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Climate change is currently considered one of the main phenomena affecting marine
species through expansion or contraction of their distribution. Being ectothermic
organisms, sharks of the family Carcharhinidae could be highly susceptible to the effects
of climate change. These sharks are of great ecological importance, which is reflected in
their role in the integrity of coastal and oceanic ecosystems as top predators that act to
maintain the stability of the food chain, as well as providing economic value through
fishing, consumption, and ecotourism. Currently, their populations are threatened
by fishing pressure and anthropogenic activities, including meeting the demand for
shark fins. Despite the ecological and economical importance of carcharhinid sharks,
knowledge regarding how they are impacted by climate change remains scarce.
Ecological niche modeling is a tool that allows analysis of future potential distributions
under different climate change scenarios and could contribute to future planning
activities and improved conservation outcomes for sharks. We generated models in
Maxent in order to predict the potential geographic distribution of 25 carcharhinid
sharks that inhabit Mexican waters, projecting this onto future climate change scenarios
(RCP2.6, RCP4.5, RCP6.0, and RCP8.5) to calculate the potential losses and gains
in their distribution areas by the year 2050. The greatest shifts in suitable areas were
observed for the sharks Triaenodon obesus (gained area) and Carcharhinus porosus
(lost area). Overall, under all four RCP future scenarios, six species presented gains in
suitable area and 19 species presented losses. The greatest loss of suitable area for
carcharhinid sharks was found with RCP8.5; however, under this high-emissions global
warming scenario, seven species actually showed an increase in distribution area. Our
results therefore indicate that climate change could reduce suitable areas for most of the
species by 2050. Assessment of the distribution of shark species under climate change
is urgently required in order to prioritize conservation efforts toward the most vulnerable
species and to ensure the natural function of marine ecosystems, thus maintaining the
important ecosystem services they provide to human society.
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INTRODUCTION

Climate change is currently considered one of the main
phenomena that influence the phenology and physiology of some
marine species, through modification of environmental variables
(Parmesan and Yohe, 2003; Jones et al., 2013; Poloczanska et al.,
2013). The tropical marine fauna is among the groups of animals
most sensitive to climate change, since the members evolved in
a relatively stable thermal environment (Rosa et al., 2014) and
are expected to respond to environmental change by shifting
their distributions to areas more conducive to maintaining a
physiological optimum (Hobday, 2010; Tittensor et al., 2010;
Cheung et al., 2012, 2015; Hazen et al., 2013; Nakamura et al.,
2013; Robinson et al., 2015; Fogarty et al., 2016).

Regarding the modification of environmental variables, the
global average sea surface temperature is predicted to rapidly
rise by 1–3◦C, as a result of the greenhouse effect (IPCC, 2013).
Changes in sea surface temperature are often accompanied by
variations in salinity, which is another environmental variable
that could be modified by climate change. For instance, decreased
salinity can be due to the melting of glaciers and ice sheets,
while increased salinity can be produced by higher sea surface
temperatures and evaporation (Durack et al., 2012). Variations in
salinity are also related to large-scale changes in water movement
and it has been speculated that increased wind stress due to
climate change could lead to increased coastal currents and
upwelling (Bakun, 1990).

Recent evaluations of species distribution have assessed the
potential impacts of climate change on both terrestrial and
marine organisms (Peterson et al., 2011; Jones et al., 2013;
Wabnitz et al., 2018). One taxonomic group of marine fishes that
has been put at risk by the rapid environmental modification
imposed by climate change is Chondrichthyes (sharks, rays, and
chimeras) (Field et al., 2009). Some studies of shark species in
particular have described potential changes in their distribution
in response to projected changes in climate, which are related
to the reduced or increased availability of suitable habitat
and poleward shifts in their distribution (Hare et al., 2016;
Tanaka et al., 2021). Other studies have evaluated the potential
distribution of carcharhinid sharks with climate change using
species distribution modeling and generally report a reduction
or shift in suitable area for future distributions under different
climate change scenarios (Jones et al., 2013; Lezama-Ochoa et al.,
2016; Gonzalez-Pestana, 2018; Birkmanis et al., 2020; Crear et al.,
2020).

In this context, ecological niche models (ENM) can be
employed to describe the geographic and ecological aspects
of species and are widely used to assess potential future
distributions using a correlative approach between species
presence records and environmental variables (Jones and
Cheung, 2015; Chefaoui et al., 2019). To assess shifts in
future species distributions using ecological niche modeling,
it is common to use environmental variables from different
future scenarios derived from general circulation (GCMs)
and atmosphere-ocean general circulation (AOGCMs) models
(Wiens et al., 2009; Harris et al., 2014; Peterson et al., 2018).
In the Special Report on Emissions Scenarios (SRES), the

Intergovernmental Panel on Climate Change (IPCC) published
a family of greenhouse gas scenarios (A1, A2, B1, and B2) that
comprise storylines of different demographic, societal, economic,
and technical change that assume different future increases in
greenhouse gas emissions (IPCC, 2000). These initial emission
scenarios were recently updated in the IPCC Fifth Assessment
Report (AR5) by replacement with Representative Concentration
Pathways (RCPs) that refer to radiative forcing (2.6, 4.5, 6.0,
and 8.5 W/m2 by 2,100) and represent alternative greenhouse
gas concentration trajectories. These RCPs include a mitigation
scenario involving an initial increase in temperature followed
by a decline (RCP2.6), two intermediate scenarios (RCP4.5
and RCP6.0), and finally an extreme scenario with very high
annual greenhouse gas emissions and a very marked temperature
increase (RCP8.5) (IPCC, 2013).

The consequences of climate change could also be reflected
in the integrity of the ecosystem due to the close inter-
dependency between it and the sharks. This relationship signifies
that, in coastal and oceanic habitats, the sharks keep the food
web healthy, maintain the carbon cycle and comprise one of
the largest groups of apex predators. Sharks occupy a high
trophic level in marine habitats and play a key role in the
structure, function, and health of marine ecosystems (Davidson
and Dulvy, 2017). Food webs are essential for the stability,
maintenance, and control of the populations of the commercial
and non-commercial species that occupy the lower trophic levels,
indirectly affecting the economy. Given all of these functions,
sharks also help to preserve the stability of ecosystems (such as
coral reefs) and thus maintain the provision of their ecosystem
services (Motivarash et al., 2020).

In addition to the effects of climate change on sharks,
populations of their functionally important species assemblages
have declined because of rising fishing pressure, increasing their
risk of global extinction (Pacoureau et al., 2021). The depletion of
sharks could also be the result of indirect anthropogenic threats,
including loss or contamination of their habitat (Worm and
Tittensor, 2011; Sguotti et al., 2016). This factor can be added
to the disadvantages conferred by their intrinsic low phenotypic
plasticity (Rosa et al., 2014) and life history patterns (e.g.,
slow growth, reduced fecundity, late sexual maturity, and long
gestation time) (Cortés, 2000). Carcharhinids are subject to high
fishing mortality as a result of intentional and incidental capture
in a variety of fisheries (Bond et al., 2012; Dulvy et al., 2014),
of which there are high levels in Mexico (Sosa-Nishizaki et al.,
2020). Intentional fishing of Carcharhinids is mainly conducted
to obtain liver oil, cartilage, meat, or fins, for example, in the case
of Carcharhinus falciformis and Prionace glauca (Camhi et al.,
2008; Santana-Morales et al., 2020). Furthermore, shark cage
diving is currently a prominent feature of ecotourism activities
in various parts of the world, including Mexico (Haas et al., 2017;
Cisneros-Montemayor et al., 2020).

The members of the Carcharhinidae family include around 12
genera and 50 species, distributed worldwide in both tropical and
temperate marine waters. This study focused on 25 carcharhinid
sharks that inhabit the waters of Mexico and other areas of the
world (Castro, 2011; Saldaña-Ruiz et al., 2019). Of these, 16%
are categorized as vulnerable (VU), 52% as near threatened (NT),
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16% as data deficient (DD) and 4% as not evaluated (NE) by the
International Union for Conservation of Nature (IUCN, 2020).

As the climate continues to warm and change, its effects on
vulnerable species should be examined via studies of ecological
niche modeling (Hill et al., 2011; Bellard et al., 2012; Lezama-
Ochoa et al., 2016; Davidson and Dulvy, 2017). Despite the
possible impacts of climate change on shark distribution and
their ecological importance and economic value, information on
elasmobranch fish remains scarce (Rosa et al., 2014; Davidson
and Dulvy, 2017). Knowledge of potential distribution shifts
under different scenarios could support scientists and decision
makers in the development of appropriate strategies to reduce
climate change impacts on biodiversity through actions of early
intervention, such as the design of potential protection areas that
could become zones of suitable habitat under future climatic
conditions (Bellard et al., 2012; Pacifici et al., 2015; Wilkening
et al., 2019). The aim of this study was to use ecological
niche modeling to evaluate potential changes in the global
geographic distribution areas of the 25 carcharhinid sharks
that inhabit Mexican waters, considering the climate change
scenarios RCP2.6, RCP4.5, RCP6.0, and RCP8.5 for the year 2050.
This information could help identify the species that are most
vulnerable to climate change and quantify the percentage range of
gains/losses over time in order to estimate their risk of extinction
and thus inform the creation of a network of protected areas to
ensure their persistence.

MATERIALS AND METHODS

Species distribution modeling through estimation of the
ecological niche is a correlative approach that uses species
presence records (occurrence data of the entire life stages of
species) and environmental variables that describe the climatic
features of the area in which the species is distributed (Soberón
and Nakamura, 2009). In the following sections, we address the
different steps that we used to model the potential geographic
distribution of carcharhinid sharks under different climate
change scenarios.

Occurrence Data
Occurrence records of the complete known distribution of the
species in the coastal and marine areas of the Atlantic, Pacific,
and Indian Oceans were obtained from the databases of Global
Biodiversity Information Facility (GBIF1), speciesLink2, VertNet3

and the Ocean Biogeographic Information System (OBIS4). We
also used occurrences from Del Moral-Flores et al. (2015) and the
ichthyological collections of CNPE–IBUNAM5 and CIICMYLP-
UNAM6. Most of the occurrence records comprised preserved
specimens or human observations recorded from 1960 to 2017.

1http://www.gbif.org
2www.splink.org.br
3www.vertnet.org
4www.iobis.org
5www.unibio.unam.mx
6www.icmyl.unam.mx

A thorough inspection of each occurrence record was
conducted in R 3.4.4 (R Core Team, 2018) in order to eliminate
duplicate records and those with no specified location. We
also cross-checked each occurrence record with the information
available in the published literature in order to eliminate those
that originated outside the known distribution or within the land
mask of the Global Self-Consistent, Hierarchical, High resolution
Shoreline (GSHHS) database (Wessel and Smith, 1996) in a
Geographic Information System (GIS) (ArcMap 10.5). To reduce
the effects of sampling bias, we filtered a large number of points
grouped into specific areas using the function ‘GridSample’ of
the ‘dismo’ package. This function divides the area in which
the model is calibrated (see Section “M Area” for definition of
calibration area) into different grid cell sizes and selects a number
of occurrences in each cell as defined by the user. In this record
filtering procedure, we selected a grid cell size of one or two
degrees, depending on the lower or higher number of occurrence
points (respectively), and one occurrence in each cell to maintain
the best visual compromise between the largest possible number
of occurrence data and a suitable level of homogeneity, according
to Voda et al. (2015). This record thinning procedure eliminates
the number of occurrences derived from repeated sampling
events in the same area (Hijmans, 2012; Hijmans and Elith, 2013),
but was not applied to those species with <100 occurrence points.

Environmental Data
Since the model is correlative, the algorithm obtains the
environmental information relative to each point of occurrence
(species presence record) that provides an estimate of the general
environmental profile of the species. For this analysis, we used the
known distribution of each species (at the regional or global scale,
see “M Area” Section) (Table 1), current environmental data
layers expressed for the entire current period (2000–2014), and
future climate projection layers (2040–2050) obtained from the
repository Bio-ORACLE (Ocean Rasters for Analysis of Climate
and Environment)7. These layers were developed specifically to
model marine species distributions (Tyberghein et al., 2011;
Assis et al., 2017). The repository contains ocean rasters for
analysis of climate and environment derived from both satellite-
based and in situ data in regular two- and three-dimensional
spatial grids, at a spatial resolution of 5 arcmins (∼9.2 km2). We
selected environmental variables based on published information
pertaining to species-habitat associations of carcharhinid sharks
and their availability in the repository. Under this criterion, we
used six different predictors for the variables of temperature,
salinity, and current velocity, based on monthly averages for the
current period: the long term average (mean); the minimum
(min) and maximum (max) records; the long-term average of
the minimum (ltmin) and maximum (ltmax) records per year;
and range (range), which is the average of the absolute difference
between the minimum and maximum records per year (Assis
et al., 2017). These provide a total of 18 surface environmental
variables, which we used to generate our models (Supplementary
Table 1). In addition, we used their future projections based on
the four RCP (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) for the year

7https://www.bio-oracle.org/
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TABLE 1 | List of modeled species, divided into groups according to their M area.

Group Species Initial Filtered Calibration/evaluation Number of MEOW
and buffer

Know distribution

1 Carcharhinus cerdale 20 20 14/6 13 EP

Nasolamia velox 168 63 44/19 37 EP

Rhizoprionodon longurio 736 235 164/71 18 EP

2 Carcharhinus acronotus 349 102 71/31 17 WA

Carcharhinus isodon 555 40 28/12 18 WA

Carcharhinus perezi 306 79 55/24 18 WA

Carcharhinus porosus 268 58 41/17 50 WA

Rhizoprionodon porosus 185 109 74/33 20 WA

Rhizoprionodon
terraenovae

891 118 83/35 21 WA

3 Carcharhinus brachyurus 1718 184 129/55 144 AO, PO, MS

Carcharhinus brevipinna 1051 194 136/58 123 AO, IP, MS

Carcharhinus leucas 12462 86 60/26 138 CS

4 Carcharhinus signatus 906 119 84/35 44+ buff. AO

Negaprion brevirostris 5158 98 69/29 16 AO, EP

5 Carcharhinus
albimarginatus

4193 221 155/66 110+ buff. IP

Carcharhinus altimus 815 213 149/64 142 CS

Carcharhinus obscurus 2782 301 211/90 152+ buff. CS

Carcharhinus plumbeus 3114 300 210/90 156+ buff. AO, IP, MS

Triaenodon obesus 1659 137 98/39 109+ buff. IP, EP

6 Carcharhinus falciformis 8185 600 421/179 182+ buff. CL

Carcharhinus galapagensis 587 144 101/43 170+ buff. CL

Carcharhinus limbatus 3609 340 239/101 173+ buff. CS

Carcharhinus longimanus 2334 404 283/121 168+ buff. CS

Galeocerdo cuvier 4939 559 391/168 174+ buff. CS

Prionace glauca 7119 1110 777/333 206+ buff. CS

TOTAL 64109 5826

Initial number of occurrences, the number after filtering, and those used to conduct the calibration and evaluation process. Number of marine ecoregions (MEOW) used
for constructing the M areas and including the buffer. Known distribution of species [AO (Atlantic Ocean), WA (western Atlantic), PO (Pacific Ocean), EP (eastern Pacific),
IP (Indo-Pacific), MS (Mediterranean Sea), CL (Circumtropical), and CS (Cosmopolitan)].

2050. We calibrated the models of the 25 carcharhinid sharks
with two different sets of variables created as potential predictors
of niche models (‘set_1’ and ‘set_2’). The former comprised all
of the variables and the latter only the non-correlated variables.
For ‘set_2,’ collinearity was reduced in order to avoid instability
in parameter estimation and bias in the inference statistics
(Dormann et al., 2012). In order to reduce collinearity among
variables, we used the variance inflation factor (VIF). This factor
excludes the highly correlated predictor variables from the set
through a stepwise procedure based on the square of the multiple
correlation coefficient and produced by regressing one predictor
variable against all other predictor variables. Predictor variables
greater than 10 VIF in value were removed and used to form
‘set_2.’ A VIF value greater than 10 is a signal that the predictor
variables have high collinearity (Montgomery and Peck, 1992).
This value statistically indicates a significant multicollinearity
and is used in studies of niche modeling (Naimi and Araújo,
2016; Pradhan, 2016). However, the modeling algorithm we used
(MaxEnt) compensates for high collinearity of variables using
a method for regularization that addresses feature selection in
order to assign relative contributions by weighting the variables

throughout the analysis (Elith et al., 2011; Mendoza-González
et al., 2016). For this reason, we also used ‘set_1.’

M Area
The M areas represent the geographic regions where the
models are calibrated (calibration area) and are accessible to a
species or population via dispersal over extended time periods
(Peterson and Soberón, 2012; Banks, 2017). The importance of
considering the M area when estimating ecological niches has
been demonstrated, since it helps when transferring correlative
models to other areas and has no effect on the calibration and
validation processes (Barve et al., 2011; Peterson et al., 2018).
Various different approaches can be adopted in order to calibrate
the study area correctly, including the use of polygons, buffers,
or distances based on species dispersal ability, among others.
However, the question of how to better define the calibration
area remains to be addressed (Simões et al., 2020). We developed
an M area for each species based on the 232 marine ecoregions
for coastal and shelf areas of the world (MEOW) of Spalding
et al. (2007). The criterion used to define the extent of the
species distribution was based on ecological delimitation and
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dispersal abilities for two cases. The first case considered only
the MEOW for the species that are distributed in the coastal
and shelf areas, and which presented specific characteristics such
as homogeneous composition of species, upwelling, nutrient
inputs, temperature regimes, etc. (Spalding et al., 2007). These
MEOW were selected when they contained at least one point
of occurrence for each species, and they were then grouped
to form the species M area (M areas independent for each
species). For some sharks, the known distribution was found
in small areas within the MEOW but far from their limits;
however, we still considered the complete extension of the
MEOW, since they are considered biogeographic units within
which the sharks could spread out given their dispersal capacities.
In the second case, when the occurrence points were beyond the
limits of MEOW, such as for non-coastal sharks, the M area was
estimated through a 100 km radius buffer created around each
occurrence, based on the dispersal ability of other pelagic and
carcharhinid sharks (Speed et al., 2010; Acuña-Marrero et al.,
2017; Spaet et al., 2017). Regarding the possible mobility of
organisms through this region, we used a sea currents raster
mask (Sun, 2018) as a basis for joining the resulting separated
buffer areas with the marine ecoregions. In both cases of M
area, we considered the total area of accessibility of the species
(Barve et al., 2011).

Finally, we identified the following distributions for our
study species: AO (Atlantic Ocean), WA (western Atlantic),
PO (Pacific Ocean), EP (eastern Pacific), IP (Indo-Pacific),
MS (Mediterranean Sea), CL (Circumtropical), and CS
(Cosmopolitan). The number of marine ecoregions involved
in constructing the M region per species, for which a buffer
was applied, is shown in Table 1. The resulting model maps
are presented in six groups depending on the M area of the
species. The first three correspond to distributions only in
MEOW and the second three correspond to distributions
in MEOW and the generated buffers: (1) distribution in
the eastern Pacific Ocean (EP), (2) distribution in the
western Atlantic Ocean (WA), (3) distribution in the
Mediterranean Sea and some oceans (AO, PO, MS, and
IP), (4) distribution in eastern Pacific and/or Atlantic Ocean
(AO, EP), (5) distribution in some ocean regions including
the Mediterranean Sea (IP, CS, AO, MS, and EP), and (6)
distribution in all ocean regions (Atlantic, Pacific, and Indian)
including the Mediterranean Sea (with distributions CL
and CS).

Construction of Models
For model calibration, we used MaxEnt 3.4.1 (Phillips et al.,
2006), an algorithm based on the maximum entropy approach
that is commonly used to estimate the potential distribution
of species by correlating presence-only data with sets of
environmental variables (Elith et al., 2010). This algorithm is
very flexible and has many parameters that can be changed
by users; however, the models are often constructed based on
simple protocols by using the default parameter settings (i.e.,
auto-features) in the traditional platform, which could ultimately
produce non-optimal (over-complex or over-simplistic) models.
This could present a problem, particularly when dealing with

a small number of occurrence points, in which case the
recommendation is to evaluate the best potential combination of
multiple parameterizations that can produce good fits for small
data sets (Warren and Seifert, 2011; Radosavljevic and Anderson,
2014; Morales et al., 2017). Given the time-consuming nature
of performing this task manually, we ran Maxent in R (R Core
Team, 2018) using the kuenm package8 as an automated tool
that allows users to generate many Maxent candidate models
with varying calibration settings (feature classes, regularization
multiplier, and sets of environmental variables) to obtain a
species-specific parameterization, thus increasing the robustness
of models over a much shorter time (Cobos et al., 2019).
Feature classes (FC) are defined as transformations applied to
the different covariates used in models to allow modeling of
complex relationships. A regularization multiplier (RM) is a
parameter that adds new constraints or imposes penalties on
the model to prevent over-complexity and/or overfitting (Elith
et al., 2010). Prior to the calibration process, the dataset of
each species was randomly partitioned into training (70%) and
validation (30%) data (Mendoza-González et al., 2016). The
calibration process for candidate model creation was performed
with a parameter setting using the kuenm-cal function using a
combination of 15 feature classes (all potential combinations
of four feature classes: linear, quadratic, product, and hinge);
nine values of the regularization multiplier (1, 1.5, 2, 2.5, 3,
3.5, 4, 6, and 10) and the two sets of environmental variables
(‘set_1’ and ‘set_2’). Two models were created for each parameter
setting: one based on the complete filtered and thinned dataset
of occurrences, and the other based only on the training data.
The former is used to calculate model complexity and the latter
to calculate significance and omission rates (Cobos et al., 2019).
Likewise, the Jackknife function of Maxent was used to identify
the percentage of contribution from each environmental variable
(Phillips et al., 2006). Candidate model evaluation and best
model selection were developed using the kuenm-ceval function.
This function completes the process of calibration by evaluating
and selecting models according to the following hierarchical
evaluation criteria: (1) statistical significance of the model, using
the area under the curve ratio (AUC) of the partial receiver
operating characteristic (ROC) tests, with 500 iterations and 50%
of the data used for bootstrapping, in which the AUC ranges from
1 to 2 (1 representing a random model, 2 representing a better
than random performance); (2) model performance: predictive
ability with omission rates (OR) ≤ 5%, which is our level of
confidence in the training data; and (3) model complexity: based
on the Akaike Information Criterion (AIC), which indicates how
well the models fit to the data while penalizing complexity to
favor more parsimonious and less overfitted models. Finally, we
used the kuenm-mod function, which generated final continuous
models of probability (suitability) with the parameter sets
selected as best, including one model per species that met
the three hierarchical evaluation criteria (AUC, OR, and AIC)
and its corresponding environmental set (1 or 2). Once the
model that best projected the distributions of the current time
period was determined, it was used to transfer the projections

8https://github.com/marlonecobos/kuenm
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to the four RCP scenarios of the future for each species
(Cobos et al., 2019).

Projections to Future Scenarios (RCP)
The best final models per species in the current period were
projected to the four RCPs (2.6, 4.5, 6.0, and 8.5) for the
year 2050 using the kuenm-cal function. These scenarios are
based on average data from different Atmosphere-Ocean General
Circulation Models (AOGCMs: CCSM4, HadGEM2-ES, and
MIROC5) available in Bio-ORACLE (see Text Footnote 7)
(Assis et al., 2017).

Three different strategies can be used to extrapolate the models
to the future: (1) truncation, which considers all conditions
outside the calibration data range as unsuitable; (2) clamping,
which extrapolates the marginal values in the calibration area
as the prediction for more extreme conditions; and (3) actual
extrapolation, which extends the response curve based on trends
obtained from the calibration conditions (Qiao et al., 2019).
In order to choose the optimum strategy, we calculated the
climatic analogy (environmental similarity) between the present
and future scenarios through the extrapolation risk in model
transfers via mobility-oriented parity (MOP), which calculates
the environmental difference between current (calibration
region) and future (transfer region) scenarios (Owens et al.,
2013). Since the MOP analysis indicated large areas of uncertainty
for the projection of models under future scenarios, we used the
truncated response, thus strongly reducing the combinations of
environmental conditions under which models are calibrated in
the present (Owens et al., 2013; Cobos et al., 2019). This step was
applied using the kuenm-mop function implemented by kuenm
(Cobos et al., 2019).

Current and future binary maps [suitable areas (1) –
unsuitable areas (0)] were obtained by thresholding the final
continuous models (present and future) using the criterion of
5% of allowed omission in the training presence (Cooper and
Soberón, 2018). This cut-off threshold value for generating the
binary maps utilizes the suitability values less than or equal to
5% in the presence points (training data) to classify absence (0)
and those that exceed this value to classify presence (1). This
percentage value was determined based on a fixed allowable
omission error rate among the calibration data, assuming that
up to 5% of the occurrence data may have included errors that
misrepresented the environments used by the species. This value
is considered appropriate when input data are heterogeneous and
uncontrolled in origin (Anderson et al., 2003; Peterson et al.,
2008; Costa et al., 2009) and is also the parameter that measures
error associated with the presence localities dataset (Costa et al.,
2009). Shifts in suitable areas for the current and different future
scenarios were then obtained per species, through spatial analysis
in a GIS (ArcMap 10.5), to produce three categories: (i) lost or
contraction areas (areas suitable at present but not in the future),
(ii) gained or expansion areas (areas unsuitable at present but
suitable in the future), and (iii) maintained or stable suitable
areas (areas suitable at present and in the future). These areas
were then mapped, and percentage values for the gained, lost
and maintained suitable areas for each species in each of the
four future RCP scenarios calculated as the proportion of each

category in relation to the total area of study, which is the M area
of each species (area of category/total area ∗ 100). We calculated
the total shift of suitable areas by subtracting the loss of suitable
area per species from the total percentages of gain, under all four
future scenarios.

RESULTS

A total of 64,109 presence records were compiled for the 25
species of carcharhinid sharks, and 5,826 occurrences remained
after data cleaning. After filtering, the occurrence records ranged
from 20 (Carcharhinus cerdale) to 1,110 (Prionace glauca)
(Table 1). The lowest number of marine ecoregions used for
constructing the accessible or M area was 13 and the highest was
206, including the buffer (Table 1). Following calibration of the
25 species models with the two different sets of variables, the
best qualified according to the metrics described in the previous
section were selected to be modeled with ‘set_1’ (18 species: all
predicted variables) and ‘set_2’ (seven species: non-correlated
variables only, Supplementary Table 2 and Table 2).

A total of 270 candidate models were created per species,
considering the combinations of 15 feature classes, nine
regularization multipliers and two environmental data sets. The
model evaluation presented statistical significance (P < 0.05),
with the AUC ratios of partial ROC > 1 and some close to 2,
indicating good model performance. Indeed, the performance
in most of our models met the defined permissible omission
rate threshold or better than random expectation (omission
rates ≤ 5%), except for C. falciformis (0.07), Carcharhinus
signatus (0.08), Galeocerdo cuvier (0.06), and T. obesus (0.07)
(Table 2). According to the jackknife test results, there
were differences among the species in terms of the relative
importance of the environmental predictors (EP) used to
construct the models. For example, the relative importance values
of “Range surface temperature” (ST_range) and “Minimum
surface current velocity” (CV_min) were highest in six species,
“Maximum surface temperature” (ST_max) and “Average of
the maximum records of temperature per year” (ST_ltmax)
presented their highest values in three species, and “Mean
surface temperature” (ST_mean) and “Range surface salinity”
(SS_range) had their highest values in two species (Table 2).
The final continuous models for the 25 species with the optimal
parameterizations and the occurrences used for calibration were
mapped (Supplementary Figures 1–25).

The mobility-oriented parity (MOP) analyses revealed areas
with strict extrapolation risk or non-analogous environmental
combinations for all species. For this reason, we decided to
employ truncated estimates to create the future scenario maps
(for all RCP scenarios) for each species. In this paper, we
present the suitable areas gained, lost, and maintained, relative
to the current species distribution, using binary maps only for
the two most contrasting scenarios of low (RCP2.6) and high
(RCP8.5) greenhouse gas emissions (Figures 1–6). Binary maps
that present this information for all four RCP scenarios (2.6;
4.5; 6; and 8.5) are provided in 100 future maps for all species
(Supplementary Figures 26–50).
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TABLE 2 | Optimal parameters in kuenm models for each species, divided into groups according to their M area: regularization multiplier (RM), feature classes (FC) [linear
(l), quadratic (q), product (p), and hinge (h)], set of environmental variables (Pred. Sets), AUC ratio of Partial ROC (AUC), omission rate accepting 5% error in training data
(OR ≤ 5%).

Group Species RM FC Pred. sets AUC ratio OR 5% No. of
param

EP (%)

1 C. cerdale 1.5 lqp set_1 1.9 0 3 ST_ltmin 27.9%

N. velox 1 q set_1 1.7 0 9 ST_ltmax 33.6%

R. longurio 2 l set_2 1.6 0.04 9 ST_range 37.3%

2 C. acronotus 6 lqh set_1 1.3 0.03 14 CV_min 32.7%

C. isodon 1.5 lq set_1 1.8 0 10 ST_range 32%

C. perezi 1.5 l set_1 1.3 0 9 CV_min 40.2%

C. porosus 1 q set_1 1.4 0 14 SS_min 39.9%

R. porosus 1.5 q set_1 1.2 0 9 CV_min 43.6%

R. terraenovae 1 lq set_1 1.4 0.03 10 CV_min 37.6%

3 C. brachyurus 6 lh set_2 1.3 0.02 19 ST_range 50.8%

C. brevipinna 2.5 lph set_1 1.2 0.03 72 CV_min 21.6%

C. leucas 1.5 lq set_1 1.3 0.04 11 ST_range 39.5%

4 C. signatus 3 lqp set_1 1.1 0.08 37 SS_ltmin 17.4%

N. brevirostris 1 lq set_2 1.1 0.03 11 ST_range 23.7%

C. albimarginatus 2 lp set_1 1.2 0.05 35 ST_ltmax 20.1%

C. altimus 1.5 lqh set_1 1.2 0.05 22 SS_range 38.3%

C. obscurus 3 qp set_1 1.1 0.04 35 ST_range 22.5%

C. plumbeus 4 lh set_2 1.2 0.03 8 ST_max 40.1%

T. obesus 6 h set_2 1.1 0.07 36 CV_min 37.7%

6 C. falciformis 6 l set_1 1.1 0.07 10 ST_mean 52.6%

C. galapagensis 6 h set_1 1.1 0.05 11 ST_mean 60.8%

C. limbatus 6 p set_1 1.2 0.05 29 SS_range 19.8%

C. longimanus 3.5 pq set_2 1.2 0.05 38 ST_max 34.8%

G. cuvier 1 l set_2 1.1 0.06 10 ST_max 42.1%

P. glauca 3.5 lqph set_1 1.1 0.05 89 ST_ltmax 44.2%

Number of parameters (No. of param.). Environmental predictor with the greatest percentage contribution to the model (EP%).

FIGURE 1 | Suitable areas maintained, gained, and lost by the year 2050 under low (RCP2.6) and high (RCP8.5) greenhouse gas emission scenarios in species with
an M area in the eastern Pacific Ocean: Carcharhinus cerdale, Nasolamia velox, and Rhizoprionodon longurio.

For the species with distribution in the eastern Pacific Ocean
(EP, group one), the area of greatest loss for the three species
corresponded to the Gulf of California, while those of greatest
gain were closer to the equator (Figure 1). For the species with
distribution in the western Atlantic Ocean (WA, group two),
the areas of greatest loss generally occurred in the northern
Gulf of Mexico, with only Carcharhinus perezi showing areas
of considerable gain in both scenarios. For the three species
with distribution in the Mediterranean Sea and some oceans
(AO, PO, MS, IP, and group three), there was a very wide
area of maintenance or stability. In comparison, the areas

of contraction or loss were very small, and corresponded to
Southeast Asia (Figure 3). For the species with distribution in
eastern Pacific and/or Atlantic Ocean (AO, EP, and group four),
the areas of greatest loss generally occurred in the northern Gulf
of Mexico for both species, while C. signatus and Negaprion
brevirostris presented areas of loss in west Africa and in the
Gulf of California, respectively (Figure 4). For the species with
distribution in some ocean regions including the Mediterranean
Sea (IP, CS, AO, MS, EP, and group five), the areas of loss
for Carcharhinus albimarginatus, Carcharhinus altimus, and
Carcharhinus obscurus were regionalized in South Asia. This is in
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FIGURE 2 | Suitable areas maintained, gained, and lost by the year 2050 under low (RCP2.6) and high (RCP8.5) greenhouse gas emission scenarios in species with
an M area in the western Atlantic Ocean: Carcharhinus acronotus, Carcharhinus isodon, Carcharhinus porosus, Carcharhinus perezi, Rhizoprionodon porosus, and
Rhizoprionodon terraenovae.

contrast to Carcharhinus plumbeus and T. obesus, which generally
presented maintained and gained areas across almost all of their
distribution (Figure 5). Similar to the previous group, for the
species with distribution in all ocean regions (Atlantic, Pacific,
and Indian), including the Mediterranean Sea (with distributions
CL, CS, group six), the unsuitable areas were found in South Asia,
except for the species Carcharhinus longimanus and G. cuvier,
which presented large maintained areas. The six species in this
group presented gained areas in the extreme north and south of
their respective M areas (Figure 6).

For all of the species in general, considering the four
RCP scenarios, the highest gain in suitable area was found
for T. obesus, while the highest loss in suitable area was for
C. porosus and the highest maintained suitable area was for
G. cuvier (Table 3). Under all four RCP future scenarios,
the total shifts (gain – loss) presented losses in suitable areas
for 13 species but gains for six species. However, under at
least one RCP future scenario, 19 species showed losses while
11 presented gains. In most species, the main future losses
of suitable area were observed under the extreme scenario
RCP8.5 (Figure 7). For sharks in group one, C. cerdale showed
a loss of suitable area under all climate change scenarios.
In group two, all of the species presented losses in suitable
area, except C. perezi, which showed small gains in all RCP
except for RCP8.5. For groups three and four, the species
showed loss of suitable area, except for Carcharhinus leucas
and N. brevirostris, respectively, which showed low percentages
of gain in suitable areas. Groups five and six presented the
species with highest percentages of gain (Figure 7). On average,
under all four RCP future scenarios, Carcharhinus porosus
(in group two) was the species that presented the highest
losses, while T. obesus (in group five) presented the highest
gains (Figure 7).

DISCUSSION

The results of this study show that most of the species presented
a shift in their distribution in response to the projected changes
in climate. The suitable area for carcharhinid sharks showed
a general trend of decline in the future for most species,
although the suitable area of some species is expected to increase.
In general, the loss of suitable area is predominantly found
around the equatorial band, the Gulf of Mexico, and the Indian
Ocean; in contrast, the areas that present gains in suitability are
predominantly on the periphery of the M areas.

Regarding changes in environmental variables and shifts in
range, in our study, temperature range, and other variables
related to temperature, made the highest contributions to the
niche models. This supports the findings of other studies on
shark distributions (Lezama-Ochoa et al., 2016; Birkmanis et al.,
2020). Being ectothermic organisms, in common with other
teleost fishes, the physiological functions of many sharks are
controlled and determined by temperature and their thermal
tolerance limits. This makes them susceptible to negative impacts
as a result of climate change (Rosa et al., 2014; Schlaff et al.,
2014). Unlike bony fish, the k-selected life strategy of the
Chondrichthyans, characterized by long generation times and
low fecundity, impedes their adaptation to rapid environmental
change imposed upon them as a result of human activities
(Wheeler et al., 2021). In addition, the projected negative future
change (loss of suitable area) in our modeled species could be
related to some theoretical expectations, in which the physiology
and behavior of ectothermic and tropical species are strongly
affected by temperature gradients (Chin et al., 2010; Feary et al.,
2013; Rosa et al., 2014; Schlaff et al., 2014). This could be
because tropical species live close to their thermal limits, and
have a lower capacity for acclimation compared to temperate
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FIGURE 3 | Suitable areas maintained, gained, and lost by the year 2050 under low (RCP2.6) and high (RCP8.5) greenhouse gas emission scenarios in species with
an M area in the Mediterranean Sea and some Oceans (Atlantic, Pacific, and Indian): Carcharhinus leucas, Carcharhinus brevipinna, and Carcharhinus brachyurus.

species, implying their possible vulnerability to even slight
increases in habitat temperature (Cheung et al., 2009; Comte
and Olden, 2017). However, vulnerability to rising temperatures
will depend mostly on the thermal tolerance and acclimation
capacity of the organism in question (Rodriguez-Dominguez

et al., 2019), and these are parameters that remain unknown
for most species. With regard to shifts in shark distributions
related to changes in salinity, the long-term impacts on sharks
are not well understood. However, these impacts are known
to depend on the duration of exposure. For instance, some
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FIGURE 4 | Suitable areas maintained, gained, and lost by the year 2050 under low (RCP2.6) and high (RCP8.5) greenhouse gas emission scenarios in species with
occurrence points outside of marine ecoregions and M areas in the Pacific and/or Atlantic Ocean: C. signatus and N. brevirostris.

FIGURE 5 | Suitable areas maintained, gained, and lost by the year 2050 under low (RCP2.6) and high (RCP8.5) greenhouse gas emission scenarios in species with
occurrence points outside of marine ecoregions and M areas in some regions of the Oceans (Atlantic, Pacific, and Indian), including the Mediterranean Sea: C.
albimarginatus, C. altimus, C. obscurus, C. plumbeus, and T. obesus.

sharks can tolerate decreased salinity, although this implies
increased energy costs to maintain osmotic balance, and they
tolerate increases in salinity by retaining more salts such as
urea in their blood (Yates et al., 2015; Dwyer et al., 2019;
Vedor et al., 2021). Such exposure to salinity levels beyond
the preferred range of the sharks could affect their physiology,
as well as their abundance and distribution (Drymon et al.,
2013). The range of a marine fish is also influenced by ocean
currents, although this aspect has received scant attention in
the context of climate change (Feary et al., 2013). Distribution
shifts could also be related to the oceanographic conditions
of each ocean, since climate change can impact the strength,

direction, and behavior of the main currents (Hoegh-Guldberg
and Bruno, 2010). Ocean currents have also been described
as an oceanographic predictor for certain species of sharks,
given their active behavior and use of these currents in the
search for food (Bradie and Leung, 2017; Ranintyari et al., 2018;
Báez et al., 2019).

A few attempts have been made to estimate the potential
current or future distribution areas of carcharhinid sharks
using Maxent, or other modeling approaches, in which the
decrease of suitable area has also been reported. Jones et al.
(2013) applied three species distribution models projected to
one climate change scenario (SRES A2 to 2050), with two sets
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FIGURE 6 | Suitable areas maintained, gained, and lost by the year 2050 under low (RCP2.6) and high (RCP8.5) greenhouse gas emission scenarios with
occurrence points outside of marine ecoregions and M areas in all regions of the oceans (Atlantic, Pacific, and Indian), including the Mediterranean Sea: C.
falciformis, Carcharhinus galapagensis, C. limbatus, C. longimanus, G. cuvier, and P. glauca.

of variables to determine the potential impacts on commercial
fish in the North Sea, finding a contraction in total suitable
area of 11.6% for Angel sharks (Squatina squatina) and other
elasmobranchs, such as rays. Gonzalez-Pestana (2018) predicted
habitat suitability for smooth hammerheads (Sphyrna zygaena)
under current and future climate change scenarios for the
period 2040–2050, indicating that the suitable habitat for this
species will shift to a more coastal distribution in the future.
For carcharhinid sharks, Lezama-Ochoa et al. (2016) found that
Carcharhinus falciformis presents losses in suitable area, under
SRES A2 climate change scenarios for 2100, of 15.5% in the
Atlantic Ocean, 9.9% in the Pacific Ocean, and a minimum
change of 1.4% in the Indian Ocean. Our results for C. falciformis
showed that the maximum loss in suitable area was 10% under
RCP8.5 and the minimum was 4.3% under RCP2.6. Although
the effects of RCP8.5 could be compared to the SRES A2
scenario of the IPCC (2013), we did not evaluate the shift in
potential distribution for each ocean separately. Birkmanis et al.
(2020) predicted a decrease in suitable areas for C. falciformis
under the RCP4.5 and RCP8.5 scenarios (2050–2099) on the
coast of Australia, and reported the same in this region for
C. obscurus, C. longimanus, and P. glauca. In contrast to these
results, our study found a general increase in suitable area
for C. longimanus under all RCP scenarios. This discrepancy
could be due to the fact that our study considered the known
worldwide distribution, which is the same distribution that was
used as the calibration and projection area. However, distribution
shifts can be observed at the regional level, showing a reduction
in the distribution area of this species within the Australian

EEZ, which coincides with that reported by Birkmanis et al.
(2020).

The projected expansions of suitable areas for some species
under the RCP8.5 and RCP4.5 scenarios may contrast with
previous studies that suggest a greater contraction of suitable
areas under severe future climate scenarios (Perry et al., 2005;
Dulvy et al., 2008). Such differences in the predictions may be
due to the thermal tolerance of the species coupled with their
high capacity for movement, which provides the opportunity
to move to higher latitudes and avoid the increase in water
temperature. In this regard, Sunday et al. (2015) state that
the high movement capacity and the latitudinal range of the
species have positive relationships with their distribution area
under climate change. Other studies conducted with carcharhinid
sharks (Lezama-Ochoa et al., 2016; Birkmanis et al., 2020), in
which no gain area was reported, contrast with our results,
possibly due to the difference in the geographic regions for
which modeling was conducted, the diverse size of the study
areas (M area from Birkmanis et al., 2020) or the specific
future scenarios used [for example, SRES A2 from Jones et al.
(2013) and Lezama-Ochoa et al. (2016)]. Nevertheless, our
results are congruent with some bioclimatic theories that predict
an overall expansion of niches with climate change in some
tropical fish (Genner et al., 2004), and also support the general
trend of gain in areas as a result of climate change-induced
temperature rises (i.e., poleward shifts) (Booth et al., 2011). In
addition, Coro et al. (2016) found that endangered and near
threatened species of some wide-range elasmobranchs, such as
Alopias vulpinus and Alopias pelagicus, showed positive trend
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TABLE 3 | Percentage of not suitable (NS), gained (G), lost (L), and maintained (M) areas, and total shift (TS) in the potential geographic distribution of each species under the RCP future scenarios, divided into groups
according to their M area.

RCP2.6 RCP4.5 RCP6.0 RCP8.5

Group Species NS G L M TS NS G L M TS NS G L M TS NS G L M TS

1 C. cerdale 60.3 10.6 13.3 15.8 −2.7 60.4 10.5 21.1 8 −10.5 59.4 11.4 14.3 14.8 −2.9 59.4 11.5 20.6 8.5 −9.1

N. velox 61.3 5.3 9.4 24 −4.1 59.7 6.8 14.1 19.3 −7.3 62.9 3.7 11.4 22 −7.7 52.4 14.2 12.9 20.5 1.3

R. longurio 67.3 9.4 5.6 17.7 3.8 65 11.7 9.7 13.6 2 69.2 7.6 6.4 16.9 1.2 61.9 14.9 8 15.3 6.9

2 C. acronotus 49.8 5.2 7.3 37.7 −2.1 48.1 6.9 10.2 34.9 −3.3 49.7 5.3 7.1 37.9 −1.8 49.4 5.6 15.9 29.1 −10.3

C. isodon 72.6 3.6 8.4 15.4 −4.8 71.8 4.4 9.6 14.2 −5.2 72.6 3.6 7.8 16 −4.2 72.7 3.5 13 10.9 −9.5

C. perezi 32.4 12.5 9 46.1 3.5 32.1 12.8 11.9 43.2 0.9 32.5 12.4 8 47.2 4.4 31.4 13.5 21.9 33.3 −8.4

C. porosus 35.6 2.2 12.9 49.3 −10.7 36.4 1.3 16.4 45.8 −15.1 35.5 2.2 10.8 51.4 −8.6 35.7 2.1 28.3 33.9 −26.2

R. porosus 44.8 0.7 8.8 45.8 −8.1 44.9 0.6 11.1 43.5 −10.5 45.0 0.4 9.5 45.1 −9.1 45.0 0.4 21.3 33.3 −20.9

R. terraenovae 67.8 0.7 10.3 21.2 −9.6 68.2 0.3 12.2 19.3 −11.9 67.9 0.6 9.5 22 −8.9 68.2 0.4 15.8 15.7 −15.4

3 C. leucas 39.1 3.9 3.2 53.8 0.7 38.3 4.7 4.1 52.9 0.6 38.9 4.1 2.8 54.2 1.3 38.7 4.3 5.2 51.8 −0.9

C. brachyurus 50.1 1.4 5.4 43.1 −4 49.9 1.6 7.7 40.9 −6.1 50.0 1.5 6 42.5 −4.5 50.2 1.3 8.7 39.8 −7.4

C. brevipinna 35.2 1.6 11.2 52.1 −9.6 35.2 1.6 13.6 49.6 −12 35.4 1.3 10.8 52.5 −9.5 35.1 1.7 15.7 47.6 −14

4 C. signatus 16.9 3.9 9.1 70.1 −5.2 14.8 6 10.6 68.6 −4.6 18.4 2.5 7.9 71.3 −5.4 18.0 2.9 16.8 62.4 −13.9

N. brevirostris 11.1 6.2 4.8 77.9 1.4 10.4 7 9.4 73.3 −2.4 12.2 5.1 4.7 78 0.4 10.1 7.2 11.4 71.3 −4.2

5 C. albimarginatus 24.9 9.3 5.7 60.1 3.6 23.3 10.9 11.1 54.8 −0.2 25.0 9.2 6.6 59.3 2.6 22.0 12.2 13.9 52 −1.7

C. altimus 31.3 3.7 5.9 59 −2.2 30.3 4.8 7.4 57.6 −2.6 30.9 4.2 6.3 58.7 −2.1 29.9 5.1 7.6 57.3 −2.5

C. obscurus 10.6 2.6 6 80.8 −3.4 10.4 2.8 7.9 78.9 −5.1 11.2 2 7.7 79.1 −5.7 11.1 2.1 11.6 75.2 −9.5

C. plumbeus 23.9 10.9 1 64.2 9.9 21.0 13.8 0.8 64.5 13 23.6 11.1 0.9 64.4 10.2 21.7 13.1 0.8 64.4 12.3

T. obesus 15.4 12.6 0.9 71.1 11.7 14.2 13.8 0.9 71.1 12.9 16.8 11.3 0.9 71.1 10.4 14.2 13.9 0.8 71.2 13.1

6 C. falciformis 19.0 3.5 4.3 73.2 −0.8 18.3 4.2 8 69.4 −3.8 18.9 3.6 5.3 72.2 −1.7 17.9 4.6 10 67.5 −5.4

C. galapagensis 17.6 3.7 5.1 73.6 −1.4 16.5 4.8 9.3 69.4 −4.5 17.5 3.8 6.3 72.5 −2.5 16.0 5.3 11.4 67.3 −6.1

C. limbatus 38.1 10.5 2.8 48.5 7.7 36.3 12.3 6.5 44.9 5.8 38.3 10.3 3.6 47.8 6.7 35.8 12.8 8.4 43 4.4

C. longimanus 33.7 10.8 0.9 54.7 9.9 31.3 13.1 0.5 55 12.6 33.8 10.7 0.7 54.8 10 32.3 12.2 0.6 54.9 11.6

G. cuvier 13.2 6.7 1 79 5.7 12.8 7.1 0.8 79.3 6.3 13.3 6.6 0.8 79.2 5.8 12.1 7.8 0.8 79.3 7

P. glauca 20.0 5.1 8.1 66.8 −3 19.1 6 10.4 64.5 −4.4 20.2 4.9 8.6 66.3 −3.7 18.7 6.4 11.9 63 −5.5

M values in bold italics denote the largest maintained areas. TS values in bold font denote percentages > 10, highlighting the larger shifts (negative and positive) within each RCP scenario.
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FIGURE 7 | Total shifts in suitable areas for 25 carcharhinid shark species under future climate change scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) for 2050,
divided into groups according to their M area.

variation and gains in suitable area under future distribution
projections in the niche models of AquaMaps for 20509. This
agrees with our study, in which species of wide distribution
presented gains in suitable area, although one of the species
of narrow distribution also showed such gains. On the other
hand, large marine organisms are constrained not only by their
physiological limits but also by their mobility and the accessibility
of thermal refuges. This could be the reason why Carcharhinus
limbatus, a shark with a preference for deeper waters during
daylight hours, showed gains in suitable area probably through
the requirement of the species to avoid the increased water
temperatures (Barnes et al., 2016).

Regarding the losses and gains of suitable area found for
carcharhinid sharks, the relationship between species niche
properties as indicators of species sensitivity and climate change
has been proved (Thuiller et al., 2005), as well as some hypotheses
regarding which species will be more sensitive. For example,
Rosa et al. (2014) indicated that the more active pelagic sharks
would experience greater negative physiological impacts from
increasing ocean temperatures than their benthic counterparts.
This could be because more active pelagic lifestyles correlate
with higher metabolic rates (which are temperature dependent)
compared to those of the less active benthic or bathyal species.
For instance, we found percentages of suitable area loss for
Rhizoprionodon terraenovae, an obligate-ram ventilator that must
move by swimming at speed or finding a swift current in
which to linger in order to continually force water through
its gills to breathe (Parsons and Hoffmayer, 2005), and for

9www.aquamaps.org

Carcharhinus isodon, which is described as an active shark (Kells
and Carpenter, 2011). Nevertheless, C. plumbeus is an obligate
ram-ventilating apex predator that, in our study, presented
gains in suitable area under all RCP scenarios (Crear et al.,
2019). In contrast, we found a low percentage of loss in
suitable areas presented by the sedentary species T. obesus
(Whitney et al., 2012). There is also evidence that suggests
negative effects on suitable area in species that are restricted
to a single habitat throughout their life cycle, such as in the
case of sharks strictly associated with coral reefs (Kibria et al.,
2017; Heupel et al., 2019). This was consistent with the reef
shark C. perezi under scenario RCP8.5, but disagrees with that
found for the other scenarios and for the other reef shark T.
obesus, which presented gains under all RCPs. With respect
to these gains in suitable area, Heupel et al. (2019) state that
there is a need to focus on reef sharks in order to better
predict consequences for their populations, given that coral
reefs are the habitats most threatened by climate change. It
should also be considered that species present complex and
dynamic geographical structures that are difficult to model
(Coro et al., 2016).

In addition to the effect of climate change due to the
physiological and biological characteristics of the species, their
shifts in distribution could be related to their biological
interactions with other organisms (Gervais et al., 2020), since the
first response of species to altered environmental conditions is
to adjust their behavior (Wong and Candolin, 2015). One such
adjustment is distribution shifts in apex predators such as the
large sharks (Heard et al., 2017) because novel combinations
of prey species could generate reorganization of species, even
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among the trophic webs (Lurgi et al., 2012; Cameron et al., 2019).
It has also been observed that expansion of the distribution range
is dominated by dietary generalist species (Evans and Moustakas,
2018; Bartley et al., 2019). In our results, G. cuvier and C.
longimanus (which presented the greatest gain in suitable area)
have been defined as generalist predators or species that exploit
abundant food resources (Matich et al., 2011). In contrast, the
shark C. leucas presents more specialized dietary profiles (Matich
et al., 2011) and, according to our results, has presented few
changes in its distribution.

The occurrence of a shift in species distribution can lead to
pervasive and often unexpected consequences for both biological
communities and human society (Pecl et al., 2017). A change
generated by the distribution or extinction of sharks, as top
predators that regulate the populations of other species, could
significantly affect the health of seagrass beds, coral reefs, and
other vital marine habitats, with a consequently impact on the
fishery and ecotourism industries and economy in some regions
(Motivarash et al., 2020). Hammerschlag et al. (2019) state that
researching ecosystem services and their relationship to top
predators is challenging, but is nevertheless important in order to
determine how changes associated with climate change in aquatic
systems will affect the ecological functions and ecosystem services
provided by predators.

Knowledge of the future potential distribution of vulnerable
and key species such as sharks could be of value to the
design of conservation programs that focus on sites that
present the ecological features required by these species in
order to face climate change. Niche and distribution modeling
offer useful information for incorporation into strategies of
environmental management, especially with regard to marine
conservation and planning (Marshall et al., 2014). It is therefore
important to investigate the impact of climatic change in shark
distribution shifts in order to adequately assess their future
management in Marine Protected Areas. This is important
in terms of the protection of mobile marine species, such
as chondrichthyan fishes, among others, especially if such
changes require a reassessment of their interactions with fisheries
(Carlisle et al., 2019).

METHODOLOGICAL CAVEATS

Predicting and mapping the contractions and expansions of
suitable areas for threatened and endangered species is critical for
monitoring and restoring their natural populations (De Oliveira
et al., 2019). Several studies have modeled the potential future
distribution of species; however, there are multiple sources of
variation and uncertainty in the geographic predictions and
their interpretation that are associated with the methodology
(Peterson et al., 2018; Alkishe et al., 2020). To avoid this, in
this study, we modeled the potential distribution of the study
species based on different sets of environmental variables, a more
robust metric of statistical significance such as the partial ROC,
and the mobility-oriented parity (MOP) (Peterson et al., 2008;
Owens et al., 2013; Cobos et al., 2019). Moreover, although there
were many areas of strict extrapolation of risk conditions in

the future that show a non-analog environment (MOP results),
the truncated response used in our models acts to strongly
reduce the combinations of environmental conditions under
which models are calibrated in the present (Owens et al., 2013)
and projected to future RCP scenarios, in order to reduce
uncertainty (Thuiller et al., 2004). As a consequence, this study
improves the general understanding of the ecological niche and
potential distribution of carcharhinid sharks and estimates their
distribution under the reliable climate change scenarios featured
in recent literature. According to our evaluation results and
expert knowledge on this group of sharks, and by modeling
presence-only data, the models obtained are informative and
adequately describe the current potential distributions (Cobos
et al., 2019), which indicates their utility in terms of making
further projections and predicting shifts in habitat suitability
(Warren and Seifert, 2011).

Another caveat is related to the small sample sizes for
some species of sharks used to create the niche models. In
this regard, Pearson et al. (2007) emphasize that these models
should only be interpreted as regions that have environmental
conditions similar to those in which the species is known to occur.
However, this kind of model created in Maxent has previously
generated good results, even with small sample sizes (<10)
(Phillips et al., 2006) such as some of those used in our study.
The integration of ecologically relevant predictors and variables
in a 3-dimensional space (e.g., primary productivity, dissolved
oxygen throughout the water column) significantly affects shark
distributions with climate change (Deutsch et al., 2015; Feitosa
et al., 2020; Vedor et al., 2021). Where this information is
available, it could therefore be considered to significantly increase
the performance and transferability of the niche models (Regos
et al., 2019). However, despite the fact that remotely sensed data
has recently become more available, environmental predictors
remain limited for the marine environment and therefore
probably lack important ecological factors (Werkowska et al.,
2016). This is a general problem for marine ecological niche
modeling in contrast to 2-dimensional modeling for terrestrial
species, since most oceanographic layers are only representative
of the uppermost layers of the water column (Whittock et al.,
2016; Assis et al., 2017; Melo-Merino et al., 2020). In addition,
some studies that model future species distributions recommend
the use of other variables, such as dispersal capacity, genetic
adaptation, species behavioral plasticity, and biotic interactions
(Robinson et al., 2011; Bentlage et al., 2013; Sirois-Delisle
and Kerr, 2018; Brodie et al., 2019; Gómez-Ruiz and Lacher,
2019). Certain studies have attempted to solve this problem by
using oceanographic variables at multiple depths in the current
distribution (Bentlage et al., 2013; Duffy and Chown, 2017) and
applying future scenarios evenly throughout the entire water
column (Crear et al., 2020). However, these environmental layers
are still not available in all areas and under different climate
change scenarios and were therefore excluded from this study.
Despite this limitation, the environmental variables that were
used in this study (temperature, salinity, and current velocity)
have been described as important factors that affect current
marine habitats and thus future shark distributions (Rosa et al.,
2014; Ranintyari et al., 2018; Vedor et al., 2021).
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CONCLUSION

Our results show the usefulness of correlative models based
on the ecological niche theory in terms of modeling the
future potential distribution of carcharhinid sharks through
presence records and environmental variables. We conclude that
climate change will have important effects on the distribution
of carcharhinid sharks by the year 2050, highlighting losses
of suitable area for most species. The carcharhinid sharks
presented the greatest loss of suitable area under the severe
future climate scenario RCP8.5. The shark species with the
greatest loss of suitable area was C. porosus and the shark
with the highest gain in suitable area was T. obesus. Species
distribution modeling approaches, such as that utilized in this
study, represent an attempt to identify changes in the distribution
patterns of carcharhinid sharks and can provide basic primary
information of potential value to the improvement of decision-
making processes in biodiversity conservation. The preservation
of sharks as key elements in the present and future is important
to the maintenance of ecosystem services of great value to
human society, as well as to conserve the natural function of the
marine ecosystems.
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