 2015). SEAPODYM-LMTL 

uses ocean currents, temperature, and primary production to simulate the dynamics of six functional 

groups of micronekton density representing the mid-trophic level organisms in the oceanic food web. 

Each functional group of micronekton occupies one or two pelagic layers depending on their diel vertical 

behavior. Both, upper mesopelagic and migrant upper mesopelagic groups occupy the upper mesopelagic 

layer (depth layer from 1.5 to 4.5-fold the euphotic depth) during the daytime, while organisms from the 

migrant group move up to the epipelagic layer (from 0 to 1.5-fold the euphotic depth) at night. The 

vertically-integrated primary production serves as a foraging proxy for the food web. The water 

temperature also controls the growth dynamics of the micronekton together with the new phytoplankton 

biomass (derived from primary production). The energy transferred from primary production to each 

functional group through the time-trophic continuum is calibrated from available data (Lehodey et al. 

2015; Lehodey, Murtugudde, and Senina 2010). At each time step of micronekton production, the ocean 

currents averaged through the day and night in the pelagic layers are passively transporting micronekton 

biomass through the oceanic environment. 

Environmental and habitat data integration 
Figure SM.6 presents the overall integration of data from the original environmental to the habitat data. 

The daily interpolation from the monthly Copernicus environmental data from 1/12° to 1/24° resolution 

to the day of the blue shark observation was done to match the CHL and habitat grid and to provide the 

main seasonal variability. This integration over time, together within a 25-km radius, likely removed 

non-significant high variability from the daily data for this highly mobile large predator. 
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Figure SM.6 Diagram summarizing the environmental data integration (time and resolution) to the habitat model grid spatial and 
temporal resolutions (daily, 1/24°), the integration for the environmental data extraction, and the integration from daily to 
seasonal 2003-2018 habitat. 

Cluster analysis method and illustrative abiotic variables 
Cluster analysis is a suitable method for identifying homogeneous groups of objects or ‘clusters’ (here, 

blue shark habitat suitability), regardless of their respective number. Cluster analysis is well suited to 

identify habitats that are marginally represented and may otherwise be interpreted as outliers by other 

statistical methods. The number of clusters was chosen as the minimum number that best separates 

distinct environments and favors interpretation (two or three clusters, see below). We used 5-day mean 

values of CHL and gradCHL to increase the number of matchups assuming that variability is low at ±2 days 

from the sampling date and with the spatial resolution of 1/24˚. CHL and gradCHL datasets were log-
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transformed before use, due to the wide variability in their values, and were normalized by the mean and 

standard deviation before performing the cluster analysis. 

K-means clustering (MacQueen 1967) based on a Euclidean distance was used to estimate the association 

of data points between clusters and to minimize the within-cluster sum of squared errors. In k-means 

clustering, the number of clusters k was first chosen (here the minimum number that favors 

interpretation) and the cluster centers were initialized randomly. Each data point was then assigned to 

the closest cluster based on a selected distance measure (similarity) and an updated cluster center. At 

each iteration step, the new cluster centers were computed as the mean vectors of the assigned data 

points. These two steps, data point assignment and cluster center update, were repeated until the cluster 

centers did not change anymore or until a sufficient number of iterations were performed. Matlab’s k-

means function was used with 500 iterations/restarts and the Euclidean distance setting. The z-score 

transformation (Berthold, Borgelt, and Höppner 2010) was performed before clustering, in which each 

data variable was normalized to zero mean and unit variance to guarantee that each selected variable had 

an equal influence on the minimization of the within-cluster sum of squares objective function (Berthold, 

Borgelt, and Höppner 2010). 

The cluster analysis (Figures 4 and SM.7-11) was applied with non-influential (illustrative) variables to 

reveal the coherence of the results on blue shark habitat suitability concerning the abiotic conditions.  The 

illustrative variables that were not included in the habitat model as displaying large variabilities were the 

sea surface salinity, sea surface current intensity, surface oxygen content, and the depth of the mixed 

layer. These variables were not identified as primary discriminant variables by the expert knowledge. The 

cumulative distribution of variables used in the clustering (black x-labels in Figure SM.7-11) highlights that 

the lowest chlorophyll-a level cluster (CHL < CHLmin), corresponding to the oligotrophic foraging of blue-

shark, occurs in waters characterized by higher levels of temperature (SST and Tmld+100) and SSHa, lower 

mesopelagic micronekton levels and deeper mesopelagic layer compared with the other clusters. These 

traits indeed characterize relatively poorly productive areas.  

We choose a different number of clusters (three for the juveniles and two for the adults) to obtain 

consistent values of CHLmin between classes (0.09 to 0.13 mg.m-3). This selection also led to consistent 

results of the avoided intermediate range of SST by females with literature (see manuscript section 

“Consistency of model results with known traits and habitats”). When the selected number of clusters 

was two (i.e., for the adult blue sharks), the higher chlorophyll-a (and chlorophyll-a gradient) level cluster 

(CHLmin < CHL < CHLmax) on the contrary occurs for lower temperature and SSHa levels and higher 
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micronekton in a shallower mesopelagic layer, all characterizing relatively productive waters. When three 

clusters were retained (small and large juveniles), the third cluster showed intermediate levels for these 

variables, thus enhancing intermediate productivity levels, although occurring in relatively low SST levels, 

similar to the most productive waters. These intermediate productivity levels are to be related to 

particularly deep mixed layer depths in intermediate latitudes (about 30-40°). 

Data for the abiotic variables (i.e. SST (˚ C), Tmld+100 (˚ C),  SSHa (m), mixed layer depth (m), sea surface 

currents (m.s-1),  sea surface salinity (psu), and sea surface oxygen (mmol.m–3), see Figures SM.7-11) are 

extracted from the EU-Copernicus Marine Environment Monitoring Service global model 

(https://marine.copernicus.eu/access-data). Monthly mean data are extracted from the global model 

(GLORYS12V1) with a 1/12˚ horizontal resolution and 50 unevenly spaced vertical levels. These monthly 

data are interpolated onto the MODIS-Aqua grid (1/24˚ resolution) and then linearly interpolated to 

obtain daily values that match the sampling day. This month-to-day interpolation step is assumed to 

produce suitable estimates of the seasonal changes that define habitat. Surface values for temperature 

and salinity and current intensity are calculated from the upper model layer (ca. 4 m) while surface oxygen 

is the mean value over the upper 30 m. The mixed layer depth is defined as the maximum of the vertical 

density gradient.   

  

https://marine.copernicus.eu/access-data
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Figure SM.7 Blue shark 
small juveniles (SJ) 
clustering (three clusters, 
the blue cluster is the 
largest, n = 13,334) - 
Cumulative distributions 
and map of clusters for the 
variables as output of the 
cluster analysis: variables 
used for the clustering 
have a black label in the x-
axis (the eight upper 
panels) and the illustrative 
variables have a grey label 
in the x-axis (the six lower 
panels). 
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Figure SM.8 Blue shark 
large juvenile females 
(LJF) clustering (three 
clusters, the blue cluster is 
the largest, n = 14,665) - 
Cumulative distributions 
and map of clusters for 
the variables as output of 
the cluster analysis: 
variables used for the 
clustering have a black 
label in the x-axis (the 
eight upper panels) and 
the illustrative variables 
have a grey label in the x-
axis (the six lower panels). 
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Figure SM.9 Blue shark 
large juveniles males 
(LJM) clustering (three 
clusters, the blue 
cluster is the largest, 
n = 18,815) - 
Cumulative 
distributions and map 
of clusters for the 
variables as output of 
the cluster analysis: 
variables used for the 
clustering have a black 
label in the x-axis (the 
eight upper panels) and 
the illustrative 
variables have a grey 
label in the x-axis (the 
six lower panels). 
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Figure SM.10 Blue shark 
adult females (AF) 
clustering (two clusters, 
the blue cluster is the 
largest, n = 7,054) - 
Cumulative distributions 
and map of clusters for the 
variables as output of the 
cluster analysis: variables 
used for the clustering have 
a black label in the x-axis 
(the eight upper panels) 
and the illustrative 
variables have a grey label 
in the x-axis (the six lower 
panels). 
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Figure SM.11 Blue shark 
adult males (AM) 
clustering (two clusters, 
the blue cluster is the 
largest, n = 7,833) - 
Cumulative distributions 
and map of clusters for the 
variables as output of the 
cluster analysis: variables 
used for the clustering have 
a black label in the x-axis 
(the eight upper panels) 
and the illustrative 
variables have a grey label 
in the x-axis (the six lower 
panels). 
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Model performance and size of core habitat 
The main paper details the distribution of the distance of validation presence data to the closest core 

habitat boundary (km, above 30% favorable habitat, negative distances correspond to observation within 

the core habitat). We further detail that result in decomposing these distances by month and overlapping 

the corresponding mean habitat size (relative to the global ocean, %) to seasonally evaluate the model 

performance regarding the habitat surface area.  

The model performance by month (Figure SM.12) displays relatively constant levels. The relative surface 

of the core habitat for each hemisphere (Figure SM.12) displays substantial seasonal variability as a larger 

poleward extent occurs during the warm months alternately in both hemispheres. A higher vulnerability 

to fishing may thus occur during the cold months alternatively in both hemispheres (generally November-

May and May-September in the north and south hemispheres, respectively) following the likely 

contraction of the blue shark populations. Due to the tolerance to lower SSTs and larger range of SST 

avoidance, the LJF-class core habitat is more synchronous in both hemispheres with minima in November-

December and April-June in the north hemisphere and in April-July in the south hemisphere. The range of 

the relative monthly surface area of the core habitat is about 18-22% ±2% and 23-29% ±2% in the north 

and south hemispheres, respectively, with larger and lower extents for SJ and AM, respectively. The 

habitat model is therefore relatively discriminant considering the large distribution of the species and 

model performance (86-99% of validation data closer than 50 km of the core habitat, see the main 

manuscript). 
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Figure SM.12 Details of model performance and relative 
habitat surface: monthly distribution of distance of 
validation presence data to closest core habitat boundary 
(km, above 30% favorable habitat, negative distances 
correspond to observation within the core habitat) and 
corresponding mean habitat surface (relative to the north (-) 
and south (- -) hemispheres, %). The box width is proportional 
to the number of presence data, median values are indicated 
in red, and box limits are the 25th and 75th percentiles of the 
sample data. The value for whisker corresponds to 
approximately ±2.7σ and 99.3 percent coverage if the data 
are normally distributed. 
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Mesopelagic micronekton and SST distributions 

Below are the distribution maps of the upper mesopelagic micronekton (2003-2018) and SST (April-
September and October-March 2003-2018) that highlight major unfavorable areas or differences of 
suitable habitat between classes (see legends for interpretation).  

 

Figure SM.13 Distribution of mean mesopelagic micronekton (MMnekton, EU-Copernicus CMEMS) for the period 2003-2018. The 
isocontour of 0.92 g.m-2 wet weight (red lines) highlights the mean between blue shark classes of the minimum mesopelagic 
micronekton (MMnektonmin) limiting the foraging habitat suitability in most of the Western Central Pacific, in the tropical South-
East Pacific west of 110°W, in the Sargasso Sea area, off Brazil between 12°S and 24°S and in the Indian Ocean mostly between 
17°S and 24°S. 
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Figure SM.14 Distribution of mean sea surface temperature (SST, 0-5 m, EU-Copernicus CMEMS - GLORYS12V1) from April to 

September 2003-2018. SST isocontours of 11.6°C and 14.8°C (red lines) highlight the highest SSTmin difference between the blue 

shark classes (large juvenile females – LJF and adult males – AM, respectively) and subsequent latitudinal differences of habitat 

during the warmest months in the northern hemisphere, and coldest months in the southern hemisphere. The SST isocontour of 

28.7°C (pink line) is the mean SSTmax level between classes reflecting the absence of favorable habitat in most of the Northeastern 

Indian Ocean and the Western Central Pacific Ocean (28.7°C is the mean upper SST limitation between all classes, 28.7°C ±0.38). 

 

Figure SM.15 Distribution of mean sea surface temperature (SST, 0-5 m, EU-Copernicus CMEMS - GLORYS12V1) from October to 

March 2003-2018. SST isocontours of 11.6°C and 14.8°C (red lines) highlight the highest SSTmin difference between the blue shark 

classes (large juvenile females – LJF and adult males – AM, respectively) and subsequent latitudinal differences of habitat during 

the coldest months in the northern hemisphere and warmest months in the southern hemisphere. The SST isocontour of 28.7°C 

(pink line) is the mean SSTmax level between classes reflecting the absence of favorable habitat in most of the Central-eastern 

Indian Ocean and in the equatorial and tropical of the South-West Pacific Ocean (28.7°C is the mean upper SST limitation between 

all classes, 28.7°C ±0.38). 

The extreme abiotic conditions in the Northwest Atlantic Ocean 
We describe in the Methods section a particular situation in the Northwest Atlantic during winter where 

blue sharks were observed in the Nova Scotia shelf in winter (Campana et al. 2006) with SST levels below 

the tolerance temperature for all classes, as set in the model (below 11°C), but for which the temperature 

100 m below the mixed layer depth (Tmld+100) is warmer and suitable for the SJ and LJF classes (above about 

12°C) (Figure SM.16). We, therefore, included the specific situation in the modeling where suitable abiotic 

habitat is allowed when SST is lower than Tmld+100 and Tmld+100 > Tmld+100 min. Noting that the same minimum 

criterion was taken for selecting SSTmin and SSHamin (0.3th percentile value), Figure SM.16 (lower panel) 

also presents the corresponding suitable SSHa levels for the SJ and LJF classes. These modeling results 
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agree with the minimum surface temperature of tagged blue sharks in this area (about 12-13°C in 

November) using electronic tagging [13 out of 23 tagged sharks were LJF, 6 were LJM] (Campana et al. 

2011).  

A maximum frequency of dive for adult males in the range of 100-230 m (depths of TMLD+100m) with a 

minimum temperature of about 15°C (Fig. 2 C &D, Braun et al. 2019, n=17 tags).  

 

Figure SM.16 Distribution in January-March in the Northwest Atlantic of (a) observer data of blue shark (1986-2004, Campana et 

al. 2006), and the corresponding distribution of (b) SST, (c) SSha and (d) Tmld+100 (temperature 100 m below the mixed layer) 

(2003-2004, the black line is the 200 m-isodepth contour). The shown isotherms enhance the lower and unsuitable SST levels for 

blue sharks just off the shelf (below about 11-12°C) while the temperature at depth is warmer and suitable (above about 12°C, 

notably for small juveniles, SJ, and large juvenile females, LJF). SSHa levels in the area of blue shark presence are mostly suitable 

for small juveniles (SJ) and large juvenile females (LJF) while mostly unsuitable for large juvenile males (LJM) and adults (AF and 

AM). 
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Further qualitative model validation with literature  
The figures SM.17-24 below display additional qualitative validation comparing the model predictions 

with spatial data found in the literature. These independent historic datasets generally agree with the 

model predictions although the compared years may not always correspond. They further highlight the 

robustness of the global niche approach, for a widely spread species, to suitably predict habitat in a region 

where no presence data was used. 

Figure SM.17 details the distribution in July-September in the Northwest Atlantic of observer data for blue 

shark (1986-2004, Campana et al. 2006, upper left panel), the distribution of fork length from recreational 

fisheries (central left panel), and the corresponding habitat distribution of all classes enhancing the 

agreement between the LJF catches in the recreational data twice as high than LJM and AM and the 

respective habitat suitability. Moreover, the SJ class (FL < 125 cm) is underrepresented in the recreational 

data compared to our observer data (6 to 23-fold higher than the other classes, n = 2,124, upper right 

panel), also in agreement with the corresponding habitat predictions. 

Figure SM.18 focuses on the October-December period in the Northwest Atlantic comparing the observer 

catch data for blue sharks (1986-2004, Campana et al. 2006) and the corresponding habitat distribution 

of all classes. Note that the individual tracks of blue shark from electronic tagging end in December in the 

most southern and warmer areas. Both our observer data and habitat suitability in October-December 

(2003-2018) display substantially lower levels than for the July-September period (Figure SM.17), this 

contrast with October-December representing the highest catch season in the observer data of Campana 

et al. (2006). This apparent inconsistency between different observer datasets can likely be associated 

with seasonally variable fishing effort between 1986-2004 and 2003-2018 periods, the latter period being 

associated with much higher effort levels. 

Figure SM.19 highlights that the area of the maximum catch of blue shark per longline set (purple triangle) 

may correspond to variable life stages from the habitat modeling results. While the northern part of the 

triangle may likely correspond to small juveniles and large males, the catches in the western corner may 

correspond to large juveniles and adult females and the southeast corner to adult females. The seasonal 

variability (not available in the catch data) may however display large variability of the life stage 

distribution in both the catch data and habitat prediction. A finer analysis by class and season would be 

necessary to assess these variable distributions for management.  
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Figure SM.20 compares the Brazilian longline catch per unit of effort for blue shark (individuals per 1,000 

hooks, 2004-2010, Frédou et al. 2015) with large juveniles and adult blue shark habitat in the south 

Atlantic. The purple boxes highlight some of the maximum CPUE levels in general agreement with the 

foraging habitat results, notably in the area of 35-45°S for the presented habitat classes but particularly 

for the large juvenile females (LJF). The 22.5-2.5°W is also characterized by relatively high CPUEs, with 

lower levels however in the latitude range of 10-35°S in agreement with the avoided SSTs by the females 

(red isotherm isocontours on the males’ maps). The higher catches in the northern part (10°N-10°S, 22.5-

12.5°W) are however not suitably captured by the model (except for AF to some extent), but this area 

presents a particularly high cloud coverage impeding the habitat estimate (see Figure SM.21). The low 

catch area (15°N-20°S, 47.5-22.5°W) generally agrees with the predictions except in the 0-10°S area for 

large females.  

Figure SM.21 highlights the seasonal changes of foraging habitat along the track of an adult female in the 

Central Atlantic Ocean (Carvalho et al. 2015) where e.g. the favorable habitat along the shark location in 

May-June becomes unfavorable in July-September and vice-versa. Apart from the first period (May-June), 

the habitat predictions are based on the satellite-derived productivity fronts (higher CHL than CHLmin, 

light blue isocontour), which are mostly missing in the Guinea Current (about 0-5°N, 10°W-10°E) due to 

cloud coverage in July-August and November-December. 

Figure SM.22 compares for January-March in the South Atlantic the observer data of sex ratio and fork 

length for blue shark (1966-2014, 5° by 5°, Coelho et al. 2018) with the habitat distribution of large 

juveniles males and females (LJM and LJF) and adult males and females (AM, AF) (2003-2018). While a mix 

of large males and females is displayed by the catch data in most areas, a particularly low presence of 

females is shown in the area 30-35°S (purple box) in agreement with the intermediate range of SST 

identified in the model that is avoided by large females (21.7°C-24°C). 

Figure SM.23 shows a similar absence of female catches in the same latitude range and for the same 

season in the Indian Ocean (January-March, 30-35°S; 20-100°E, purple box). Large female catches tend to 

be more abundant than large males in the 0-20°S also in agreement with the frequency of favorable 

foraging habitat of adult females especially. A dominant catch of large juvenile females (and small 

juveniles to a lower degree, see Figure 5) is both displayed bycatch data and model predictions in the area 

35-45°S 80-125°E for the period from October to December (purple box, Figure SM.24). 
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Figure SM.17 Distribution in July-September in the Northwest Atlantic of observer catch data for blue shark (tonnes, 1986-2004, 

Campana et al. 2006, upper left panel), distribution of fork length from recreational fisheries (central left panel), and 

corresponding habitat distribution of small juveniles (SJ), large juveniles males and females (LJM and LJF) and adult males and 

females (AM, AF) (200 m-isodepth contour, black line). The higher CHL than lower CHLmin of 0.13 mg.m-3 (light blue isocontour) 

in the northern part indicates that productivity fronts are used as a foraging proxy in that area.  
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Figure SM.18 Distribution in October-December in the Northwest Atlantic of observer catch data for blue shark (tonnes, 1986-

2004, Campana et al. 2006, upper left panel), and corresponding habitat distribution of small juveniles (SJ), large juveniles males 

and females (LJM and LJF) and adult males and females (AM, AF) (200 m-isodepth contour, black line). The higher CHL than 

CHLmin of  0.13 mg.m-3 in the entire domain indicates that productivity fronts are used as a foraging proxy in that area.  



 
 

28 
 

 

Figure SM.19 Distribution in the eastern Central Atlantic of the Spanish longline catches per unit of effort for blue shark (kg/set, 

2013-2018, Vedor et al. 2021, upper left panel), and habitat distribution of small juveniles (SJ), large juveniles males and females 

(LJM and LJF) and adult males and females (AM, AF) (2003-2018, 200 m-isodepth contour, black line). The lower CHL than CHLmin  

(light blue isocontour) in the central basin (western area) indicates that estimates of mesopelagic micronekton are used as a 

foraging proxy in that area, and productivity fronts elsewhere. The purple triangle includes the area of maximum catch per set, 

which appears to correspond to different size and sex classes from the habitat modeling results. 
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Figure SM.20 Distribution in the South Atlantic of the Brazilian longline catch per unit of effort for blue shark (individuals per 

1,000 hooks, 2004-2010, (Frédou et al. 2015), upper panel), and habitat distribution of large juveniles males and females (LJM 

and LJF) and adult males and females (AM, AF) (2003-2018, 200 m-isodepth contour, black line). The lower CHL than CHLmin  

(light blue isocontour) in the central basin indicates that estimates of mesopelagic micronekton are used as a foraging proxy in 

that area, and productivity fronts elsewhere.  
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Figure SM.21 Track of an adult female blue shark in the South Atlantic from May to December 2009 (Carvalho et al. 2015, central 

panel), and corresponding bimonthly habitat predictions.  
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Figure SM.22 Distribution in January-March in the South Atlantic of observer data of sex ratio and fork length for blue shark 

(1966-2014, Coelho et al. 2018, upper two panels), and habitat distribution of large juveniles males and females (LJM and LJF) 

and adult males and females (AM, AF) (2003-2018, 200 m-isodepth contour, black line). The lower CHL than CHLmin (light blue 

isocontour) in the central basin indicates that estimates of mesopelagic micronekton are used as a foraging proxy in that area, 

and productivity fronts elsewhere. Note that male catches in the 30-35°S (purple box) agree to the selected intermediate 

temperature range avoided by large females. 
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Figure SM.23 Comparison of the blue shark (a) sex ratio and (b) fork length distributions in Jan-Mar in the Indian Ocean on a 5° 

grid (observer data, 1966-2014, Coelho et al. 2018) with the corresponding foraging habitats of (c) large juvenile males (LJM), (d) 

adult males (AM), (e) large juvenile females (LJF) and (f) adult females (AF) (2003-2018). The purple box (30-35°S; 20-100°E) shows 

the presence of large males and the absence of large females in agreement with the habitat results using the intermediate SST 

levels avoided by females (SST isocontours as red lines). 
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Figure SM.24 Comparison of the blue shark (a) sex ratio and (b) fork length distributions in Oct-Dec in the Indian Ocean on a 5° 

grid (observer data, 1966-2014, Coelho et al. 2018) with the corresponding foraging habitats of (c) large juvenile males (LJM), (d) 

adult males (AM), (e) large juvenile females (LJF) and (f) adult females (AF) (2003-2018). The purple box (35-45°S; 80-125°E) shows 

the predominance of large juvenile females in agreement with the habitat results notably using different lower SST limits as set 

in the global analysis (SSTmin of 13.1°C for LJM, 14.8°C for AM, 11.6°C for LJF, 13.3°C for AF; SSTmin for small juveniles is of 12.3°C 

- distribution is not shown). 
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Regional interannual mean and trends of foraging habitat 
 

Interannual mean and absolute trends of foraging habitat expressed in % of habitat occurrence and per 

year, respectively, were computed at the habitat grid (1/24° resolution) for the period 2003-2018 for each 

size and sex class (Figures SM.25-26). These regional trend computations provide interesting highlights on 

the recent displacement of habitat after the current effect of climate change, providing, if substantial, a 

realistic projection of the habitat modifications in the coming years.  

The overall mean absolute trends of habitat for all classes are slightly negative (-0.13 %/yr for SJ and LJF, 

-0.14 for LJM, -0.12 for AF and AM), however their distribution is highly uneven with substantial negative 

trends (higher than 15% of habitat occurrence per decade) in large parts of the northern and central Indian 

Ocean especially for the larger classes and the tropical northern Pacific Ocean. The most important 

positive trends are displayed in the relatively high latitudes (above 30°) in both hemispheres likely due to 

the warming of surface waters, except in the observed cooling of the subpolar North Atlantic (Hu and 

Fedorov 2020). Caution for the interpretation should be taken at the edge of the main gyres where 

productivity decreases due to ocean warming but where the habitat quality may increase switching 

foraging proxies from productivity fronts to mesopelagic micronekton (e.g., tropical North Atlantic, 

eastern North Pacific off California and Mexico). 

Overall, the higher losses of habitat over time for blue sharks appear to occur in the equatorial and tropical 

Indian Ocean and the tropical North Pacific for the juveniles. The major gains of habitat are observed in 

the Northwest Atlantic and the Mediterranean Sea for the large-size classes, and the temperate South 

Pacific and Indian Oceans. Interannual contraction and expansion of habitat and the major trends over 

the last decade should be considered in stock assessment to reduce the uncertainties of the hindcast and 

forecast estimates. 
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Figure SM.25 Interannual mean of foraging habitat for each blue shark size and sex class (2003-2018, % of habitat occurrence).  
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Figure SM.26 Mean absolute trend of foraging habitat for each blue shark size and sex class (2003-2018, %/yr of habitat 
occurrence). The overall mean habitat trend is -0.13 %/yr for SJ and LJF, -0.14 for LJM, -0.12 for AF and AM. 
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