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ARTICLE INFO ABSTRACT

Keywords: Populations of the iconic tiger shark, Galeocerdo cuvier, are in a state of global decline, with the species assessed
Elas'mobranch as ‘Near Threatened’ on the IUCN Red List. Despite this, there is a lack of fundamental information required for
India regional management, such as those on life history and ecology. We bridge this knowledge gap by generating the
Oceanic shark ) . . . . . . R

o first information on the population dynamics of G. cuvier from the Arabian Sea — one of the world’s most
Overexploitation

important shark fishing regions. Length-frequency data of 629 G. cuvier landed at Cochin (Southwest coast of
India) over 16 months in 2023-2024, revealed the dominance of 180-240 cm length class, with the largest
individual measuring 405 cm TL. The von Bertalanffy curve fitted to the length-frequency data revealed greater
asymptotic length (L, = 490.55 cm TL) and growth co-efficient (K = 0.250 y ') compared to populations from
the Atlantic and Pacific. Estimates of fishing mortality (F = 0.77) and exploitation rate (E = 0.71) suggest that
G. cuvier face high levels of fishing pressure. The length at first capture (L¢) indicates that close to 95 % of the
catches are represented by immature individuals. In addition, young of the year G. cuvier (<150 cm TL) landed as
‘bycatch’ contributed to 23 % of the landings. To effectively mitigate these challenges, and secure the future of
G. cuvier in the Arabian Sea, we propose the establishment of tiger shark conservation zones to help protect
critical life-history stages, and implement size-based restrictions to reduce growth and recruitment overfishing.

Western Indian Ocean

1. Introduction family Galeocerdonidae, are large-bodied, apex predators distributed in

tropical, sub-tropical and temperate oceans (Compagno, 1984; Ferreira

Chondrichthyan fishes — sharks, rays, guitarfishes and chimaeras are
in a state of global crisis (Dulvy et al., 2021; Worm et al., 2024). Almost
one-third of oceanic sharks and rays, two-thirds of coral-reef associated
sharks and rays, and 62 % of guitar fishes are now threatened with
extinction (Dulvy et al., 2021; Dulvy et al., 2014; Sherman et al., 2023a,
2023b). The global abundance of oceanic sharks and rays have declined
by 71 % during the past five decades (Pacoureau et al., 2021), as a result
of significant increase in fishing pressure to meet the demand for the
meat and fin trade, as well as due to bycatch (Cardenosa et al., 2022;
Dulvy et al., 2021; Karnad et al., 2024; Worm et al., 2013). Fishing-
induced mortality of sharks increased from around 76 to 80 million
sharks between the years 2012 and 2019, of which ~25 million
comprised threatened species (Worm et al., 2024).

The Tiger shark, Galeocerdo cuvier, a monotypic member of the

* Corresponding authors.

et al.,, 2017; Randall, 1992), where they are exploited in commercial,
recreational, and artisanal fisheries (Anderson and Ahmed, 1993; Fer-
reira and Simpfendorfer, 2019; Begue et al., 2020). Tiger sharks are
potentially keystone species, contributing to both ecosystem structuring
and functioning (Balanin et al., 2023; Ferreira et al., 2017; Heithaus
et al., 2008). Though they are frequently encountered in coastal regions,
tiger sharks are highly mobile and capable of swimming great distances
across oceanic waters including undertaking transoceanic migrations
(Hammerschlag et al., 2012; Heithaus et al., 2007). The relatively fast
growth rates (Emmons et al., 2021) and large litters (average litter size
ranging from 30 to 50 pups) of tiger sharks are however compromised by
their biennial (in some cases triennial) reproductive cycle (see Holland
et al., 2019), making them particularly vulnerable to fishing pressure
(Branstetter et al., 1987a, 1987b; Ferreira and Simpfendorfer, 2019).
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Despite their iconic status, many important shark fisheries in which
G. cuvier are exploited, remain poorly documented, with information on
stock assessment, population structure and overall population trends
lacking for much of the species’ distribution (Ferreira and Simpfendor-
fer, 2019). Nevertheless, it is widely-recognized that tiger sharks are in a
state of global decline (Brown and Roff, 2019; Ferreira and Simpfen-
dorfer, 2019), and that the species may even have experienced high
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levels of historic fishing historically (Pirog et al., 2019). Local and
regional declines have been particularly observed in eastern Australia
including Queensland (Reid et al., 2011; Holmes et al., 2012; Roff et al.,
2018; Brown and Roff, 2019; Manuzzi et al., 2022), and parts of the
Atlantic (Baum et al., 2003; Myers et al., 2007). With a 30 % reduction of
several local populations over the past three generations, G. cuvier is
currently listed as ‘Near Threatened’ on the IUCN Red List (Ferreira and

Fig. 1. Tiger sharks, Galeocerdo cuvier caught from the Western Indian Ocean/Arabian Sea, and landed at Thoppumpady, Cochin, India.
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Simpfendorfer, 2019), and the low genetic diversity and recent genetic
bottlenecks indicate a vulnerable population sensitive to local and
regional stressors (Pirog et al., 2019). An example of this is the Arabian
Seas region (part of the Western Indian Ocean/WIO), where G. cuvier
populations are estimated to have declined between 30 and 50 % in the
last 50 years, and further declines predicted due to the continued de-
mand from the shark-fin market (Ferreira and Simpfendorfer, 2019).
Fundamental information that forms the basis of management and
conservation, such as those on biology, ecology, as well as size, trends
and dynamics of each population are thus urgently required from
various regions, where G. cuvier is known to be targeted in artisanal and
commercial fisheries, as well as unintentionally caught (Ferreira and
Simpfendorfer, 2019). Since the limited studies on age, growth and
population dynamics of the species are largely restricted to the Pacific
(Emmons et al., 2021; Holmes et al., 2015; Hung et al., 2024) and the
Atlantic (Branstetter et al., 1987a, 1987b; Afonso et al., 2012), we aim to
bridge the knowledge gap from other oceanic regions, especially in the
global south where there is limited information on the biology and
population dynamics (Dicken et al., 2017; Balanin et al., 2023; Voss-
gaetter et al., 2024). Towards this, we undertake a comprehensive
assessment of the population dynamics of G. cuvier based on exploited
catches landed in the Southwest coast of India, so as to understand age,
growth and mortality parameters. To the best of our knowledge, this is
the first attempt to understand the population dynamics of G. cuvier from
anywhere in the Arabian Sea and adjacent waters — one of the world’s
most important shark fishing and trading regions (Jabado et al., 2018).

2. Materials and methods
2.1. Study area and the regional shark fisheries

The Western Indian Ocean (WIO) (30 million kmz; encompassing
waters of 32 countries and territories) is not only one of the planet’s
most biodiverse oceanic regions, but also one of the most heavily
impacted (Bullock et al., 2021). A total of 264 species of sharks and rays
are known from the WIO, of which 43 % are threatened (Bullock et al.,
2021). Some parts of the WIO are more significant for shark fisheries,
such as the Arabian Sea which harbours 15 % of the described chon-
drichthyan species of the world, more than half of which are threatened
(Jabado et al., 2018).

Sharks are a regular component in India’s artisanal, small-scale and
semi-industrial marine fisheries, where they are largely taken as
bycatch, but also in targeted fisheries (Akhilesh et al., 2023). Much of
the fishery occurs along the Southwest coast of the country, with Cochin
fishing harbour (9.938°N & 76.261°E; on the outskirts of the city of
Kochi/Cochin; Kerala State) (Fig. 1) being one of the most important
landing sites, especially for G. cuvier (Bineesh et al., 2014; Rajkumar
et al., 2021). Most sharks (>98 %) landed at Cochin are caught by the
‘Thoothoor fishers’, known for their deep-sea shark fishing skills
(Parappurathu et al., 2020). These fishers utilize mechanized gillnetter-
cum-liners, using gillnets to primarily catch rays, and longlines for
sharks. Their catch encompasses a range of elasmobranchs from families
Carcharhinidae, Alopiidae, Galeocerdonidae, Lamnidae, Dasyatidae,
Echinorhinidae, Rhinochimaeridae, Stegostomatidae, Sphyrnidae, and
Mobulidae, in addition to predatory teleost fishes such as tunas, seer
fish, sailfish, and swordfish. Galeocerdo cuvier landed at Cochin originate
from many parts of the WIO (off the western coast of India including
from the seamounts, Laccadive archipelago, Oman, Maldives and Sri
Lanka), where they are caught using mechanized gillnetter-cum-liners
(Overall length/OAL between 10 and 20 m and operating at 200-500
m depths which sometimes increase up to depths >2000 m) in fishing
operations that extend between 30 and 45 days.

2.2. Data acquisition

We studied exploited Galeocerdo cuvier samples (N = 629) landed at
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the Cochin fisheries harbour over a 16-month period from March 2023
to September 2024 (with breaks for three months coinciding with the
annual fishing closure in the region, for protecting spawning pop-
ulations of mostly marine fish species). Length data were collected at
weekly intervals during the study period, which included 192 visits to
the landing site. The total length (TL) was measured (using a 10 m
measuring tape) from tip of the snout to the farthest point of upper
caudal fin, and fork length (FL) from tip of the snout to the center of fork
on the caudal fin. Sexes were separated based on the presence of clasper
in males. Due to the practical difficulties in weighing individual fish in a
busy commercial fish landing site, total weights (TW) of only those fish
(N = 16) that were weighed by the fishers/harbour authorities as part of
the auction process were noted.

2.3. Data analysis

We used TL for estimating growth and mortality-related parameters;
however, to facilitate comparisons with previous studies that have used
FL, we also provide the relationship between TL and FL determined
using a linear regression, and the goodness of fit estimated using coef-
ficient of determination. Data were converted to a length frequency
table with 20 cm interval. Length structured population dynamics was
estimated using FiSAT II Version 1.22 (Gayanilo et al., 2005). This
approach was used instead of the more widely used mark-recapture and
vertebral ageing methods because recapture studies are often limited by
their small sample sizes, low recapture rates, and a lack of representa-
tion of the species’ entire size range (Meyer et al., 2014), while vertebral
columns are frequently unavailable for research because tiger shark
samples are usually large and transported whole to the processing plants
without being chopped at landing sites/fishing harbours (C. Abisha Pers.
Observ.). Alternatively, length-based approach has been previously used
to understand the population dynamics of elasmobranchs (see for
example Xu et al., 2022; Nurdin and Kembaren, 2023; Kindong et al.,
2022), including tiger sharks (De Crosta et al., 1984; Jatmiko and
Nugroho, 2020; Hung et al., 2024).

The asymptotic length (L) was estimated using Powell-Wetherall’s
Plot (Wetherall and Polovina, 1987) by selecting points using pseudo
catch-curve. The ELEFAN I routine (Pauly, 1984) was used to estimate
the growth constant (K) of Von Bertalanffy function. Estimates of L., and
K were used to estimate the growth performance index ¢’ = 2 x log Ly,
+ log K (Pauly, 1979). Hypothetical time at which the size at birth is
zero (tp) was estimated using the equation, log (—tp) = — 0.3922-0. 2752
log Lo, — 1.038 log K (Pauly, 1979). Potential longevity (tnax) was
estimated using the formula t,q = (3/K) - ty, by defining longevity, or
life span, as the time required to attain 95 % of TL (Taylor, 1958).

Growth parameters were subsequently used to determine the
recruitment pattern (Moreau and Cuende, 1991) by reconstructing the
recruitment peaks to estimate the number of pulses per year, and
quantifying the strength of each peak (Gayanilo et al., 2005). The total
mortality (Z) for the population was calculated using the length-
converted catch curve, while the natural mortality (M) was deter-
mined using six different estimators (Table 1) using the parameters L,
K, tmax and the average annual temperature of the area under study T =
26 °C (Rostek et al., 1997). Fishing mortality (F) was determined by
subtracting natural mortality from total mortality (F = Z — M), and the
exploitation rate (E) was calculated as the ratio of F/Z (Gulland, 1970).
Average values of natural mortality, fishing mortality and exploitation
were used for further analysis.

Length-structured virtual population analysis (VPA) was conducted
to estimate survivors, natural mortality, and fishing mortality in each
length-group. The length-weight relationship for the VPA analysis was
obtained from Varghese et al., 2013. Yield-per-recruit (Y'/R) and
biomass-per-recruit (B’/R) were estimated using Beverton and Holt
(1957) yield-per-recruit analysis.
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Table 1
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Estimation of natural mortality rates (M, y ') using various approaches. The fishing mortality (F) is calculated from total mortality Z of 1.09 y ! (F = Z - M), and the

exploitation ratio (E) is calculated as F/Z.

Estimator Reference Mortality equations* M F E

Pauly’s M M — ¢~00152-0.279 Inl.o.+0.6543InK~+0.463InT 0.32 0.77 0.71
Pauly (1980)

Frisk et al. = ¢0-42Ink-0.83 0.24 0.85 0.78
Frisk et al. (2001) M=e

Hoeni = 4. —0.916 0.52 0.57 0.53

8nis Then et al. (2015) M = 4.8994
Paulyys- = 73],-0.333 0.19 0.90 0.83
aulsT Then et al. (2015) M = 4118K° 7L
Estimator T, = 1-583-1.087 Infinax 0.34 0.75 0.69
max Dureuil et al. (2021) M=e

Estimator P . M = — In0.0178/timax 0.35 0.74 0.68
Dureuil et al. (2021)

Average 0.33 0.76 0.70

" Le, asymptotic total length; K, growth constant; tqy, potential longevity; T, habitat temperature in °C.

3. Results

3.1. Length-frequency distribution, length-length relationship and sex
ratio

The smallest and largest Galeocerdo cuvier encountered in the land-
ings measured 75 cm and 405 cm TL (@), and 85 cm and 365 cm TL (8).
For combined sexes, greatest frequency of individuals was recorded in
the length classes of 180-200 cm TL (N = 96), followed by 200-220 cm
(N = 95) and 220-240 cm TL (N = 84). Very few individuals were
observed in the 60-80 cm (N = 2), 380-400 cm (N = 3) and 400-420 cm
TL (N = 2) length classes. The frequency distribution of different length-
classes across months indicated the occurrence of smaller individuals
(<100 cm TL) between the months of March and June (Fig. 2). A linear
relationship between the fork length and total length was also observed:
Lr=0.8395 L1-9.6454 (R%2=0.991 2; 95 % CI of slope: 0.8327-0.8466).
Sex ratio was not significantly different from 1:1 (chi-square =1.73, P =
0.1882), with 331 females and 298 males. The month wise F:M ratio was
also not significantly different from 1:1.

3.2. Growth and mortality

The largest individual landed during the study period was a female
measuring 405 cm TL, and the calculated asymptotic length (L) was
490.55 cm. The von Bertalanffy curve fitted to the length-frequency data

Sep-24
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May-24 4
Apr-24
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Feb-24 4
Jan-24 -
Dec-23
Nov-23
Oct-23 1
Sep-23
Aug-23 1
Jun-23 1
May-23 4
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Number of
individuals

NN =2=2010
o 0o

30 70 110 150 190 230 270 310 350 390
Mid-length of interval (cm)
Fig. 2. Length frequency data of Galeocerdo cuvier based on exploited catches

landed at Thoppumpady, Cochin, India and caught from the Western Indian
Ocean/Arabian Sea.

(Fig. 3a) calculated the growth coefficient (K) at 0.250 y_1 and the
growth performance index (¢) at 4.779. Recruitment analysis (Fig. 3b)
indicated that the species has a single annual reproduction bout
extending from June to August. Total mortality (Z) based on length
converted catch-curve was 1.09 y’l (95 % confidence interval:
0.97-1.21). Natural mortality coefficient (M) estimated using five
different empirical formulas had a mean value of 0.33 y~1, though the
estimates ranged between 0.19 and 0.52 y_1 (Table 1).

3.3. Exploitation

Close to 98 % of the tiger sharks landed at Cochin were the targets of
commercial fishery using baited longline, while the remaining 2 % were
bycatch originating from gillnet and trawl fisheries. The relationship
between length class and capture probability revealed that the length at
first capture (Lc) was 171.58 cm TL. Virtual population analysis showed
that the survival decreased rapidly with increase in the fishing pressure,
starting from juveniles >110 cm TL (Fig. 3c). The yield-per-recruit and
biomass-per-recruit analysis suggested that the current exploitation
ratio (E) of 0.71 is greater than both the Es5g (0.323) and Epax (0.551),
indicating extremely high levels of overfishing (Fig. 3d).

4. Discussion

In India, the landings of elasmobranchs have declined over the last
six decades, with many coastal species showing signs of overexploitation
(Akhilesh et al., 2023). Despite this, there is a significant gap in research
that informs conservation decision-making for elasmobranchs in the
country (Gupta et al., 2022). One of the key areas where this gap is
evident is the assessment of population status and dynamics (Akhilesh
et al.,, 2023; Gupta et al., 2022) with limited information on many
conservation-concern species including those that have been listed as
Threatened, or Near Threatened on the IUCN Red List, an example of
which is G. cuvier.

Galeocerdo cuvier grows to a maximum length of 740-750 cm TL
(Ebert et al., 2013; Froese and Pauly, 2024; Vidthayanon, 2005), but
individuals >500 ¢m TL are known to be rare (Ebert et al., 2013). A
review of recent studies (since 2015) on G. cuvier reveals the absence of
individuals >430 cm TL (Holmes et al., 2015; Jatmiko and Nugroho,
2020) and 360 cm FL (Emmons et al., 2021). The length of the largest
individual encountered during our study (@ 405 cm TL) is comparable to
previous records of the species from the Arabian Sea (398 c¢cm TL -
Varghese et al., 2017, 411 em TL - Shriram and Katkar, 2004, and 440
cm TL — Bineesh et al., 2014).

Our estimate of asymptotic length (L) of G. cuvier (490 cm) is
greater than those recorded previously using various approaches — 456
cm (length-based method; De Crosta et al., 1984), 406 cm (mark-
recapture method; Meyer et al., 2014) and 440 cm (vertebral ageing;
Branstetter et al., 1987a, 1987b) (Table 2). To the best of our
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Fig. 3. Length-structured population dynamics of Galeocerdo cuvier based on exploited catches landed at Thoppumpady, Cochin, India and caught from the Western
Indian Ocean/Arabian Sea. (a) von Bertalanffy growth curve, with asymptotic total length indicated using dashed line. (b) Computed recruitment pattern indicating
single reproductive bout. (c) Virtual population analysis showing rapid decline in survivors with fishing mortality. (d) Relative yield per recruit and relative biomass
per recruit analysis, with actual current exploitation (E = 0.71) is indicated using grey arrow.

Table 2
Comparison of growth and mortality parameters of Galeocerdo cuvier from various studies, employing different methods for studying growth dynamics.
Parameters* Study area Reference
Ly K to ¢’ n M
Length-based
490.6 0.250 —-0.370 4.779 629 0.34 Arabian sea Current study
456.3% 0.150 -1.270 4.495 204 0.20 Hawaii De Crosta et al. (1984)
380.0 0.100 —0.860 4.160 696 0.12 West Nusa Tenggara Jatmiko and Nugroho (2020)
433.0° 0.240 —0.570 4.653 283 0.33 Northwest Pacific Ocean Hung et al. (2024)
Mark-recapture
406.1 0.310 —0.758" 4.709 37 0.45 Hawaii Meyer et al. (2014)
399.9¢ 0.178 -1.120 4.454 42 0.24 Western North Atlantic Natanson et al. (1999)
324,34 0.283 —0.190 4.474 217 0.38 Western North Atlantic Kneebone et al. (2008)
Vertebral ageing
440.0 0.107 —-2.350 4.316 44 0.14 Western North Atlantic Branstetter et al. (1987a, 1987b)
438.2¢ 0.070 —2.300 4.128 124 0.09 Western Australia Emmons et al. (2021)
427.3f 0.102 —2.240 4.270 238 0.13 Western North Atlantic Kneebone et al. (2008)
403.6 0.080 —2.689 4.115 202 0.10 East coast of Australia Holmes et al. (2015)
401.2 0.255 -1.077 4.613 67 0.37 South Atlantic Ocean Santana da Silva et al., 2024
388.0 0.184 -1.130 4.442 25 0.25 Gulf-of-Mexico Branstetter et al., 1987a, 1987b)
382.28 0.202 -1.110 4.470 90 0.28 East coast of South Africa Wintner and Dudley (2000)
335.0 0.155 -0.619 4.240 28 0.20 Hawaii De Crosta et al. (1984)

a-gTotal length back-calculated from fork length and/or pre-caudal length using length-length equations; * ¢ 8 see Santana da Silva et al., (2024) for more details;
Ybased on equations from Hung et al. (2024); ¢ based on equations from Kohler et al. (1995) and Bass et al. (1975); Pextrapolated from the y intercept of 85 cm
considered by authors; ‘extrapolated from the y intercept of 78 cm considered by authors.

" Lo, asymptotic total length; K, growth constant; t,, hypothetical age at which the TL is zero; ¢’, growth performance index; n, sample size; M, natural mortality
estimated using the estimator t;,q, (Table 1).
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knowledge, there are only two studies that have assessed the age and
growth of G. cuvier from the Indian Ocean (Jatmiko and Nugroho, 2020;
Wintner and Dudley, 2000). The study from WIO (Wintner and Dudley,
2000) estimated an L, of 382.2 cm pre-caudal length based on back-
calculated lengths from vertebral growth ring counts for 90 in-
dividuals caught in the fishery off KwaZulu Natal (South Africa), while
the study from the eastern part of the Indian Ocean (Jatmiko and
Nugroho, 2020) used length-frequency data to compute the L, at 380
cm TL (Table 2). However, it is known that tiger sharks measuring 600
cm have been caught in the Maldives, and that individuals measuring
200 to 400 cm are frequently caught in the atolls of the island (Anderson
and Ahmed, 1993; Vossgaetter et al., 2024).

Galeocerdo cuvier is generally known to be a fast-growing shark with
some individuals attaining a growth rate of 118 cm year ™! (Afonso et al.,
2012), and reaching around 400 cm by the time they are five years old
(Meyer et al., 2014). However, growth rates are also known to depend
on geographical areas, and populations within the same ocean (e.g.,
Atlantic; Afonso et al., 2012; Branstetter et al., 1987a, 1987b; Natanson
et al., 1999), and between different oceans, show varying growth rates
(Table 2). For example, it has been demonstrated that Hawaiian pop-
ulations of G. cuvier (particularly juveniles) grow at very fast rates (K =
0.31 y’l) (Meyer et al., 2014). Based on our analysis, the Arabian Sea
population exhibited a faster growth (based on growth coefficient, K =
0.25 y 1) compared to populations along the western (South Africa) and
eastern (Indonesia and Australia) peripheries of the Indian Ocean
(0.067-0.202 y’l) (Emmons et al., 2021; Jatmiko and Nugroho, 2020;
Wintner and Dudley, 2000), as well as from the North Atlantic
(0.131-0178 y’l) (Kneebone et al., 2008; Natanson et al., 1999).
However, the growth coefficient values we estimated were similar to a
recent study from the Northwest Pacific (0.245 y’l) (Hung et al., 2024).

Our estimates of natural, fishing and total mortalities were mostly
higher than those obtained previously (see Table 2) — though similar or
even higher values have also been obtained using both the length-based
(Hung et al., 2024) as well as mark-recapture methods (Meyer et al.,
2014). Very few estimates of mortality are available for G. cuvier from
the Indian Ocean, making any regional comparisons difficult. The total
mortality estimates we computed (1.08 y~!) are significantly higher
than those recorded from both the eastern part of the Indian Ocean
(Jatmiko and Nugroho, 2020) as well as the Pacific (Hung et al., 2024)
(around 0.3 y~1), but comparable to those obtained previously for young
of the year (YOY) and 1+ size classes from the Atlantic (0.93-1.02 y’l)
(Driggers III et al., 2008). This difference in mortality rates can be
attributed to various factors, including (but not limited to) i) uneven
sample sizes — 283 sub adults (Hung et al., 2024), and 335 YOY and 219
juveniles (Driggers III et al., 2008), compared to our sample size of 629
individuals and ii) duration of study — 10 months (Jatmiko and Nugroho,
2020), compared to our study period of 16 months. While fish species
with faster growth rates have higher rates of mortality (Zhang and
Megrey, 2006), the specific reasons for high natural mortality rates in
G. cuvier, similar to those previously observed for groupers (Epinephelus
bleekeri) in the Arabian Sea (Richu et al., 2018) needs further investi-
gation. It may be likely that this high natural mortality is the conse-
quence of specific habitat use (e.g., early life stages and juveniles of tiger
sharks preferring shallow water habitats; Afonso and Hazin, 2015), and
these habitats likely overlapping with those of larger predators (e.g., the
Orca, Orcinus orca). Additionally, tiger sharks exhibit cannibalism (Lowe
et al., 1996; Meyer et al., 2009), and the predation of juvenile sharks
occupying the same habitat cannot be ruled out.

Galeocerdo cuvier became popular since the 1950s due to the
increasing demand for the fin trade, and are regularly targeted
throughout its range (Ferreira and Simpfendorfer, 2019; Ward-Paige
et al., 2010). This species which contributed to minor quantities in the
fishery at the Cochin harbour during the 1980s became an important
commodity in 2008 contributing to 5.4 % of the total landings (Akhilesh
et al., 2011). This increase in landings were largely driven by increased
mechanization of vessels and expansion of fishing operations to deeper/
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oceanic waters through multiday fishing trips (Akhilesh et al., 2011).
Our estimate of annual exploitation rate (E = 0.71) is greater than the
exploitation rates that retains 50 % of the biomass (Esg = 0.323), and the
maximum yield-per-recruit (Eyax = 0.551), suggesting that G. cuvier are
subjected to extremely high levels of fishing pressure in the Arabian Sea.
The annual exploitation rate that we estimate from the Arabian Sea is
also higher than those obtained recently from the Pacific (0.514; Hung
et al., 2024) suggesting the presence of a much more intensive and
unsustainable fishery in the WIO.

An additional challenge for management is the length at first capture
(Lc) which was calculated at 172 cm TL. Galeocerdo cuvier are known to
mature around 270 cm TL, with males maturing at smaller sizes than
females (Holmes et al., 2015; Simpfendorfer, 1992; Stevens, 1984;
Varghese et al., 2017). Close to 95 % of the individuals landed at the
Cochin fisheries harbour during our study period were below the
average size at first maturity indicating significant pressure on immature
individuals, and a potential threat of recruitment overfishing.

Very few studies have been carried out on the reproductive biology
of tiger sharks in the Indian Ocean (Sarangdhar, 1946; Jaquemet et al.,
2012; Varghese et al., 2017). The size at first maturity for tiger sharks in
the Arabian Sea has been observed to be 286.56 cm TL (3) and 300.31
cm TL (), with the smallest mature female having a total length of 274
cm (Varghese et al., 2017). The size at birth of G. cuvier is known to
range from 51 to 104 cm TL (Froese and Pauly, 2024), with a previous
study from the Cochin fisheries harbour observing the size at birth to be
79.6 to 85.2 cm TL (Varghese et al., 2017). Assuming that individuals up
to at least 100 cm TL are newly born, it is alarming that almost 7 % of the
catches in the Cochin fisheries harbour represent neonate mortality. Our
observations on the landings and informal discussions with the fishers
reveal that tiger sharks <150 cm are normally landed as ‘bycatch’, and
given that these individuals are certainly ‘young of the year/YOY’,
almost 23 % of the total landings during the 16 months of our study are
contributed by G. cuvier in this size-class. Many life history traits result in
juvenile sharks being particularly vulnerable to exploitation, but the
impacts of juvenile harvests have not been well quantified (Gallucci
et al., 2006), including in G. cuvier.

Theoretical Y'/R and B'/R curves based on the growth parameters
from the current study (Fig. 4) suggests that improving the fishery
productivity can only be achieved by reducing the current exploitation,
and increasing the length at first capture. The Y'/R analysis suggests that
if the length at first capture is increased between 60 % to 80 % of the
asymptotic length of the fish (i.e., 294-394 cm TL), then the fisheries
will have an optimum Y'/R, as opposed to the current suboptimum Y'/R
as a result of overfishing (Fig. 4a). This can only be achieved through a
combination of approaches including enforcing strict regulations on
catch-size, and voluntary release of smaller individuals from fishing
boats.

An average of 15,000 t of sharks are caught every year in India
(CMFRI, 2024), with landings having declined from 21,154 t in the year
2018 to 12,296 t in the year 2022, before increasing to 16,734 t in 2023
(CMFRI, 2024). Based on the landing data observed in the current study,
we converted the length measurements of G. cuvier to weight, using two
length-weight relationships — (i) the limited number of weight mea-
surements available in our study suggesting a relationship W =
0.000037 TL%528! (R? = 0.9660, n = 16), and (ii) mean weight estimates
available in FishBase (Froese and Pauly, 2024) suggesting W = 0.0026
TL32* Based on these weight estimates, anywhere between 37 and 76 t
of G. cuvier is likely to have been landed at the Cochin fisheries harbour
during the 16 months of our study.

In the context of a wide-ranging, conservation-concern species that
shows a declining trend, regular assessments of population status are
vital to inform management and conservation efforts across the global
range (Holmes et al., 2017). The Arabian Seas region has for long been
recognized as a potential area of risk for G. cuvier with declines in
landings observed in Eritrea, Iran, the UAE, India and Pakistan, which
have been extrapolated at 30-50 % across the larger region (Ferreira and
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Fig. 4. Relative yield per recruit (Y'/R) and relative biomass per recruit (B'/R)
analysis for different values of ratio of length at first capture and asymptotic
length (L./L.,) and exploitation ratio (E) using the natural mortality by growth
constant (M/K) or 1.28. Black circle indicates current E for current L./L,. Data
based on exploited catches landed at Thoppumpady, Cochin, India and caught
from the Western Indian Ocean/Arabian Sea.

Simpfendorfer, 2019; Jabado et al., 2017). No species-specific conser-
vation and management plans are however in place for G. cuvier, but
some countries in the Arabian Seas region have imposed restrictions
including banning of targeted shark fishing (e.g., Kuwait, Saudi Arabia,
Sudan, and Maldives), while others have implemented temporal/sea-
sonal closures (e.g., Iran, and the UAE) (Ferreira and Simpfendorfer,
2019; Jabado and Spaet, 2017).

The differences in the nature and effectiveness of management and
conservation plans in various countries and the lack of fishing regula-
tions in international waters represent a significant threat to migratory
shark species (Dulvy et al., 2008) such as G. cuvier. The species is known
to have a large, single Indo-Pacific population (Holmes et al., 2017)
capable of making transoceanic migrations. In such a situation, unless
regional (e.g., Arabian Seas region) and international (e.g., Indian Ocean
rim countries) efforts to manage the sustainable exploitation of G. cuvier
are developed and implemented, effective management will not be
possible. Of >160 shark species recorded from India, only 26 sharks and
rays have been listed in the various schedules of the Wild Life (Protec-
tion) Act 1972 (TRAFFIC India, 2024), with G. cuvier not receiving any
level of protection. Similarly, in the state of Kerala where we carried out
our study, there are minimum legal size (MLS) restrictions for 58 species
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of fish (including elasmobranchs) and shell-fishes, but this list does not
include G. cuvier.

5. Challenges and opportunities for conservation

Our study has for the first time, provide insights into the population
dynamics of Galeocerdo cuvier from the Western Indian Ocean/Arabian
Sea. Together with high fishing pressure indicative of overfishing, the
species is potentially subjected to recruitment overfishing, as well as
unintentional harvests of YOY and neonates as bycatch. Given the
market demand for tiger sharks, significant contributions of the fishery
to local livelihoods, and a history of fisheries bans being either resented
or being ineffective in India (see Akhilesh et al., 2023), inclusion of the
species in the Indian Wildlife (Protection) Act, or subjecting them to
blanket bans will only be detrimental to conservation. Implementation
of closures, restrictions on gear and use of bycatch reduction devices in
India has also been considered to be a challenge given their potentially
high impact on fisher income (Gupta et al., 2020). Additionally,
compliance by local fishers has been recognized as one of the major
challenges for the success of shark fisheries management plans in India
(Gupta et al., 2020). A holistic education and awareness program tar-
geted at shark fishers is urgently required so as to develop a behavioural
shift and change towards conservation and sustainability.

We propose three major conservation and management strategies
(Fig. 5) which includes: (1) identifying and establishing additional
‘Important Shark and Ray Areas’/ISRAs (see below) including tiger
shark conservation zones (including aggregation sites, pupping and
nursery grounds) in the WIO and Arabian Sea to help protect critical life
history stages from exploitation pressure, (2) size-based restrictions
including minimum legal size to reduce and eliminate growth overf-
ishing, and (3) participatory research and monitoring for ensuring long-
term sustainability and informing conservation plans.

Currently, there are only one two ‘Important Shark and Ray Areas’
(ISRAs) focused on tiger sharks in the WIO — the Fuvahmulah Atoll in
southern Maldives, and the ~100 km Natal Southcoast Corridor in South
Africa (Jabado et al., 2023). The Fuvahmulah Atoll, recognized as an
important reproductive site for G. cuvier (Jabado et al., 2023; Voss-
gaetter et al., 2024) is within the larger area in the WIO where fishers
from India (including boats that land sharks at Cochin) target this spe-
cies (C. Abisha pers. comm.). Interactions with local fishers targeting
tiger sharks also recognize similar sites (though not formally listed as an
ISRA) along the south-west coast of India, e.g., the Wadge Bank, known
for their abundance of tiger sharks. These sites could be identified and
demarcated as ‘no-take’ areas, or subjected to temporal closures, at least
during the pupping seasons.

Gestation in tiger sharks of eastern Arabian Sea is known to begin in
January and the parturition takes place in May of the subsequent year
(Varghese et al., 2017), but we encountered considerable numbers of
YOY in the landings from the month of February onwards. This is likely
because the parturition periods may vary geographically and according
to populations. For example, pupping in the Western Indian Ocean (one
of the fishing areas for boats operating from Cochin harbour) is esti-
mated to occur between December and February (Jaquemet et al.,
2012), a few months prior to the pupping season in the eastern Arabian
Sea. Mandatory adjustments to fishing gear such as the use of larger
mesh sizes in gillnets and trawl nets, specific limitations on length (or
volume) of the mainline and the number of hooks in longlines should
therefore be enforced during the months between February and July, so
that both Arabian Sea and the larger Indian Ocean populations can be
protected. Longlines should also be avoided around the vicinity of
critical sites for reproduction and foraging (e.g., Wadge Bank), as well as
at shallow depths. These measures are important because it is known
that the type of gear influences the size of tiger sharks caught. For
example, a multi-decadal (36 years) catch data of tiger sharks origi-
nating from KwaZulu-Natal bather protection program revealed that
baited drumlines caught significantly smaller-sized sharks than gill nets,
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Fig. 5. A proposed conservation action plan framework for Galeocerdo cuvier in the Arabian Sea region.

due to the larger mesh-sizes used in the nets (Dicken et al., 2016). Given
the available information on minimum size at maturity and the signifi-
cant catches of immature individuals, we recommend a minimum legal
size of 290 cm for G. cuvier along the Arabian Sea coast of India.
Elasmobranch fisheries in India cannot be made sustainable using
generalized approaches and regulations, but requires species-specific
management strategies (see Gupta et al., 2020). The challenge for
shark conservation plans in India aligns with the general framework of

the Tragedy of the Commons (Hardin, 1968), where unmanaged
exploitation will result in large-scale population declines and even likely
extinction of species, pushing the stakeholders into hardships. Most top-
down approaches will be (and to an extent have been) resented.
Securing the future of Galeocerdo cuvier in the Arabian Sea and the WIO
will therefore have to depend on the development and implementation
of effective community-based conservation and management plans that
integrates biological, ecological and social frameworks, as well as
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participatory monitoring approach involving fishers and other relevant
stakeholders.
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