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Druon et al.

Global-Scale Blue Shark Habitat

Blue shark (Prionace glauca) is amongst the most abundant shark species in international
trade, however this highly migratory species has little effective management and the need
for spatio-temporal strategies increases, possibly involving the most vulnerable stage or
sex classes. We combined 265,595 blue shark observations (capture or satellite tag) with
environmental data to present the first global-scale analysis of species’ habitat
preferences for five size and sex classes (small juveniles, large juvenile males and
females, adult males and females). We leveraged the understanding of blue shark biotic
environmental associations to develop two indicators of foraging location: productivity
fronts in mesotrophic areas and mesopelagic micronekton in oligotrophic environments.
Temperature (at surface and mixed layer depth plus 100 m) and sea surface height
anomaly were used to exclude unsuitable abiotic environments. To capture the horizontal
and vertical extent of thermal habitat for the blue shark, we defined the temperature niche
relative to both sea surface temperature (SST) and the temperature 100 m below the
mixed layer depth (T44700). We show that the lifetime foraging niche incorporates highly
diverse biotic and abiotic conditions: the blue shark tends to shift from mesotrophic and
temperate surface waters during juvenile stages to more oligotrophic and warm surface
waters for adults. However, low productivity limits all classes of blue shark habitat in the
tropical western North Atlantic, and both low productivity and warm temperatures limit
habitat in most of the equatorial Indian Ocean (except for the adult males) and tropical
eastern Pacific. Large females tend to have greater habitat overlap with small juveniles
than large males, more defined by temperature than productivity preferences. In
particular, large juvenile females tend to extend their range into higher latitudes than
large males, likely due to greater tolerance to relatively cold waters. Large juvenile and
adult females also seem to avoid areas with intermediate SST (~21.7-24.0°C), resulting in
separation from large males mostly in the tropical and temperate latitudes in the cold and
warm seasons, respectively. The habitat requirements of sensitive size- and sex-specific
stages to blue shark population dynamics are essential in management to improve
conservation of this near-threatened species.

Keywords: foraging habitat, habitat niche, chlorophyll-a gradient, marine productivity, mesotrophic, oligotrophic,
mesopelagic micronekton, water temperature

INTRODUCTION

Rapid declines in the abundance of many elasmobranch
populations in the last decades are largely attributed to
vulnerability from exploitation (Dulvy et al., 2021).
Elasmobranchs’ life history characteristics do not allow them
to withstand elevated fishing mortalities for extended periods
(Holden, 1974; Musick et al., 2000), and past accounts suggest
that intensive fisheries can be followed by a rapid decline in catch
rates or even a complete collapse of the fishery. In such a case, it
has been documented that shark stocks may need several decades
to recover (Castro et al.,, 1999). Shark declines can have strong
ecological consequences. Except in coral reef ecosystems
(Desbiens et al., 2021), the absence of sharks can indirectly
alter predation pressure on different fish species via behavioral
responses of meso-consumers released from predator
intimidation (Frid et al., 2008), altering the total fish
assemblage through trophic interactions and shaping marine

communities over large spatial and temporal scales (Stevens
et al., 2000; Ferretti et al., 2010). The manner in which sharks
structure communities may also be shifting with climate
change, where the recent increase of seawater temperatures
has been linked to a poleward shift in shark distributions
(Dolgov et al., 2005; Tanaka et al., 2021) and a potential
reduction of dive depths due to increased deoxygenation
(Vedor et al., 2021b).

The blue shark, Prionace glauca, is among the most abundant,
widespread, fecund and fast-growing of elasmobranchs, making
it somewhat more resilient to exploitation than other shark
species (Castro et al., 1999; Aires-da-Silva and Gallucci, 2007).
It is also one of the most heavily fished sharks in the world;
annual fishing mortality (mainly as bycatch) is estimated at 10.74
million.year ™' (95% PI, 4.64-15.76 million.year'; Clarke et al.,
2006), representing 5% of global shark landings in the 1990s,
peaking at almost 18% (137,973 mt) in 2013 before declining to
16% in 2017 (103,528 mt) (Okes and Sant, 2019).
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As a bycatch species, the catch of blue sharks is intrinsically
linked to abundance but also to global market demand, both
being relatively complex drivers. Blue shark is amongst the most
abundant shark species in international trade (Okes and Sant,
2019) for the meat and/or fins (e.g., dominant shark species for
meat in Japan, Spain, Taiwan, and Uruguay: Okes and Sant,
2019; Brazil: Cruz et al., 2021; Italy: Serena and Silvestri, 2018;
Mancusi et al., 2020). Overall, the importance of blue shark in the
fin trade highlights its economic importance and the driver of the
demand (Porcher et al., 2021). Although some fleets release blue
shark bycatch (Campana, 2016), this species is a major
component of retained incidental catch of longline and driftnet
fisheries, particularly from nations with high-seas fleets (Okes
and Sant, 2019), often seasonally complementing the catches of
other pelagic species. For example, the blue shark is frequently
the dominant bycatch species in swordfish and tuna longlining
(Megalofonou et al., 2000; Campana et al., 2016; Carpentieri
et al,, 2021). Global spatial analyses reported blue shark to be at
significantly greater risk of exposure to fishing due to its high
distributional overlap with important fished areas (Queiroz et al.,
2019). However blue shark populations have declined at the
global scale less than other shark species in the last five decades
(Pacoureau et al, 2021) probably due to its relatively higher
reproductive and growth rates compared to other oceanic sharks
(Pacoureau et al., 2021) and even though fishing mortality was
close to or possibly exceeding the maximum sustainable yield
levels (Clarke et al., 2006). Tuna Regional Fisheries Management
Organizations (RFMOs) conduct several shark stock, but often
no consensus on current status is found (e.g., ICCAT, 2015). If
several shark-specific regulations exist (Simpfendorfer and
Dulvy, 2017), one RFMO only recently started to agree on
catch limits for blue shark (e.g., allocated total allowable
catches (TAC) in the North Atlantic and unallocated TAC in
the South Atlantic by ICCAT in 2019, (European Union, 2020;
European Union, 2021).

Highly mobile in nature, blue sharks are known to make
seasonal reproductive migrations following changes in water
temperature and currents (Nakano, 1994; Stevens, 1999). The
links between blue shark distribution and oceanographic features
are an important focal point of current research. An improved
knowledge of blue shark habitat is needed to better understand
the ecology of a species that is distributed globally, but for which
only regional patterns have been studied in detail (e.g., Bigelow
et al., 1999; Carvalho et al., 2011; Adams et al., 2016; Vandeperre
et al., 2016). The provision of robust regional patterns of size- or
sex-specific habitat could improve the management of blue shark
populations by providing relevant spatio-temporal information
for potential fisheries mitigation measures. Focus should be given
to the life history stages that are most vulnerable to fishing to
possibly reduce the overall impact of its catch in global fisheries
as target and bycatch species.

In this study, we investigate the relationship between global
blue shark distribution and selected environmental variables to
define the species environmental niche. We frame our results in
the context of sustainable exploitation and conservation of this
species, to provide new perspectives for research and

management of blue shark populations. We justify the use of
two environmental proxies for food availability (chlorophyll-a
gradient and upper mesopelagic micronekton) as indicators of
preferred sex- and size-specific foraging habitat and identify the
unfavorable physical variables limiting habitat use. We then
build a habitat model for each sex and size classes using these
recognized environmental variables and clustering-based
parametrizations. The predicted habitat distribution is
compared with published knowledge, and model performance
is quantitatively compared against an independent validation
dataset of blue shark presence. The Supplementary Material
provides substantial details for a deeper insight of the analysis
and notably seven regional habitat animations by size and sex
classes with the overlay of blue shark presence data (observer and
electronic tagging data) for interpreting the seasonal movements.

MATERIALS AND METHODS

Blue Shark Presence Data
We collected extensive blue shark presence data throughout its
global distribution, mostly from observer programs of longline
fisheries but also purse seine fisheries, and from electronic
tagging programs. We used presence-only data from all
collected datasets for consistency. The full dataset included
589,450 observations, but only 496,080 observations
overlapped with the availability of environmental data
(chlorophyll-a data from MODIS-Aqua satellite sensor and the
other variables extracted from the EU-Copernicus Marine
Environment Monitoring Service, respectively). Thus, we
restricted all data to the time period from July 2002 to
December 2018. This included fishery-independent 234 tracks
from electronically tagged blue sharks in the Pacific (95), Atlantic
(132), and Indian Oceans (7) using different types of electronic
tags (Argos satellite transmitters and pop-up satellite-linked
archival transmitters, PSATs) on which we applied filtering
criteria for geolocation (see Supplementary Material, hereafter
SM). For electronic tags that did not have precise location
information (i.e., light- and temperature-based PSATs tags),
the majority of the likelihood surface for position estimates
tended to fall within a 50 km radius. This level of precision
was considered to be similar to the longline data since we
assumed sets had a maximum length of 100 km and we kept
the midpoint as the geographic position. Redundancy of all
presence data was avoided by filtering out data of the same
size (and sex for large individuals) when closer than 2.3 km on
the same day. This distance represented about half of the pixel
size of the habitat model grid, which was determined by the
resolution of the satellite remote sensing data of chlorophyll-a (1/
24° by 1/24° resolution). However, this redundancy filter mostly
removed eventual duplicates in the observer data since several
longline sets generally do not occur in the same location and day.
It was ineffective for electronic tagging data since only one high-
precision location was kept per day (see SM).

The presence data were partitioned by size and sex classes
following information available in the literature. While there are
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differences in size thresholds among ocean regions, we followed
Vandeperre et al. (2016) and Megalofonou et al. (2009) for small
and large juveniles, and we averaged values from the following
sources: Castro and Mejuto (1995); Castro et al. (1999);
Campana et al. (2006); Megalofonou et al. (2009); Calich and
Campana (2015); Coelho et al. (2018) for adults of both sexes.
From the 496,907 observations of blue shark presence between
July 2002 to December 2018, the total number of observations
with morphometric data (small juveniles with size information,
larger blue sharks with size and sex and high-position quality for
electronic tags) was 265,595 (see SM, Table SM.1). The small
juvenile class was not split by sex as they tend to mix in
temperate and subarctic waters (Nakano, 1994). The size
classes considered were 1) small juveniles of both sexes
(hereafter SJ) with fork length (FL) below 125 cm (n = 60,904
observations, 23%), 2) large juvenile females (hereafter LJF) with
FL from 125 to 180 cm (n = 54,611, 21%), 3) large juvenile males
(hereafter LJM) with FL from 125 to 190 cm (n = 90,792, 34%), 4)
adult females (hereafter AF) with FL above 180 cm (n = 29,773,
11%) and adult males (hereafter AM) with FL above 190 cm (n =
29,515, 11%). Any presence information that was collected after
the model calibration process or for which the environmental
information was missing (e.g., missing satellite-derived
chlorophyll-a) was used for validation only of the habitat
model (see Model Performance section). After filtering (one
high-precision location per day), the electronic tagging data
accounted for 14,559 fishery-independent observations (906 for
SJ, 4,160 for LJF, 2,355 for LJM, 2,350 for AF, and 4,788 for AM),
representing 5.5% of the analyzed data. The overall data
distribution by size and sex classes were: 22.9% for SJ, 20.6%
for LJF, 34.2% for LJM, 11.2% for AF and 11.1% for AM.
Figure 1 shows the spatial and seasonal distributions of the
analyzed data (see SM for density maps by size and sex classes).
Although the South-East Atlantic, the North and East of the
Indian Ocean, and the Northwest Pacific are not well-
represented in our dataset, the data spans a wide range of
latitudes and productive ecosystems in the other areas, and
likely accounts for most of the environmental variability of
blue shark habitat.

From Ecological Traits to Modeling
Foraging Habitat

The selection of environmental variables for modeling was
guided by their relevance to reflect the main ecological traits of
the blue shark. These choices were therefore based on past
habitat analysis and expert knowledge as described in the
following three sections. This species is known to have a wide
distribution from equatorial to temperate latitudes (Vandeperre
et al.,, 2014a; Coelho et al., 2018; Maxwell et al., 2019), inhabiting
contrasting environments in terms of productivity. Similar to
other large marine predators, the blue shark is attracted by
mesoscale features such as fronts or eddies (Queiroz et al.,
2012; Vandeperre et al., 2014b; Scales et al., 2018; Braun et al,,
2019) in relatively plankton-rich surface waters (epipelagic and
mesotrophic areas: defined hereafter as the depth layer from 0 to
1.5-times the euphotic depth with surface chlorophyll content in

the range of 0.1-4.0 mg.m™). However, blue shark also makes use
of relatively poor surface waters (oligotrophic, with surface
chlorophyll content below about 0.1 mg.m™) and feeds in the
upper mesopelagic layer (depth layer from 1.5 to 4.5-times the
euphotic depth; e.g., Vedor et al,, 2021a), with cephalopods as
dominant prey (Cordova-Zavaleta et al, 2018; Konan et al,
2018). To reflect these contrasting environments, we retained
surface chlorophyll-a fronts and mesopelagic micronekton as
proxies for foraging behavior. Additionally, blue shark diving
profiles suggest that behavioral thermoregulation has an
important effect on hunting tactics (Campana et al., 2011;
Braun et al., 2019). The blue shark diving profiles often show
higher contrasts in temperature levels between the mesopelagic
and the surface layer in tropical areas than when swimming
within the intermediate layer in temperate latitudes. The primary
function of these dives may be to follow the diurnal vertical
migration of prey, with deeper dives during the day or during a
full moon at night (Vedor et al., 2021a), but can also potentially
be related to orientation (Campana et al, 2011; Musyl et al.,
2011; Elliott, 2020). Similarly, blue sharks were shown to remain
for longer durations at depth in the warmer anticyclonic eddies
than in the cooler cyclonic eddies (Braun et al., 2019) or in the
warmer Gulf Stream than in contiguous waters of the Labrador
Current (Campana et al., 2011). Both of these behaviors would
release the species from thermal constraints while foraging. Sea
surface height anomaly (SSHa) is mainly influenced by seasonal
changes in temperature and the geostrophic currents that
characterize eddies and gyres that are known to shape the
vertical and horizontal distribution of the full pelagic food web
(Polovina et al., 2001; Tew Kai and Marsac, 2010; Godo et al.,
2012), including the blue shark (Vandeperre et al., 2014b). Thus,
water temperature within the mesotrophic or oligotrophic
environments (sea surface temperature, SST, and the
temperature 100 m below the mixed layer depth, T),4.100), as
well as sea surface height anomaly in regards to the mesoscale
activity, would be expected to play a key role in the global
distribution of blue sharks and were selected as highly
discriminant variables in the present habitat modeling. Besides
the abiotic environmental covariates retained for habitat
modeling (SST, Tua+100 and SSHa), global fields of biotic
(chlorophyll-a fronts, mesopelagic micronekton) were
included, as they could substantially help define the foraging
habitat of the species. All environmental variables were extracted
as mean values over a 25 km radius centered on the calibration
presence data as this distance is relevant to most location
uncertainty of blue shark observer and electronic tagging data,
and is at the scale or below of oceanic features of importance
(e.g., fronts or eddies) (see also Figure SM.6 for data
integration). We particularly accounted for the ecological
traits of the species and literature knowledge that highlighted
some under-sampling of extreme environments in our
presence dataset.

The Biotic Environmental Variables
The main proxies used for blue shark foraging in our model are
the chlorophyll-a-derived productivity fronts in the mesotrophic
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FIGURE 1 | Distribution of both calibration and validation presence data (FL < 125 cm and FL > 125 cm with sex information, upper map, n = 265,595, number of
presence data per grid cell of 0.25°), and monthly distribution by size and sex class (‘All' corresponds to all presence data contemporary to environmental data
independently of size and sex availability). These data are mainly derived from fisheries observer (94.5%) programs, but include a small amount of data from
electronic tags (one position per day of higher accuracy, 5.5%). See in Supplementary Material the Figures SM.1-5 on the distributions by size and sex classes,
and seven video animations of habitat in regions of high-density electronic tagging data.

areas and the mesopelagic micronekton in oligotrophic areas.
Incorporating both of these is justified by i) the increased
occupancy of blue shark in surface layers (upper 100 m) driven
by highly productive (and cold) waters, and in deeper layers in
oligotrophic (and warm) environments (Vedor et al., 2021a;
Fujinami et al, 2021), ii) the efficient detection of mesoscale
productivity features by satellite observation in relatively

productive areas, and iii) the prediction of potential prey
sources at depth (mesopelagic micronekton) in relatively poor-
production environments where satellite observation is
unsuitable. The lack of detection by satellite ocean color
sensors of maximum chlorophyll-a in the subsurface
oligotrophic environments due to light attenuation
(exponential decrease of light with increasing depth)
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underestimates productivity in these oligotrophic environments.
Therefore, we considered the best performance of both biotic
variables between the high dynamics of productivity fronts, of
importance for large pelagic predators and sensed by satellite
observation, in mesotrophic waters and the deeper and lower
dynamics of the simulated mesopelagic micronekton in
oligotrophic environments.

In mesotrophic areas, the daily detection of productive
oceanic features (chlorophyll-a fronts) from ocean color
satellite sensors (currently MODIS-Aqua) is a good generic
proxy for food availability to fish populations (Druon et al,
2021). When productivity fronts are active long enough (from
weeks to months) to allow the development of mesozooplankton
populations (Druon et al., 2019), they were shown to attract epi-
and mesopelagic fish and top predators (Olson et al., 1994;
Polovina et al., 2001; Briscoe et al., 2017; Druon et al., 2017;
Baudena et al., 2021). After an initial development phase of 3-4
weeks, the mesozooplankton biomass reached substantial levels
in the persistent and not necessarily stationary chlorophyll-a
fronts, i.e. where chlorophyll-a gradient is high (Druon et al,
2019). This biomass aggregation may represent concomitant
foraging hotspots for small pelagic fish, and result in active
aggregation of highly mobile predators (e.g., bluefin tuna
Thunnus thynnus in Druon et al., 2016; fin whale Balaenoptera
physalus in Panigada et al, 2017, basking shark Cetorhinus
maximus in Miller et al, 2015). Similarly, blue sharks have
been shown to be attracted by frontal oceanic features (Bigelow
et al., 1999). Daily chlorophyll-a (CHL, mg.m™>) data were
gathered from the MODIS-Aqua ocean color sensor (years
2002-2018; 1/24° resolution) using the Ocean Color Index
(OCI) algorithm (Hu et al,, 2012) and extracted from the
NASA portal (https://oceancolor.gsfc.nasa.gov/13/; reprocessed
January 2018). Small and large chlorophyll-a fronts were derived
from and refer to different levels of chlorophyll-a gradient values
(see the SM for details on the chlorophyll-a gradient calculation).
Based on the link described above between productivity fronts
and biomass of low and high trophic levels (e.g., Olson et al.,
1994; Polovina et al., 2001; Druon et al., 2019; Druon et al., 2021;
Baudena et al, 2021), high chlorophyll-a gradient levels are
assumed to correspond, when persistent, to productivity fronts
with an important capacity to sustain well-developed food chains
and foraging opportunities for predators. The five-day
chlorophyll-a gradient values were extracted in a 25 km radius
centered on the (day and location of) blue shark presence data
for each size and sex class, and a minimum of 33% coverage was
set to accept the mean gradient value (5-day and 25 km-radius
mean value). The histogram of extracted log-transformed
gradient values was used to derive a dependent linear
predictor, which is the main component of the daily foraging
habitat in the mesotrophic environment.

In oligotrophic environments, the estimate of mesopelagic
micronekton (‘micronekton upper mesopelagic & micronekton
migrant upper mesopelagic’, in wet weight g.m®) was extracted
from the global ocean low and mid trophic levels biomass
content hindcast model, available through the EU-Copernicus
Marine Environment Monitoring Service (https://marine.
copernicus.eu/access-data). These variables are simulated by

the SEAPODYM-LMTL (SEAPODYM for Low and Mid-
Trophic Level organisms) model (Lehodey et al., 2015, see SI
for details). Weekly data were aggregated by month and linearly
interpolated from the original grid at 1/12° resolution to the
habitat grid at 1/24° resolution.

For foraging proxies in the habitat model, we thus used the
mesopelagic micronekton in oligotrophic areas (CHL < CHL,,,;,,)
and productivity fronts in mesotrophic areas (CHL > CHL,,,;,,),
noting that CHL,,;, was a relatively low chlorophyll-a value used
as a threshold between both foraging proxies. The specific value
of CHL,,;, for each blue shark class was identified using cluster
analysis (the k-means clustering technique; see SM for
full description).

The Abiotic Environmental Variables

The abiotic variables included in the habitat model were sea
surface temperature (SST), sea surface height anomaly (SSHa),
and the temperature 100 m below the mixed layer depth (T4
+100)- The variables that were not included in the habitat model
were sea surface salinity, sea surface current intensity, surface
oxygen content, and the depth of the mixed layer since they
presented large variabilities (see SM) and were not identified as
primary discriminant variables by the expert knowledge. A range
of favorable conditions for each abiotic variable was defined and
subsequently used to exclude unsuitable habitats. The 0.3™ and
99.7" percentile values were selected for the favorable range of
SST and SSHa for each size and sex class. This range was large
enough to encompass some extreme environmental conditions
that were poorly represented in the presence data, and included
areas with contrasting SSTs yet high seasonal blue shark presence
(e.g., in the Northwest Atlantic; see Results). More generally, we
considered the expert knowledge (e.g., known presence in local
extreme conditions) in the choice of these threshold values since
the dataset likely over-represents some environments and under-
represents others. The majority of blue shark observations came
from fishery-dependent data, which are known to be spatially
and temporally biased (Saul et al., 2020). We also excluded an
intermediate range of SST for the blue shark female classes (LJF
and AF) using the cluster analysis, noting a substantially low
presence in this range (90" and 10" percentile values of two
different clusters, see Results). Unlike the other abiotic
exclusions, this intermediate SST levels within the favorable
range for large females appeared to be actively avoided rather
than corresponding to physical intolerance. Finally, our analyses
showed that the temperature 100 m below the mixed layer depth
(Ton1a+100) Was a relevant variable for identifying the upper limit
of the mesopelagic layer. Micronekton was extracted from the
mesopelagic layer, representing depths of 138 + 32 m. This upper
depth of the mesopelagic layer corresponds to a vertical position
where large blue sharks spend a large proportion of the night,
while deeper dives during the day are alternatively done with
shallower dives in response to thermoregulation needs
(Campana et al,, 2011; Braun et al., 2019). Consequently, T,
+100 Was considered to represent an averaged-dive temperature,
i.e. identifying the appropriate mean temperature representing a
dive at the approximate interface between the epipelagic and
upper mesopelagic layers. We selected the same minimum
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temperature value for T4, 00 as for SST since the minimum
levels of SST and T4, 100 were considered to be the surface and
mean-dive extreme temperature tolerance for each size and sex
class. The fields of temperature, mixed layer depth, and sea
surface height anomalies were extracted from the EU-
Copernicus Marine Environment Monitoring Service global
model (https://marine.copernicus.eu/access-data). All abiotic
data were first linearly interpolated from the original grid at
1/12° resolution to the habitat grid at 1/24° resolution, and then
linearly interpolated from monthly to daily values for estimating
the daily habitat (see also Figure SM.6 for data integration).

The Blue Shark Environmental Envelope

The environmental envelope of a species is defined as the set of
environments within which it is believed that are necessary to
maintain viable populations (Walker and Cocks, 1991). All biotic
and abiotic variables were integrated (mean value) over a 25 km
radius centered on each presence data for the identification of the
environmental envelope. This radius was selected as
representative of the geolocation precision of most of the
presence data (below about 50 km). Blue sharks of any size can
easily cover this distance within a day, as the lower and upper
bounds of the 95% confidence interval for the mean movement
rate of large blue sharks was 34 +9 km.day' and 52 +18
km.day ' (1.42+0.38 kmh" and 2.15+0.73 kmh'', Kai and
Fujinami, 2020). The habitat model for blue sharks evaluates
positive relationships with foraging proxies (productivity fronts
or mesopelagic micronekton) after unsuitable abiotic
environments are excluded (based on SST, T,.4:100 and SSHa).
The resulting modeling envelope has two main components
depending on the level of surface chlorophyll-a: the
oligotrophic (CHL < CHL,,;,) and mesotrophic (CHL,,, <
CHL < CHL,,,) foraging habitats that use mesopelagic

micronekton and productivity fronts (chlorophyll-a horizontal
gradients), respectively (Figure 2). Both components were
associated with the abiotic variables, i.e., temperature and
SSHa, where a value of 1 was set for favorable levels and a
value of 0 otherwise, therefore excluding unfavorable levels from
the habitat. As described above, a minimum temperature value in
the upper mesopelagic layer (T,4+100) Was used to exclude
waters in oligotrophic environments that were too cold for
diving blue sharks, while a suitable range of SST was used to
exclude unsuitably warm or cold waters from the habitat in
mesotrophic waters. When a specific size class avoided certain
sea surface temperatures (large females, LJF and AF), the
associated daily foraging habitat in this intermediate SST range
was set to 0.

The same calibration method that was used to estimate the
quality of foraging habitat (i.e., prediction of foraging
opportunities) was applied to mesopelagic micronekton and
productivity fronts (MMnekton and gradCHL, respectively).
The habitat model for both these foraging proxies has two
parameters besides the distinct CHL range on which they
apply (CHL < CHL,,;, for mesopelagic micronekton and
CHL,,;, < CHL < CHL,,,, for productivity fronts): a minimum
and intermediate value of mesopelagic micronekton
(MMnekton) and a horizontal gradient of chlorophyll-a
(gradCHL, Table 1). The minimum and intermediate threshold
values for MMnekton define the slope of daily habitat quality in
the oligotrophic environments (and similarly for gradCHL in the
mesotrophic environments). The intermediate threshold value
(the upper part of the habitat slope) is the minimum value of
MMpnekton or gradCHL that corresponds to a habitat index of 1.
The suitable CHL range and the minimum threshold of foraging
proxies (MMnekton,,;, and gradCHL,,;,) were identified using
cluster analysis (see SM for details on the clustering) and
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Proxies of
food
availability

Blue shark envelope modeling

IMesotrophi
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FIGURE 2 | Scheme of the blue shark envelope modeling linking the environmental variables in oligotrophic (CHL < CHL ,;,) and mesotrophic (CHL , < CHL <
CHL max) environments with mesopelagic micronekton and productivity fronts (chlorophyll-a horizontal gradients) as foraging proxies, respectively. The abiotic
variables (SST, Tq.100 @nd SSHa) were used to exclude unsuitable environments. CHL, surface chlorophyll-a content; SST, sea surface temperature; T,q.100,
Temperature 100 m below the mixed layer depth; SSHa, sea surface height anomaly.
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TABLE 1 | Calibration parameters for the biotic variables of the blue shark foraging habitat model.

Biotic parameter values for Mesopelagic micronekton

blue shark foraging habitat
MMnekton (g.m2 wet weight)

min. * int. **
Small juveniles (SJ) 0.89 3.91
Large juvenile females (LJF) 0.91 1.89
Large juvenile males (LJM) 0.91 1.86
Adult females (AF) 0.93 1.67
Adult males (AM) 0.98 2.70

CHL (mg.m™®) Horizontal CHL gradient

gradCHL (mg.m.km™)
min.* max. * min. * int. **
0.12 0.74 0.00055 0.0048
0.13 0.55 0.00054 0.0029
0.09 0.48 0.00040 0.0052
0.13 0.47 0.00047 0.0044
0.125 0.55 0.00064 0.0075

(See Materials and Methods for the selection of the variables based on past habitat analysis and expert knowledge). CHL, sea surface chlorophyll-a content; gradCHL, horizontal gradient
of CHL; SJ, small juvenile blue sharks, LJF, large juvenile females; LJM, large juvenile males; AF, adult females; AM, adult males.
*Values identified using the cluster analysis (15" and 85" percentile values of the low/high-level cluster(s) [mesotrophic cluster(s) for CHL and gradCHL, and oligotrophic cluster for

MMnekton], see text for details and SM for the clustering),

*Values identified using the cumulative distribution function (gradCHL or MMnekton, see Figure 3).

represent the boundary values of suitable foraging environments
for each size and sex class. The intermediate value of each proxy
(MMnekton;,,, and gradCHL;,,), which define minimum levels of
MMnekton and gradCHL corresponding to the maximum daily
habitat of 1, was identified using the values of MMnekton,,;,, and
gradCHL,,;, and the preferred range of MMnekton and
gradCHL. This preferred range of each foraging proxy was
defined by the maximum slope of the cumulative distribution
that corresponds to presence data in the respective CHL range
(CHL < CHL,,;, for MMnekton and CHL,,;, < CHL < CHL,,,,
for gradCHL). A break in the daily habitat index between 0 and
0.3 was inserted to reflect sub-optimal foraging opportunities
(i.e., no effective foraging). However, such areas are still
important for a highly mobile predator to detect prey gradients
and actively move towards higher densities. Overall, there is no
direct correspondence between the daily foraging habitat
function for both foraging proxies (MMnekton and gradCHL),
even though each proxy quantitatively reflects the level of
foraging opportunities (see Discussion).

Habitat Index Equations by Size and Sex
Classes

Increasing levels within each foraging proxy, from small to large
productivity fronts or from low to high mesopelagic
micronekton levels were standardized from 0 to 1 in the daily
productive habitat indices. Daily foraging habitat was then
filtered by the various abiotic limitations, scored as 1 (inside
the favorable range) or 0 (outside). Thus, daily foraging habitat
was defined in each grid cell as satisfying the following equations
for suitable environmental conditions:

Feeding Habitatp,,, .
0 if (CHL < CHL,,;, and MMnekton < MMnekton,,;,)or
(CHL,,;, < CHL < CHL,,,, and gradCHL < gradCHL,,;,, )or
CHL > CHL,y,
=4 0tolif %*(CHL < CHL,,;,MMnekton,,;,, < MMnekton < MMnekton,,,)or
#%(CHL,;, < CHL < CHL,,,, and gradCHL,,;,, < gradCHL < gradCHL,,;)
1 if (CHL < CHL,,;, and MMnekton > MMnekton,,,)or
(CHLyy;, < CHL < CHL,,,, and gradCHL > gradCHL,,;)

*linear function from 0 to 1 as follows:

MMnekton — MMnekton,,,

Foraging Habitat =1+
&g Day.Cell MMnekton,,, — MMnekton,,;,

**inear function from 0 to 1 as follows:

. In(gradCHL) — In(gradCHL,,,)
In(gradCHL;,,) — In(gradCHL,,;,,)

where [n is the natural logarithm, CHL,,;,, and CHL,,,,, define the
suitable range of chlorophyll-a, and MMnekton,,;, and
MMnekton;,; are the minima and intermediate thresholds of
the mesopelagic micronekton concentration. The latter two
thresholds bound the increasing linear function for each
suitable habitat index between 0 and 1 (the same reasoning
applies to the gradCHL linear function).

The areas that met the daily biotic and abiotic requirements of
the habitat model were then integrated over time to create
monthly foraging habitat suitability maps. The time
composites are expressed in frequency of suitable habitat
occurrence (%) computed as a mean of 0-to-1 daily values
quantitatively associated with either the respective foraging
proxy. The multi-annual composites showing seasonal patterns
were computed from the monthly means to set an equal weight
between months. This is particularly relevant since lower habitat
coverage occurs during winter due to the higher cloud presence
and the subsequent greater number of missing estimates of
satellite-derived chlorophyll-a.

ForagingHabitatp,, cy = 1

Model Performance

Performance of the habitat model was evaluated using an
independent set of presence data (hereafter, validation data).
The validation data are composed of either data that were
gathered after the model calibration, or consisted of
observations for which the coverage of satellite-derived
chlorophyll-a was not meeting the selection criterion for the
initial calibration. The validation criterion of minimum habitat
coverage was more stringent on the habitat coverage closer to the
observation (see the SI for criteria details), while the calibration
criterion focused on a mean habitat coverage at the scale of
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variation of the environment (about 25 km). To assess model
performance, we defined the minimum level of habitat quality
that allowed for effective foraging at 30%, as lower levels
correspond to sub-optimal foraging opportunities (i.e., no
effective foraging and daily habitat set to 0 when the daily
function of foraging proxies led to values below 0.3). Recall
that monthly habitat quality was the mean frequency of daily 0-
to-1 values associated with the foraging proxies. From the 5-day
integrated habitat computed around the validation data, we
assessed model performance three ways. First, we calculated
the rate of positive occurrences within the core habitat from
the presence data. Second, we computed the distance of
validation presence data to the closest habitat boundary
because the rate of true positives does not account for presence
data that should often occur in the vicinity of the core habitat.
Predators spend a substantial time searching for their prey, and
should frequently occur near potential foraging areas. Third, we
computed the relative surface of the core habitat on a monthly
basis for each hemisphere (see SM) to evaluate the degree to
which the model discriminates suitable habitats.

RESULTS

The Foraging Niche: Mesotrophic

Versus Oligotrophic

The specific niche for foraging by class has an oligotrophic (CHL
< CHL,,;,) and mesotrophic (CHL,,;, < CHL < CHL,,,,)
component, using mesopelagic micronekton and productivity
fronts, respectively, as proxies for suitable foraging habitat. Using
SJ blue sharks as an example, their daily habitat values are
defined by the MMnekton envelope (orange line segment,
Figure 3, upper left panel) by its slope, ie., mostly by the
maximum cumulative distribution of the corresponding
presence data (dashed and solid blue lines, same panel). These
MMnekton values, scaled between 0 and 1, represent the range of
foraging opportunities that exist between the lowest and highest
micronekton levels in oligotrophic waters. Because the relative
presence in the oligotrophic areas varies between blue shark
classes, the daily habitat values defined by the MMnekton
envelope differ with respect to life stage (Figure 3, left panels).
The same approach is applied to productivity fronts in
mesotrophic environments (Figure 3, right panels) except that
the corresponding CHL levels are between CHL,,;, and CHL,,,,
(dashed and solid green lines). The range of favorable CHL values
(CHL,,;, and CHL,,,,) and minimum level of each foraging
proxy (MMnekton,,;, and gradCHL,,;,) are identified for each
class using the cluster analysis (15" and 85" percentile values,
Table 1). As an example, the cluster analysis for S] shows that the
suitable CHL range in mesotrophic areas is between about 0.12
and 0.74 mg.m'3 (CHL,,;, and CHL,,,,). The range represents
the 15™ and 85" percentiles of the intermediate and highest
CHL-cluster, the red and blue clusters respectively (Figure SM.7,
upper left panel). Note the blue cluster is always the largest in
size. The lower CHL-cluster defining oligotrophic habitats (CHL
< CHL,,;,, green cluster) shows that the minimum gradCHL
value (gradCHL,,;,; the 151 percentile of the CHL-intermediate

cluster) is 5.5.10™* mg.m>km™', and the minimum value for
MMnekton (MMnekton,,;,; the 151 percentile of the CHL.-lower
cluster) is 0.89 g.m'2 wet weight (Figure 3 and Table 1). This
minimum gradCHL value and the maximum slope of the
cumulative distribution of SJ blue shark presence define the
daily habitat index for productivity fronts. Subsequently, they
also define the lowest gradCHL value for which the daily habitat
index reaches the maximum value of 1 (the intermediate
gradCHL value, gradCHL;,,,) at 4.68.107° mg.m"3.km_1 (ie., In
(gradCHL) of —5.4 in Figure 3). The same approach is used for
mesopelagic micronekton although the daily habitat function is
defined for CHL < CHL,,;,, and MMnekton is not log-
transformed. The resulting value of MMnekton;,, for SJ blue
shark, i.e., the minimum value for which the daily habitat reaches
the value of 1, is 3.91 gm™ wet weight. The biotic calibration
parameters for the other size and sex classes (LJF, L]M, AF, and
AM) are presented in Figure 3 and Figures SM.7-11 (see the
summary of values in Table 1). While the CHL,,, and
MMnekton,,;, values that notably delimit meso- and
oligotrophic waters are similar between classes (0.09-0.13
mg.m™ and 0.89-0.98 g.m™ wet weight), the major differences
that define the habitats arise from the intermediate values (i.e.,
the slopes), which directly derive from the frequency of presence
(0.0029-0.0075 mg.m~ km™ and 1.67-3.91 gm™ wet weight).
The distribution of blue shark presence relative to both foraging
proxies and CHL levels, i.e., MMnekton for CHL < CHL,,;,, (blue
line in Figure 3, left panels) and gradCHL for CHL,,;, < CHL <
CHL ., (green line in Figure 3, right panels) shows that adults
(AF and AM) are mostly located in oligotrophic environments,
while small juveniles (S]) are more prevalent in mesotrophic
environments, and large juveniles (LJF and LJM) have a balanced
presence in both. This suggests that blue sharks transition from
mesotrophic to oligotrophic environments through their
lifespan, and tend to be found in higher and lower latitudes,
respectively. However, all stages are still present in both
environments, confirming the widespread distribution of blue
shark populations.

The Abiotic Niche

Using the abiotic variables to exclude unfavorable environments
meant a large percentile range (0.3 and 99.7 percentile values,
Table 2) for abiotic variables was required to encompass the
extreme conditions of the Northwest Atlantic, which were
under-sampled in our dataset and not sufficiently highlighted
in the cluster analysis with two or three clusters only. The
proximity of the cold Labrador Current to the warm Gulf
Stream south of Nova Scotia (South-East Canada) during
winter caused an extreme situation where the temperature of
surface waters is colder (and fresher) than below the mixed layer.
These SST levels are too cold for blue sharks (below about 11°C,
Figure SM.16) yet are suitable at depth (T,4.100 above about
12°C). Because historic data (Campana et al., 2006) and some of
our electronic tagging data demonstrate the substantial presence
of blue sharks in winter in this area, we accounted for this
peculiarity in the model by selecting the 0.3™ and 99.7"
percentile values of the global distribution by size and sex class
for the range of SST and SSHa. This range was wide enough to
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FIGURE 3 | Frequency of blue shark presence in each foraging proxy (colored histograms, relative units) and identification of the respective daily linear function of
foraging habitat (orange line segment). The distribution of mesopelagic micronekton (oligotrophic foraging, the colored histogram on left panels; MMnekton; g.m™
wet weight) and chlorophyll-a gradient (mesotrophic foraging, the colored histogram on the right panels; gradCHL; log-transformed, mg.m.km™") at the location of
blue shark presence data by size and sex classes (SJ, LJF, LIM, AF, and AM) are compared to the global ocean distribution (light grey histogram). The distribution of
MMnekton and gradCHL at the location of blue shark presence and for CHL < CHL i, and CHL i < CHL < CHL 4y, respectively, are delineated by the blue and
green lines. The maximum slope of the cumulative distribution of blue shark presence for each foraging proxy (blue and green dashed line for MMnekton and
gradCHL, respectively) defines the slope of the daily habitat linear function (orange line; see also Table 1; also using MMnekton,,, and gradCHL ;).
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suitably capture blue shark presence in that area (see regional
validation in Figures SM.17-18). The parameterization of abiotic
variables (Table 2) allows for tolerance of lower temperature
levels, which was exhibited by the SJ and LJF classes (12.3°C and
11.6°C, respectively). Compared to the other classes, AM had the
highest threshold to minimum temperature (14.8°C), indicating
the lowest tolerance to cold temperatures. The maximum
temperature tolerance is less variable among classes than the
minimum, although adults display slightly higher levels than the
other classes (c.f. 28.9-29.3°C with 28.3-28.6°C, Table 2). Similar
to temperature, the preferred SSHa ranges of SJ and LJF classes
are lower than the LJM and adult classes, indicating preferential
use of highly productive and temperate areas than less
productive and tropical areas. This can be seen by the
differences in their frequency of presence in mesotrophic and
oligotrophic environments (Figure 3). An unexpected pattern
indicated by the environmental-presence data relationship was
the apparent avoidance of large juveniles and adult females in an
intermediate range of SST (Figure 4). Our results highlight that
the presence of large females is three to four-fold lower than large
males in the range of 21.7-24°C and 22.1-23.4°C for LJF and AF,
respectively (5% presence for LJF compared to 17% for LJM, and
4% presence for AF compared to 13% for AM). These
intermediate ranges of SST for LJF and AF were used to set the
daily habitat to 0 (Table 2). To highlight the impact of this
apparent avoidance by large females, we show the 21.7°C and
24°C isotherms on the mean seasonal habitat map for large males
(next section).

Mean Seasonal Foraging Habitat by Sex
and Size Class

We used the favorable foraging conditions of blue sharks for each
class as defined by the model calibration to extrapolate daily
global blue shark habitat. The mean seasonal foraging habitat by
size and sex class for the period 2003-2018 was computed using
monthly mean levels (Figures 5-9, see also Figure SM.6 for data
integration and the seven habitat animations with the overlay of
electronic tagging and observer data as separate SM). The
frequency of suitable habitat occurrence (%) differed primarily
among seasons and the five blue shark classes. We plotted the
chlorophyll-a isocontour of CHL,,;, on each map to distinguish
the distribution of foraging habitat arising from the mesopelagic
micronekton (oligotrophic) and productivity front
(mesotrophic) proxies (CHL < CHL,,;,, and CHL,,;, < CHL <
CHL,,,,, respectively). Oligotrophic environments tend to
contain higher levels of suitable foraging habitat as compared
to mesotrophic areas. This notably reflects the more stable
estimated levels of mesopelagic micronekton compared to the
scattered frequency of productivity fronts occurring in
mesotrophic areas. Favorable conditions for oligotrophic
foraging occur for all classes in the central part of the large
subtropical gyres, although not in the most oligotrophic areas
(see, e.g., the habitat differences between the subtropical
northeast and poorer southeast Pacific, Figures 5-9). Instead,
mesotrophic foraging mostly arises in temperate and equatorial
latitudes, both of which display a seasonal contraction during the

cold months alternately in both hemispheres, resulting in a
latitudinal oscillation between the seasons in the equatorial area.

Although blue shark foraging habitat is generally widespread
from about 50°S to 50°N, major unsuitable areas for foraging
occur in the central part of the main tropical gyres, such as in the
West and South-East Pacific or in the South-West of the North
Atlantic Oceans, due to particularly low productivity and
extremely high SSTs (Figures SM.13-15). In the Indian Ocean,
SST is too high in the northern basin (see in Figure SM.14 the
SST isocontour of 28.7°C enhancing the mean upper SST
limitation between all classes, 28.7°C +0.38) and productivity is
too low in the latitudes from 15°S to 25°S (Figure SM.13). Given
their more restricted temperature tolerances, a larger extent of
the basin is unsuitable for males than for females, mostly due to
higher SSTs than the tolerated levels (Figure SM.14). The SJ and
AM classes show the most contrast in suitable environmental
conditions and predicted foraging habitats, particularly in the
northern hemisphere where seasonal variability is higher. For
example, SJ has a higher latitudinal range in the North Pacific
and Atlantic Oceans, yet a greater longitudinal range in the
Mediterranean Sea since the western basin is further North. The
other main difference between size and sex classes arises from the
apparent avoidance of females in an intermediate range of SST
levels. The SST avoidance isocontours of LJF shown on the mean
seasonal maps of males (Figures 7, 9) highlight that habitat
overlap between females and males is lacking mostly from
January to June in the southern hemisphere, from April to
December in the North Atlantic, and from July to March in
the North Pacific. The overall observer and electronic tagging
data generally agree well with the predicted lack of habitat
overlap (see also Figures SM.22-24 comparing the males and
females’ habitat with blue shark catches in (Coelho et al., 2018),
except in specific areas and seasons (e.g., North-east Pacific in
April-June, south-west Indian Ocean in October-December).

Global blue shark habitat declined during 2003-2018, as
indicated by changes in the frequency of suitable habitat
occurrence of about -0.13%.yr', (Figure SM.26). Declines
were unevenly distributed, with substantial negative trends (in
excess of -1.5%.yr ' of favorable habitat occurrence) mostly in the
northern and central Indian Ocean for the larger classes, and in
the tropical northern Pacific Ocean. Habitat expansion into
higher latitudes (above 30°) in both hemispheres was indicated
by positive trends (in excess of -1.5%.yr™" in the North-west
Atlantic, South Pacific and south Indian oceans). Overall, the
higher losses of habitat over time for blue sharks appeared to
occur in the equatorial and tropical Indian Ocean and in the
tropical North Pacific, specifically for the juveniles. The major
gains in habitat were observed in the Northwest Atlantic and the
Mediterranean Sea for the larger size classes, and in the
temperate South Pacific and Indian Oceans.

Distance of Presence Data to Closest
Habitat and Seasonal Habitat Size

We used fairly strict minimum criteria for habitat coverage (see
Materials and Methods and SM) to evaluate model performance
from the independent validation data, representing 47% (125,825
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FIGURE 4 | Global distribution of sea surface temperature (SST) by size and sex class of blue shark. A continuous SST niche for males and small juveniles (left
panels) and a fragmented SST niche for large juvenile and adult females (right panels) is evident, with three to four-fold lower presence of females than males in the
SST range of 21.7-24°C and 22.1-23.4°C, respectively.

TABLE 2 | Calibration parameters for the abiotic variables of the blue shark foraging habitat model.

Abiotic parameter values for blue shark foraging habitat SST (°C) SSTintermediate avoidance (°C) SSHa (m) Tmid+100 (°C)

Min. = Minimum min. * max. * min. ** max. ** min. * max. * min. ***

Max. = Maximum

Small juveniles (SJ) 12.3 28.3 N/A N/A -0.69 0.82 12.3
Large juvenile females (LJF) 11.6 28.5 21.7 24.0 -0.62 0.83 11.6
Large juvenile males (LJM) 13.1 28.6 N/A N/A -0.54 0.92 13.1
Adult females (AF) 13.3 29.3 2241 23.4 -0.55 0.94 13.3
Adult males (AM) 14.8 28.9 NA N/A -0.53 1.00 14.8

See Materials and Methods for the selection of the variables based on past habitat analysis and expert knowledge. SST, sea surface temperature; SSHa, sea surface height anomaly; Ty
1100, the temperature at 100 m below the mixed layer depth; SJ, small juvenile blue sharks; LJF, large juvenile females; LJM, large juvenile males; AF, adult females; AM, adult males.
“Values identified using the global distribution by size and sex class (0.3" and 99.7" percentile values, Figure 4),

“Values identified using the clusters linked to SST avoidance by females (90" and 10" percentile values, Figure 4 and SM),

***Minimum values of Tpq.100 Were set identical to SST,.i, (see Methods for details).
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FIGURE 5 | Mean seasonal distribution of blue shark foraging habitat for the small juveniles (SJ, 2003-2018, in frequency of suitable habitat occurrence, %). The
chlorophyll-a isocontour of 0.12 mg.m™ (CHL,,;,) separates the mean area of oligotrophic foraging (below this value using mesopelagic micronekton as foraging
proxy) and mesotrophic foraging (above this value using productivity fronts). Presence data (calibration and validation) are represented as pink dots for observer data
and colored line transects for electronic tagging data (start and end of months are shown by a black star).
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FIGURE 6 | Mean seasonal distribution of blue shark foraging habitat for the large juvenile females (LJF, 2003-2018, in frequency of suitable habitat occurrence, %).
The chlorophyll-a isocontour of 0.13 mg.m™ (CHL,,,;,) separates the mean area of oligotrophic foraging (below this value using mesopelagic micronekton as foraging
proxy) and mesotrophic foraging (above this value using productivity fronts). Presence data (calibration and validation) are represented as pink dots for observer data
and colored line transects for electronic tagging data (start and end of months are shown by a black star).
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FIGURE 7 | Mean seasonal distribution of blue shark foraging habitat for the large juvenile males (LJM, 2003-2018, in frequency of suitable habitat occurrence, %).
The chlorophyll-a isocontour of 0.09 mg.m™ (CHL,,) separates the mean area of oligotrophic foraging (below this value using mesopelagic micronekton as foraging
proxy) and mesotrophic foraging (above this value using productivity fronts). Presence data (calibration and validation) are represented as pink dots for observer data
and colored line transects for electronic tagging data (start and end of months are shown by a black star). The SST isocontours of LJF avoidance (21.7°C and 24°C),
slightly larger than for AF, allow evaluating the potential lack of habitat overlap with LJM.
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FIGURE 8 | Mean seasonal distribution of blue shark foraging habitat for the adult females (AF, 2003-2018, in frequency of suitable habitat occurrence, %). The
chlorophyll-a isocontour of 0.13 mg.m ™ (CHL,;,) separates the mean area of oligotrophic foraging (below this value using mesopelagic micronekton as foraging
proxy) and mesotrophic foraging (above this value using productivity fronts). Presence data (calibration and validation) are represented as pink dots for observer data
and colored line transects for electronic tagging data (start and end of months are shown by a black star).
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FIGURE 9 | Mean seasonal distribution of blue shark foraging habitat for the adult males (AM, 2003-2018, in frequency of suitable habitat occurrence, %). The
chlorophyll-a isocontour of 0.125 mg.m™ (CHL,,,,) separates the mean area of oligotrophic foraging (below this value using mesopelagic micronekton as foraging
proxy) and mesotrophic foraging (above this value using productivity fronts). Presence data (calibration and validation) are represented as pink dots for observer data
and colored line transects for electronic tagging data (start and end of months are shown by a black star). The SST isocontours of LJF avoidance (21.7°C and 24°C),
slightly larger than for AF, allow evaluating the potential lack of habitat overlap with AM.
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observations) of the available information on blue shark presence
(proportion by class ranges from 42 to 52%, Table SM.1).
Globally, the validation data had a similar distribution as the
calibration data, although with slightly higher representation in
the North-East and South-East Pacific from additional longline
observer data and in the North Atlantic from electronic tagging
data. The model performance was estimated through i) the
fraction of validation data within the highest quality habitat
(where the minimum level for effective foraging was 30%,
hereafter, core habitat), integrated over five days centered on
the day of the observation, ii) the distance of 80% of the
validation data to the closest core habitat boundary (how close
to core habitat are most of the predator presence data) and iii)
monthly changes in the relative surface of the core habitat to
evaluate how discriminant the prediction is. The fraction of
validation presence data within the core habitat reflects the
potential for effective foraging, and was 74% for SJ (n
25,563), 68% for LM (n = 44,298), 58% for LJF (n = 26,366),
47% for AM (n = 14,004) and 61% for AF (n = 15,594). A
predator searching for prey should remain in the vicinity of the
core habitat, and the 80" percentile of presence data to the
closest core habitat boundary displayed the same ranking of
performances by class: with 2 km for SJ, 3 km for LJM, 21 km for
LJF, 29 km for AM and 10 km for AF (Figure 10).

All classes present a large proportion of observations (86-99%)
closer than 50 km, which matches the level of geolocation
uncertainty of the presence data (Figure 10). This range is 79-
97% between classes for observations closer than 25 km to the core
habitat. Considering the large distribution of the species compared
to the relatively low surface area of the predicted core habitat (about
18-22 + 2% and 23-29 + 2% in the north and south hemispheres,
respectively, with larger and lower extents for S] and AM,
respectively, Figure SM.12), we conclude that the habitat model
is fairly discriminant and accurately predicts habitat suitability
among classes. Finally, we present in the SM as separate files
seven regional habitat animations with the overlay of observer and
electronic tagging data for a qualitative appreciation of the model
results and a visualization of the seasonal movements of blue
sharks by size and sex classes.

DISCUSSION

Consistency of Model Results With Known
Traits and Habitats

Quantitative validation associated with a relatively restricted
surface area of the core habitat in the global ocean showed that
the model can discriminate habitats by sex and size class for blue
sharks. Furthermore, our results are consistent with previously
published catch data in the contrasting SST conditions of the
Northwest Atlantic (Figures SM.17-18, Campana et al., 2006)
and in the central-eastern Atlantic, where a maximum of catch
per unit of effort (CPUE, kg/set) corresponds to the spatial
dominance of different habitat classes (Figures SM.19-20). At-
sea observer data suggests large juvenile females predominate in
relatively cold waters in the southeast Indian Ocean, which is

consistent with our selected lower SST,,;, for this class than for
males and adults (Figure SM.24). The model is qualitatively
consistent with observations from other areas where little or no
calibration data were used, especially in the Pacific Ocean. In the
northwest Pacific, Nakano (1994) found a maximum CPUE of
blue shark (in number for all classes) in the area 25-45°N, 140°E-
160°W, with lower levels in the equatorial area (also in Strasburg,
1958). This pattern is well captured by the model (see
interannual mean habitats in Figures SM.25). High CPUEs in
number were observed to occur up to 55°N in the northeast
Pacific in July (Nakano and Nagasawa, 1996), also in agreement
with our results (Figures 5-9). Strasburg (1958) denoted a
maximum CPUE of newborn blue sharks in the area 30-40°N
in the Pacific in summer, which agrees with the highest habitat
quality of the small juveniles for that season and represents the
most persistent habitat in that region year-round (Figure 5).
This observation of nurseries in the North Pacific is consistent
with the presence of late-stage pregnant blue sharks in spring
(30-40°N in the Northwest Pacific, Fujinami et al., 2021) and
with the favorable habitat of adult females in the same season
(Figure 8). In the Southwest Pacific, the mean prey biomass off
eastern Australia is about nine-fold higher for blue sharks
(n = 147, mean FL = 137 cm) south of 32°S compared to north
(Young et al, 2010), which agrees well with our results for
juveniles (Figures 5-7). In the tropical Southeast Pacific, our
validation observer data matches well with the presence of large
females (Figures 6, 8). Differences among sex and size classes are
consistent with the observed size composition of blue shark
catches in the Australasian region, with mostly juveniles south of
35°S and adults north of 35°S (West et al., 2004; Neubauer et al.,
2021). The blue shark is the most landed shark species in the
Peruvian shark fisheries, representing 42% of total landings
(Gonzalez-Pestana et al., 2016), which indirectly corroborates
our findings of suitable habitat for small juveniles and large
females (Figure SM.25). In the Atlantic and Indian oceans, other
catch data display consistent distributions with our results.
Mostly adult blue sharks (195-320 cm total length) are caught
by the artisanal driftnet fishery in the Guinea current (off Ivory
Coast, Central-eastern Atlantic; (Konan et al,, 2018), which
correlates with the medium habitat quality of adults and the
lack of favorable habitat of smaller specimens from our model
(Figure SM.25). Notably, sex ratio and fork length distributions
in the South Atlantic and the Indian Ocean lack female
representation, which is consistent with the avoidance of
intermediate SST by large females in the modeling (Figures
SM.22-23). These intermediate SST levels also occur in the
vicinity of the Azores (Figures 6, 8, and habitat animations in
the SM), and large females are absent in catch data from July to
November (Vandeperre et al., 2014b; Coelho et al., 2018).

The ecological benefit of sex segregation from females avoiding
SST within their physiologically-tolerated range requires further
investigation. It is possible that these environments correspond to
suboptimal temperatures for pregnant blue sharks between the
cooler parturition grounds and warmer subtropical waters, aiding
fertilization and embryonic growth at the early development stage
(Hazin et al., 1994; Fujinami et al., 2021). These intermediate SST
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levels likely correspond to poor nutritional conditions for pups
compared to temperate waters (Nakano, 1994; Fujinami et al.,
2021). These temperature levels may also correspond to the
optimal temperature range for males’ gonad development and
maturation (‘thermal-niche fecundity’, Wearmouth and Sims,
2008). Furthermore, large males are indiscriminate feeders
(McCord and Campana, 2003), and could likely prey upon
newly-born progeny if it would not be in the females’
evolutionary interest to stay away from males around the time
of pupping. Finally, because of the aggressiveness of mating males
and given the potential for injury (Sims, 2005), females may
venture into these areas only when mating is strictly necessary.
The twice-thicker skin of females (Pratt, 1979) could also result in
higher tolerance to low temperatures (Vandeperre et al., 2014a),
given that the LJF class had the lowest SST,,;, value (Table 2)
compared to males. While temperature is fundamental to the
habitat predictions, a direct comparison of minimum levels of
averaged dive temperature (SST,;,, and T,,4.100) With absolute
physiological thresholds in literature is difficult due to the high
gradient of temperature experienced during the dives. Braun et al.
(2019) reported a mean dive temperature of adult males in the
relatively cold cyclonic eddies of about 15°C from tagging
experiments in the Northwest Atlantic, which is consistent with
our findings (14.8°C). Furthermore, blue sharks swiftly end their
deep dives when muscle cools to 15°C, with a range of water
temperature met during the dives spanning from 7 to 26°C (Carey
et al., 1990). While finding the same minimum muscle
temperature, Watanabe, Nakamura, and Chiang (Watanabe
et al, 2021) concluded that the regular deep-diving behavior of
this species can be parsimoniously explained by their motivation
for maintaining body temperature within a narrow range
while foraging in the stratified water columns. Overall, blue
shark classes have variable tolerance to minimum temperature
(LJF < S] < [LJM, AF] < AM), which is valuable habitat
information for identifying bycatch mitigation measures
targeting the most vulnerable classes.

Approach Limitations

The accuracy of the blue shark niche and habitat prediction is
limited by geolocation uncertainties of the observations, the
intrinsic limitations of the environmental variables, and the
necessary model simplification of a complex species ecology.
The geolocation uncertainties of observer data and of the light/
SST-derived electronic tagging, all may have influenced the
precise identification of the ecological niche. Given the
maximum length of longline sets (100km), it was not possible
to determine a single location with a precision greater than 50
km. Similarly, the precision of light-based geolocation estimates
in equatorial areas, in regions with low SST gradients, or during
equinoxes in tropical areas can be low, even following estimation
using Hidden Markov Models (Braun et al., 2015; Braun et al,,
2018). We allowed for some positional inaccuracy by integrating
each environmental variable within a 25 km radius (centered on
the observations). Physiologically, blue sharks are likely able to
explore such an area on a daily basis (Kai and Fujinami, 2020).
Overall, both datasets (observer and electronic tagging) are

complementary for describing the habitat niche since the
fishery-dependent data are numerous and tends to be
concentrated while the independent data are less frequent and
more spread out. The optical remote sensing data from which
CHL is derived is limited by cloud coverage, which frequently
precludes data collection in relatively high latitudes (about 45-
70°N) and in the equatorial belt. The effect of data gaps on
habitat prediction was partially compensated for by using
monthly habitat distributions to compute seasonal mean
composites, therefore giving equal weight to each month. The
other foraging proxy, the mesopelagic micronekton, has
limitations inherent to the model used for its prediction. First,
the parameters of the mesopelagic micronekton model were
calibrated based on limited data, including observations
derived from the literature (Lehodey et al., 2010), and trawling
and acoustic survey data (GUID CMEMS, 2021). Although the
optimization was successfully tested in this model, the biomass
estimation from single-frequency acoustic data remains an issue
for rigorous parameter estimation (Lehodey et al., 2015).
Additionally, the empirical definition of the upper mesopelagic
layer, which was based on the euphotic depth, needs to be further
verified once complementary data become available.

Another limitation of the habitat model relates to the
comparability of both foraging proxies. Large scale analysis of
habitat quality is difficult because blue sharks modify their
strategy over their lifespan, from more frequent foraging in
relatively cold and mesotrophic waters (likely in the epipelagic
layer) as a small juvenile, to less frequent and deeper foraging in
relatively warm surface waters (likely in the mesopelagic layer) as
an adult. Thus, habitat values do not represent absolute levels of
foraging capacity in that they are not comparable in oligotrophic
(micronekton, CHL < CHL,,;,) or mesotrophic conditions (CHL
gradient, CHL,,;, < CHL < CHL,,,,). In other words,
oligotrophic daily habitat values may reach the maximum
value of 1 even if the foraging capacity is functionally much
lower than in mesotrophic environments. Small juveniles and
adults are both adapted to foraging in relatively productive/cold
and poor/warm niches, respectively, to meet their energetic
needs. This means that the habitat suitability represents both
the foraging capacity within each proxy and the energetic needs
of individuals. These characteristics of balanced energy intake
and expenditure should be kept in mind when interpreting
the habitat results. It should be further noted that the scaling
of both foraging proxies was done independently from one
another using the respective cumulative distribution functions
of presence.

Finally, our decision to only use foraging proxies as attracting
factors within the model means that biological processes such as
reproduction are not explicitly accounted for. Because female
parturition occurs in suitable environments for small juveniles
(temperate waters, Nakano, 1994; Fujinami et al., 2021), we
would expect a substantial overlap due to reproduction to be
accounted for in our analyses. However, mating behavior may
remain unaccounted for in the modeling if disconnected from
foraging behavior. This might particularly be the case for AM for
which the reproduction behavior may explain the lowest model
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performance among the five size and sex classes. Overall, the
predicted habitat describes the suitable areas for foraging, and
any organism allocates the energy obtained from it to the
competing functions of growth, reproduction and longevity/
survival (investment in maintenance, storage and repair,
Litchman et al., 2013). These authors underline that organisms
shall optimize their behavior and energy allocation pattern to
maximize the fitness of the individual in a particular
environment, which may apply to the blue shark foraging
strategies in their lifespan from relatively cold and rich
environments to warmer and poorer surface waters.

Perspectives for Research, Management,
and Policy

There is an increasing need for appropriate management of blue
shark stocks (e.g., in the Atlantic by ICCAT, European Union,
2020; European Union, 2021) due to greater fishing pressure in
recent decades. While the species appears relatively resilient
in some areas the catch of blue shark has dramatically declined
in others. In the Atlantic, total catch has been relatively
consistent over time (ICCAT, 2020) even though blue shark
represents about 60% of the Spanish and Portuguese longline
bycatch (Porsmoguer et al., 2015). Conversely, abundance in the
Mediterranean Sea declined by 96.5% over 56 years (Ferretti
et al., 2008). Furthermore, the level of uncertainty in the data
inputs and structural model assumptions for blue shark stocks
are often high enough to prevent reaching a consensus on
specific management recommendations. Mitigation of shark
bycatch mostly consists of measures related to fishing gears,
specifying hook or lure or bait types, type of branch lines, and/or
fishing depth (e.g., Sacchi, 2021) or prohibiting retention
onboard, transhipment, landing or storing for certain sharks
and fleets (e.g. IATTC Resolution C-19-05 for shark species).
However, there is increasing interest from RFMOs to implement
spatio-temporal management strategies (e.g., I0TC-2021-17™
Working Party on Ecosystems and Bycatch), especially under a
dynamic management approach (e.g., Hazen et al., 2018; Lopez
et al,, 2019) that may highly reduce bycatch (Pons et al., 2022),
which would require a good understanding of spatial population
structure. Historically, the lack of long time-series of data specific
to sex and size has limited the consideration of population
structure (e.g. size and sex segregation) in stock assessment
models (Mucientes et al., 2009). This means that any risk
associated with differential fishing mortality rates on specific
components of the stock cannot be accounted for. The data
compiled for our study shows that morphological data are more
readily available in recent years (53% of observations in our
dataset, 2003-2018), which suggests that sex- and spatially-
structured stock assessments could potentially be developed,
elucidating the need for spatio-temporal measures to protect
particularly vulnerable size and sex classes from fishing.

In general, blue sharks are relatively tolerant to the hardships
of being hooked on a longline or entangled in a net for several
hours but exhibit variable at-vessel mortality levels (3%, Kotas
et al., 2000; 5%, Megalofonou et al., 2005; 4.9-31%, Hutchinson
etal., 2021 and review herein) and higher post-release rates (15%

with 95% CI, 8.5-25.1%, Musyl et al., 2011; 17% with 95% CI, 11-
26%, Musyl and Gilman, 2019; 38%, Hutchinson et al., 2021)
depending on the gear and regional practice. Coelho et al. (2012)
also reported a relationship between mortality and size, with the
smaller specimens having higher mortality rates than the larger
sharks. Provided that best practices for handling and release are
followed (Musyl and Gilman, 2019; Hutchinson et al., 2021), it is
likely that releasing live blue sharks caught by longline fisheries is
a complementary viable management tool to protect biomass in
blue shark populations (as has been suggested in relation to the
apparent recovery of the Southwest Pacific stock, Neubauer et al.,
2021). It is likely mortality could be further reduced if spatio-
temporal information on core habitats of the main life-history
stages could be used to minimize catches of the most vulnerable
classes. Vulnerability is likely greatest for small juveniles given
their susceptibility to capture-induced mortality as well as adult
females because they are pivotal to population productivity. As
with any large elasmobranch, reproduction dynamics of blue
shark are characterized by slow growth, late age of maturity and a
relatively low reproductive rate (Myers and Worm, 2005).
Spatio-temporal mitigation measures can also be related to
depth. Depending on the specific longline fishery (e.g., the
Canadian and Japanese longline fleets deploy gear within the
top 15 m of the water column and at about 200 m, respectively),
monthly mean habitat maps of the most vulnerable classes could
highlight when the blue shark likely surface or exhibit
mesopelagic foraging, using the CHL,,, level as a boundary
between both core habitats. Furthermore, it is noteworthy that
young-of-the-year blue sharks spend most of their time at depths
shallower than 40 m (Nosal et al., 2019) or that hooking lines in
warm surface waters (e.g., > 28°C) may increase post-release
mortality due to thermoregulation needs (Musyl and Gilman,
2018). Finally, temporal or spatial variation in stock structure,
such as that provided by class-based habitat predictions, can
improve specification of the selectivity pattern or growth models
used in stock assessment, which can substantially reduce
uncertainty in assessment results (Carvalho et al., 2015;
Neubauer et al., 2021). There would also be the potential to
use the extent and temporal trends of suitable habitats (Figures
SM.25-26) to partially account for environmental variation
affecting indices of abundance, to improve the standardization
of catch per unit effort (Maunder et al., 2006). If strong inter-
annual changes in habitats are detected, it would be meaningful
to account for these habitat modifications in the stock
projections used to determine catch advice, noting that
substantial habitat trends (Figure SM.26) may serve as
reasonable estimates for the near future. Our finding that
suitable habitat extends poleward during the warm months
and contracts during the cold months, as supported by satellite
tracking, implies that blue shark populations may seasonally
concentrate in the northern or southern basin ocean, alternately
in both hemispheres, exhibiting higher vulnerability to fishing
during periods when waters are the coldest (generally
November-May and May-September in the north and south
hemispheres, respectively, except the LJF class, see Figure
SM.12). The decadal positive trend of habitat in high latitudes
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is likely due to the warming of surface waters, except for the
negative trend in the subpolar North Atlantic where cooling was
observed (Hu and Fedorov, 2020). A general poleward
movement of the population and catches is likely to occur in
the next decades. Future developments will focus on products for
bycatch mitigation combining the core habitat of the classes to
protect in priority (e.g. SJ and AF) with weights defined by
management objectives. Such products, based on monthly
habitat in the recent years, may serve as avoidance maps for
fisheries, distinguishing with a color code the likely surface or
deeper presence.

Understanding the ecological niche and core habitat of large
pelagic species is key to promoting conservation and progressing
in fishery management. We have shown how to incorporate
environmental information available at suitable resolution
together with detailed fisheries and fishery-independent data to
meet this need at a global scale. Blue sharks, and other shark
species even more vulnerable to fishing, should benefit from this
approach, as it could be used to reduce uncertainty in stock
assessment and inform different conservation and management
options to ultimately promote long-term sustainability.
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