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Sharks play an important role in marine ecosystems as top predators and have been
increasingly accepted in recent years as a group for priority conservation worldwide.
However, as one of the regions with the highest marine shark species richness, there is still
a limited understanding of shark diversity patterns and conservation needs in China and
the Association of Southeast Asian Nations (ASEAN) seas. In this study, we applied an
ensemble species distribution model of five algorithms to investigate the diversity
distribution patterns of 149 shark species in China and the ASEAN seas for the first
time. A systematic conservation planning approach involving diversity, scarcity, and
biogeographical distinctiveness was used to identify and compare conservation priority
settings. Our results showed that bathymetry and dissolved oxygen were the most
important variables contributing to shark distribution. The distribution pattern of shark
species richness peaked on the continental shelves at 22–26°N, and a hotspot of shark
diversity was identified around the Taiwan Strait. The spatial distribution of shark species
in the nine orders and the 72 threatened shark species varied considerably. The existing
marine protected area network only protects 2.1% of the ocean, 32.9% of the shark
species, and 43.1% of the threatened species, highlighting a substantial conservation
gap. Among the conservation priorities identified, the high conservation target scenario
(30%) protects only 10%–15% more species than the low conservation target scenario
(10%). However, under the high conservation target scenario, the conservation range of
species tripled. Our results show that low conservation targets were only suitable for
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addressing the number of protected species, and that high targets would bring about
improved outcomes for the number of protected species and the protected range of
threatened species. Furthermore, planned priorities with a large clump pattern had slightly
higher conservation achievements than those with small clumps. The results of this study
will contribute to the development of a priority area network for sharks and provide a
scientific basis for shark conservation and management in the China and ASEAN seas.
Keywords: conservation gap, elasmobranch, marine sharks, species distribution model, systematic conservation
planning, MPA network
INTRODUCTION

Sharks are important top predators in marine ecosystems and
have played an essential role at the highest trophic levels and in
the food web for 400 million years (Compagno et al., 2005; Arai
and Azri, 2019). However, sharks are more susceptible to
potential extinction risks due to high exploitation rates and
fishing pressure coupled with low resilience, such as slow
growth, low fecundity, and later maturity ages (Ferretti et al.,
2008; Lucifora et al., 2011; Jorgensen et al., 2022). The abundance
of oceanic sharks has declined globally by 71.1% over the last
half-century, with an average rate of 18.2% per decade
(Pacoureau et al., 2021). Overfishing has resulted in almost
20% of the surveyed reefs being without sharks (MacNeil et al.,
2020). A total of 37% of sharks and rays were classified as
threatened species according to the latest International Union for
the Conservation of Nature (IUCN) Red List (IUCN, 2022), with
45 elasmobranchs being listed in the Convention on
International Trade in Endangered Species of Wild Fauna and
Flora (CITES) Appendix II. The decline of shark resources will
have a negative impact on the integrity and service functions of
marine ecosystems (Yagnesh et al., 2020; Pimiento et al., 2020).
Shark conservation has attracted worldwide attention, and there
is an urgent need to develop conservation and management
plans to protect them.

The peak diversity area of global shark species is located on
continental shelves and at mid-latitudes. Hotspots of species
richness have been found in Japan, Taiwan, eastern Australia,
southeast Africa, and South America (Lucifora et al., 2011; Dulvy
et al., 2014). The China and Association of Southeast Asian
Nations (ASEAN) seas are among the regions with the highest
marine shark species richness, with 146 species from 21 families,
and 196 species from 30 families recorded in Chinese waters and
Southeast Asia, respectively (Zhang and Yang, 2005; Ali et al.,
2018; Wu and Zhong, 2021). Southeast Asia is one of the areas
with the highest number of endangered and data deficient shark
species (Dulvy et al., 2017). However, research on sharks in this
area has predominantly focused on taxonomy (Zhu, 1960; Ali
et al., 2018), fisheries (Lam and Sadovy de Mitcheson, 2011;
Friedman et al., 2018) and trade (Van Houtan et al., 2020;
Prasetyo et al., 2021). The distribution pattern of shark
biodiversity is still poorly understood. Despite the importance
of sharks and rays as being recognized as umbrella species, only a
few marine protected areas (MPAs) have been designed to
protect them (Giménez et al., 2020). Furthermore, many MPAs
in.org 2
are ineffective in protecting vulnerable elasmobranchs (Dureuil
et al., 2018). The majority of shark sanctuaries are in Oceania, the
Caribbean, and the Indian Ocean (Ward-Paige and Worm,
2017). How many shark species have been protected in
Chinese and ASEAN seas and which areas should be protected
remain unknown. Owing to the unknown, unmonitored, and
unmanaged shark populations in Southeast Asia, only 18 of the
109 shark species that have historically been present in the area
were found during a market survey, and 65% of these were below
their maturity length (Lam and Sadovy de Mitcheson, 2011).
Current fishery practices will likely lead to the extinction of some
shark species in the future (Arai and Azri, 2019). With these
extensive research gaps, our current knowledge is inadequate to
meet the challenges of shark protection and management
(Prasetyo et al., 2021). There is an urgent need to study the
diversity distribution patterns and the current conservation
status of the sharks in China and the ASEAN seas.

According to Aichi Target 11 of the Convention on Biological
Diversity (CBD), 10% of marine areas were to be conserved by 2020
(https://www.cbd.int/aichi-targets). Based on the World Parks
Congress and the Kunming declaration of the CBD, many
countries have called to protect 30% of terrestrial and marine areas
by 2030 (World Parks Congress, 2014; CBD/COP/15/5/Add.1, 2021).
However, at present only 7.93% of the ocean is protected worldwide
(UNEP-WCMC and IUCN, 2022). It remains a challenge to assess
and identify conservation priority areas for global marine
conservation and management, encompassing those that best
represent the world’s marine biodiversity (Venter et al., 2014; Zhao
et al., 2020). Over the last decade, one-third of the increase in the
MPA range has been undertaken with the aim of shark conservation.
However, 97.4% of the marine species have less than 10% of their
geographic range within MPAs (Davidson & Dulvy, 2017). Fifteen
countries in the Atlantic, Indian, and Pacific Oceans have declared
their entire economic exclusive zones as “shark sanctuaries,” which
were delimited by administrative boundaries rather than ecological
characteristics (Ward-Paige and Worm, 2017). Systematic
conservation planning (SCP) can be used to identify conservation
priority areas and design protected area networks, providing a new
decision-making method for managers (Margules and Pressey, 2000).
In recent years, SCP has been widely used in terrestrial (Cuesta et al.,
2017; Jellinek, 2017) and oceanic conservation priority area planning
(Zhao et al., 2020; Jefferson et al., 2021). Marine spatially explicit
annealing (Marxan) is the most widely used software worldwide for
SCP analysis (Christodoulou et al., 2021). The marine conservation
areas for five demersal sharks and rays were identified using Marxan
June 2022 | Volume 9 | Article 933291
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decision support tools in the western Mediterranean Sea (Giménez
et al., 2020). Marine protected area design was also informed by
Marxan combined with movement models for eight elasmobranchs
in the Bahamas (Van Zinnicq Bergmann et al., 2022). However, there
has been a tendency for shark conservation to address only some
species (Dulvy et al., 2017). The representativeness of diversity and
specific ecoregions needs to be improved. There is also a lack of
research on sharks using the SCP approach in China and the ASEAN
seas, where information regarding the spatial distribution of most
sharks is still scarce.

Although methods such as long-line, electronic tags, eDNA,
and baited remote underwater video stations can provide
occurrence records for sharks, distribution data are still scarce
for these widely distributed marine megafauna (White et al.,
2019; Espinoza et al., 2020; Jorgensen et al., 2022). In recent
years, species distribution models (SDMs) have often been used
to explore the distribution and assess the habitat suitability for
marine species for which records are difficult to obtain (Melo-
Merino et al., 2020). A single SDM has been used to explore the
distribution of sharks, such as the generalized linear model
(GLM) (Kai et al., 2017; Giménez et al., 2020), and maximum
entropy (Maxent) (Chan et al., 2021; Noviello et al., 2021; Pottie
et al., 2021). However, using a single model is likely to cause high
uncertainty, but ensemble SDM, used in many studies, increases
the confidence level (Segurado and Araujo, 2004; Thuiller et al.,
2019). The distribution of elasmobranchs has been projected
using ensemble SDMs, while far fewer studies have been
undertaken in the China and ASEAN seas than in the UK,
North America, and the Western Central Atlantic (Austin et al.,
2019; Garzon et al., 2021).

In the present study, we applied the ensemble SDM and SCP
approach to investigate diversity distribution patterns and
conservation priority areas for 149 shark species in the China
and ASEAN seas. The main objectives were to (i) identify the
spatial distribution pattern of shark diversity and its main
environmental drivers, (ii) reveal current conservation gaps,
and (iii) identify and compare conservation priorities for
different conservation targets and explore the best solutions.
This study is the first attempt to reveal the diversity distribution
characteristics of sharks in the China and ASEAN seas. Through
this research, we aimed to identify the conservation effectiveness
of different target scenarios, which will contribute to the
development of a priority area network for sharks in this
region, providing a scientific basis for shark conservation
and management.
MATERIALS AND METHODS

Study Area
The seas surrounding China and ASEAN form part of the
western Pacific, covering a wide range across 52 latitudes in
warm-temperate, subtropical, and tropical climate zones. The
longitude and latitude of the study region were approximately
41° N–10.5° S and 99° E–135° E, respectively, with an area of
approximately 837×104 km2 (Figure 1). Fifteen marine
Frontiers in Marine Science | www.frontiersin.org 3
ecoregions were included in the study according to the Marine
Ecoregions of the World (MEOW) proposed by Spalding et al.
(2007). The study region is affected by the Pacific-to-Indian
Ocean throughflow, the Indonesian throughflow, the Kuroshio
warm current, and the equatorial current (Liu, 2011). Most parts
of the coral triangle are included in this region, which represents
a global epicenter of marine life abundance and diversity. The
study area included the center of marine shore fish biodiversity
(Carpenter and Springer, 2005). It is also among the regions with
the highest marine shark diversity, with more than 150 species of
sharks and rays in a half-degree cell (Lucifora et al., 2011;
Kaschner et al., 2019).

In the present study, 149 shark species from nine orders and
32 families were selected (Supplementary Material) according to
data availability. These species account for more than 76% of all
the sharks in this region (Zhang and Yang, 2005; Ali et al., 2018;
Wu and Zhong, 2021). This encompasses almost all the shark
orders and families in China and the ASEAN seas, from the
Carcharhiniformes which is the largest group with 78 species, to
the Pristiophoriformes which has one species. According to the
IUCN Red List, there are 10 critically endangered (CR) species,
28 endangered (EN) species, and 34 vulnerable (VU) species
(IUCN, 2022), totaling 72 ETP (endangered, threatened, and
protected) species. The selected species come from a range of
trophic levels (TLs) and habitats. Most sharks are carnivorous,
such as the great white shark (Carcharodon carcharias) which
has a TL value of 4.5, while some are filter-feeding species such as
the basking shark (Cetorhinus maximus) which has a TL value of
3.2 (Froese and Pauly, 2022). They also include the largest whale
shark (Rhincodon typus) and the small Japanese angelshark
(Squatina japonica). Endemic species were also included in the
selected species; for example, the clouded angelshark (Squatina
nebulosa), which occurs from Japan to Taiwan (Rigby
et al., 2021).

Data Sources and Preparation
Occurrence data for the 149 shark species were collected from
the global biogeographic database, field investigation, and the
related literature. The occurrence records from the Global
Biodiversity Information Faculty (GBIF, www.gbif.org) and the
Ocean Biodiversity Information System (OBIS, www.iobis.org)
were extracted using the spocc R package (Chamberlain et al.,
2014), and the data from FishBase (www.fishbase.org) were
collected manually. Data from the Chinese Offshore
Investigation and Assessment project conducted in 2004–2009
were also collected, which is the most recent and largest marine
survey in China (State Oceanic Administration, 2016). Data were
also collected from relevant papers and reports in China (Li et al.,
2007; Zhang et al., 2018), and Malaysia (Yano et al., 2005; Last
et al., 2010). The data were merged to retain the longitude and
latitude information. Duplicated, impossible, and incomplete
coordinates were removed during the data-cleaning process,
retaining 60,426 occurrence records for the 149 shark species.
The data-cleaning process was conducted in an R environment
using the scrubr package (Thuiller et al., 2021; Chamberlain,
2022). Spatial rarefying was then conducted to resample the
June 2022 | Volume 9 | Article 933291
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shark occurrence records to the same density as the
environmental dataset for SDM modeling.

Sharks are heterothermic animals and temperature has a
considerable impact on their distribution (Birkmanis et al.,
2020; Diaz-Carballido et al., 2022). Primary productivity is also
an important factor that affects shark distribution and
abundance (MacKenzie et al., 2019). Many studies have widely
demonstrated the relationship between the primary productivity
and fisheries catch (Pauly and Christensen, 1995; Watson et al.,
2014), and primary productivity variability is significantly and
positively correlated to the mean trophic level of catches (Conti
and Scardi, 2010); therefore, the primary productivity is used in
most SDMs (Gonzalez-Pestana et al., 2020; Chan et al., 2021).
Other environmental variables like depth, dissolved oxygen,
salinity, and offshore distance are often used in the study of
marine shark distribution (Sequeira et al., 2014; Meyers et al.,
2017; Chan et al., 2021; Pottie et al., 2021; González-Andrés et al.,
2021). In the present study, eight environmental variables
Frontiers in Marine Science | www.frontiersin.org 4
including SST, salinity, depth, distance from land, current
velocity, primary productivity, dissolved oxygen concentration,
and pH were selected as the model predictors. These factors were
extracted from public datasets and products of Bio-Oracle and
NOAA (Table 1). All the environmental variables were
processed using ArcGIS 10.5 software, extracted from the
boundary of the study area, and resampled to a grid cell size of
5 arcmin. To analyze the conservation gaps, a dataset of MPAs in
the study region was extracted from the latest World Database on
Protected Areas (UNEP-WCMC and IUCN, 2022).

SDM Modeling
An ensemble model combining several SDM algorithms was
used in this study to produce a distribution map for each shark
species. The relationships between shark occurrence data and the
eight environmental variables were estimated using five
algorithms, namely GLM, generalized boosting model (GBM),
random forest (RF), artificial neural network (ANN), and
TABLE 1 | Environmental predictors used in the ensemble SDM.

Variable Units Source

Mean temperature °C Bio-ORACLE data (Tyberghein et al., 2012; Assis et al., 2018)
Mean salinity ‰

Bathymetry m ETOPO1 data from NOAA
Distance from land m Data from globalfishingwatch.org
Currents velocity m−1 Bio-ORACLE data (Tyberghein et al., 2012; Assis et al., 2018)
Primary productivity g/m3/day
Dissolved oxygen mol/m3

pH /
FIGURE 1 | The study region, marine ecoregions, and the pelagic provinces.
June 2022 | Volume 9 | Article 933291
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Maxent. These five models were fitted by their default parameters
in the R environment using the biomod2 package (Version 3.5.1,
Thuiller et al., 2021). Each algorithm was run with 10 replicates,
i.e., the predictions for each species were derived from 50
simulations. The predictive abilities of the models were
evaluated using true skill statistics (TSS, Allouche et al., 2006),
KAPPA, and the area under the receiver operating curve (AUC,
Fourcade et al., 2018). Model outputs with a TSS value of ≥ 0.7
were used to ensure a good performance for the predicted results.
An ensemble result was then generated for each species using the
mean consensus method (Marmion et al., 2009; Crimmins
et al., 2013).

SCP Model Settings
As the most extensively used SCP software (Watts et al., 2009;
Giménez et al., 2020), Marxan was used to set the priority areas
for the study. A simulating annealing algorithm was used as an
optimization method in Marxan to find a reserve network to
reach the conservation target. One of the outputs of the Marxan
analysis was identified as the best solution file, which was then
run with the best objective value from all the good solutions
produced by the model (Christodoulou et al., 2021). The study
region was divided into planning units (PUs), which were used as
candidate conservation units. We divided our study area into
0.25° fishnet units according to the scale of the study region,
obtaining a total of 11,652 PUs.

Four conservation targets were set for the SCP model in this
study (Table 2). The two scenarios were based on the CBD’s
Aichi Target 11, which states that at least 10% of coastal and
marine areas were to be conserved through MPAs by 2020
(https://www. cbd. int/aichi-targets). Two additional scenarios
were based on the 30% conservation target proposed by the
World Parks Congress and the Kunming declaration (World
Parks Congress, 2014; CBD/COP/15/5/Add.1, 2021). Diversity,
scarcity (ETP species), and biogeographical distinctiveness
(considering the representative across ecoregions) were also
selected as targets to stratify the results by study region, so that
they can act as coarse filters (Ardron et al., 2008; Levy and Ban,
2013). The boundary length modifier (BLM) was tested through
a sensitivity analysis to control the compactness of the reserve
solutions, using values of 0.002 and 0.1, representing dispersion
and aggregation, respectively. The dispersion option allowed
Marxan to select small clumps of PU across the study area;
meanwhile, the aggregation option forced Marxan to select large
Frontiers in Marine Science | www.frontiersin.org 5
clumps of PU. Each Marxan analysis was performed for 100
replicates, with a penalty factor of 100. All the operating
procedures were performed in accordance with the Marxan
user manual (Serra et al., 2020). The achievement of each
conservation target was spatially calculated using the zonal
statistics tool in ArcGIS 10.5.
RESULTS

Shark Diversity Distribution and
Environmental Drivers
The accuracy test showed that all the models had excellent
performance, with TSS, ROC, and KAPPA values between 0.79
and 0.99 (Table 3). The environmental variable importance
showed that the distribution of 83.2% of species was
predominantly influenced by bathymetry and 74.5% was
influenced by dissolved oxygen (Supplementary Material). This
suggests that bathymetry and dissolved oxygen are crucial
variables contributing to the distribution of most sharks. A
clear distribution pattern was observed by plotting the
relationship between shark species richness and these two
variables. The areas with a shark species richness greater than
50 were within the bathymetry at 0–200 m (Figure 2A),
concentrated between the shoreline and continental shelf. A
distinct unimodal pattern was observed in the relationship
between the species richness and the dissolved oxygen.
Dissolved oxygen concentration with a species richness greater
than 25 was recorded between 200–250 mol/m3, and the peak
occurred at approximately 215 mol/m3, with species richness
exceeding 125 (Figure 2B).

The latitudinal distribution pattern of shark species richness
showed a peak at 22–26°N (Figure 3A). This matched the
hotspot of shark diversity in the Taiwan Strait, where shark
species richness was as high as 90 to 130. In contrast, shark
species richness decreased sharply from 35°N northward. Species
richness varied considerably among the different marine
ecoregions and the pelagic provinces (Figure 3B). The highest
and lowest species richness was found in the Province of
Temperate Northwest Pacific, where there were 144 species in
the East China Sea and 68 species in the Yellow Sea. Shark species
richness in tropical and subtropical ecoregions was similar,
exceeding 110, except for the Northeast Sulawesi ecoregion.
TABLE 2 | Four scenario settings used in the Marxan analysis.

Scenarios Ocean pro-
tected

Diversity protected Scarcity protected Regional representative-
ness

BLM
value

Low target-small
clump

10% 10% of the area with the highest 15% of species
richness

10% of the ETP
species

10% of each ecoregion 0.002

Low target-large
clump

10% 10% of the area with the highest 15% of species
richness

10% of the ETP
species

10% of each ecoregion 0.1

High target-small
clump

30% 10% of the area with the highest 45% of species
richness

30% of the ETP
species

30% of each ecoregion 0.002

High target-large
clump

30% 10% of the area with the highest 45% of species
richness

30% of the ETP
species

30% of each ecoregion 0.1
June 2022 | Volume 9 | Art
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Distribution Patterns of Different Orders
and ETP Groups
The distribution of the different taxa varied substantially (Figure 4).
The Carcharhiniformes had the highest species richness (79 species)
and were the most widespread taxon with a distribution
encompassing almost the entire coastline of the study area. The
species richness of the Squaliformes was also high with 38 species,
but the distribution range was concentrated in the East China Sea.
The Pristiophoriformes had the lowest species richness and
narrowest distribution range. The Orectolobiformes preferred
lower latitudes than the other orders and were distributed within
the latitudinal range of 0 ± 10°.

The distribution of ETP species was mapped according to
their endangered status, and the results showed that the CR
species were predominantly distributed to the south of 30°N,
while EN and VU species have pronounced diversity hotspots in
the Taiwan Strait (Figure 5). The distribution ranges of the
different ETP species substantially varied (Figure 6). Among the
72 ETP species, the whale shark (R. typus) was the most widely
distributed, with a predicted distribution range of 87,465 grid
cells, followed by the bigeye thresher (Alopias superciliosus) with
68,315 grid cells, and the scalloped hammerhead (Sphyrna
lewini) with 57,884 grid cells. The distribution of the
blackspotted smooth-hound (Mustelus punctulatus) was the
narrowest, with a predicted distribution range of 32 grid cells.

Setting Conservation Priorities
The existing MPA network currently covers 2.1% of the ocean,
with MPAs scattered along the coast and on islands. The patch
size and dispersion of conservation priorities substantially
differed among scenarios (Figure 7). Regarding the
achievement of conservation goals, it was found that the
Frontiers in Marine Science | www.frontiersin.org 6
existing MPAs (baseline scenario) protected only 32.9% of all
species and 43.1% of the ETP species. The average protection
range of ETP species was less than 5%, suggesting that there were
large conservation gaps within the region (Table 4). The number
of protected species and the distribution range substantially
improved under the four scenarios. The number of protected
species increased by 55 to 61, and the number of protected ETP
species increased by 25 under low target scenarios. Under the
high target scenarios, the number of protected species increased
by 79, and the number of protected ETP species increased by 34
to 35. The conservation range of the ETP species was two to three
times higher for the low target scenarios than for the baseline
scenario. In contrast, it was five to eight times higher with the
high target scenarios.

It is likely that low target scenarios are highly beneficial if
only the number of protected species is considered.
Approximately 10% of the prioritized areas could protect
69.8%–73.8% of all species and 77.8% of the ETP species.
However, in the low target scenarios, 11–12% of the habitat
range was protected, which is insufficient. In the high target
scenarios, 30% of the prioritized areas could protect 85% of all
species and more than 90% of the ETP species, and the average
protected range of ETP species exceeded 30%. Therefore, 30%
of the priority areas would considerably enhance conservation
effectiveness. The large clump pattern had a slightly higher
conservation achievement than the small clump pattern for
similarly high conservation targets. However, we also
observed that the priorities under large clump scenarios
have various transboundary situations. This may not be
conducive to the planning and coordination of conservation
actions, resulting in further resistance and challenges in
achieving conservation targets.
FIGURE 2 | Response curves among species number and the key environmental drivers (A. Bathymetry; B. DO).
TABLE 3 | TSS, ROC, and KAPPA values for the ensemble model.

Statistical validation Maximum Minimum Average Standard deviation

TSS 0.98 0.84 0.97 0.030
ROC 0.99 0.98 0.99 0.003
KAPPA 0.98 0.79 0.95 0.038
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DISCUSSION

Environment Factors Affecting Shark
Distribution
Shark distribution is affected by several key environmental
variables. In the present study, bathymetry and dissolved
oxygen were the most important factors contributing to the
distribution of most sharks, which is consistent with the
conclusions of other studies. Bathymetry is well known to
strongly influence the distribution of sharks. Depth limits have
been identified for many shark species. Shark species that are
widely distributed also show regional variation in their depth
limits (Lucifora et al., 2011). Depth was identified as the most
important environmental variable for the distribution of whale
sharks (R. typus), and shallower coastal waters with higher
chlorophyll-a values off the coast of northern Peru were
predicted to be suitable habitats (Gonzalez-Pestana et al.,
2020) . Bathymetry was a l so cons idered the main
environmental variable for the distribution of the angelshark
(Squatina squatina), which may be because of the importance of
depth for diel vertical migration and reproductive activity
(Noviello et al., 2021). We found that higher shark species
richness was within 200 m (Figure 2), which has also been
confirmed by other studies. Most of the 33 sharks and rays were
caught at a depth of 40–120 m in the waters adjacent to the main
islands and reefs of the South China Sea (Chen et al., 2006).
There was an occurrence rate of 73.91% at a depth of 120–200 m
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in the southwestern sea of the Nansha Islands (Zhang et al.,
2018), and there was a high probability of occurrence for
hammerhead sharks at depths less than 50 m in the southern
Gulf of Mexico (Chan et al., 2021).

Dissolved oxygen is a limiting factor for water-breathing
animals (Pauly, 2021), and also has an impact on the
distribution of sharks and their survival and growth during the
early stages of ontogeny (Sims, 2019; Crear et al., 2020; Musa
et al., 2020). Maximum dissolved oxygen is the second most
important environmental factor for hammerhead sharks (Chan
et al., 2021). Dissolved oxygen concentrations can limit the
distribution of sharks, such as the shortfin mako (Isurus
oxyrinchus) (Abascal et al., 2011), the great white shark (C.
carcharias) (Nasby-Lucas et al., 2009), and bull sharks (C. leucas)
(Heithaus et al., 2009). Other factors can also contribute to the
distribution of sharks, such as the distance from land, current
velocity, and primary productivity. Along the edge of the
continental shelf, ocean currents can bring nutrient-rich
seawater to the surface, and sharks, as the top predators, are
attracted to these highly productive areas (Zhu, 1960;
Baumgartner, 1998).

Distribution Patterns and Diversity
Hotspots for Sharks
Latitudinal patterns showed a distribution of high species
richness between 30°N and 10°S in China and the ASEAN seas
(Figure 3). This is in line with results from the previous global
BA

FIGURE 3 | Species abundance distribution (A) and species number in each marine ecoregion and pelagic province (B).
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FIGURE 4 | Species distribution of different orders.
FIGURE 5 | Species distribution of the different ETP groups.
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study undertaken between 30 and 40 degrees in both
hemispheres (Lucifora et al., 2011; Kaschner et al., 2019).
Shark species richness was found to be higher in continental
ecoregions such as the East China Sea (144), Southern Vietnam
(132), and the Sunda Shelf (134), and lower in deeper waters such
as Northeast Sulawesi (85). This is consistent with prior results
showing higher species richness on the continental shelves and
slopes, and lower species richness in the open sea (Carpenter and
Springer, 2005; Lucifora et al., 2011). In this study, the potential
number of shark species in the Yellow Sea, East China Sea, and
South China Sea were 68, 144, and 124, respectively (Figure 3),
in line with historical records for these areas. In China, most
shark species are found in tropical and subtropical areas (Zhu,
1958). There were 103 shark species recorded in the East China
Sea, accounting for 77.4% of the shark species in China. The
shark caught in the southern East China Sea was also the highest,
accounting for approximately 44% of China’s total shark catch
Frontiers in Marine Science | www.frontiersin.org 9
(Zhang, 2005). There were 25 and 98 species recorded in the
Bohai-Yellow Sea and the South China Sea, respectively (Zhang,
2003; Zhang and Yang, 2005).

The diversity hotspot was identified at 22–26°N around the
Taiwan Strait. The shark species richness in this region was
approximately 90–130. Globally, several studies have also
highlighted that the hotspots for shark species richness were
off the coastlines of Taiwan and Japan with up to 85 species. This
was attributed to the mixing of temperate and tropical fauna
(Carpenter and Springer, 2005; Lucifora et al., 2011). The spatial
congruency of shark and ray species richness hotspots was low
for all species, endemic species and evolutionarily distinct
species. However, the congruency region includes Taiwan and
parts of southern China (Derrick et al., 2020). The Taiwan Strait
is at the transitional area between the East China Sea and the
South China Sea, close to the Tropic of Cancer. It is strongly
affected by currents including the Kuroshio tributaries, the
FIGURE 6 | Potential distribution range of ETP species.
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Taiwan Warm Current, the Zhejiang-Fujian Coastal Current,
and the South China Sea Warm Current (Liu, 2008). Fish
diversity in this area is high, with a total of 1,697 fish and 98
sharks recorded in and around the Taiwan Strait (Zhang and
Yang, 2005; Chen et al., 2014). Fujian province is in the western
Taiwan Strait and has a long history of using shark resources.
Fishermen in coastal counties often catch sharks, and 21 shark
species were recorded there approximately 100 years ago (Wu,
1929; Tang, 1936; Qiu, 1954). As early as the 1950s, Fujian had
more than 100 longline shark fishing boats (Lin, 1995; Zhang,
2005). Therefore, historical records are in line with the results of
the present study in identifying the hotspots of the Taiwan Strait.
Shark species richness is lower in the Northeast Sulawesi
ecoregion than in tropical areas such as the Banda Sea. These
differences may be because of the different habitat requirements
of sharks and the unique ecological environmental conditions of
each ecoregion (Lucifora et al., 2011).

Most of the shark orders and ETP species were distributed
along the coast of the study area. The hotspot was located off the
Frontiers in Marine Science | www.frontiersin.org 10
Taiwan Strait, similar to the distribution pattern of all the shark
species. The Carcharhiniformes were the largest shark group in
this study and were predominantly distributed on the tropical
continental shelf (Figure 4). The Carcharhinidae have been
identified as the most diverse group in the southern South
China Sea based on landing data (Arai and Azri, 2019). The
Carcharhinidae and Sphyrnidae represented 77.1% and 21.7% of
the fins identified in the Hong Kong markets, respectively
(Cardeñosa et al., 2020). Carcharhinidae also has been shown
to have the highest shark diversity in Thailand (30 species;
34.9%), followed by Scyliorhinidae (8 species; 9.3%)
(Krajangdara, 2019). Globally, the main hotspots for
threatened and endemic sharks and rays are in the South and
East China Sea, coastal southeast South America, and off the
coast of eastern Australia (Davidson and Dulvy, 2017; Stein et al.,
2018). Sharks in developing countries are at a high risk of
overfishing, and there is a disproportionate level of threat for
more than three-fourths of coastal species in the tropics and
subtropics (Dulvy et al., 2021). There is a large overlap between
FIGURE 7 | Best solutions for conservation priorities under different scenarios.
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the shark hotspots and global fishing efforts (Queiroz et al.,
2019). The spawning, nursery, and feeding grounds of most
sharks often overlap with the fishing grounds in the southern
South China Sea (Arai and Azri, 2019). Shark fishing efforts have
also been concentrated within exclusive economic zones, mostly
in coastal areas in Indonesia and Japan (Van Houtan et al., 2020).
The shark fin trade is a considerable source of mortality for many
threatened species. Therefore, enhanced international trade
regulations for these threatened species are still a conservation
priority (Cardeñosa et al., 2020).

The distribution range of each species was found to vary
substantially (Figure 6). The potential distribution of the whale
shark (R. typus) was the most extensive in the present study area.
The whale shark is a filter-feeding shark with global distribution
in tropical and warm temperate regions that fed on zooplankton
(Pierce and Norman, 2016; Gonzalez-Pestana et al., 2020). The
scalloped hammerhead (S. lewini) is also distributed in warm
temperate and tropical seas and frequently occurs in the
southern South China Sea and the southern Gulf of Mexico. It
is the most dominant species in the Sarawak state in East
Malaysia (Arai and Azri, 2019; Chan et al., 2021). In contrast,
the distribution of the Japanese angelshark (S. japonica) was
found to be narrow in the present study. This is consistent with
the description that it is endemic to the Northwest Pacific Ocean,
occurring from southern Russia to southern Taiwan (Walls
et al., 2021).

Conservation Priorities and Uncertainty
Determining where conservation efforts should focus on
providing adequate protection is highly important to reduce
the risk of extinction for threatened species. At present, 7.93% of
the ocean is protected globally (UNEP-WCMC and IUCN,
2022), whereas the existing MPA network in China and the
ASEAN protects 2.1% of the ocean (Table 4), with less than half
of the species being protected in the MPAs. Although awareness
of the ecological role and vulnerability of sharks has led to
increased conservation attention, only a small number of MPAs
have been designated to protect them (Giménez et al., 2020). The
majority of these shark sanctuaries are in Palau, the Maldives, the
Caribbean, and the Netherlands (Ward-Paige and Worm, 2017),
Frontiers in Marine Science | www.frontiersin.org 11
while there are almost no shark MPAs around diversity hotspots
in the China and ASEAN seas. Therefore, there is a substantial
conservation gap for sharks in the study area.

To sustainably manage and protect coastal and marine
biodiversity, international organizations have proposed global
marine conservation targets ranging from 10% to 50% (CBD/
COP/DEC/X/2, 2010; CBD/COP/15/5/Add.1; World Parks
Congress, 2014; Sala et al., 2021). One study suggested that the
top 30% of MPAs should be prioritized for marine biodiversity
conservation (Zhao et al., 2020), while another found that at least
40% of the seas are required to protect threatened marine species
and biodiversity (Jefferson et al., 2021). However, there are
complex conservation efficiency and trade-offs in the siting of
conservation priority areas. There is a nonlinear relationship
between the conservation target distribution and conservation
costs. In the present study, the number of protected species
increased by only approximately 15% (from 73.8 to 85%) when
the global protected area coverage increased by 200% (from 10%
to 30%), whereas the protected range of ETP species increased by
170% (from 11% to 30%). This indicates that low conservation
targets only improved the number of protected species, and high
targets were both better for the number of protected species and
the protected range of the ETP species (Table 4). Some studies
also highlighted a marginal decrease in conservation efficiency.
Under the cheapest cost scenario, the number of protected
species increased by 6% when global terrestrial protected area
coverage increased by 30%. The number of protected species can
be substantially increased if costs are appropriately increased
(Venter et al., 2014). Furthermore, tight clumping results in
fewer but larger selected areas, resulting in a reduced boundary
effect, leading to a slightly higher conservation achievement than
a small clump (Serra et al., 2020; Christodoulou et al., 2021).
Therefore, the high target scenario with large clumps was the
most desirable among several protection scenarios. However,
conservation within EEZs and transboundaries should be
considered when identifying conservation priority areas.
Zoning strategies are the most cost-effective conservation
approaches that can enhance the protection of marine
biodiversity and are more likely to gain stakeholder support
(Giménez et al., 2020). Conservation priority areas located within
TABLE 4 | Conservation target achievements for different scenarios.

Scenarios OceanProtected
(%)

Diversity Scarcity Regional repre-
sentativeness

Number
of

species

Number of
ETP species

Average protection
range of CR species

(%)

Average protection
range of EN species

(%)

Average protection
range of VU species

(%)

Ecoregion
Protected-average

(%)

Baseline 2.1% 49 31 4.9% 4.0% 5.0% 5.5%
Low target-
small clump

10.1% 110 56 11.7% 12.4% 12.0% 10.3%

Low target-
large clump

10.9% 104 56 11.5% 12.3% 11.9% 13.0%

High target-
small clump

30.3% 128 65 32.5% 33.2% 33.1% 31.0%

High target-
large clump

32.0% 128 66 32.8% 33.7% 33.8% 36.7%
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EEZs can be protected by the countries involved, whereas
transboundary conservation requires more effort for
communication and collaboration among stakeholders
(Friedman et al., 2018; Mason et al., 2020). Many shark species
are migratory and each shark species is found in the waters of
eight countries on average. The blue shark was found to span the
waters of 145 countries (Dulvy et al., 2017). From a global
perspective, the management of shark conservation priority
areas requires joint participation from relevant countries
(Jorgensen et al., 2022).

The present study investigated diversity distribution patterns
and conservation priorities for sharks in the China and the ASEAN
seas based on 149 species owing to data availability. However,
according to historical records, there are approximately 196 shark
species in this area. Habitat descriptions of the missing 47 species
can only be found in the literature and through expert knowledge
without enough occurrence records (Lucifora et al., 2011). The lack
of reliable distribution information hinders the comprehensive
mapping work. Furthermore, anthropogenic activities and climate
change factors, which have been added to the SCP as cost layers in
recent studies, were not included in this study (Stein et al., 2018;
Arafeh-Dalmau et al., 2021). This study was a preliminary attempt
to understand the diversity hotspots and conservation priority areas
for sharks in the China and ASEAN seas. Future studies should
further evaluate spatial and temporal distribution patterns under
anthropogenic drivers and climate change.
CONCLUSIONS

This study revealed spatial diversity patterns and conservation
priority areas for 149 shark species in the China and ASEAN
seas. While the results showed that the distribution pattern of
shark species richness peaked on the continental shelves and a
hotspot for shark diversity was found around the Taiwan Strait,
there was a substantial conservation gap identified in the study
region. Identifying conservation priority areas under different
target scenarios would provide a scientific basis for shark
conservation and management.
Frontiers in Marine Science | www.frontiersin.org 12
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