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Five shark stocks in the waters around Taiwan were assessed using the LBB method,
addressing the present gap. Among them, only one filter-feeding shark, megamouth
shark Megachasma pelagios, qualified as having a healthy status. Of the remaining
filter-feeding shark, whale shark Rhincodon typus, was seriously overexploited, possibly
even collapsed, spadenose shark Scoliodon macrorhynchos, and other two large sharks
(dusky shark Carcharhinus obscurus and silky shark Carcharhinus falciformis) were also
overexploited. These stock status estimates for the five shark species using the LBB
method were consistent with international agreements such as IUCN, CITES and CMS.
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INTRODUCTION

Sharks and their relatives (chondrichthyans, herein “sharks”) are more vulnerable to overfishing
due to their conservative life-history traits, such as slow growth, old ages of reproduction, long
gestation periods, and high levels of maternal investment (Cortés, 2000; Dulvy et al., 2014; Adams
et al., 2018; Booth et al., 2019). On the other hand, sharks as predators not only play critical
roles in maintaining the stability, functionality and productivity of ecosystems (McCann et al.,
2005; Heupel et al., 2014), but also have important socio-economic roles in coastal communities
(Booth et al., 2019).

The increasing global demand and high market value for shark fins exacerbates the depletion
of low-productivity sharks (Cortés, 2000; Booth et al., 2019), which is more serious in Chinese
waters (Eriksson and Clarke, 2015). Therefore, sharks have been listed in international agreements
to regulate fishing and trade (Booth et al., 2019), such as the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES). However, globally many sharks are still
overfished (Davidson et al., 2016) and remain under-managed, particularly in many developing
countries (Momigliano and Harcourt, 2014; Simpfendorfer and Dulvy, 2017). Indeed, it is estimated
that a quarter of shark species are threatened with extinction (Dulvy et al., 2014).

As bycatch especially for pelagic longline fisheries in the high seas (Oliver et al., 2015),
production of sharks is rarely recorded, or even reported in official fishery statistics at the species
level (Clarke et al., 2006). Therefore, poor catches data make stock assessment more difficult.
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The waters around Taiwan, one of the marine “hotspots”
(Hobday and Pecl, 2014), has the fifth richest chondrichthyan
faunas in the world, with at least 181 known species inhabiting
there (Ebert et al., 2013). Yet most of the shark stocks in this
area are not assessed and the majority of sharks have not been
recorded in official fishery statistics. Thus, it is necessary to
use other measures and not rely on catches to fill the gaps in
shark stock assessment in the waters around Taiwan. To address
this gap, a length-based Bayesian biomass estimation method
(LBB) was applied to estimate stock status of 5 shark species
in the waters around Taiwan. The results would benefit “shark”
conservation and management.

MATERIALS AND METHODS

Data Source
The basic information and data source of 5 shark species during
different time periods since 2000 were summarized in Table 1.
The original total length data of spadenose shark (Scoliodon
macrorhynchos) were from a Master thesis (Zhao, 2018). The
original total length frequency data of silky shark (Carcharhinus
falciformis) were from Joung et al. (2008). Two species data were
read from figures in published scientific papers (dusky shark
Carcharhinus obscurus: Joung et al., 2015; whale shark Rhincodon
typus: Hsu et al., 2014) using OriginPro 2018C. The length
data of megamouth shark (Megachasma pelagios) were from the
Fisheries Agency1.

General Description of the LBB Method
The length-based Bayesian biomass estimation (LBB), a new
method for the analysis of length- frequency data from the
commercial fishery, was developed by Froese et al. (2018).
LBB is applicable for species that grow throughout their
lives, such as most of the commercial fish and invertebrates,
and require no input in addition to length-frequency data.
It estimates asymptotic length (Linf), length at first capture
(Lc), relative natural mortality (M/K), and relative fishing
mortality (F/M) which means over the age range represented
in the length-frequency sample. If a good estimate of Linf

1www.fa.gov.tw

TABLE 1 | The basic data information of five sharks in the waters around Taiwan.

Scientific name
(Common name)

Region Period Source

Scoliodon macrorhynchos
(Spadenose shark)

Southern Taiwan Strait 2016–2018 Zhao, 2018

Carcharhinus falciformis
(Silky shark)

Northeastern Taiwan
waters

2000–2002 Joung
et al., 2008

Carcharhinus obscurus
(Dusky shark)

Northeastern Taiwan
waters

2002–2003 Joung
et al., 2015

Rhincodon typus (Whale
shark)

Eastern Taiwan waters 2001–2006 Hsu et al.,
2014

Megachasma pelagios
(Megamouth shark)

Hualien (Eastern Taiwan
waters)

2013–2019 Fisheries
Agency

from an independent study is available, this value can be
introduced by the user, thus decreasing uncertainty in LBB
results (Froese et al., 2018). With these parameters as input,
standard fisheries’ equations can be used to estimate depletion
or current exploited biomass relative to unexploited biomass
(B/B0). These parameters also allow the estimation of the length
at first capture that would maximize catch and biomass for
the given fishing effort (Lc_opt), and estimation of a proxy for
the relative biomass capable of producing maximum sustainable
yields (BMSY/B0). Relative biomass estimates of LBB were not
significantly different from the “true” values in simulated data
and were similar to independent estimates from full stock
assessments (Froese et al., 2018). Further details and more
complete information about LBB can be found in Froese et al.
(2018) and Froese et al. (2019).

Using the LBB method here, priors for Linf, Z/K and Lc were
estimated according to accumulated length data (Figure 1A).
The fitting curves were used to estimate Linf, Lc, Z/K, M/K,
and F/K, and Lopt was calculated based on Linf and M/K
(Figure 1B). To reduce uncertainty in LBB results, Linf in bold
values were introduced from the corresponding data sources
referenced (Table 2).

RESULTS

The outputs of five shark species produced by LBB are shown in
Figure 1 and summarized in Table 2. The proxies for B/BMSY
(1, Froese et al., 2018; Palomares et al., 2018) and B/B0 (0.4–
0.5, Froese et al., 2018) can be thought as the lower bounds of
desirable stock sizes. Therefore, the stock status of five shark
species can be defined based on the two proxies and summarized
in Table 2. Indeed, among these 5 stocks, one filter-feeding
shark, megamouth shark Megachasma pelagios, is in healthy
status (B/BMSY > 1, B/B0 > 0.4; Table 2), the other filter-
feeding shark species such as whale shark Rhincodon typus
are seriously overexploited, possibly even collapsed (B/BMSY
and B/B0 < 0.1; Table 2). The others 3 stocks are overfished
(the degree of overfishing for the small shark, spadenose shark
Scoliodon macrorhynchos is higher than that in two large
sharks: dusky shark (Carcharhinus obscurus), and silky shark
(Carcharhinus falciformis).

DISCUSSION

LBB is a new method for the assessment of data-poor stocks with
missing or unreliable catch data. The most important limitation is
that the length-frequency data should represent the composition
of the exploited stock (Froese et al., 2018). For this study, all the
length data were collected over at least 2 years and most data were
from population growth studies; therefore, the length-frequency
data fully meets the requirements of LBB.

A key problem of shark stock assessment is the incomplete
reporting of shark catches, because a large number of sharks
are caught and discarded at sea (Stevens et al., 2000; Clarke
et al., 2006; Worm et al., 2013). Nevertheless, it is estimated
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FIGURE 1 | Graphical output produced by LBB for the five species. Panels (A) show the accumulated length frequency (LF) data used to estimate priors for Linf, Z/K
and Lc. Panels (B) show Linf, Z/K and Lopt estimated by the fitting curve. Linf is asymptotic length, Z is the total mortality, K is somatic growth rate from the von
Bertalanffy growth equation, Lc is the length at first capture, Lopt is the length in the unfished population.

TABLE 2 | Length reference points (Linf, Lc and Lc_opt), F/M, F/K, Z/K and relevant biomass (B/B0 and B/BMSY) and their 95% confidence intervals (italic number in
brackets) of 5 sharks species estimated by the LBB method.

Common name Linf (cm) Lc

(cm)
Lc_opt

(cm)
F/M F/K Z/K B/B0 B/BMSY Stock

status

Spadenose shark 91.9 (90.2–93.7) 45.9 60 2.59 (1.79–3.52) 3.02 (2.46–3.46) 4.2 (3.83–4.54) 0.15 (0.09–0.22) 0.4 (0.23–0.58) overfished

Silky shark 328 (321–333) 117 185 1.1 (0.66–1.63) 1.5 (1.14–1.92) 3.01 (2.82–3.2) 0.26 (0.13–0.43) 0.71 (0.36–1.2) overfished

Dusky shark 456 (449–464) 184 245 0.94 (0.65–1.45) 1.57 (1.24–1.97) 3.22 (2.95–3.48) 0.33 (1.79–3.52) 0.91 (0.53–1.5) overfished

Whale shark 1686 (1650–1720) 407 1060 4.99 (3.72–6.39) 7.5 (6.91–8.23) 9.04 (8.63–9.66) 0.03 (0.02–0.04) 0.07 (0.05–0.1) Collapsed

Megamouth shark 796 (776–808) 358 425 0.74 (0.44–1.18) 1.18 (0.81–1.58) 2.72 (2.48–2.94) 0.41 (0.19–0.69) 1.1 (0.52–1.9) Healthy

The bold values of Linf are introduced from Joung et al. (2008) for silky shark, Joung et al. (2015) for dusky shark and Hsu et al. (2014) for whale shark. Lc_opt is the length
at first capture that would maximize catch and biomass for the given fishing effort. F, fishing mortality; M, natural mortality; B0, unexploited biomass. Total length is used
in these 5 species.

that about 63–273 million sharks are killed globally per year,
and the exploitation rates exceed the average rebound rate for
most sharks (Worm et al., 2013). As a result, many sharks are
overfished globally (Davidson et al., 2016), and their populations
have rapidly decreased regionally (Musick et al., 2000; Baum et al.,
2003; Ferretti et al., 2010). Although chondrichthyan faunas are
rich in the waters around Taiwan (Ebert et al., 2013), stock status
of sharks is still unevaluated, and stock assessments are focused
on age and growth studies (e.g., Joung et al., 2008; Hsu et al., 2014;
Joung et al., 2015).

The Megamouth shark stock in Taiwan waters is in healthy
status based on LBB results (Table 2). The Megamouth shark
is the third biggest filter-feeding shark (the other two sharks:
basking shark Cetorhinus maximus and whale shark Rhincodon
typus) (Nakaya et al., 2008). Although they are distributed widely
in the Pacific and Atlantic Oceans (Froese and Pauly, 2019), they
are rarely seen. There is no detailed information about this stock
or population so far, therefore, this study is the first analyses for
stock assessment. The healthy status of the megamouth shark
may be supported by being listed as Least Concern (LC) in
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International Union for Conservation of Nature (IUCN) Red List
of Threatened Species (Kyne et al., 2019). More data are required
for accurate estimates.

Unlike the megamouth shark, another filter-feeding whale
shark in the Taiwan waters is overexploited and the stock has
even possibly collapsed, according to LBB results, despite this
species being fully protected in Taiwan waters since November
2007 (Hsu et al., 2012). Although the whale shark is estimated
as Endangered (IUCN, Pierce and Norman, 2016) and listed in
Appendix II of CITES and Convention on the Conservation of
Migratory Species of Wild Animals (CMS), the stock status is still
in an unsustainable state in Asia due to the growing international
demand for their fins, meat and liver oil (Hsu et al., 2012,
2014), despite the species being ovoviviparous and producing
up to 300 pups per litter. Therefore, the stock assessment of the
species can provide the basic information for stock status, and
several fisheries reference points would be beneficial to fisheries’
management of whale sharks in Taiwan waters.

The Spadenose shark is a commercial small demersal shark
species, abundant in the southwestern Taiwan waters (Chen
et al., 2001). The intersexuality of this species was reported in
the southern Taiwan strait (Zhao et al., 2017). However, this
stock has not been assessed due to lack of inclusion in official
fishery statistics for China Mainland and Taiwan Province. The
Spadenose shark may be overfished in the coastal and offshore
fisheries and overexploited on the China Mainland (Kang et al.,
2018) and Taiwan Province (Chen et al., 2018; Liao et al.,
2019). Correspondingly, this stock has been assessed to be
grossly overfished with an LBB estimated depletion rate of 85%
(B/B0 = 0.15) being reasonable.

Two large “sharks,” including the dusky shark and silky shark
are also assessed to be overfished. Both of these species were
estimated as Vulnerable in IUCN, and the latter species is also
listed in Appendix II of CITES and CMS. The dusky shark is
viviparous with a litter size of 3–14 pups. Dusky sharks in the U.S.
waters have been overfished since 1990 (Sulikowski et al., 2020).
The medium sized fins make dusky shark a major target species
in Taiwan waters (Joung et al., 2015). The mean annual landing
of the dusky shark is 210 metric tons which accounts for 11.5% of
the total shark landings from1990 to 2008 in northeastern Taiwan
(Joung et al., 2015). The high commercial values of the fins may
lead the dusky shark to be overexploited in northeastern Taiwan
waters. Silky shark is abundant with 1–16 pups, and the annual
landing about 241 tonnes in northeastern Taiwan waters (Joung
et al., 2008). However, the smaller body size (mean body weight)
suggested that the silky shark stock might be overexploited in
northeastern Taiwan waters (Joung et al., 2008). Consequently,
the silky shark stock status estimated by LBB is reasonable.

CONCLUSION

Five shark stocks in the waters around Taiwan were evaluated
using the LBB method. The resulting estimates indicate that
only megamouth shark stock is in healthy status, while whale
shark, spadenose shark (small shark) and other two large sharks
(dusky shark and silky shark) are overfished. The stock status of

the five sharks estimated using the LBB method are consistent
with international agreements such as IUCN, CITES, and CMS.
Consequently, stock status estimated by LBB are credible. In
addition, this study fills gaps in shark stock status assessment
in the Taiwan waters and provides the basic fisheries with
reference points for conservation and management of these
sharks. Meanwhile, further investigative work on shark resources
should be both continued and utilized, since these top predators
in the marine ecosystem play important roles to both ecosystems
and human society.
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