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Abstract

Proper management of shark populations is an immediate concern due to their high
vulnerability. In this study, we applied stochastic demographic models for four shark
species (bull shark Carcharhinus leucas, tiger shark Galeocerdo cuvier, blue shark
Prionace glauca and bonnethead Sphyrna tiburo) to test how population growth be-
haved under different exploitation scenarios, such as the exclusion of older sharks
from fisheries. Populations grew at considerably slow rates when unfished, except
for P. glauca. When fisheries targeted all individuals, populations started to decline at
generally very low fishing mortality and harvest rates. Conversely, when adult indi-
viduals were excluded from fisheries, population resiliency increased despite higher
fishing pressures, with no negative growth rates even if harvest levels were doubled.

This study indicates that conservation of these species may benefit from protecting

adult stocks.

KEYWORDS

1 | INTRODUCTION

Sharks are widespread predators in the subclass Elasmobranchii
that perform a diverse array of functions that contribute to ecosys-
tem stability and resilience (Camhi et al., 2009; Chapman, 2017).
Current evidence suggests that sharks generally act as crucial meso-
predators that support strong food web interactions, thereby mak-
ing biological communities more resilient to external perturbations
(Bascompte et al., 2005; Ferretti et al., 2010). In addition, sharks also
participate in nutrient cycling (Williams et al., 2018), and even create
or modify important habitats for fish (Fallows et al., 2013).

Shark species are targeted or accidentally caught by unman-
aged multi-specific, targeted fisheries or as by-catch in fisheries
virtually all over the world. As a result, catches have decreased
substantially and reduced probabilities of capturing larger individ-
uals due to augmented effort in recent years (Barausse et al., 2014;

Chondrichthyes, elasmobranchs, fisheries, management, population ecology

Davidson et al., 2016; Jordaan et al., 2020; Roff et al., 2018). This
situation may be even worse because catches are usually underes-
timated, with evidence pointing that the exploited biomass to sup-
ply the international fin trade is roughly three to four times higher
than that reported in the only global database (Clarke et al., 2006).
In fact, widespread underestimation of shark captures hinders
stock assessments and implementation of management strategies
(Cashion et al., 2019). As a result, many shark populations have de-
cline around the world (Baum & Myers, 2004; Lawson et al., 2020;
Lessa et al., 2016; Santana et al., 2020; Santander-Neto et al., 2021),
with significant increases in extinction risk being estimated (Dulvy
et al., 2014). Currently, ~75% of shark species are threatened to
some level (Pacoureau et al., 2021).

Widespread declines are because most elasmobranchs have life
histories that make them less resilient to fishing mortality than te-
leost fish (Dulvy et al., 2008; Pacoureau et al., 2021). Slow growth
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rates, large asymptotic sizes, low fecundity and late maturations
cause shark populations to grow at remarkably slow rates even when
unexploited (Schindler et al., 2002; Cortés, 2008; Dulvy et al., 2008;
Field et al., 2009; Smart et al., 2017; Grant et al., 2018, 2020; Erhardt
& Weder, 2020). Consequently, even low levels of fishing mortality
can lead to disturbances in population dynamics such as decreased
recruitment strengths and cause declines (Schindler et al., 2002;
Smart et al., 2017; Santana et al., 2020; Tsai et al., 2020). In addi-
tion, there is only scant evidence pointing to compensatory effects
of exploitation on shark population parameters such as increased
fecundities and earlier maturation (Frisk et al., 2005).

Despite the high vulnerability and widespread declines in sharks,
traditional fishery-dependent comprehensive marine shark stock as-
sessments are absent in much of the world, thereby undermining the
potential to implement reliable empirical evidence-based manage-
ment advice (Bradshaw et al., 2018). In the face of this data-poor sit-
uation, demographic modelling has emerged as an alternative tool to
provide and evaluate potential management measures by determin-
ing important quantitative population parameters and identifying
the most vulnerable life stages (Cortés, 1998; Simpfendorfer, 2004;
Cortés et al., 2015). Demographic modelling does not require ex-
tensive catch and effort data, but rather uses basic life-history in-
formation that is easier to obtain and more readily available, such as
growth parameters, fecundities and estimated mortalities to project
population growth rates and other important demographic param-
eters (Bradshaw et al., 2018; Caswell, 2018; Santana et al., 2020;
Smart et al., 2017). In addition, incorporation of the random effects
of environmental stochasticity and variation in life-history traits in
demographic models enables measurement of uncertainty (McAuley
etal.,, 2007; Smart et al., 2017).

Implementation of length-based limits in fisheries is one of the
most common output control alternatives to catch limits (Camhi
et al., 2009; King, 2013), especially in tropical and subtropical fish-
eries, where fishing fleets are usually artisanal to semi-artisanal and
difficult to monitor (King, 2013). Current discussions and analyses
address the feasibility of implementing maximum harvestable age
(MHA) policies as an alternative to sustainably manage shark fish-
eries, where an optimum age-at-last capture is set to maximise yield

while still maintaining stable populations (Grant et al., 2020; Smart

Parameter C. leucas G. cuvier P. glauca

K (year™) 0.089 (0.007)*  0.061(0.002)¢  0.116 (0.006)f
L., (cm) 229.92(80.7)  386.6(48.57)¢  290.6 (6.9)
L, (cm) 65.66 (48.45  67.4(16.2) 39.5(0)f

to 29° 31¢ 25

Asy 10° 11° 68

Litter size 8.7 (2.8)° 26 (14)¢ 35.5 (10.65)¢

etal., 2020, Smart et al., 2017). Despite being counterintuitive, MHA
harvest policies assume that protecting older, larger reproducing
sharks, while harvesting juveniles, may maintain population stabil-
ity by replacing high natural mortality rates commonly experienced
by juveniles with fishing mortality (Prince, 2005; Smart et al., 2017).
MPA harvest policies require species-specific testing because shark
life histories and responses to fishing and management policies are
highly variable (Cortés, 2002; Liu et al., 2015; Grant et al., 2020) .

The objective of this study was to determine whether popu-
lations of four shark species (bull shark Carcharhinus leucas, tiger
shark Galeocerdo cuvier, blue shark Prionace glauca and bonnethead
Sphyrna tiburo) can withstand fishing in a more sustainable manner
if harvest was focused on juvenile age classes only. To achieve this
objective, we simulated how population growth rates of each spe-
cies responded to different management strategies using static, age-
structured and stochastic life tables relying on published life-history
parameters.

2 | MATERIALS AND METHODS

2.1 | Life-history information

Life history parameters were extracted from the literature
(Tables 1 and 2), as the foundation for demographic calculations
in subsequent analysis. The von Bertalanffy growth parameters
were sampled from studies that modelled age and growth using
vertebral analysis only, rather than from indirect methods such as
length frequency analysis (Neer et al., 2005 for C. leucas, Emmons
et al., 2021 for G. cuvier, Andrade et al., 2019 for P. glauca and
Frazier et al., 2014 for S. tiburo). When possible, estimates of age
at 50% maturity (A;,) were also obtained from the same age and
growth study to minimise parameter discrepancies due to spatial
variation, although this was only available for S. tiburo. Similarly,
mean litter sizes were also obtained from other studies, while
standard errors were assumed to be equal to one third of the mean
(Cortés, 2002). Ages at first reproduction were defined as ages at
50% maturity (A,,) added to 1-year gestation periods (Mollet &
Cailliet, 2002; Smart et al., 2017).

TABLE 1 Life-history parameters
(standard errors) for four shark species
(bull shark Carcharhinus leucas, tiger shark
Galeocerdo cuvier, blue shark Prionace
glauca and bonnethead Sphyrna tibro)

S. tiburo

0.18 (0.007)"
103.6* (4.66)"
52.73*(0.57)"
25"

6.7 (0.17)

10 (3.33)'

Note: Life-history parameters include K = instantaneous growth rate; L = asymptotic length;

L, = length-at-age zero; t

= maximum age; A;, = age at first maturity; and litter size = number

of pups. References include Neer et al. (2005); °Cruz-Martinez (2005); °Cliff and Dudley (2010);
dEmmons et al. (2021); *Holmes et al. (2015); ‘Andrade et al. (2019); "Frazier et al. (2014);

Lombardi-Carlson et al. (2003). L, and L, for S. tiburo are in fork length (FL).
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TABLE 2 Equations used to estimate natural mortality from life-
history parameters for four shark species (bull shark Carcharhinus
leucas, tiger shark Galeocerdo cuvier, blue shark Prionace glauca and
bonnethead Sphyrna tiburo)

Reference Equation

Dureuil et al. (2021) M = e(1.583-1.087In[t,,])
Dureuil et al. (2021)

Frisk et al. (2001)

M= —1In[0.0178] / tyya

M = (042In[K]-083)

. _ 1
Frisk et al. (2001) M= T
Hisano et al. (2011) M= L6

ASO

Note: Life-history parameters include t_, = maximum age;
K = instantaneous growth rate, A;, = age at first maturity.

2.2 | Mortality and survival rates

Natural mortality (M) was estimated using regression equations spe-
cifically developed for elasmobranchs from life-history parameters
such as maximum age, age at maturity and growth rate and natural
mortality (Frisk et al., 2001; Dureuil et al., 2021). Normal distribu-
tions for all estimators were based on means and standard devia-
tions of relevant life-history parameters to incorporate uncertainty
into further analysis (Quintero et al., 2017). For validation, resulting
population growth distributions for each natural mortality estimator
were verified to fall within reasonable ranges in prior testing accord-
ing to the criteria from Grant et al. (2020). Following this criterion,
no M estimator was excluded for any species from further analysis.

The maximum age (t__ ), included in some of the estimators, was

max
estimated by the inverse of the von Bertalanffy growth equation
with the assumption that 1% of the population survived to attain the

asymptotic length (Dureuil et al., 2021).

2.3 | Demographic analysis

A static demographic analysis was executed with a single-sex, post-
breeding census using stochastic age-structured life tables (R code
available as Supporting Information S1). This method utilises age-
specific survivorship and fertility-at-age to estimate parameters
that describe population dynamics such as growth rates per year
and generation time (Caswell, 2018; Rockwood, 2015), based on the

Euler-Lotka equation:

where t__ is the maximum attainable age, | is the probability of a
shark being alive at the “beginning” of the age class x, m_is the age-
specific fecundity or the annual number of female pups produced
by females at age x (obtained by multiplying average litter size by I,
[Smart et al., 2017; Caswell, 2018]), and r is the intrinsic population

o 923
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growth rate. The parameter |, was calculated with the following

equation:

I, =e™

where M is the natural mortality rate (yr™) estimated by regression
from life-history parameters described above.

The net reproductive rate (R,) represents the potential increase
in the population per generation or the average female offspring
bred by each female in a generation, while the generation time (G) is
defined as the average amount of time that passes between the re-
productive onset of two consecutive generations (Rockwood, 2015):

Ro = Z lym, (1)
(X xym,)
G= T (2)

The finite rate of population increase (1) was then calculated as the
following (Rockwood, 2015):

2.4 | Simulations and stochasticity

Uncertainty of life-history parameters is related to the inherent sto-
chasticity of dynamic ecological systems (Haddon, 2011). Therefore,
demographic analysis that aims to project important population
features must incorporate variability in life-history traits utilised as
inputs (Cortés, 2002; Simpfendorfer, 2004; McAuley et al., 2007
Smart et al., 2017; Caswell, 2018). For that, the “stochastic.LT” func-
tion was used (R code available in the Supporting Information S1)
to execute Monte Carlo simulations with 10.000 iterations with
random, pre-specified variation (mean and standard errors) for each
life-history parameter and a fixed random seed value. For each it-
eration, one life table replicate and subsequent parameters were
outputted and incorporated in normal distributions derived from
random variation of parameter inputs.

Natural mortality was treated in two ways: random equal-
probability selection for each estimator in each Monte Carlo run
(between-estimator selection; Smart et al., 2017; Oliveira et al., 2021),
and from normal distributions built from means and standard devia-
tions of relevant life-history parameters (within-estimator selection).
In addition, other vital rates that were reported as single values only,
such as age at first maturity and consequently age at first reproduc-
tion, were varied using triangular distributions (deviation of 1year)
(Cortés, 2002; Oliveira et al., 2021). Maximum ages (t
and chosen as the highest value after comparing observed values

max) Were fixed
from the literature (Table 1) and estimates from the inverse von
Bertalanffy equation (Dureuil et al., 2021). Furthermore, model out-
puts were described as mean and 95% confidence intervals (defined

as the 25th and 975th percentiles of posterior distributions).
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2.5 | Elasticity analysis

Elasticity analysis was used to assess proportional contributions of
each element in the life table on resulting population growth esti-
mate (i.e. the influence of changes in individual parameters on model
outputs, to identify conservation priorities or parameters to target
for improved estimation; Caswell, 2018). For that, the life table was
transformed into a Leslie Matrix (Wang et al., 2017) by incorporating
fertility-at-age (f,) and probability of surviving to the next age class (p,):
(Ix + Ix+1)

fi fo fs fa K
p, 0O O 0
A 0 p, 0
0 p3 0
0 ps, O
0 0 p

in which 1 is the dominant eigenvalue of A, and f, is fertility-at-age,
which incorporates survival at age 0. Elasticities of matrix elements
(e,) were then calculated using the R package “popbio” (Stubben
et al., 2020):

L 5 log[A]
s log[ay]

where a; is the element in row i and column j of matrix A.

2.6 | Exploitation scenarios

Simulations with survival rates calculated by natural mortality only
(no-fishery hypothetical scenario) were used to estimate expected
demographic parameters in the absence of exploitation. Two exploi-
tation scenarios in which fishing mortality was applied differently to
each age class for all species: (1) all age classes were equally vulner-
able to capture, with fishing mortality F constant across age classes;
and (2) application of a maximum harvestable size (MHS) policy,
where F was only applied to age classes younger than the age limit
(Prince, 2005; Smart et al., 2017). Survival rates I, in the MLS sce-

nario were calculated as follows:

e~ ™+h  age < MHS

e™M, age>MHS

Critical levels of fishing mortality (F for the first scenario were

critical)
determined for all species by iteratively increasing F and recording the

resulting A distributions for each increase in F = 0.01. Then, simple lin-
ear models using F as the explanatory variable and A as the response
variable were fitted for all species to estimate the value of F that cor-
responded to a population growth rate equal to unity (F_;.,)- This is
equivalent to the maximum level of fishing effort that can be applied
without causing a population decline (Smart et al., 2017). In addition,
slopes of the regression lines were reported in order the compare the
rate of response of each population to increases in fishing pressure.
We assumed that differences between slopes indicate different re-
sponses of population growth to fishing mortality.

To evaluate MHS harvest policies, similar procedures were used.
Both F and MHA were systematically increased, for use in a regres-
sion analysis of F_,; ., values in relation to each MHA. To compare
scenarios, relative yield and harvest rates were used instead of fish-
ing mortality, because the same F applied to the entire population
or only a few age classes would correspond to drastically different

harvest rates. Therefore, the U | equation was adapted from

critica
Smart et al. (2017) to account for the harvested proportion of the

population (Pyarvest):

Pharvest(%) = [(1 - e_Fmﬁca‘) X Z SADi<MHA] % 100

[l,e=]

This equation incorporates age-specific stable age distributions (SAD)
to obtain the proportion of the whole population that would be har-
vested at a specific level of fishing mortality when a maximum age pol-
icy was applied through summing the mean stable age values for each
age<MHA. For example, for an MHA of age 3, proportions of the stable
age distribution from age O to age 2 sharks were summed to quantify
the exploited segment of the population. We assumed that the most
suitable harvest strategy maintained the highest harvest without caus-
ing the population to decline (Prince, 2005; Smart et al., 2020, 2017).

3 | RESULTS

Based on the means and standard errors of life-history parameters,
five normally distributed natural mortality estimates were generated
for each species. The species C. leucas and G. cuvier generally had the
lowest M, with smaller M for both being estimated from maximum
age (Dureuil et al., 2021) and the highest estimated from maturity
(Hisano et al., 2011). Similarly, species with the highest M (S. tiburo
and P. glauca) had smaller M estimated from maximum age (Dureuil
etal., 2021; Table 3).

Slower-growing C. leucas and G. cuvier had higher survival than
faster growing, shorter-lived P. glauca and S. tiburo (Figures 1 and
2, Tables S1-54). Generation time for G. cuvier was longest (about
14vyears), whereas P. glauca was the shortest (only 8 years). Conversely,
P. glauca had the highest net reproductive rate (almost 15 average pups
per female), whereas C. leucas was lowest (around 2 pups per female).
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TABLE 3 Natural mortality (M) estimates (+95% confidence intervals) for four shark species (bull shark Carcharhinus leucas, tiger shark
Galeocerdo cuvier, blue shark Prionace glauca and bonnethead Sphyrna tiburo)

Method/study C. leucas

Dureuil et al. (2021)
Dureuil et al. (2021)
Frisk 01 (Frisk et al., 2001)
Frisk 02 (Frisk et al., 2001)
Hisano et al. (2011)

0.141 (0.137-0.158)
0.158 (0.151-0.172)
0.157 (0.149-0.166)
0.159 (0.143-0.181)
0.165 (0.141-0.197)

G. cuvier
0.112(0.106-0.119)
0.126 (0.11-0.141)
0.134 (0.127-0.142)
0.148 (0.12-0.2)
0.15(0.109-0.21) NA

P. glauca S. tiburo

0.146 (0.137-0.158) 0.147 (0.125-0.178)
0.154 (0.147-0.165) 0.161 (0.137-0.190)
0.176 (0.169-0.182) 0.212(0.206-0.218)
0.22(0.191-0.3) 0.207 (0.195-0.221)
(

0.235(0.214-0.26)

H 0,
FIGURE 1 Mean survival curves (+95% Carcharhinus leucas Galeocerdo cuvier
confidence intervals) derived from the 1.009 \ \
stochastic Monte Carlo simulations for \ \
four shark species (bull shark Carcharhinus 0.75 4 \ \
leucas, tiger shark Galeocerdo cuvier, blue \\ \\
shark Prionace glauca and bonnethead 0/50 \ \
Sphyrna tiburo). \\ \\
N\ AN
0.25 A N RS
N
g W W,
. 0.00 4 . —
X
‘:“’ Prionace glauca Sphyrna tiburo
1009
=
@ \ *(’
0.75 A \\
\
0.50 A \\
\
0.25 4 \\
~
— -
0.00 A ——
0 10 20 30 0 10 20 30
Age class
FIGURE 2 Mean stable age Carcharhinus leucas Galeocerdo cuvier
distributions (+95% confidence intervals) 0.4
derived from the stochastic Monte Carlo
simulations for four shark species (bull 0.3
shark Carcharhinus leucas, tiger shark
Galeocerdo cuvier, blue shark Prionace 0.2+
glauca and bonnethead Sphyrna tiburo). g
T 011
&
c
S0.04
B
>
§ Prionace glauca Sphyrna tiburo
%5 0.44
c
s *(’
20.31
(<]
a
0.2
0.1
0.0
0 10 20 30 0 10 20 30
Age class

Population growth rate was fastest for P. glauca (up to 35% per gen-
eration; mean A = 1.35), slowest for C. leucas (2% each year; mean
) = 1.019) and intermediate for G. cuvier and S. tiburo (mean X of 1.08
and 1.098, respectively) (Table 4 and Figure 3). Juvenile survival was

the most influential parameter on A for all species, followed by fecun-
dity and adult survival (Table 5).

When fishing mortality was the same for all ages, popula-
tion growth rates of all four species were remarkably sensible
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TABLE 4 Generation time (G), net reproductive rate (R,) and finite rate of increase (1) derived from Monte Carlo posterior distributions
(mean and 95% confidence intervals) for four shark species (bull shark Carcharhinus leucas, tiger shark Galeocerdo cuvier, blue shark Prionace
glauca and bonnethead Sphyrna tiburo)

Species G R, A

C. leucas 13.337 (11.26-15.56) 1.503 (0.56-3.87) 1.019 (0.96-1.111)
G. cuvier 14.47 (12.95-16.09) 3.54(1.9-6.22) 1.08 (1.04-1.15)
P. glauca 8.43(7.78-8.85) 14.86 (5.4-26.6) 1.35(1.23-1.44)
S. tiburo 9.37(8.84-9.83) 2.77 (0.8-5.82) 1.098 (0.98-1.19)

Finite rate of population growth

Carcharhinus leucas Galeocerdo cuvier Prionace glauca Sphyrna tiburo
3000 4 I I I
| |
5 i i
< 2000 A ' '
5]
E) | |
o '
L I
I 1000 A :
|
01 — ; - : . . : : . - : . . : : -
0.75 1.00 1.25 1.50 1.750.75 1.00 1.25 1.50 1.750.75 1.00 1.25 1.50 1.750.75 1.00 1.25 1.50 1.75
Lambda
Generation time
Carcharhinus leucas Galeocerdo cuvier Prionace glauca Sphyrna tiburo
4000 A -
3000 4
>
[$)
=
$ 2000
o
o
10004
O -
T T T T T T T T
10 15 10 15 10 15 10 15
G
Net reproductive rate
Carcharhinus leucas Galeocerdo cuvier Prionace glauca Sphyrna tiburo
6000 []
>
2 4000 4
[}
=
o
o
LC 2000 4
O L T L T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 O 10 20 30 40 O 10 20 30 40 O 10 20 30 40
RO

FIGURE 3 Distributions of finite rate of population growth (1), generation time (G) and net reproductive rate (R,) derived from Monte
Carlo posterior distributions for four shark species (bull shark Carcharhinus leucas, tiger shark Galeocerdo cuvier, blue shark Prionace glauca
and bonnethead Sphyrna tiburo).

TABLE 5 Elasticity values for Leslie matrix input parameters

(juvenile survival, adult survival and fertility) for four shark species to increases in fishing mortality. Populations of C. leucas, G. cu-
(bull shark Carcharhinus leucas, tiger shark Galeocerdo cuvier, blue vier and S. tiburo started declining at more than 10% per year for
shark Prionace glauca and bonnethead Sphyrna tiburo) F>0.1 year™ (which corresponds to a harvest rate of about 9.52%
Variable C.leucas  G.cuvier P.glauca . tiburo of the whole population), while the population of P. glauca declined
at about 5% for F>0.15 (harvest rate of 13.9%). Critical levels of
Juvenile survival 0.81 0.83 0.59 0.68 Lo . )
fishing mortality (F_;,;..) were 0.027 year ~ (harvest level = 2.6%) for
Adul ival . . .04 1 _ _
dultsurviva 0.06 0.05 0.0 0.15 C. leucas, 0.041year* (4.0%) for G. cuvier, 0.141year ! (13.1%) for
Fertility 0.13 0.12 0.26 0.17

P. glauca and 0.053year™* (5.2%) for S. tiburo (Figure 4). The studied
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FIGURE 4 Linear regressions between

Carcharhinus leucas

Galeocerdo cuvier

fishing mortality (F) and simulated finite

1.6
rates of increase (A) for four shark species
(bull shark Carcharhinus leucas, tiger shark 1.44
Galeocerdo cuvier, blue shark Prionace 154
glauca and bonnethead Sphyrna tiburo).
The dashed red line represents A = 1
(stable population growth rate).
0.8
0.6 1

Prionace glauca

Sphyrna tiburo

0.6 A

0.00

T T
0.12 0.16 0.00 0.04

Fishing mortality (year™)

TABLE 6 Parameters (slopes and intercepts) of linear regression models between fishing mortality (F) as the explanatory variable and the
finite rate of population increase (1) as the response variable, among four shark species (bull shark Carcharhinus leucas, tiger shark Galeocerdo

cuvier, blue shark Prionace glauca and bonnethead Sphyrna tiburo)

C. leucas G. cuvier P. glauca S. tiburo
Coefficient Estimate SE Estimate SE Estimate SE Estimate SE
Intercept (a) 1.091 0.0044 1.122 0.0029 1.488 0.016 1.165 0.007
Slope (b) -1.94 0.07 -2.005 0.048 —2.253 0.17 -1.844 0.127

species appear to respond differently to increases in fishing mortal-
ity (Table 6).

When fishing mortality was limited to ages 0-1, fishing mortality
F could increase up to O.227year‘1 for C. leucas (20.3% of ages 0-1
and 7.5% of the whole population), 0.347 year* for G. cuvier (29.3%
of ages 0-1 and 11.7% of the whole population) and 0.428 year! for
P. glauca (42.8% of ages 0-1 and 22.2% of the whole population). For
S. tiburo, harvest levels could be increased to F = 0.161 year'1 (7.9%
for the whole population) when age 1-2 sharks are fished. Based
on growth parameters used in this study, size limits would be 80cm
for C. leucas, 86cm for G. cuvier, 67 cm for P. glauca and 68cm for
S. tiburo. Increasing the MHA by 1 would allow fishing for larger indi-
viduals while maintaining similar harvest levels (Table 7).

4 | DISCUSSION

Demographic analyses are an important tool for assessing elasmo-
branch and other age-structured population dynamics by allowing
the estimation of productivity and potential consequences of al-
ternative management strategies in the absence of comprehensive
catch data of information-limited species (Cortés, 1998; Chen &
Yuan, 2006; Smart et al., 2017; Oliveira et al., 2021). Our models indi-
cated that the shark species studied herein are particularly vulnerable

to indiscriminate fishing pressure, except for P. glauca. Specifically,
we found that the simulated populations may decline sharply at rela-
tively low levels of unrestricted fishing pressure (more than 10% per
generation at fishing mortalities higher than 0.05 for some species).
Additionally, we provided evidence that restricting harvest of older
age classes may be a useful management strategy for allowing popu-
lations to be more resilient to increased fishing pressure.

Despite using elasmobranch-specific equations to estimate nat-
ural mortality M as recommended by Zhou et al. (2022), estimates of
M we used in this study varied considerably within species. Because
M values were used to estimate survival and fecundity-at-age in life
tables, most of the uncertainty and variation in demographic pa-
rameter estimates arose from M. This was confirmed by elasticity
analysis that showed substantial influence of survival on population
growth rates for all species. Still, our estimates of M were within
published ranges for species, including female bull sharks C. leu-
cas in the Northeastern Gulf of Mexico (0.11-0.17year, Heupel
& Simpfendorfer, 2011); tiger shark G. cuvier in the western North
Atlantic Ocean (0.08-0.22year ™, Driggers et al., 2008); and female
blue shark P. glauca in Japanese seas (0.089-0.35year™®, Semba &
Yokoi, 2014), while no reliable growth parameters to estimate M
were available for bonnethead S. tiburo.

Demographic parameters estimated in this study fell within the
expected ranges for the studied species. For example, simulated
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TABLE 7 Critical levels of fishing mortality (Fcrmca,) for each
maximum harvestable ages 1-5 (MHA), annual fishing mortality
rate (harvested proportion of age classes within the limit) and
harvested proportion of the whole population (P, .....,) for each
age limit for four shark species (bull shark Carcharhinus leucas, tiger
shark Galeocerdo cuvier, blue shark Prionace glauca and bonnethead
Sphyrna tiburo)

Feritical Annual F e

Species MHA (year™) (%) (%)

C. leucas 1 0.227 0.203 0.075*
2 0.152 0.141 0.072
3 0.118 0.111 0.069
4 0.0981 0.093 0.066
5 0.0806 0.077 0.059

G. cuvier 1 0.347 0.293 0.117*
2 0.235 0.209 0.113
3 0.181 0.165 0.106
4 0.147 0.136 0.099
5 0.124 0.116 0.09

P. glauca 1 0.428 0.348 0.222*
2 0.304 0.262 0.204
3 0.24 0.213 0.186
4 0.201 0.183 0.167
5 0.185 0.169 0.16

S. tiburo 1 0.194 0.176 0.068
2 0.161 0.149 0.079*
3 0.123 0.116 0.074
4 0.107 0.102 0.073
5 0.0856 0.083 0.065

Note: For MHA = 2, harvested age classes are <2 or age O+age 1.
Asterisks (*) represent the highest attainable harvested proportion for
each species.

productivity of bull shark C. leucas was similarly low (mean A = 0.998,
Cortés, 2002; compared with mean A of 1.019 for our unfished sce-
nario), with the difference likely due to the use of different age-at-
maturity estimates (18 years, Cortés, 2002; 11 years in our study) that
also resulted in different generation times (21years, Cortés, 2002;
14 years in our study). Similarly, the simulated finite rate of popula-
tion growth of tiger shark G. cuvier was higher (1.24, Cortés, 2002;
1.08 in this study), again likely due to differences in age-at-maturity
and fecundity, whereas generation times were similar. The popula-
tion growth rate we estimated for blue shark P. glauca (around 35%
per generation), one of the most productive shark species, was sim-
ilar to several other studies (Chen & Yuan, 2006; Geng et al., 2021;
Takeuchi et al., 2005).

Correctly selecting and capturing input parameter distributions
is crucial before running demographic models, along with the in-
fluence of geographic variation in life-history traits on local rates
of population growth (Cortés, 2002). For example, there was more
than 30% of variation among estimates of population growth for
scalloped hammerhead S. lewini between the Northwestern Gulf of

Mexico and Western Pacific (Cortés, 2002). Consequently, demo-
graphic models have been proposed as a priori additions to tradi-
tional stock assessments to inform potential regional differences
in population parameters and to set priors for distributions of
population parameters in Bayesian frameworks (Grant et al., 2020;
McAllister et al., 2011).

Our simulations with constant fishing mortality among age
classes suggest that C. leucas, G. cuvier and S. tiburo are particu-
larly vulnerable to fishing pressure, with their populations start-
ing to decline at F of only 0.05year™ . Conversely, the blue shark
P. glauca was more tolerant of higher F, with population decline at
more than triple the level of fishing mortality that caused other
species to decline. Nevertheless, such levels of F correspond to
only 5% (C. leucas, G. cuvier and S. tiburo) and 15% (P. glauca) har-
vest rates of the whole population. In fact, a substantial amount of
studies also demonstrated that sharks with similar life-histories are
also not able to withstand low/moderate fishing. For example, slow-
growing Heterodontus portusjacksoni (K<0.1) in Australia started
declining if F exceeded O.O7year'1 (Powter & Gladstone, 2008) and
slow-growing Carcharhinus limbatus and C. albimarginatus declined
more than 4% per year when F was smaller than 0.1 year’1 (Smart
et al., 2017). Similarly, C. falciformis (K = 0.066-0.15year ) toler-
ated no more than F = 0.08year™® (Grant et al., 2020). Slow-growing
(K<0.1) Elasmobranchs of medium-to-large maximum sizes and late
ages-at-maturity (e.g. C. leucas and G. cuvier) are among the most vul-
nerable species and have the slowest recovery potentials, in some
cases requiring decades to recover from even moderate levels of
exploitation (Frisk et al., 2001; Smith et al., 1998). We also showed
that those species are particularly sensitive to low fishing mortal-
ity (F<0.045year™). Nevertheless, the bonnethead S. tiburo is also
vulnerable to exploitation, although not extremely slow-growing,
because its relatively low fecundity and large body size contributes
to its low resilience.

We found that the application of a MHA to age O and age 1 sharks
enabled harvest levels to be more than doubled without causing and
of the four species to decline. Similarly, restricting harvest only to
juveniles allowed a higher level of effort without causing population
declines for two Carcharhinus spp. (Smart et al., 2017). Furthermore,
harvesting juvenile silky shark C. falciformis may be sustainable at
higher fishing mortality (Grant et al., 2020). The concept of a “gaunt-
let” fishery, where reproductive individuals are excluded from har-
vest, emerged as a tool for harvesting long-lived species, based on
the assumption that adults are protected from harvest so they can
replace harvested juveniles (Prince, 2005). The proposed mecha-
nism that makes such a strategy an effective option for managing
elasmobranch fisheries is due to their particular stock-recruitment
relationship, wherein recruitment strongly depends on breeding
stock size due to their relatively low fecundity and long gestation
times, as opposed to other teleost fishes where recruitment still oc-
curs when adult stock sizes are low (Schindler et al., 2002; Taylor
et al., 2013). Consequently, removal of adults has a large impact
on population growth rates because of increased weak recruit-
ment (Kinney & Simpfendorfer, 2009; Simpfendorfer, 1999), along
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with the fact that juvenile sharks can usually withstand more fish-
ing pressure because of higher natural mortality and abundance
(Kinney & Simpfendorfer, 2009), as we found for the MHA harvest
scenarios (this study). Also, despite the general influence of juvenile
survival on population growth rate, this parameter has much less
proportional influence when based on neonates or YOY (Gallucci
et al., 2011). In conclusion, management measures based on “gaunt-
let” fisheries should set narrow size limits for harvest because of the
effect of variability in length-at-age on the target age limit (Smart
et al., 2017). Others have also concluded that capturing neonates
only may be a feasible option as an output control (Cortés, 1999;
Simpfendorfer, 1999).

Because many shark species have bipartite life cycles and ex-
hibit habit shifts between early and late life stages, concentrating
effort in major nursery areas can be used to limit capture of adults
(Kinney & Simpfendorfer 2009). However, such nurseries often con-
tribute proportionately more to recruitment for a population (Beck
etal., 2001; Lefcheck et al., 2019). Therefore, potential management
measures must focus on a priori determination of the relative re-
cruitment value of different target nurseries for a stock (Kinney &
Simpfendorfer, 2009) by using elasmobranch-focused nursery con-
cepts (Heupel et al., 2007; Heupel & Simpfendorfer, 2011) to avoid
overharvesting crucial nurseries. Alternatively, adopting particularly
size-selective fishing gear, such as gillnets (Carlson and Cortés, 2003;
Hamley, 2011), can be an option when juveniles and adults occupy
the same area, such as coastal shark species (Carlson et al., 2008;
Heupel et al., 2019). In theory, size-selective gear will capture pro-
portionately more small individuals in small mesh sizes that saturate
with juveniles faster (Simpfendorfer, 1999).

Another advantage of restricting harvest to juvenile sharks re-
lates to human health concerns, because high-trophic level, long-
lived predators, like sharks, are high in mercury and other heavy
metals (Rumbold et al., 2014; Rodriguez-Gutiérrez et al., 2020;
Amezcua et al., 2022). Such harmful substances often exceed safe
concentrations for human consumption, particularly for larger
individuals of long-lived species (Amezcua et al., 2022; Garcia
Barcia et al., 2020; Maurice et al.,, 2021; Rodriguez-Gutiérrez
et al., 2020). By contrast, smaller sharks are more likely to have
lower concentrations of heavy metals than their larger counter-
parts (Pethybridge et al., 2010; Rodriguez-Gutiérrez et al., 2020;
Lara et al., 2022).

5 | CONCLUSION

We provided novel estimates of demographic parameters, along with
intrinsic uncertainty, for C. leucas, G. cuvier, P. glauca and S. tiburo,
by using an updated framework to run stochastic life table-based
models and project the effects of increased fishing pressure under
different harvest strategies for shark species. We demonstrated that
four shark species were vulnerable to low-moderate levels of fishing
mortality when no output control was in place. Conversely, simu-
lations indicated that harvest could be increased in a sustainable

P— 929
Fisheries M t
e - W11 Ey-LZ

manner if maximum size limits were implemented, thereby contrib-

uting to growing evidence that such a management strategy can be
effectively applied to sharks.

Because shark fisheries must be based on the precautionary
principle to avoid worsening an already deteriorating situation
(Barker, 2005; Momigliano et al., 2014; Shiffman et al., 2016), we
recommend considering an age limit on harvest of neonates or age
1 sharks of C. leucas, G. cuvier, P. glauca and S. tiburo, because at
least three of the four species studied here should not be exploited
in the absence of conservation or mitigation measures (Shiffman
etal., 2016). In addition, rather than increasing harvest of these spe-
cies under a MHA strategy, we urge the protection of adult stocks
of all four species and the adoption of an MHA strategy to increase

resilience of harvested populations.
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