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Abstract
Predicting the potential distribution of species and possible dispersal corridors at a global scale can contribute to

better understanding the availability of suitable habitat to move between, and the potential connectivity between
regional distributions. Such information increases knowledge of ecological and biogeographic processes, but also has
management applications at a global scale, for example, for estimating the restocking ability of exploited regional
subpopulations. As a case study, we tested the utility of environmental niche modeling to investigate the potential
global distribution of a highly mobile temperate marine coastal species, the broadnose sevengill shark (Notorynchus
cepedianus). First, we characterized and compared three model variants using global data and regional data from two
geographically distant and genetically diverging subpopulations in the Southwest Atlantic and southern Australia.
The best performing model was then transferred to the rest of the world to obtain a final global prediction for the
species. Predictions revealed broad suitable areas across temperate regions of the Northern and Southern Hemi-
spheres. As a final step, we overlaid underwater seamount data on suitability maps to simulate possible dispersal cor-
ridors and regional connectivity. Global subpopulation connectivity and dispersal are discussed in the light of
recent genetic evidence, to help explain why unoccupied suitable areas are not currently accessed by the species.
This study highlights the potential use of global and regional data for the assessment of habitat suitability of species
at a global scale, and provides considerations when applying these models to other highly mobile species.

With greater availability of environmental, biodiversity and
species distributional data at the global scale, environmental
niche modeling is increasingly used in ecological studies
focused on distribution and habitat use (Araújo et al. 2019).
The correlative nature of niche models allows for transferability

of information to other geographical spaces, providing a way
for analyzing potential global distributions and habitat suitabil-
ity for wide-ranging and invasive species (Battini et al. 2019). In
the marine realm, regional studies applying niche model tech-
niques are increasing exponentially (Melo-Merino et al. 2020),
yet those investigating the potential global distribution of spe-
cies are less common. An early example searching for potential
global distribution and new subpopulations has predicted habi-
tat suitability for the rare coelacanth fish (Owens et al. 2012).
In the case of threatened marine taxa, predicting suitable areas
could constitute a preliminary estimate of distribution, which
could be used in a decision-making context.

The more detailed ecological information that can be incor-
porated into niche analyses for a species, the more skillful the
distribution predictions. Such information may also contrib-
ute to better understanding the dispersal potential and the
effects of marine barriers in limiting dispersal and
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connectivity between regional distributions. Marine barriers
can both arise from a geographic discontinuity of habitats or
sharp environmental gradients, for example, depth, geo-
graphic distances, or temperature and/or salinity gradients,
that create physical and physiological barriers between pat-
ches of suitable habitat (Dawson 2016; Hirschfeld et al. 2021).
The dispersal ability of a species, the availability of suitable
habitat to move between, and the permeability of barriers
(e.g., the availability of dispersal corridors) influence the likeli-
hood of dispersal (Hirschfeld et al. 2021). In turn, this dis-
persal potential may affect how a species adjusts its
distribution and habitat use patterns in the face of climate
change. For instance, for tropical and subtropical species with
advantageous dispersal potential and opportunities, warming
waters can lead to an extension of their distributions (Sunday
et al. 2015; Niella et al. 2022) while for temperate species
warming waters could lead to contracting distributions
(MacLeod 2009). The contraction of available habitat for tem-
perate coastal species with limited potential to disperse could
be particularly impactful in climate change hotspots (where
water temperatures are increasing at a faster rate), if no suit-
able coastal areas are available to move further into higher lati-
tudes. As an example, temperate coastal species in Tasmania,
Australia, have nowhere further south to move to, so may
experience compressed distributions or will need to adapt to
survive in warmer coastal waters or in deeper waters (Frusher
et al. 2014; Barnett et al. 2017).

The broadnose sevengill shark (Notorynchus cepedianus) is a
widely distributed coastal associated apex predator that occurs
in most temperate waters of the major ocean basins of the
world. The notable exception is its absence from the North
Atlantic Ocean (i.e., European and Northeast American
regions, Barnett et al. 2012). N. cepedianus belongs to the
oldest lineage of modern sharks (Hexanchiformes), with fossils
dating back to the Lower Jurassic (� 190 Mya) (Maisey 2012).
Fossil evidence shows the genus Notorynchus was widespread
in the North Atlantic (Europe) during the Lower Cretaceous
(Smart 2001; Maisey 2012), before disappearing from the
Upper Cretaceous, and reappearing almost 50 million years
later in the Eocene (Smart 2001). The species N. primigenius
represented the genus between the Oligocene-Pliocene
(Reinecke et al. 2014), and seemed to have left the North
Atlantic and Mediterranean around 4 Mya. At the global scale,
patterns of genetic structure among most N. cepedianus sub-
populations showed historical divergence and subsequent iso-
lation between Oceania, Eastern Pacific, and South Atlantic
basins (Schmidt-Roach et al. 2021), a pattern that is common
to other globally distributed coastal shark species (Benavides
et al. 2011; Bester-van der Merwe et al. 2017). However,
genetic connectivity within individual ocean basins was evi-
dent, and individual sharks can travel up to 1800 km imply-
ing highly mobile behavior and large regional displacements
(Barnett et al. 2011; Williams et al. 2012; Larson et al. 2015).
Although N. cepedianus is capable of large scale movements,

transoceanic dispersal may not occur (which information to
date suggests) because of the species’ benthic habitat associa-
tion (Barnett et al. 2010a) with engrained coastal habitat use
patterns, combined with high fidelity to feeding grounds
(Barnett and Semmens 2012; Irigoyen et al. 2018).

N. cepedianus occurs in high abundance in a number of
coastal regions (Barnett et al. 2012), for example, in the west
coast of the USA (Ebert 1989; Williams et al. 2012), in Patago-
nia, Argentina (Lucifora et al. 2005; Irigoyen et al. 2018), in
Namibia and South Africa (Ebert 1996; Engelbrecht et al. 2020),
Tasmania, Australia (Barnett et al. 2010b), and New Zealand
(Lewis et al. 2020). Its presence has also been reported in Chile
(Bustamante et al. 2021), Japan (Tanaka et al. 2013), Taiwan
(Ebert et al. 2013), Tristan da Cunha Islands (Caselle
et al. 2018), and Gal�apagos Islands (Buglass et al. 2020),
although only limited records for those areas. Site fidelity to
specific coastal habitats (Ebert 1996; Barnett et al. 2011; Irigo-
yen et al. 2018) and large-scale movements have been reported
for the species (Barnett et al. 2011; Williams et al. 2012;
Stehfest et al. 2014). Recently, using environmental niche the-
ory, the potential distribution of N. cepedianus in the Southwest
Atlantic was investigated (De Wysiecki et al. 2020). A migratory
pattern characterized by two main north–south seasonal dis-
placements was inferred, with distance to coast, surface water
temperature, and turbidity gradients as important drivers of dis-
tribution (De Wysiecki et al. 2020). The global vulnerable con-
servation status of N. cepedianus (Finucci et al. 2020), the recent
regional declines in abundance (Barbini et al. 2015; Irigoyen
and Trobbiani 2016), and its ecological importance and wide
distribution (Barnett et al. 2012) highlight this species as an
ideal case study to model its potential global distribution as a
prerequisite for developing regional conservation management
strategies.

The objective of this study is to investigate the potential
global distribution of N. cepedianus. Because of the coarse
nature of this objective and fragmentary availability of global
presences and absences of the species, we use a presence-only
ecological niche modeling approach. Ecological niche models
are used to determine potentially suitable habitats for the spe-
cies across the world. To determine the best niche transfer sce-
nario, we compared three model fits considering the global
population of the species (global fit) or subpopulations in the
Southwest Atlantic and southern Australia (regional fit, both
merged and individual variants), where comprehensive
presence-only data were available. The global fit is intended to
model the full niche of N. cepedianus global population
(i.e., existing realized niche, Hutchinson 1957; Peterson
et al. 2011), whereas the regional fit is intended to model sub-
population niche patches as samples of the full niche. Three
model variants were implemented because the species shows
high basin-scale connectivity but weak transoceanic connec-
tivity, and because available presence data representative of
the global population are fragmentary. The regional fit of indi-
vidual subpopulations further allowed us to compare habitat
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use between two distant and diverging regional distributions
of N. cepedianus. Finally, by mathematically simulating possi-
ble dispersal corridors, we examine opportunities for regional
connectivity and why unoccupied suitable areas are not cur-
rently accessed by the species.

Materials
An environmental niche modeling approach was used to

predict (continuous and binary) annually averaged habitats
suitable for N. cepedianus in the different regions of the world.
Conceptually, we framed our analysis in the Eltonian Noise
Hypothesis, which is based on the assumption that at coarse-
grained scales (i.e., geographic scales), climatic variables (also
termed “scenopoetic”) fundamentally shape the niche,
whereas biotic interactions represent a “noise” and their
effects may be averaged-out (Sober�on and Nakamura 2009).
This is particularly relevant for species with a generalized diet
and limited predators as N. cepedianus. First, best global and
regional distribution data points were used to characterize the
full population niche and subpopulation niche patches of two
geographically distant subpopulations of N. cepedianus in the
Southwest Atlantic and southern Australia (De Wysiecki
et al. 2020; A. De Wysiecki unpubl. data). The final models
were then transferred to the rest of the world, and their perfor-
mance compared to obtain the best global prediction for the
species. Temporally explicit modeling was not attempted as
presence data were too sparse at sub-annual timescales to fit
models.

To promote transparency and reproducibility, we describe
the methodological approach following the Overview, Data,
Model, Assessment, Prediction (ODMAP) protocol for species
distribution models (Zurell et al. 2020). A complete overview
of methods is formulated here as a text flow, but a detailed
description of the five ODMAP sections can be found in Sup-
plementary Information. All analyses were developed with R
version 4.1.2 (R Core Team 2021), and code is available on
GitHub (Agustindewy/Sevengill_shark_global).

Presence-only data
Global N. cepedianus presence data were obtained from the

available published literature and biodiversity repositories.
First, a literature review was conducted in Google Scholar
using the terms “Notorynchus cepedianus” and “Notorynchus” to
identify peer-reviewed and gray literature articles reporting
N. cepedianus presences across the different regions of the
world (Supporting Information). When only the location of
the presence was reported, we manually georeferenced the
presence record. Second, N. cepedianus presence data were
downloaded from the Global Biodiversity Information Facility
(GBIF 2020) and the Ocean Biodiversity Observation System
(OBIS 2020) repositories. Biodiversity repository data were
cleaned following recommended practice, including the
removal of duplicates, presences with missing/odd coordinates

or on land, and environmental outliers (Cobos et al. 2018).
For a greater representation of presence data in the Southwest
Atlantic and southern Australia, we also collected additional
freely accessible records from social media (Facebook posts,
details on how these data were collected in De Wysiecki et al.
(2020)), and the New South Wales Shark Meshing Program.
Although N. cepedianus in Australia was well represented by
the data (A. De Wysiecki unpub. data), the freely accessible
records in the Southwest Atlantic did not fully represent its
known distribution (De Wysiecki et al. 2020). Therefore, addi-
tional records from historical research cruises and observer
programs were requested from the Instituto Nacional de Inves-
tigaci�on y Desarrollo Pesquero (INIDEP, Argentina). Records
prior to the year 1900 were disregarded for calibration. Over-
all, we retained a total of 1068 N. cepedianus presence records
worldwide after data cleaning, resulting in a temporal span
between the years 1904 and 2020 (1907 and 2019 for the
Southwest Atlantic; 1904 and 2020 for southern Australia).
The majority of these records are freely available and compiled
in Supporting Information.

Models
Calibration data

The cleaned presence data set corresponding to the global
known distribution of N. cepedianus was used for model cali-
bration. To feed the three model calibration variants, presence
data were split in a global set (n = 1068), a regional merged set
(n = 706, Southwest Atlantic and southern Australia), and two
regional individual sets (n = 312, Southwest Atlantic; n = 394,
southern Australia). To reduce the spatial clustering of calibra-
tion sets, we applied a thinning distance of 50 km in both
regions (“spThin” R package, Aiello-Lammens et al. 2015). This
distance was chosen based on the visual inspection of regional
presence records which were increasingly thinned (10 km
increments) until spatial clusters in the data were successfully
reduced (Supporting Information Figs. S1, S2). In addition, we
applied an environmental filter to reduce the effects of sam-
pling bias and clusters of data in environmental space, using
the “envSample” custom function, 0.5�C sea surface tempera-
ture and 1 km distance to the coast filter values (Varela
et al. 2014).

Calibration area
For each of the three modeling variants, we define accessi-

ble areas based on 1000 km buffer polygons around every cali-
bration record to determine the calibration area (i.e., M space,
Sober�on and Peterson 2005). This buffering distance was cho-
sen based on acoustic and satellite tracking data, which shows
that N. cepedianus is capable of performing at least 1000 km
long-scale movements (Barnett et al. 2011; Stehfest
et al. 2014). There is evidence that N. cepedianus can cover lon-
ger distances (� 1800 km, Williams et al. 2012); however, this
occurred within the core area of its distribution and buffering
areas that large are unlikely to represent accessible areas across
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the perimeter of its distribution. The calibration area was used
to randomly select background data (n = 10,000) for model
calibration.

Environmental data
Based on previous studies on the species (Ebert 1989;

Barnett et al. 2012; De Wysiecki et al. 2020) and environmen-
tal factors known to influence large-scale habitat use of other
sharks and rays (Schlaff et al. 2014), we only considered rele-
vant predictor variables as the potential set of environmental
conditions that allow N. cepedianus to maintain its subpopula-
tions. Five of these variables described the surface water and
water column. The sea surface temperature, mean temperature
at mean depth, and mean salinity at mean depth indicate the
physiological limits of the species (Stehfest et al. 2014). The
diffuse attenuation coefficient Kd490 indicates coastal turbid
areas, seasonally associated with observed species presences
(De Wysiecki et al. 2020). The primary productivity is a proxy
for productive areas with greater food availability. A sixth pre-
dictor was considered, the chlorophyll a concentration, but
showed high correlation (r > 0.7 Pearson correlation, Dorm-
ann et al. 2013) with the coefficient Kd490 across the full
study area and was discarded to avoid multicollinearity.

Two more predictors, the bathymetry and slope, were con-
sidered to describe topography. Both predictors showed
important differences in their range values between the South-
west Atlantic and southern Australia. To explore these differ-
ences, we compared a simplified version of the two
subpopulation habitat patches based on ellipsoids (method
description in Section “Niche comparison”). This exploratory
analysis showed that the southern Australia coastal habitats
include unexpected extreme depth and slope values compared
to those in the Southwest Atlantic (Supporting Information
Fig. S3). In southern Australia, however, evidence suggests that
N. cepedianus is caught at depths down to 530 m (99.9% qua-
ntile, AFMA’s logbook data, unpubl. data), whereas the same
catch location corresponds to areas as deep as 3860 m in the
bathymetry raster. This discrepancy between depths measured
on site and depths derived from bathymetric models may be
related to confounding effects that occur at the edge of
N. cepedianus’ distribution across the steep slopes of the conti-
nental shelf margin. Because the slope raster is derived from
the bathymetry raster, we attributed the discrepancy to the
same confounding effects. As a result, we replaced these two
variables with the distance to the coast to prevent estimating
too broad environmental tolerances for the species
(Supporting Information Figs. S3, S4). The distance to the
coast predictor describes the distance to important coastal
habitats (i.e., parturition, nursery, and feeding grounds) key to
the survival of the species.

The oceanographic variables, including bathymetry, were
downloaded from the global Bio-ORACLE marine dataset (ver-
sion 2.1), at a resolution of � 5 arcmins and a global extent
(Assis et al. 2018). The distance to the coast was downloaded

from the Global Self-consistent, Hierarchical, High-resolution
Geography Database (version 2.3.7), at a resolution of � 1
arcmins and a global extent (Wessel and Smith 1996). The
slope of underwater terrain was constructed from the bathym-
etry raster using the terrain function in the “raster” R package
(Hijmans 2021). The distance to the coast variable was res-
ampled to � 5 arcmins using the aggregate function in the
“raster” R package. The final raster layers (n = 6) were masked
by the calibration areas prior to variable selection and model-
ing. To integrate the sparse data and nonrepeated sampling
over time, we treated presence observations irrespective of the
year of sampling as a presence. Our temporal data binning
was motivated by the fact that environmental data on oceano-
graphic variables had a native coverage from 2000 to 2014,
which could not match the species’ sampling data ranging
from 1904 to 2020. While our aggregation comes at a loss of
temporal detail, it allows us to consider all presence data
available.

Ecological niche modeling
For each modeling variant, we applied the MaxEnt algo-

rithm (version 3.4.3, Phillips et al. 2006) based on the auto-
mated calibration and evaluation protocol implemented in
the ‘ENMeval’ R package, version 2.0.3 (Muscarella et al. 2014;
Kass et al. 2021) for comparing candidate models of differing
complexity. We considered the subset of feature classes that
yield the simplest linear and bell-shaped responses
(i.e., linear + quadratic, linear + product, and linear +
quadratic + product) and a complete set of regularization
multipliers (i.e., sequence from 0.1 to 2 by 0.1 increments,
plus 2.5, 3, 4, 5, 7, and 10); that is, 78 candidate models. This
protocol allows selecting the most significant (partial area
under the receiver operating characteristic, pROC), and best-
performing 10% omission rate threshold) (Cobos et al. 2019b).
Best parameterizations that met the selection criteria were
used to create final models and to predict habitat suitability
over the calibration area.

To test the ability of models to extrapolate to new areas
and to reduce the spatial autocorrelation, the calibration
records and background points were partitioned into spatial
blocks grouped in bins (k = 5) for k-fold cross-validation dur-
ing the ENMeval run. During this evaluation process, one bin
is used for testing and the remaining (k � 1 bins) for model
fitting in an iterative way until all the bins have been used for
testing (Valavi et al. 2019). The effective block size over which
observations are spatially independent and the spatial blocks
were determined with the spatialAutoRange and spatialBlock
functions from the “blockCV” R package, respectively (Valavi
et al. 2019). We used the continuous Boyce (CBI) index as a
final comparison of predictions against observed truths to sta-
tistically decide which model variant was best for global trans-
fers (Hirzel et al. 2006; Leroy et al. 2018).

We used an exhaustive approach for variable selection to
determine the best combination of variables for modeling
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because it has been shown to prevent both underfitting and
overfitting of geographic projections compared to other stan-
dard approaches (Cobos et al. 2019a). The approach consists
of modeling all variable combinations and evaluating them
comparatively to decide which is best suited to describe the
niche, avoiding suboptimal choices. Because the number of
possible combinations (i.e., 6 predictors, 63 combinations)
would make the analysis challenging (i.e., 63 combinations
times 78 different model complexities = 4914 candidate
models), we fixed sea surface temperature, diffuse attenuation
coefficient and distance to coast because these predictors were
important in shaping the niche of N. cepedianus in the past
(De Wysiecki et al. 2020). This choice narrowed down possible
combinations to eight. In addition, the analysis was done con-
sidering a coarse set of regularization multipliers (i.e., 0.1, 0.5,
1, 2.5, 5) using the kuenm protocol (i.e., 8 combinations times
15 different model complexities = 120 candidate models) and
was applied only to the global variant because it is the one
including all available data.

Global prediction
Final global and regional models were then transferred

across the globe, with the exception of the Arctic and Antarc-
tic territories. This allows us to predict broad regions of the
world potentially suitable for N. cepedianus in geographic
space. Strictly extrapolated areas were disregarded based on
the mobility oriented parity analysis (Owens et al. 2013). A
binary prediction was also created based on 10% and 5% min-
imum training presence, which are the thresholds finding the
lowest predicted suitability values for 90% and 95% of pres-
ence points, respectively. Binary cut-off values are useful for
interpreting probabilistic predictions and sensitivity of results.
In the case of the regional individual fits, a single final global
prediction was created as an ensemble mosaic between the
two individual predictions, keeping the median value in each
pixel.

Subpopulation niche comparison
We performed a habitat overlap test to statistically decide

whether the subpopulation niches of N. cepedianus in the
Southwest Atlantic and southern Australia overlapped or not.
The test models the environmental niche as ellipsoids consid-
ering the availability of conditions for each subpopulation
(i.e., relevant conditions), as opposed to the full set of condi-
tions (background test in “ellipsenm” R package; Cobos
et al. 2020). Ellipsoids were estimated as minimum volume
ellipsoids based on an algorithm designed to reduce the
volume to a minimum while covering all presence data falling
within a breakdown value, reducing the effect of outliers in
environmental space. The breakdown value is defined as
the smallest percentage of contamination that can have an
arbitrarily large effect on the niche (Van Aelst and
Rousseeuw 2009). An observed overlap value is first calculated
as the proportion of overlapping points between the model

ellipsoids of the two niches. Then, the observed overlap is
compared with the frequency distribution of values scored
across 1000 Monte-Carlo replicates constructed from ran-
domly sampling the background with a sample size equal to
the number of presence records, and creating an ellipsoid
model in each case. If the observed value falls within the 95%
confidence interval, the null hypothesis of niche overlap
cannot be rejected.

Connectivity assessment
Based on the different degrees of genetic isolation between

global subpopulations of N. cepedianus (Schmidt-Roach
et al. 2021), we were interested in testing whether seamounts and
knolls may facilitate their connectivity via stepping stone-like dis-
persal corridors. We assumed that buffer areas around seamounts
may provide temporary demersal habitat suitability during rare
events of drifting individuals from coastal areas, allowing them
to surpass warm thermal barriers and oceanic pelagic environ-
ments. Seamount and knoll base polygon data (Yesson
et al. 2011) within the known depth range of the species
(i.e., < 600 m deep) were first overlaid to habitat suitability
maps. We used 80 km buffer areas around seamount centroids
because this is the estimated distance N. cepedianus can travel at
average cruising speed per day (i.e., 0.99 m s�1, Barnett
et al. 2010a). We also assumed that expected habitat suitability
around seamounts proportionally increased to their centroids
from the minimum to the maximum value predicted in the
final niche model. Dispersal through waters exceeding the
lower temperature tolerance of the species (i.e., subantarctic/
subarctic regions) or transoceanic dispersal was considered as
not possible.

The final global raster of compound habitat suitability
(environmental niche + seamount buffers) was used along
with global presences to evaluate connectivity plausibility
between occupied regions, and from occupied regions to
invadable areas. The plausibility of potential dispersal was
assessed through the dispersal simulations implemented in
Nuñez-Penichet et al. (2021) via the bam R package (Osorio-
Olvera and Sober�on 2020). The simulation starts at occupied
cells (i.e., presence records) from which adjacent cells can be
visited by the species, and be occupied if suitable. In each time
step, the possibility of reaching neighboring cells is determined
by a connectivity matrix that defines clusters of cells con-
nected by dispersal (detailed procedures available in Nuñez-
Penichet et al. (2021)). To account for sensitivity in the analy-
sis, we explored (i) a set of 10 different dispersal parameters (1–
10 adjacent cells per unit of time) which determine how far
the species is able to move in one unit of time (i.e., 10–100 km
dispersal a day), and (ii) a set of 10 different minimum training
presence thresholds (1% to 10%) used to create the binary suit-
able maps. Two hundred time steps (days) were allowed in
each simulation to ensure steady results. A total of 100 simu-
lated layers (10 parameters by 10 thresholds) are then summed
up to visualize the final simulation results. A score of 100 in a
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cell indicates 100% occupation in that cell, whereas a value of
0 means that the species never occupied that cell. A connec-
tion was considered plausible only when clear corridor-like
suitable patches occurred between regions. Instead of one sim-
ulation with a global extent (computationally limiting), simu-
lations were performed only across the relevant dispersal
corridors within major oceanic basins.

Results
Calibration of models

The number of calibration points retained after the spatial
and environmental filtering, as well as the calibration areas
varied between the three model variants (Table 1; Supporting
Information Fig. S5; calibration points in Supporting Informa-
tion). The variable selection process selected all six environmen-
tal variables as the optimal combination of predictors to
describe the niche with a global fit (pROC = 0, OR10% = 0.047,

ΔAICc = 0). The global fit outperformed both regional fits indi-
cating a greater ability to predict the species presence globally
(Table 1). The global model predictions across the calibration
area indicated highest habitat suitability over coastal (< 250 km)
and turbid areas (optimal � 0.25 m�1) with optimal values of
surface temperature of � 15�C and mean depth temperature of
� 13�C (Supporting Information Fig. S6). In contrast, distant
areas from the coast were less suitable for the species.

Global prediction
The final predictions based on the global fit revealed broad

potentially suitable areas for N. cepedianus across temperate
regions of the Northern and Southern Hemispheres (Fig. 1; con-
tinuous predictions in Supporting Information Fig. S7; regional
and three-predictor predictions in Supporting Information
Fig. S8). These regions included the Northwest, Northeast, and
Southeast Pacific, Northwest, Northeast and Southeast Atlantic,

Table 1. Parametrization of best-selected models for Notorynchus cepedianus global population and subpopulations in the Southwest
Atlantic and southern Australia. The models were selected after three-step criteria based on the partial area under the receiving operator
characteristic (pROC), 10% threshold omission rate (OR10%), and continuous Boyce index (CBI).

Model fit
Calibration

points
Feature
classes

Regularization
multiplier

Selection criteria Number of
parametersOR10% pROC CBI

Global 255 lq 0.1 0.011 0.000 0.894 12

Regional merged 172 lq 0.1 0.048 0.000 0.703 12

Regional independent

Southwest Atlantic 80 lq 0.1 0.097 0.000 0.827 12

Southern Australia 96 lqp 0.3 0.022 0.000 0.776 23

lq = linear + quadratic; lqp = linear + quadratic + product.

Northwest
Atlantic

Northwest
Pacific

Azores Is.

Southern

New ZealandNew Zealand

Tristan da
Amsterdam I.Cunha Is.

Southwest
Atlantic

Northeast
Atlantic

Southeast
Pacific

Southeast
Atlantic

Australia

Southeast
Pacific

Galápagos Is.

MTP10% MTP05% Strict extrapolationNot suitable Focal regions

Fig. 1. Global predictions of binary habitat suitability for Notorynchus cepedianus. Suitability is expressed as the 10% and 5% minimum training presence
thresholds. The different broad regions with predicted suitable areas are named and delimited as focal regions.
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New Zealand, and four offshore islands (Azores, Tristan da
Cunha, Gal�apagos, and Amsterdam/Saint-Paul). Based on
known distribution presences, the broad suitable regions occu-
pied by N. cepedianus are the Northwest, Northeast and South-
east Pacific, Southwest and Southeast Atlantic, Australia and
New Zealand (Fig. 2). The Northwest and Northeast Atlantic
continental regions represented potentially suitable areas in
which N. cepedianus does not currently occur or has not yet
been detected (Supporting Information Fig. S9). In the case of
offshore territories, Tristan da Cunha and Gal�apagos Islands
were the only suitable regions for which reports of N. cepedianus
exist in the literature (Supporting Information Fig. S10).

Subpopulation niche patches
N. cepedianus niches from Southwest Atlantic and southern

Australia subpopulations were less similar than expected at
randomwhen comparing them based onminimum volume ellip-
soids (overlap = 0.186, p-value = 0; Fig. 3a,b). Ecological distinc-
tiveness between habitat patches resulted from sharks occupying
colder environmental conditions in the Southwest Atlantic than
southernAustralia (Fig. 3a; Supporting Information).

Dispersal corridors
Based on predicted habitat suitability and global presences

presented in the previous sections, dispersal corridors within

Southeast Atlantic

Southwest Atlantic

Southern Australia

New Zealand

Northeast Pacific Southeast Pacific

Northwest Pacific

MTP10% MTP05% Strict extrapolationNot suitable

Fig. 2. Binary habitat suitability for Notorynchus cepedianus in continental regions of the world predicted as suitable and where the species has been
reported to occur based on published literature (blue dots). Suitability is expressed as the 10% and 5% minimum training presence thresholds. The delim-
itation of the regions corresponds to the regions shown in Fig. 1. The locations of freely available records are also indicated, that is, biodiversity reposito-
ries (orange triangles) and other records from gray literature and social media (red triangles). Note that institutional records in the Southwest Atlantic are
not shown because they are not freely available.
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three major ocean basins may facilitate basin-scale subpopula-
tion connectivity, namely the East Pacific, South Atlantic, and
Oceania. Dispersal simulations using the compound habitat
suitability between the final niche model and seamount buffers
indicated plausible connection through underwater seamounts
and knolls between Southeast Pacific and both Gal�apagos and
Juan Fern�andez Islands (Fig. 4a,b), Southeast Atlantic and Tris-
tan da Cunha Islands (Fig. 4c), and southern Australia and
New Zealand (Fig. 4d). Conversely, no plausible connection
resulted between the Southwest Atlantic and Tristan da Cunha
Islands (Fig. 4e), Northeast Pacific and Gal�apagos Islands
(Fig. 4a), or from the Northwest Pacific to any other region
(Fig. 4e). In addition, dispersal from South Atlantic subpopula-
tions to suitable predicted (invadable) areas of the North Atlan-
tic Ocean was not plausible (Fig. 6c,e). Connectivity between
the Southwest Atlantic and Southeast Pacific (i.e., through the
Magellan strait or Beagle Channel) is also considered not
possible because of thermal barriers.

Discussion
This study presents a global map and assessment of the

potential distribution of N. cepedianus, and highlights that this
modeling approach might be appropriate for other highly
mobile marine animals for which there is enough information
on global or regional distributions for one or more subpopula-
tions (in the case of N. cepedianus, the Southwest Atlantic and
southern Australia). Maps confirm the potential distribution
across the five broad regions of the Northeast Pacific, Southwest
and Southeast Atlantic, southern Australia, and New Zealand,

regions in which studies suggest N. cepedianus occurs in high
abundance. Results also reproduce the distribution across data-
poor regions for which only a few individuals have been
reported, namely Chile (Bustamante et al. 2021), Japan (Tanaka
et al. 2013), Taiwan (Ebert et al. 2013), Tristan da Cunha
(Caselle et al. 2018), and Gal�apagos Islands (Buglass
et al. 2020). The maps suggest that doubtful (unconfirmed)
records of the species in India (Froese and Pauly 2019), are
likely not valid.

The comparative analysis of the niche patches showed eco-
logical distinctiveness between the Southwest Atlantic and
southern Australia subpopulations, which resulted from sharks
occupying colder environmental conditions in the Southwest
Atlantic. Possible explanations for this variation may include
the geomorphological differences between the two regions.
Suitable coastal areas in the Southwest Atlantic extend over a
geographically wider latitudinal range, as opposed to those in
southern Australia, where no coast is available beyond southern
Tasmania, but the coastline extends over a wider longitudinal
range. Accordingly, the geographical extent of presences dif-
fered markedly between regions, being broader in latitude in
the Southwest Atlantic (Southwest Atlantic = �29�S–52�S,
southern Australia = �33�S–44�S) and broader in longitude in
southern Australia (southern Australia = �125�E–152�E, South-
west Atlantic = �49�W–69�W). As a result of these geomorpho-
logical differences, accessible coastal areas for N. cepedianus in
southern Australia occur over a narrower temperature range
than in the Southwest Atlantic. This may cause N. cepedianus in
southern Australia to inhabit, on average, warmer coastal
waters compared to individuals in the Southwest Atlantic.

Mean depth temperature (°C)

Surface temperature (°C)

Distance to coast (km)

0

25

50

75

100

0.2 0.3 0.4 0.5 0.6 0.7
Overlap

F
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a b

Fig. 3. Background overlap in environmental space between the ecological niches of Notorynchus cepedianus subpopulations in the Southwest Atlantic
(SWA) and southern Australia (AUS). (a) Minimum volume ellipsoid representation of niches (three most important predictors in models; SWA = red,
AUS = orange), including species data (dots) and background points (color scale with lighter colors toward the center of the SWA ellipsoid). (b) Statistical
test results for the observed overlap (solid line) and 5% confidence limit (dashed line) of the frequency distribution of 1000 Monte-Carlo simulations con-
structed from randomly sampling the background with an n equal to the number of records for each niche (using all predictors).
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Furthermore, southeast Australia (the core habitat/distribution
for N. cepedianus) is a hotspot for climate change (Frusher
et al. 2014) and therefore N. cepedianus may have no choice but
to inhabit warmer waters or compress their distribution over
time. Conversely, the Río de la Plata outer area and inner-mid
shelf waters of Argentina, which are part of the N. cepedianus’
core distribution within the Southwest Atlantic, are also a
hotspot for climate change (Franco et al. 2020), but further
coastal waters to the south may allow the southward expansion
of its distribution over time.

It is also possible that differences between subpopulation
niches are a result of assigning annual temperature values to
presences that only occurred seasonally (or monthly) across
the edges of the distribution (i.e., areas of vagrancy, Ingenloff
and Peterson 2021). This is particularly relevant for highly

mobile species like N. cepedianus that undertake large-scale
movements and show marked migratory patterns (Barnett
et al. 2011; Williams et al. 2012; De Wysiecki et al. 2020). For
example, habitat use by N. cepedianus in the Southwest Atlan-
tic extends to highest latitudes during austral summer
(February–March), when water temperature increases in those
areas (De Wysiecki et al. 2020). In this sense, overlapping dis-
tribution predictions from Southwest Atlantic and southern
Australia models would represent the core distribution of the
species, whereas the individual contribution of these regions
to prediction may only represent the conditions at the edge of
the distributions as an artifact of assigning averaged environ-
mental values to predictors that are intrinsically dynamic. This
suggests that modeling without considering temporal varia-
tion in habitat use and environmental conditions could affect

Fig. 4. Simulation results of the potential dispersal routes of Notorynchus cepedianus subpopulations via seamount corridors (numbers). The degree of
cell occupation indicates the areas that the species commonly (lighter colors) or rarely (darker colors) reached in simulations. (a) East Pacific corridor
(Northeast Pacific—Gal�apagos Islands—Southeast Pacific), (b) Chilean Islands corridor (Juan Fern�andez Islands—Southeast Pacific), (c) Southeast Atlantic
corridor (Southeast Atlantic—Tristan da Cunha Islands), (d) Oceania corridor (Australia—New Zealand), (e) Southwest Atlantic corridor (Southwest
Atlantic—Tristan da Cunha Islands), and (f) Northwest Pacific corridor.
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niche overlap results between distant subpopulations.
Although the necessary data to include a temporal component
to the analysis were not available for the study regions this
needs to be considered when applying these models to highly
mobile species. Temporally explicit, regional studies may clar-
ify if the observed differences are explained by annual (aver-
age) habitat parameters or indicate true variation in habitat
use between subpopulations of the same species.

Based on their limited depth range and association with
temperate turbid coastal habitats, the map predictions pres-
ented in this study depict a coarse representation of the global
potential distribution of N. cepedianus. At the regional scale,
the maps serve as a preliminary yet simplified delineation of
the potential distribution within each region. Therefore,
describing N. cepedianus niche based on temperature, turbidity
and distance to the coast likely fits the purpose of capturing
habitat suitability that is common to all regions. However,
regional habitat use patterns are likely context dependent,
with other environmental and physical predictors such as
oceanographic regimes, geomorphological features, and biotic
determinants, relevant to the purpose of better describing the
niche regionally. The discrepancy observed between the
niches of Southwest Atlantic and southern Australia when
including depth or slope as a predictor illustrates this point
and suggests that bathymetry is relevant regionally. For exam-
ple, the records compiled in this study for New Zealand fall
within the complex-shaped polygon depicted by the 1000 m
isobath, agreeing with maximum depth records (� 550 m) for
the species in the region (see N. cepedianus figure in Anderson
et al. (1998)) and indicating a corridor between the South
Island and Chatham Islands. Other variables potentially
important regionally for N. cepedianus include the distance to
thermal fronts and prey, such as pinniped colonies
(De Wysiecki et al. 2020). It is increasingly recognized that
habitat use by coastal marine taxa is context dependent at var-
ious scales (Bradley et al. 2020). Therefore, future modeling
considering the regional physical context may help determine
the relevance of different habitat types for more applied
regional outcomes.

The presence data used for the analysis were obtained from
a variety of sources, including published literature, and freely
available sources such as biodiversity repositories (and sources
within) and social media. However, while free-access avenues
were key contributors to niche studies, care must be taken
when considering these data as they can be incomplete and/or
biased (Hortal et al. 2008). This is particularly relevant for the
study of fish because fishery-dependent and independent gov-
ernment fisheries research data usually have the broadest rep-
resentation of species’ presence (Braccini et al. 2020), but
these data have confidentiality agreements in place and are
therefore difficult to access. For example, freely accessible data
for the Southwest Atlantic alone barely represented the full
distribution of N. cepedianus in the region and additional data
from the Argentinian government was central to the analysis.

In the case of southern Australia, a dataset from the former
Bureau of Rural Sciences within biodiversity repositories pro-
vided a uniquely broad representation of the species’ geo-
graphical extent in the region. Failing to consider a broad and
more realistic representation of the species’ presence in geo-
graphical space may lead to limited understanding of their
niche. In this regard, the copious free data compiled in this
study for the Northeast Pacific, Southeast Atlantic and
New Zealand regions may have potential use in combination
with official government data for more comprehensive
regional studies of N. cepedianus subpopulations.

Gal�apagos Islands were the only region in which
N. cepedianus occurs but was only marginally predicted as suit-
able habitat. Their presence was reported for the first time
only recently (Buglass et al. 2020), as two individuals were
recorded on deep-sea cameras at a depth of 210 m during
October–November (Buglass et al. 2020). Although
N. cepedianus records in offshore islands are not new
(e.g., Tristan da Cunha Islands, Caselle et al. 2018), their pres-
ence in tropical latitudes expands our knowledge of the global
geographical distribution of the species. However, as Buglass
et al. (2020) discussed, no sightings in the protected coastal
waters of the Gal�apagos Islands have been reported to date,
despite decades of recreational and research diving activities.
This pattern of temperate water species occurring in deep but
not shallow waters within a tropical or warm-temperate region
is new for N. cepedianus ecology and suggests habitat use of
cooler deep waters in tropical regions, possibly facilitated by
cold currents during cold months of the year (e.g., Humboldt
Current in winter–spring; Chavez et al. 2008). In this sense,
the case of Gal�apagos Islands highlights the limitations of
modeling a 3D environment in two dimensions. This model
limitation may also be an underlying cause of connectivity
underprediction between the Gal�apagos Islands and the
Northeast Pacific subpopulation, which is relevant considering
N. cepedianus’ anti-tropical distribution (Ludt 2021). The
advent of promising tools for 3D environmental niche model-
ing in recent years (Bentlage et al. 2013) may provide avenues
for better understanding habitat use of other demersal species
widely distributed across the vertical dimension.

Dispersal corridors, population connectivity, and absence
from the North Atlantic

Based on the modeling approach, temperate coasts in the
North Atlantic represent suitable habitats for N. cepedianus
(Fig. 5, binary output in Supporting Information Fig. S11). So
after the genus Notorynchus disappeared from the North Atlan-
tic (� 4 Mya) what has prevented N. cepedianus re-establishing
in the suitable North Atlantic coastal habitats? Information
on the species to date suggests that warmer, colder and deeper
waters act as barriers to dispersal, and therefore the nearest
subpopulations that could colonize the North Atlantic from
the South Atlantic are likely blocked by the equatorial barrier.
A combination of great distances and lack of seamount/knoll
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continuity from South Atlantic subpopulations to North
Atlantic habitats could be a factor, for example, seamount/
knoll distribution data suggests no connectivity between the
two regions via deeper and cooler waters within the known
depth range of the species (Fig. 5). However, genetic connec-
tivity appears to be evident across the equator between Cali-
fornia and Peru (Schmidt-Roach et al. 2021), where no
connectivity is predicted via seamounts/knolls across the
equator (between Northeast and Southeast Pacific; Fig. 5). As
in the North Atlantic, connections between other suitable
regions are not expected. Connectivity between Oceania and
Northwest Pacific is considered unlikely because of vast dis-
tances separating the two regions (> 8000 km). N. cepedianus
subpopulation(s) in the Northwest Pacific is likely the most
isolated in the world.

Seamount and knoll distribution and dispersal simulations
suggested different degrees of connectivity between known
occupied regions. Patterns indicate connectivity within major
oceanic basins, namely South Atlantic (connection Tristan da
Cunha Islands and Southeast Atlantic), Oceania in Southwest
Pacific (connection southern Australia and New Zealand), and
Eastern Pacific (connection Southeast Pacific and Gal�apagos
Islands). In theory, there are seamounts/knolls connecting the
west and east Pacific, but the large distance across the ocean
basin likely prevents any connection. The Indian Ocean lacks
seamount/knoll stepping stones, predicted suitable habitats
(except Amsterdam/Saint-Paul Islands) and, besides the south-
west corner of Australia (the very edge of N. cepedianus distri-
bution in this region), has no confirmed presence of
N. cepedianus. These findings coincide with those by Schmidt-
Roach et al. (2021), who examined patterns of genetic

structure (using mitochondrial and nuclear DNA) in the most
well-known N. cepedianus subpopulations across the world.
Genetic connectivity was evident between southern Australia
and New Zealand (Oceania), United States, and Peru (Eastern
Pacific), and Argentina and South Africa (South Atlantic), but
not between Oceania, Eastern Pacific or the South Atlantic
(Schmidt-Roach et al. 2021). Schmidt-Roach et al. (2021) pro-
posed a historical divergence and subsequent isolation
between Oceania, Eastern Pacific, and South Atlantic regions,
which initiated near 0.55 Mya ago in the mid Pleistocene. We
hypothesize that such isolation is currently maintained
because of the lack of suitable coastal and seamount/knoll
(up to 600 m) dispersal corridors. In addition, genetic isolation
in N. cepedianus could explain the subpopulation niche differ-
entiation between Southwest Atlantic and southern Australia
found in this study.

Within each major oceanic region, connectivity between
suitable areas could be facilitated by underwater seamount/
knoll ranges. In the South Atlantic, seamounts may function
as a bridge between Tristan da Cunha Islands and Southeast
Atlantic subpopulations. In the Eastern Pacific, genetic con-
nectivity between Northeast and Southeast Pacific regions
across the tropics may be explained by long-distance dispersal
through deep channels (Schmidt-Roach et al. 2021). However,
the mapping in the current study did not support connectiv-
ity via seamounts between the Northeast and Southeast Pacific
regions, suggesting other oceanographic features like cold cur-
rents may play a role in facilitating N. cepedianus dispersal
through the equatorial barrier. In the Southeast Pacific, dis-
persal to Juan Fern�andez Islands (Chile) is also expected due
to proximity to the continent and availability of seamount/

X
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Galápagos
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Islands Tristan da Cunha

Islands

Amsterdam
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No connectivityX
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Fig. 5. Global continuous habitat suitability for Notorynchus cepedianus and relevant (< 600 m deep) seamount and knoll data (base polygons). Connec-
tivity and no connectivity refer to the plausibility of potential subpopulation connectivity through seamounts and knolls based on dispersal simulations.
No connectivity outside connectivity hotspots refers to physiological limits, transoceanic distances or lack of seamount continuity. Offshore archipelagos
relevant to the study are indicated.
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knoll providing stepping stone pathways (Fig. 5). The recent
increase in reports of N. cepedianus from Chile and Peru
(Bustamante et al. 2021; Schmidt-Roach et al. 2021) suggests
the existence of a subpopulation(s) in the region, but as with
most other regions, further work is needed to understand con-
nectivity within the Southeast Pacific (Schmidt-Roach
et al. 2021). As discussed by Schmidt-Roach et al. (2021), fur-
ther work that includes more sensitive genetic markers
(Larson et al. 2015) and tracking methods are needed to
elucidate gene flow within regions.

Data availability statement
Most presence records from this study are open and avail-

able in the Supporting Information. The code to perform all
analyses can be accessed at https://github.com/Agustindewy/
Sevengill_shark_global
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