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ABSTRACT

The silky shark, Carcharhinus falciformis, is a common by-
catch species of tuna and swordfish longline fishing in the Indian
Ocean. The high value of its fins makes it one of the most heavily
fished shark species in the world. Concern over declining po-
pulations and the uncertainty surrounding its population dy-
namics has increased the urgency of developing appropriate
methods to assess its stock status. This study developed a two-sex
stage-based structured matrix model with Monte Carlo simula-
tions to examine silky shark demography and population dy-
namics. The simulations indicate that, without mortality from
fishing, the stock will increase slightly (sex combined mean
annual population growth rates were 1.079 yr' and 1.030 yr”
for 1-yr and 2-yr reproductive cycles, respectively). However,
our analysis of various management scenarios shows that even
with low levels of fishing mortality, the silky shark population
may be on the edge of collapse. This study indicates that the
protection of immature sharks is the most efficient conservation
measure for this species, and that this will produce higher po-
pulation growth rates than the protection of mature sharks only.
As the data on stock status are inadequate, better estimates of
current fishing levels are needed to obtain a more accurate
estimate of the impact of fishing on the population. Against a
background of increasing global shark catches and landings, it
is important that silky shark populations are constantly mo-
nitored to ensure their sustainability in the Indian Ocean. We
believe that the framework developed in this study can be used
to evaluate the risk of decline among other widely distributed
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pelagic shark species.

I. INTRODUCTION

The silky shark, Carcharhinus falciformis, is one of the most
abundant and cosmopolitan shark species in tropical and warm-
temperate seas (Castro et al., 1999). Historically it has been
the main shark by-catch of the longline and purse seine fisheries
in the open ocean (Matsunaga and Nakano, 1999; Compagno
et al., 2005; White and Cavanagh, 2007; Joung et al., 2008).
Based on recent stock assessments by the Inter-American Tro-
pical Tuna Commission (IATTC) and Western and Central Pacific
Fisheries Commission (WCPFC), there is little doubt that silky
shark populations have declined substantially in many regions
(Aires-da-Silva et al., 2013; Rice and Harley, 2013). Like most
large shark species, the life history characteristics of the silky
shark, namely its late maturity, slow growth and limited off-
spring (Joung et al., 2008), make it particularly susceptible to
over-exploitation (Hoenig and Gruber, 1990; Stevens et al.,
2000). It has been listed in CITES Appendix II (CITES, 2016)
and is currently listed as Vulnerable (VU) on the [IUCN Red List
(Rigby et al., 2017). The commercial retention of the silky shark
is prohibited by several Regional Fisheries Management Orga-
nizations (RFMO’s), such as ICCAT and WCPFC, but not in
the Indian Ocean and IATTC waters. Its stock status (overfish-
ing but not overfished) in the Indian Ocean is still highly un-
certain, despite one recent stock assessment study (Ortiz et al.,
2018). Moreover, as the assessment is in the preliminary stage
and there is considerable uncertainty associated with the esti-
mations, management advice remains unclear. Therefore, an
alternative scientific basis for such advice is urgently needed.

A general problem in shark studies is that, because of their
low commercial value, and a lack of systematic fishery records,
the data required in conventional stock assessment models
(e.g., virtual population analysis or surplus production models)
are seldom available. Until such time as sufficient data be-
come available for conventional stock assessment (Smart et al.,
2017), demographic models can serve as population dynamic
models and provide insights for management advice (Simpfen-
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Table 1. Stages for the silky shark in the Indian Ocean.

Sex Stage-class Approximate ages (yr) Expected stage duration (yr)

Neonates 0-1 1
Male Juveniles 1-10 9

Subadults 10- apy 3-4

Adults Amat = Amax 12-22

Neonates 0-1 1
Juveniles 1-10 9

Female Subadults 10- dpy 4-6
1Pregnant adults > Amat 1
Parturient adults > pat 1"

'Only relevant for the 2-year reproductive cycle

*One year stage duration for 2-year reproductive cycle and range 11-21 for 1-year reproductive cycle

Male
Juveniles

Neonates

Female
Juveniles

WEIE
Juveniles

Neonates

Female
Juveniles

Ps

lyr reproductive cycle

Male
Subadults

Female
Subadults

Parturient
Adults

2yr reproductive cycle

WEIE
Subadults

Female
Subadults

Pregnant
Adults

Parturient
Adults

Fig. 1. Stage-based matrix models for the 1-year and 2-year reproductive cycles. Arrows indicate individuals surviving and growing to the next stage

or surviving and remaining in the same stage.

dorfer, 2005). Such models can be relatively simple, requiring
only limited biological information, such as survival rate, age
at maturity, litter size (no. of embryos), longevity and other re-
productive parameters. For the silky shark, detailed biological
information is available for the Atlantic Ocean (Branstetter,

1987; Bonfil et al., 1993) and the Pacific Ocean (Oshitani et al.,
2003; Joung et al., 2008). However, there is little equivalent
information for the Indian Ocean. To date, a single study in the
eastern Indian Ocean provides the only detailed information
on its age distribution, growth and reproductive biology (Hall
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etal., 2012). Although this gives us a better picture of its bio-
logical parameters, the estimates of population growth rate may
still be influenced by uncertainties about life-history parameters
(such as natural mortality and reproductive cycle). In recent
years, this uncertainty has been addressed by using Monte Carlo
simulations, and this has now become a standard technique in
assessing shark populations (Cortés, 2002; Tsai et al., 2014, 2015;
Smart et al., 2017; Yokoi et al., 2017).

Since the target of this study, the silky shark, exhibits sexual
segregation as well as segregation between juveniles and other
stages (Clarke et al., 2011), a two-sex stage-based model with
Monte Carlo simulations was developed to account for possible
uncertainty in life history parameters. To evaluate the impact of
fishing mortality on demographic parameter estimates, a range
of scenarios was generated. As inferences about population
growth rates and susceptibility to fishing pressure are important
in drawing up management measures, it is hoped that the results
obtained in this study will provide useful information for silky
shark management and conservation in the Indian Ocean. It is fur-
ther hoped that this approach can be applied to other shark spe-
cies that have limited catch and effort data.

II. MATERIALS AND METHODS

1. Life History of the Silky Shark

The life history parameters of the silky shark were adopted
from the best estimations by Hall et al. (2012). Although the
authors suggested a 2-year reproductive cycle, a 1-year cycle
could not be ruled out. Therefore, in this study, both possible
reproductive traits were examined. Adult stage females were
categorized as pregnant or parturient adults in the 2-year cycle
models, and as parturient adults only in the 1-year cycle mo-
dels. The life history of the female silky shark (Fig. 1) can be
represented as follows: neonates (0-1 year), juveniles (1-10
years), sub-adults (10-16 years), pregnant adults (1 year; only
in the 2-year reproductive cycle), parturient adults (1 year);
and for males it can be represented as follows: neonates (0-1
year), juveniles (1-10 years), sub-adults (10-14 years) and adults
(14 years and older) (Fig. 1 and Table 1).

2. Model Development

A stage-structured matrix population model (Caswell, 2001)
was adopted to examine the demography of the silky shark in the
Indian Ocean. The basic formulation for a typical demographic
model is:

Ny =A4N,, M

where N, is the vector of numbers of sharks in each stage at time

t and 4 is the life history projection matrix composed of survival
and fecundity for adult stage (Caswell, 2001; Simpfendorfer,
2005). This model did not consider the density-dependent com-
pensatory effects for the population, as the mechanisms for sharks
are largely theoretical at present (Walker, 1998), and conse-

quently beyond the scope of this study. Since litter size for the
silky shark does not increase with the body size of the breed (Hall
et al., 2012), a knife-edge maturity was assumed in this model.
The two-sex stage-structured model with a 1-yr reproductive
cycle can be described as:

0 0 0 f™ 0 0 GExfm]

PG, B 0 0 0 0 0

0 G P™ 0 0 0 0

0 o G™ P™ 0 0 0 > @
1-p)G, 0 0 0 P™ 0 0

0 0 0 0 G o pe 0
0 o o0 o0 o G P

and the model with 2-yr reproductive cycle is:

00 0 0 0 0 G/

oG, B 0 0 0 0 0 0

0 G p™ 0 0 0 0 0

0 0o G p™ 0o 0 0 0 ’ 3
(1-p)G, 0 0 0o P™ 0 0 0

0 o0 0 o0 G P™ 0 0

0 0 0 0 0 G™ o G
| 0 0 0 0 0 0o G 0o |

The parameters of matrix A are specified for males and fe-
males, denoted by subscripts mal and fem, respectively. Here,
p is the sex ratio at birth (the ratio of male live births divided
by total live births, set to 0.5 to achieve an equal sex ratio for
embryos; Hall et al., 2012) and f; is stage-specific per-capita
fecundity. The impact of sex-ratio on mating success was mo-
deled using the modified harmonic mean birth function of Caswell
(2001):

mal knf,t
() =—""—, 4)
nﬂt + nm‘t
fim = )
stage,t 5
it m,t

where stage = 8 and 7 for 2-yr and 1-yr reproductive cycles
respectively, & is the litter size, and n,,, and n, are the densities
of reproductive males and females, respectively. In the absence
of information about mating systems for silky sharks, Eqs. 4 and
5 assume monogamy and an equal litter size for both sexes, re-
gardless of size or stage category.

For each sex, G, is the product of the probability of an in-
dividual in stage i surviving (o, ) and the probability of its

shifting to another stage (7,,), .., G, =0, %7, ,and P is
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the probability of an individual surviving and remaining in its
current stage: P, =0, x(1-y,,) (Brewster-Geisz and Miller,

2000; Frisk et al., 2002). The o, for a single stage is o, =

e M) where F: is the fishing mortality rate for stage i,

which is set to the average over age of age-specific fishing
mortality (F, ) and M, is the natural mortality at stage i set

to the average over age of age-specific natural mortality. Values
for the y,, are calculated by:

_ (O-i,s /ﬂ“'nit )TH - (O-i,s ///l’mit)ru_]

1

(Gi,x /ﬂ/mit )T’V _1

T Ts-1
— (O-i,s ) - (O-i,.v )

(o))" —1

is

(6)

where A

init

is an initial population growth rate (set to 1). 7,

is the stage duration of each sex and stage. An iterative approach
is needed to estimate the matrix parameters using Eq. 6. Further
details can be found in Caswell (2001). The population growth

rate (1) can be estimated by solving the equation: |A -l | =0
where [ is the identity matrix (Caswell, 2001).

3. Mortality Estimation

The natural mortality rates for shark species are often diffi-
cult to obtain and are the main source of uncertainty in stock as-
sessment. To counter this problem, the probabilities of annual
survivorship (S) were determined based on five indirect methods
of estimating natural mortality (M), where S = e™. These ap-
proaches are derived from the relationships between natural
mortality and various biological parameters, including growth
coefficient, age at maturity (@) and longevity (am.x) (Pauly,
1980; Hoenig, 1983; Jensen, 1996; Campana et al., 2001):

In(M) = —-0.0066—0.2791In(L, )
Pauly (1980):
+0.6543In(K ) +0.463In(T);

Hoenig (1983): In(M) =0.941-0.8731n(a,,,, ) ;

Jensen (1996): M =1.65/a

mat

Jensen (1996): M =1.6k ;
Campana et al. (2001): M =-1n0.01/a,,,

in which L., and k are growth parameters (Hall et al., 2012) and
T is mean annual water temperature (set as 25°C in this study).

4. Uncertainty Used in Demographic Model

The life history parameters of the silky shark were obtained
from previous studies (Table 1). However, limited data mean

that estimates of these parameters for many shark species can
be difficult and are subject to high uncertainty (Caswell et al.,
1998). It is necessary to take this into account in any demo-
graphic analysis (Cortés, 2002). Uncertainty in vital rates esti-
mates was considered in the model to reflect possible variations
in reported life history parameters by varying specific life history
parameters (Cortés, 2002). The present study incorporated
four key parameter uncertainties into the simulations, namely
natural mortality, age-at-maturity, fecundity, and longevity. Life
history parameters were sampled from assumed distributions
(Table 2).

Probability distributions were created for each parameter
based on previous biological studies (Hall et al., 2012). For
each scenario, the mean and standard deviation (sd) obtained
for five M across methods for each sex and stage were used to
define a lognormal distribution. A lognormal error structure for
M ensures that the resulting survival estimates range between
0 and 1. Ages-at-maturity of 13-14yr for males and 14-16yr
for females were used as the bounds of a discrete uniform pro-
bability mass function. Stochasticity in fecundity was assumed
to be lognormal with a mean of 7.2 and standard deviation of 2.4.
The maximum observed age for the silky shark (Op.y) is 25,
while a theoretical estimate of longevity suggests 35 (Joung
et al., 2008; Ortiz et al., 2018). The empirical and theoretical
values were used as the bounds of a discrete uniform distribu-
tion for longevity. Monte Carlo simulations were then employed
to assess the possible uncertainties and to produce confidence
intervals for output values such as population growth rate.

5. Modelling Performance Management Measures

Since detailed historical catch and effort data for the Indian
Ocean silky shark are not available, it is difficult to estimate
current fishing levels. Therefore, a range of fishing exploitation
scenarios were assessed by setting different fishing mortality
levels. As the population segregates between juveniles and
adults (Oshitani et al., 2003), it should be relatively easy to
implement size limits for the silky shark. In total, 14 harvest
strategies were conducted to examine the status trajectories and
explore the implications of alternative harvest strategies. These
strategies were assessed for each of the one- and two-year re-
productive cycle models, as follows:

(1) Natural conditions (Scenario 1): fishing mortality for all
ages is set to 0 (Cases 1 and 8).

(2) 80% of the current fishing mortality (Scenario 2): fishing
mortality is equal to 80% of natural mortality level by stage
(MacCall, 2009) (Cases 2 and 9).

(3) 60% of the current fishing mortality (Scenario 3): fishing
mortality is equal to 60% of natural mortality level by stage
(Cases 3 and 10).

(4) 40% of the current fishing mortality (Scenario 4): fishing
mortality is equal to 40% of natural mortality level by stage
(Cases 4 and 11).

(5) 20% of the current fishing mortality (Scenario 5): fishing
mortality is equal to 20% of natural mortality level by stage
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Table 2. Uncertainty values used in the stochastic simulations.

Source of uncertainty Male Female Assumed distribution
Natural mortality In (mean, sd)* In (mean, sd)* Lognormal
Age at maturity 13-14 yr 14-16 yr Uniform
Fecundity In (7.2,2.4%) In (7.2, 2.4%) Lognormal
Longevity 25-35yr 25-35yr Uniform

*The mean and standard deviation (sd) obtained for M across five methods for each sex and stage were used to define a lognormal distribution.

Table 3. Natural mortality estimates for the Indian Ocean silky shark using five different methods.

Method Relies on Parameters Male M (yr'") Female M (yr'")
Jensen (1996) k 0.106 0.103
Jensen (1996) imat 0.118-0.127 0.103-0.118
Pauly (1980) L,,T, k* 0.152 0.152
Hoenig (1983) imax 0.115-0.154 0.115-0.154

Campana et al. (2001) inax 0.132-0.184 0.132-0.184

*L, and k are growth parameters (Hall et al., 2012) and T is temperature (set as 25 in this study) in °C.

Table 4. Demographic estimates for different scenarios based on a 1-yr reproductive cycle.

1 year reproductive cycle

Case Model A Lower CL Upper CL r Lower CL Upper CL
Scenario 1 Two-sex 1.079 1.018 1.146 0.075 0.018 0.136
Case 1 (F=0) Single-sex 1.073 1.005 1.144 0.070 0.005 0.134
Scenario 2 Two-sex 0.934 0.873 0.995 -0.068 -0.136 -0.005
Case 2 (F=0.8M) Single-sex 0.926 0.847 0.999 -0.077 -0.166 -0.001
Scenario 3 Two-sex 0.967 0.907 1.027 -0.034 -0.097 0.027
Case 3 (F=0.6M) Single-sex 0.960 0.883 1.029 -0.042 -0.125 0.029
Scenario 4 Two-sex 1.003 0.943 1.065 0.003 -0.058 0.063
Case 4 (F = 0.4M) Single-sex 0.996 0.923 1.068 -0.005 -0.080 0.065
Scenario 5 Two-sex 1.039 0.979 1.102 0.038 -0.021 0.098
Case 5 (F=0.2M) Single-sex 1.033 0.962 1.101 0.032 -0.038 0.096
Scenario 6 Two-sex 1.033 0.972 1.097 0.032 -0.028 0.092
Case 6 (Fimmature = 0) Single-sex 1.026 0.955 1.095 0.025 -0.046 0.091
Scenario 7 Two-sex 0.982 0.926 1.038 -0.019 -0.077 0.038
Case 7 (Fiawre = 0) Single-sex 0.977 0.909 1.042 -0.024 -0.095 0.041

(Cases 5 and 12).

(6) Protection of immature sharks (Scenario 6): the same as
scenario 2, except that fishing mortality for neonates (age
0-1) and juveniles (immature sharks, below the threshold
age of knife-edge maturity) is set to 0. (Cases 6 and 13).

(7) Protection of mature sharks (Scenario 7): the same as sce-
nario 2, except that fishing mortality for adults (above the
threshold age of knife-edge maturity) is set to 0. (Cases 7
and 14).

For each scenario, 10,000 replicates of population growth rate
were estimated by incorporating parameter uncertainty in Monte
Carlo simulation. The median and the inter-quartile range were
then used to quantify the central tendency and variation for the

distributions. All demographic and simulation analyses were
conducted using CSIRO program—PopTools (Hood, 2004).

III. RESULTS

1. Natural Mortality Estimates

The range of natural mortality (M), produced by the five in-
direct methods, was 0.103-0.184 yr™' for females, and 0.106-
0.184 yr'' for males. The lowest estimates of M (0.103 yr' for
females and 0.106 yr™' for males) were obtained using the tech-
nique of Jensen (1996), which relies on the von Bertalanffy
growth parameters. The highest estimates of M (0.184 yr™' for
both males and females) were obtained using the method of
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Table 5. Demographic estimates for different scenarios based on a 2-yr reproductive cycle.

2 year reproductive cycle

Case Model A Lower CL Upper CL r Lower CL Upper CL
Scenario 1 Two-sex 1.030 0.979 1.084 0.030 -0.021 0.080
Case 8 (F = 0) Single-sex 1.020 0.956 1.078 0.019 -0.045 0.075
Scenario 2 Two-sex 0.905 0.848 0.958 -0.100 -0.164 -0.043
Case 9 (F = 0.8M) Single-sex 0.891 0.809 0.960 -0.117 -0.212 -0.041
Scenario 3 Two-sex 0.934 0.879 0.988 -0.068 -0.129 -0.012
Case 10 (F = 0.6M) Single-sex 0.921 0.844 0.987 -0.083 -0.169 -0.013
Scenario 4 Two-sex 0.965 0.911 1.019 -0.036 -0.093 0.019
Case 11 (F = 0.4M) Single-sex 0.953 0.880 1.016 -0.049 -0.128 0.016
Scenario 5 Two-sex 0.997 0.944 1.051 -0.003 -0.057 0.050
Case 12 (F = 0.2M) Single-sex 0.986 0.917 1.046 -0.015 -0.086 0.045
Scenario 6 Two-sex 0.991 0.937 1.047 -0.010 -0.065 0.046
Case 13 (Finmaure =0)  Single-sex 0.975 0.907 1.039 -0.026 -0.098 0.038
Scenario 7 Two-sex 0.951 0.899 1.000 -0.051 -0.106 0.0001
Case 14 (Fpature = 0) Single-sex 0.944 0.876 1.004 -0.058 -0.133 0.004

1-yr reproductive cycle

1.15

1.10

1.00

Population growth rate
1.05
1

o | —_

T T T T T T
Case2 Case3 Case4 CaseS Case6 Case7
Scenario

T
Case 1

Fig. 2. Box plot for different cases of a 1yr reproductive cycle. The red
dotted line shows a stable population growth rate.

Campana et al. (2001), based on same age at longevity (Table 3).

2. Demographic Single-Sex and Two-Sex Models

Uncertainty estimates and the mean projected population
growth rates obtained from the 14 harvest scenarios are shown
in Tables 4-5. The estimates (A4) were higher for a 1-year re-
productive cycle than for a 2-year reproductive cycle. Estimates
of A without fishing mortality for the total population (two-
sex model) were 1.079 yr' and 1.030 yr”' for 1-yr and 2-yr
reproductive cycles, respectively. For the single-sex (female
only) model, the respective values for A were 1.073 and 1.020
yr'. However, when fishing mortality was introduced (Scenar
ios 2-5), all 2-year reproductive cycle models produced values
of A less than 1 (e.g., 0.905 yr' in two-sex model (single-sex =
0.891 yr'"), 0.934 yr' (single-sex = 0.921 yr'"), 0.965 yr

2-yr reproductive cycle

Population growth rate

T T T T T T T
Case 8 Case9 Case 10 Case 11 Case 12 Case 13 Case 14
Scenario

Fig. 3. Box plot for different cases of a 2yr reproductive cycle. The red
dotted line shows a stable population growth rate.

(single-sex = 0.953 yr') and 0.997 yr' (single-sex = 0.986 yr)
for cases 9-12, respectively) (Tables 4-5). The results showed
that the single-sex model underestimated the population growth
rate compared to the two-sex models.

3. Management Measures

Figs. 2 and 3 show the box plots for A for scenarios 1-7. The
wide variation in A reflects parameter uncertainty. In general,
management measures based on the one-year reproductive cycle
model grossly overestimate the population growth rate. Scenarios
of 20% and 40% of the current fishing pressure (Scenarios 4-5)
resulted in a higher population growth rate for one-year repro-
ductive cycle models, but not for 2-year reproductive cycle
models (Cases 11-12) (Figs. 2 and 3). The one-year reproduc-
tive cycle model predicted an increasing population when imma-
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Table 6. Comparison of silky shark population growth rates (without fishing mortality) from different studies.

Study Methods Age-at-maturity longevity Reproductive cycle A
Stochastic
. 1
7-9 14-18 1 1.108 (1.075-1.139
Cortés, (2002) age-based model ( )
Beerkircher et al. (2003)? Stochastic 11-13 2 1 1.049 (1.027-1.074)
age-based model
Deterministic
2006)’ 8 2 1 1.145
Chen and Yuan ( ) age-based model 7
. 4 Stochastic
Cortés (2008) 7-9 22-29 1 1.076 (1.057-1.091)
age-based model
Stochastic 1 1.066
rtiz et al. (2018)° 15 35
Ortiz et al. ( ) age-based model 2 1.026
- i 1 1.079 (1.018-1.146
This study’ Two-sex stochastic 14-16 25-35 ( )
stage-based model 2 1.030 (0.979-1.084)

'Data from Northwestern Gulf of Mexico
Data from Global sea

3Data from Southeast USA

“Data from Southern Gulf of Mexico
>Data from Indian Ocean

ture stages are protected (Case 6). However, the remaining ana-
lyses indicated that the stock would almost certainly decrease
under those management measures (Cases 7, 13 and 14). There
remains a high probability (> 0.5) that the population growth
rate will be less than the threshold level of A =1, even if adults
are protected (Figs. 2 and 3, Cases 7 and 14). Accordingly, con-
servation managers should carefully consider the possible sexual
dimorphism of this species in order to determine whether more
accurate estimates of decline risk may be obtained from a two-sex
matrix model than from conventional single-sex models.

IV. DISCUSSION

1. Demographic Models

Demographic matrix population models, such as age-structured
(Leslie Matrix) and stage-structured models, are commonly used
in the assessment of shark populations. These approaches pro-
vide similar results if the same life history parameters are used
(Mollet and Cailliet, 2002). In some situations, the life history
of a shark species can be represented by several discrete stages
(e.g., for the sandbar shark-neonate, juvenile, sub-adult, preg-
nant adults and resting adults) (Cortés, 1998; Mollet and Cailliet,
2002). In this case, the stage-based model can be useful where
there is only limited age information, or where the life history
exhibits complex reproductive physiologies (e.g., resting stages,
extended gestation periods) (Tsai et al., 2014, 2015). It seems
appropriate to apply a stage-based model to the silky shark, given
that the population segregates between sexes, as well as between
juveniles and adults (Clarke et al., 2011). Most demographic
models are single sex, and assume both sexes have identical vital
rates, or that the dynamics of the population are determined by
females only (Caswell, 2001; Tsai et al., 2010). However, there
are many species that display sexual dimorphism in vital rates,

such as sailfish and shortfin mako shark, and these consequently
require a two-sex model (Caswell, 2001; Tsai et al., 2014, 2015).
Although there is no significant difference in growth between
sexes for the silky shark (Hall et al., 2012), other life history
parameters, such as age-at maturity and mortality, may differ
between sexes (Tables 2 and 3). In addition, the silky shark ex-
hibits sexual segregation, as well as segregation among the
juvenile stages (Clarke et al., 2011). These attributes suggest that
a two-sex, rather than a single sex assessment, should be used to
evaluate the stock status. Since life history parameters differ by
sex, a two-sex stage-structured matrix population model was
appropriate in this study.

2. Life History Information and Uncertainty

A comparison of the results obtained by the current study
with those from previous demographic analyses (Cortés, 2002,
2008; Beerkircher et al., 2003; Chen and Yuan, 2006) high-
lights the considerable life history variation in different oceans.
Our estimates of population growth rate are generally lower
than those reported in other oceans (Table 6). This discrepancy
may be the result of a relatively late maturity (the most likely
value = 15 yr) and much greater longevity (25-35 yr) in the
Indian Ocean (Table 6). It has long been recognized that age at
maturity and longevity are correlated negatively with population
growth rate in sharks (Cortés, 2002; Mollet and Cailliet, 2002;
Tsai et al., 2010). Another possible explanation is that different
studies have adopted different models (e.g., single sex vs. two
sex). It has been noted that although dependable demographic
estimates do exist for other oceans (Cortés, 2002, 2008; Beerkircher
et al., 2003), due to differences in geography, the life history
parameters (e.g., natural mortality, rate of population increase)
of the Indian Ocean silky shark cannot be assumed to be the
same as those in other oceans.
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Several uncertainties could not be considered in this study.
One possible source of bias in our demographic model is that
the information on the biological and life history traits of the
Indian Ocean silky shark are poorly understood compared with
those in other oceans. Very limited literature is available and
therefore our analysis had to rely on a single study by Hall et al.
(2012). To improve demographic analysis and enable a more
comprehensive stock assessment, additional studies of the bio-
logy of silky sharks are necessary. More accurate growth curves
are particularly necessary, as this uncertainty significantly af-
fects population growth rates (Tsai et al., 2014). Another pos-
sible shortcoming of this study is the use of indirect estimates
of natural mortality based on life history parameters. For most
fish stocks, direct estimates of natural mortality (e.g., from tag-
ging data) are rarely available. In such data-poor situations, it
is especially important to take into account the possible uncer-
tainty of life history parameters. With no direct methods avail-
able for the silky shark, this study adopted five indirect methods.
However, the true variation in natural mortality may in fact be
much higher than this study has assumed. Since the estimation
of M is essential in stock assessment, a more robust estimator
of natural mortality is needed, and this will require greater ef-
forts in the future, such as tagging research.

3. Management Implementation for the Silky Shark

Apart from the unique challenges of assessing a by-catch
species, the Indian Ocean silky shark is particularly difficult to
examine owing to a lack of landings data, the absence of po-
pulation size estimates, and limited information on its life his-
tory. No quantitative stock assessment or fishery indicator of
status is currently available. However, this species is commonly
taken by a range of fisheries in the Indian Ocean, and there is
some indication that the population has declined (overfishing
but not overfished) over recent decades (Ortiz et al., 2018). Al-
though the studies referred to above provide a general attempt
at stock status assessment (Table 6), they are very much prelimi-
nary, in particular because they ignore sexual dimorphism. This
phenomenon has different and significant implications for fishery
selectivity and hence fishing mortality. In other words, if meas-
ures are based on a single sex model alone, the population may
not be optimally managed.

This study constructed a population assessment method spe-
cifically to account for sexual dimorphism. As expected, the po-
pulation growth rate differed between the sexes under fished
and unfished conditions (Tables 4 and 5). Our findings indicate
that sex-specific management decisions should be enacted to
ensure the sustainable utilization of the silky shark. This is be-
cause interaction of the sexes has been shown to have impor-
tant implications in management and conservation (Tsai et al.,
2014, 2015). In addition, we examined various fishery manage-
ment strategies (e.g., setting the fishing mortality rate equal to
80% of natural mortality rate). This assumption is currently
taken as a reference point for sustainable fishing and induces
the maximum possible compensatory productivity response in
the population (MacCall, 2009). However, our demographic

models suggest that even under moderate levels of fishing
mortality (Tables 4 and 5), the silky shark population may be
on the edge of collapse. Further, the size limit scenarios laid out
in this study (Cases 6-7 and 13-14, Tables 4 and 5) show that
protection of immature sharks will produce a higher population
growth rate than protection of adults. This is in line with many
shark demographic studies which have found that population
growth is most sensitive to juvenile survival (Mollet and Cailliet,
2002; Tsai et al., 2010; Smart et al., 2017), The implication is
that protection of immature silky sharks may be the most ef-
ficient conservation measure for this species.

Previous demographic modeling for the Pacific and the Atlantic
Oceans (Cortés, 2002, 2008; Beerkircher et al., 2003) classify
silky sharks as having a moderate capacity to recover from over-
exploitation. However, this study shows that in the Indian Ocean,
even under natural conditions of no fishing, the population will
grow at a rate of just ~8% and ~3% per year, for 1-yr and 2-yr
reproductive cycles respectively. Furthermore, the estimated
A for the silky shark are extremely low compared to the Indian
blue shark (1.284-1.391 yr' and 1.209-1.221 yr™' for 1-yr and
2-yr reproductive cycles respectively, Geng and Zhu, 2017)
and any added anthropogenic source of mortality (Tables 4 and
5) will likely result in its decline. These findings imply that
management measures should be implemented to reduce the fish-
ing pressure on the Indian Ocean silky shark. Given the lack
of adequate data to evaluate stock status, better knowledge of
current fishing levels (e.g., fishing mortality obtained from
Bayesian virtual population analysis if data become available)
is needed to obtain a more robust estimate of the impact of com-
mercial fishing on the silky shark population. Given the increase
in global shark catches and landings, the silky shark popula-
tion in the Indian Ocean needs constant monitoring to ensure
its sustainability. Ultimately, our understanding of the species’
population structure, movement, and productivity will require
improved data for the entire Indian Ocean. Meanwhile, the
approach taken in this study can be used as an assessment tool
for other widely distributed pelagic shark species with insuf-
ficient catch and effort data.
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