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A B S T R A C T   

While data on fisheries, in general, may be limited, demographic models provide a valuable tool for gaining 
insights into population dynamics when a more comprehensive understanding is not feasible. Demographic 
models may be used in the study of population dynamics because they only require life history parameters. We 
performed a quantitative population projection on the basis of expert knowledge, estimated mortality, and 
published information on the life history of two hammerhead shark species, smooth hammerhead (Sphyrna 
zygaena) and scalloped hammerhead (Sphyrna lewini), and we conducted an elasticity analysis determine the 
sensitivity of each life stage to the population growth rate. This study highlights the overexploitation challenges 
faced by these two ecologically important and vulnerable species and emphasizes the need to reduce fishing 
mortality is crucial to achieving population growth. To increase the accuracy of demographic estimates for these 
species, it is necessary to conduct further investigations into their natural mortality and reproductive traits. The 
approach used in this study can be applied to other shark species across a diverse range of taxa with limited data 
on catch and effort. Moreover, this method is easy to use and interpret and can be used to predict future pop-
ulation size for data-limited species.   

1. Introduction 

The Chondrichthyes (sharks, rays, and chimeras) are assessed as a 
high-risk group due to their biology and exploitation. According to 
Dulvy et al. (2021), approximately 37.5% of chondrichthyans are esti-
mated to be threatened. Furthermore, Sherman et al. (2023) found that 
out of the 134 coral-reef-associated shark and ray species, around two- 
thirds (59%) are threatened with extinction. With the increasing 
depletion of oceanic shark species worldwide, shark conservation and 
management have become increasingly crucial (Gross, 2023; Pacoureau 
et al., 2023; Sherman et al., 2023). Numerous shark species have been 
categorized as endangered or vulnerable in the International Union for 
Conservation of Nature (IUCN) Red List of Threatened Species. More-
over, sharks, as a subclass of elasmobranchii, are the most vulnerable 
class of marine vertebrates (Cardeñosa et al., 2022; Dulvy et al., 2021; 
Talwar et al., 2022). The majority of sharks are vital apex predators that 
help maintain the balance in marine ecosystems, and they serve as an 

indicator of ocean health (Booth and Gupta, 2023; de Azevedo Menna 
et al., 2022). Consequently, maintaining these roles requires the con-
servation of these apex predators. 

Smooth hammerhead sharks (Sphyrna zygaena) and scalloped 
hammerhead sharks (Sphyrna lewini) are globally distributed in coastal, 
pelagic, and semi-oceanic waters throughout the world, particularly in 
tropical and warm-temperate (Casper et al., 2005; Compagno, 1984; 
Compagno et al., 2005; Daly-Engel et al., 2012). One of the major threats 
to hammerhead sharks is overharvesting (Baum and Blanchard, 2010; 
Clarke et al., 2006; Hayes et al., 2009; Reid et al., 2011). As a relatively 
late-maturing pelagic sharks grow slowly, reproduce late in life, and are 
slow to recover from population decline (Camhi, 1998; Stevens et al., 
2000). These species are commercially fished in oceanic waters off of 
Taiwan, specifically in the western North Pacific, with fishing ports 
located in the northeastern (Nanfngao fishing port) and southeastern 
(Hsinkang fishing port) regions (Liu et al., 2022), by Taiwanese and 
other vessels. At a global level, overexploitation, higher sensitivity to 
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capture, and habitat loss have resulted in population declines (Drymon 
and Wells, 2017; Gallagher et al., 2014; Gulak et al., 2015). As a result, 
S. zygaena is categorized as “Vulnerable,” and S. lewini as “Critically 
Endangered” in the IUCN Red List of Threatened Species (Rigby et al., 
2019), and both species are listed in the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES, 2013) in 
the Northwest Pacific. Additionally, the difficulties in identifying species 
have led to the grouping of large hammerheads (Sphyrna spp.) together 
in fisheries logbook records, leading to inaccuracies in species-specific 
catch records (Camhi et al., 2009). Data on the biological characteris-
tics and conservation of smooth and scalloped hammerhead shark 
populations are limited (Gallagher and Klimley, 2018). Some studies 
have indicated a decline in the populations of these species in the 
northwest Pacific Ocean due to overexploitation (Liu and Chen, 1999; 
Tsai et al., 2018). However, studies are needed to further investigate the 
current population status of these species and determine whether con-
servation measures are necessary. 

A comprehensive understanding of population dynamics, recruit-
ment, growth, and mortality is essential for effective fishery manage-
ment and improving stock evaluation (Maunder et al., 2023; 
Mildenberger et al., 2022). Obtaining sustainable yields of fish stock 
requires knowledge of fishing pressure and stock biomass levels relative 
to biological reference levels, which is crucial for formulating manage-
ment strategies (Ludwig et al., 1993). Traditional methods such as sta-
tistical catch-at-age models, surplus production models, and several 
management measures have been increasingly applied in fishery man-
agement and sustainability (Goethel et al., 2022; Liu et al., 2016; Methot 
Jr and Wetzel, 2013; Punt, 2023); however, the applicability of these 
methods depends on the amount, quality, and type of available data 
(Carruthers et al., 2014; Dowling et al., 2019; Omori et al., 2016). 
Moreover, qualitative methods such as demographic projection models 
enable quantitative assessments of resiliency, extinction risk, and asso-
ciated uncertainties, especially when data on the species’ life history and 
ecology are limited (Tucker et al., 2021). Quantitative projections, 
which are based on basic biological data such as the survival rate, age at 
maturity, litter size, and longevity, have been increasingly employed in 
single-species demographic models, including those for sharks in the 
Northwest Pacific (Chang and Liu, 2018; Liu and Chen, 1999; Tsai et al., 
2020; Tsai et al., 2010; Tsai et al., 2014; Tsai et al., 2019; Tsai and 
Huang, 2022). These methods provide primary outputs for subsequent 
demographic analyses, such as the analysis of the intrinsic rate of pop-
ulation growth (Caswell, 1989; Mollet and Cailliet, 2002; Simpfendor-
fer, 2005), the results of which can be used as a reference to derive 
evidence-based conservation and management measures. 

The objectives of the present study were fourfold. First, we investi-
gated the demographic dynamics of the two hammerhead shark species 
and developed conservation strategies based on size limits. In addition, 
we constructed a two-sex matrix-based population model by using 
Monte Carlo simulations to evaluate the effectiveness of conservation 
strategies for both hammerhead shark species. Several studies have re-
ported sexual and size segregation in smooth and scalloped hammer-
head sharks (Bejarano-Álvarez et al., 2011; Chin et al., 2017; Klimley, 
1987). Building upon this knowledge, second, we used a variety of 
methods to derive the best available life history parameters, to help 
overcome data limitations when estimating fishing mortality and pop-
ulation growth rates of these shark species in the Northwest Pacific. As 
the third aim, we performed an elasticity analysis to determine the 
relative impact of different life history parameters on the population 
growth rate in these shark species. Finally, our findings contribute to the 
existing knowledge on these ecologically important and vulnerable 
species by providing a basis for viable management recommendations, 
considering different conservation strategies. Additionally, the 
approach used in this study may be applied to study the population 
dynamics of other shark species with limited data. 

2. Materials and methods 

2.1. Study area, species and data collection 

The research was mainly conducted in the Northwest Pacific Ocean, 
a known traditional fishing ground for Taiwanese coastal and offshore 
longline fishing vessels with a gross tonnage of <100 (as shown in 
Fig. 1). The data used in this study were collected from a subsample of 
2195 smooth hammerhead sharks (1329 females and 866 males) and 
3339 scalloped hammerhead sharks (2132 females and 1207 males), 
recorded by observers, covering the period from January 2015 to 
December 2022 in the Nanfangao fish market located in eastern Taiwan. 
These data encompassed valuable details such as fork length (FL, cm), 
individual weight (kg), and specific information on the sex of these 
sharks. 

2.2. Stock assessment metrics 

2.2.1. Life history characteristics 
Data on the life history characteristics were obtained mainly from 

previous studies in the Northwest Pacific/Pacific Ocean. These data 
were used as the foundation for computing survival rates in de-
mographic analyses (Table 1). 

2.2.2. Length–weight and length–length relationships 
The fork lengths and body weights of smooth and scalloped 

hammerhead shark specimens from the subsample were measured to the 
nearest centimeter and kilogram, respectively, and the length–weight 
relationship was calculated using the power function given by Le Cren 
(1951), as performed by Keyombe et al. (2015) and Chandrvanshi et al. 
(2019) which was expressed as: W = αLβ (*), where W is the total weight 
(kg), L is the fork length (cm), and α and β are the scaling coefficient and 
exponent, respectively. α and β represent the change in L relative to the 
weight. The analysis was conducted through nonlinear regression in R 
software (R Development Core, 2022). R software is freely available 
from the Comprehensive R Archive Network (CRAN) website (https:// 
cran.r-project.org/). Fork length (FL) was converted to total length 
(TL) by using the length–length relationship to be able to apply the life 
history parameters to standardized data. The FL to TL conversion 
equation for smooth hammerhead sharks (Chou, 2004) is given as FL =

0.817TL − 7.0834, whereas that for scalloped hammerhead sharks (Shr, 
2020) is given as. TL = 1.253FL+ 6.7554. 

2.2.3. Mortality rate estimation 
Natural mortality (Ms) is a vital component of understanding popu-

lation dynamics and fisheries dynamics. According to Kenchington 
(2014), Ms is derived as follows: Nt+1,j+1 = Nt,je− Zs = Nt,je− (Fs+Ms), where 
Nt,j is the number of individuals in the year class j of the population at 
time t. The total mortality rate (Zs) indicates the overall death rate, 
whereas the fishing mortality rate (Fs) represents the variation in Zs 
proportional to the fishing effort. Owing to the difficulty in obtaining 
accurate estimates of Ms for sharks, including hammerheads, various 
indirect methods of estimation have been used to estimate Ms as 
followings: 

Ms = e0.42ln(ks)− 0.83, Frisk et al. (2001) (Frisk1) 
Ms = 1

0.44amat,s+1.87, Frisk et al. (2001) (Frisk2) 
Ms = 1.65/amat,s, Hisano et al. (2011) (Hisano1) 
Ms = 1.65/(amat,s − t0), Hisano et al. (2011) (Hisano2) 
Ms = 4.899a− 0.916

max,s , Then et al. (2015) (Then1) 
Ms = 4.118ks

0.73L− 0.33
∞,s , Then et al. (2015) (Then2) 

Ms = e[1.583− 1.087ln(amax,s) ], Dureuil et al. (2021) (Dureuil1) 
Ms = − ln0.0178/amax,s, Dureuil et al. (2021) (Dureuil2) 
Ms = 1.92× W− 0.250

a , Peterson and Wroblewski (1984) 
Ms = 3W− 0.288

a , Lorenzen (1996) 
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Ms =
βks

eks[(0.302×amax,s)− t0,s ]− 1
, Zhang and Megrey (2006) (Zhang & Megrey 

1) 
Ms =

βks

eks(amat,s − t0,s)− 1
, Zhang and Megrey (2006) (Zhang & Megrey 2) 

where amax = longevity of smooth sharks was set at 21–33 years for 
female sharks and 18–28 years for male sharks and that for scalloped 
sharks was set as 24–46 years for female sharks and 21–25 years for male 
sharks (See Table 2 for more details – amax), amat = age at maturity for 
smooth and scalloped sharks was determined to be 9–11 years and 
11–14 years for female and 7–9 years and 6–10 years for male sharks, 
respectively, β = exponent of the length/weight relationship was esti-
mated from equation (*) for smooth and scalloped sharks; L∞, t0, and k 
for both species were derived from data obtained through the Von 
Bertalanffy Growth Equation (VBGE) (Table 1). 

Zs was estimated through the length-converted catch curve (LCCC) 
analysis. A regression approach was applied to capture data beyond the 
smallest length (L′), with a capture probability of 1, which is consistent 
with the previously reported method (Gayanilo and Sparre, 2005; Pauly, 
1984). The slope of the regression line was used to estimate the overall 
mortality rate as follows: ln

( Ni
Δt
)
= a − Zsti, where Δt is the time interval 

for fish to grow through each length group i, Ni is the number of fish in 
each length group, a is a constant, and ti is the corresponding fish ages 
relative to the mid-length of class i. Δt and ti were calculated as follows: 

Δt = −
( 1

k
)
× ln

[
(L∞ − Li+1)
(L∞ − Li)

]
πr2 and ti =

( 1
k
)
× ln

(
1 − Li

L∞

)
+ t0, where t0 

represents the theoretical age at which a fish would attain a length of 
zero, and Li represents the midpoint of the length class i. Finally, by 
subtracting Zs from Ms, we obtained fishing mortality rates (Fs) (Sparre 
and Venema, 1998): Fs = Zs − Ms. 

2.3. Development of demographic model 

2.3.1. Classification of developmental stages of smooth and scalloped 
hammerhead sharks 

Mollet and Cailliet (2002) developed a life history matrix by utilizing 

life history tables. Additionally, Liu (2002) observed sexual dimorphism 
in these hammerhead sharks, with females exhibiting longer body 
lengths and reaching sexual maturity later than males. Therefore, the life 
cycle of female smooth and scalloped hammerhead sharks is divided into 
six stages: neonates, juveniles, subadults, pregnant adults, and partu-
rient adults. By contrast, the life cycle of male smooth and scalloped 
hammerhead sharks is divided into four stages: neonates, juveniles, 
subadults, and adults; as shown in Fig. 2. 

2.3.2. Stage-structured flexible two-sex matrix model 
By using the life history diagram (Fig. 3), we developed a flexible 

two-sex stage-based Leslie matrix population projection model for 
smooth and scalloped hammerhead sharks. Based on their life cycle, the 
individuals were divided into stages by using the basic demographic 
formula:Nt+1 = AtNt, at each time step the number of sharks in each 
stage class (Nt) was multiplied by the life-history projection matrix (At) 
to calculate the number of individuals in each stage class at the next time 
step (Nt+1). The life-history projection matrix included survival and 
fecundity rates for each stage at that particular time (Caswell, 2000; 
Simpfendorfer, 2005). To ensure an equal offspring sex ratio, the sex 
ratio at birth (denoted by ρ) was set to 0.5, consistent with previous 
studies (Chen, 1988; Krebs, 1985; Stevens, 1984; Stevens and Lyle, 
1989). The fertility coefficient fi as the product of the stage-specific per- 
capita fecundity and the stage-specific survival rate (σi), following the 
approach described by Caswell (2000) fi = fi × σi. To assess the impact of 
the sex ratio on mating success, we used a modified harmonized mean 

birth function developed by Caswell (2000):fi,s(n) =

⎧
⎪⎪⎨

⎪⎪⎩

kns

nf + nm
(s = m)

kns

nf + nm
(s = f)

, 

where k denotes litter size litter size and nm and nf are the densities of 
male and female sharks that are capable of reproducing, respectively. 
We computed Gi,s as the product of the probability for each sex by 
multiplying the survival probability of an individual in stage i surviving 

Fig. 1. Map of the study area highlighting the fishing grounds for Taiwanese coastal and offshore longline fishing vessels operating within the delineated net- 
around areas. 
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(σi,s) with the probability of transitioning to another stage (γi,s): Gi,s =

σi,s × γi,s. Moreover, the survival probability of an individual in its cur-
rent stage is represented by pi,s, as described by Brewster-Geisz and 
Miller (2000) and is given as follows: pi,s = σi,s ×

γi,s and

⎧
⎪⎪⎨

⎪⎪⎩

σi,s = e− (Mi,s+Fi,s)

γi,s =
(σi,s/λinit)

Ti,s − (σi,s/λinit)
Ti,s − 1

(σi,s/λinit)
Ti,s − 1

=
(σi,s)

Ti,s − (σi,s)
Ti,s − 1

(σi,s)
Ti,s − 1

, 

where λinit is the initial population growth rate (=1), and Ti,s is the 
duration of each stage for each sex. The finite population growth rate (λ) 
can be obtained by solving the equation: |A − λI| = 0, where I is the 
identity matrix (Caswell, 2000) and λ for each sex can be calculated 
separately by partitioning matrix A into female and male matrices. The 
calculation of the intrinsic rate of population increase (e.g., r = lnλ) can 
be derived from the population growth rate λ. With λ value, a stable 
population growth occurs when λ = 1, while decreasing and increasing 
population growth are indicated by λ < 1 and λ > 1, respectively. 

The net reproductive rate (R0) is a measure of population growth rate 
from one generation to the next, which is calculated as the average 
number of offspring produced by an individual over its lifetime (Caswell, 
2001 using matrix algebra). Finally, the generation time (G) (Coale, 
2015) was estimated as the time needed for the population to grow by a 
factor of R0 and is calculated using the following formula:G = lnR0

lnλ . 

2.3.3. Elasticity analysis 
An elasticity analysis was performed to understand the effect of 

changes in reproductive and survival rates on population growth rates 
(λ), and this result can be useful for devising conservation and man-
agement strategies (Simpfendorfer, 2005). Elasticities were calculated 
as the proportionate changes in individual matrix elements, while the 
other elements were kept constant, by using the formula: eij =

aij
λ

viwj
〈w,v〉, 

where aij = matrix element located in row i and column j, vi = value of 
row i in the reproductive value vector v, wj = value of column j in the 
stable stage distribution vector w and let < w,v ≥ scalar product of the 
two vectors. Individual elasticities for each stage can be added together 
to estimate the contribution of that stage to λ and that the sum of all 
matrix element elasticities is equal to 1 (Caswell, 2000; de Kroon et al., 
1986; Ebert, 1999; Heppell et al., 1999). 

2.3.4. Incorporation of uncertainty in life history 
We used Monte Carlo simulations to incorporate uncertainty into 

matrix projections and demographic parameters, as recommended pre-
viously (Cortes, 1999; Cortés, 2002, 2008). With various indirect tech-
niques for each sex and stage to derive mean and standard deviation 
(SD)values for a lognormal distribution, which was employed to esti-
mate the uncertainty in Ms. For age at maturity, we employed a uniform 
probability distribution approach with appropriate lower and upper 
bounds of 9–11 years (female) and 7–9 years (male) for smooth 
hammerhead sharks and 11–14 years (female) and 6–10 years (male) for 
scalloped hammerhead sharks to account for uncertainty. Fecundity was 
assumed to follow a triangular distribution, with the mean litter size of 
30 for smooth hammerhead sharks and 25.8 for scalloped hammerhead 
sharks (Liu, 2002; Chen, 1988). 

The Von Bertalanffy Growth Equation (VBGE) described by Chou 
(2004) can be parameterized using the Gompertz (1825) function as: 

Tmax,s = 1
ks

ln
[

ln(L0,s/L∞,s)
ln(x)

]

, where the growth parameters including ks, L∞,s 

and L0,s are derived from the VBGE data (Table 1). The estimation of the 
potential maximum ages (Tmax,s) for female and male smooth hammer-
heads exceeding 33 and 28 years, respectively, was based on the 
assumption that the proportion of L∞,s attained at Tmax,s is 0.95 (Ricker, 
1979; Taylor, 1958), represented by x. The maximum observed ages 
(Omax,s) were used to estimate Tmax,s, following the equation: Tmax,s =

Omax,s × 1.3 (Cortés, 2002), which were 46 and 25years for female and 
male scalloped hammerheads, respectively. Establishing the range of 

Table 1 
Life history parameters, their estimates and references for smooth and scalloped 
hammerhead shark used in the study. amat: age at maturity, amax: longevity, L0: 
length at birth (cm).*  

Type/ 
Species 

Parameter Female Male References 

Smooth hammerhead shark    
Growth L∞ (cm) 375.2 358.8 Chou (2004)  

k (year− 1) 0.111 0.128 Chou (2004)  
t0 (years) − 1.306 − 0.721 Chou (2004)  
L0 (cm) 55 55 Liu (2002)  
amax (years) 25 24 Chou (2004)   

21 18 Coelho et al. (2011) 

Fecundity amat (years) 11 7 
Chou (2004) and  
Liu (2002)   

9 9 Cortés et al. (2010)  

Litter size 13–37 
mean 30 

13–37 
mean 30 

Liu (2002)  

Gestation period 
(months) 

10  Liu (2002)  

Reproductive 
cycle (years) 2 2 Liu (2002) 

Scalloped hammerhead shark    
Growth L∞ (cm) 367.9 317.7 Shr (2020)  

k (year− 1) 0.142 0.165 Shr (2020)  

t0 (years) − 0.380 − 0.899* Pauly (1980) and  
Shr (2020)  

L0 (cm) 48.5 48.5 Chen (1988)  
amax (years) 24.41 21.10 Shr (2020)   

35 19 Drew et al. (2015)   

28 22 
Chen et al. (1990) 
and Harry et al. 
(2011)   

– 21 Harry et al. (2011) 

Fecundity amat (years) 13.15 
(11–14) 

8.92 
(6–10) 

Drew et al. (2015)  

Litter size 
12–38 
mean 
25.8 

12–38 
mean 
25.8 

Chen (1988)  

Gestation period 
(months) 

10  Chen (1988)  

Reproductive 
cycle (years) 2 2 

Chen (1988), Liu 
and Chen (1999) 
and White et al. 
(2008)  

* Age at zero length (t0) is determined using the following empirical equation 
Pauly (1983): log10( − t0) = − 0.3922 − 0.275log10L∞ − 1.038log10k  

Table 2 
Uncertainties used in the stochastic simulations.  

Species/ Uncertainty 
contributors 

Female Male Presumed 
distribution 

Smooth hammerhead 
shark    
Ms ln (mean, SD) ln (mean, SD) Lognormal 
amat U [9–11] years U [7–9] years Uniform 
Fecundity Tri [13, 30, 37] Tri [13, 30, 

37] 
Triangular 
distribution 

amax Tri [21, 25, 33] 
years 

Tri [18, 24, 
28] years 

Triangular 
distribution 

Scalloped hammerhead 
shark    
Ms ln (mean, SD) ln (mean, SD) Lognormal 
amat U [11–14] 

years 
U [6–10] years Uniform 

Fecundity Tri [12, 25.8, 
38] 

Tri [12, 25.8, 
38] 

Triangular 
distribution 

amax Tri [24, 28, 46] 
years 

Tri [21, 22, 
25] years 

Triangular 
distribution  
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potential amax, we integrated estimates with previous studies (refer to 
Table 1) and computed the lower and upper limits of a discrete trian-
gular distribution. Our assumptions, including those for uncertainties of 

Ms, amat, fecundity, and amax for both species, are detailed in Table 2. 

Fig. 2. Diagram of the life cycle of smooth and scalloped hammerhead sharks in the Northwest Pacific Ocean, including arrows that show the survival and growth of 
individuals between stages or their survival in the same stage (amax: 18–28 years and 21–25 years for male sharks and 21–32 years and 24–46 years for female sharks 
and amat: 7–9 years and 6–10 years for male sharks and 9–11 years and 11–14 years for female sharks of smooth and scalloped hammerhead sharks, respectively). 

Fig. 3. Life cycle stages and flexible two-sex matrix model for smooth and scalloped hammerhead sharks considering their 2-year reproductive cycles under a 
monogamous mating system (male sharks and female sharks in the matrix are represented as mal and fem, respectively). 
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2.3.5. Assessment of stock status and management scenarios 
To ensure the long-term sustainability of smooth and scalloped 

hammerhead sharks in the Northwest Pacific Ocean, management 
strategies should be developed by considering various aspects of fishing 
activities. However, managing fishery stocks is challenging due to the 
complex interaction of multiple factors within the ecosystem, and hin-
ders our ability to predict and understand the overall impacts of fishing 
activities on the ecosystem. Therefore, we evaluated the effectiveness of 
various management strategies by conducting simulations as outlined in 
Fig. 4. These strategies included analyzing the natural condition (Sce-
nario 1); status quo (Scenario 2); reducing the current fishing mortality 
(i.e., 60% and 50% of Fcur by stage as in Scenarios 3 and 4); and pro-
tecting immature and mature individuals (Scenarios 5 and 6). 

We used Monte Carlo simulations to estimate λ and r for each sce-
nario (as detailed in Table 2), taking into account uncertainties in Ms, 
amat, fecundity, and amax. The values of parameters were computed as 
means of 10,000 replicates, with 95% confidence intervals (CIs) deter-
mined from the 2.5th and 97.5th percentiles. All demographic analyses 
performed by the software PopTools (Hood, 2010), along with ggplot2 
(Wickham et al., 2016) packages were used for graphical outputs within 
the R platform (R Development Core, 2022). 

3. Results 

3.1. Size distribution 

The smooth hammerheads included in the sample had FLs of 
140–200 cm (female sharks) and 150–180 cm (male sharks), whereas 
the majority of the scalloped hammerheads had FLs of 130–250 cm 
(female sharks) and 140–200 cm (male sharks; Fig. 5). Notably, our 
sample comprised several large individuals of both species, with the 
largest smooth hammerhead having FLs of 270 cm (female sharks) and 
283 cm (male sharks) and the smallest having FLs of 111 cm (female 
sharks) and 99 cm (male sharks). Among scalloped hammerheads, the 
largest female collected had an FL of 289 cm, and the largest male had an 
FL of 292 cm, whereas the smallest female collected had an FL of 68 cm 
FL, and the smallest male had an FL of 97 cm. 

3.2. Length-weight relationship 

The length–weight relationship for smooth hammerheads yielded 
the following coefficients: α = 1.888e− 5 and β = 2.874 for female sharks 
and α = 2.541e− 5 and β = 2.812 for male sharks. Similarly, for scalloped 
hammerheads, the length–weight relationship yielded the coefficient 
values α = 2.617e− 6 and β = 3.276 for female sharks and α = 6.933e− 6 

Fig. 4. Flowchart of the simulation framework employed in this study. The framework comprises six scenario models (where N = neonates, J = juveniles, S =
subadults, A = adults). 
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and β = 3.081 for male sharks, as shown in Fig. 6. These values were 
subsequently used as input parameters in the estimation of natural 
mortality by using the method by Zhang and Megrey (2006), as 
described by empirical equations Zhang & Megrey 1 and Zhang & 
Megrey 2. 

3.3. Mortality rate estimation 

We evaluated the Ms using various methods, as shown in Table 3. In 
line with expectations, our results consistently showed higher Ms values 
in male sharks than in female sharks for both species, which can be 
attributed to the observed shorter longevity of males necessitating 

Fig. 5. Distribution of shark sizes of the smooth and scalloped hammerheads by sex in the Northwest Pacific Ocean from 2015 to 2022, in which the grey bars 
represent the combined length frequency. 

Fig. 6. Length–weight relationship for smooth and scalloped hammerhead sharks in the Northwest Pacific Ocean.  
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higher natural mortality rates (Ms). The male and female smooth ham-
merheads had median Ms values of 0.175 and 0.151 year− 1, respectively, 
while the male and female scalloped hammerheads had median Ms 
values of 0.181 and 0.135 year− 1, respectively, as determined by our 
analysis. The mortality rate for each sex Zs was estimated using a length- 
converted catch curve with a corresponding linear regression (Fig. 7). 
The data points in the middle of the graph corresponded to size/age 
groups that were the most vulnerable to capture by fishing gear and 
were used in our regression analysis. Male and female smooth ham-
merheads exhibited Zs values of 0.396 and 0.353 year− 1, respectively, 
while male and female scalloped hammerheads showed Zs values of 
0.413 and 0.272 year− 1, respectively (Fig. 7). During the study period, Fs 
values of 0.221 and 0.202 year− 1 were obtained for male and female 
smooth hammerheads, and 0.232 and 0.137 year− 1 for male and female 
scalloped hammerheads, respectively, by subtracting Ms from Zs, as 
shown in Table 3. 

3.4. Demographic analyses 

The results of the demographic analyses of smooth and scalloped 
hammerhead sharks are presented in Table S1. Table S2 presents the 
estimated life history matrix elements for both species under natural and 
current conditions. Under natural conditions, both species demonstrated 
population growth, with similar growth rates, λ = 1.198 and 1.190 
year− 1 for smooth and scalloped hammerheads, respectively. However, 
an analysis using the flexible two-sex matrix model showed a decrease in 
population growth rates under current fishing mortality levels. For the 
total population, the growth rates were λ = 0.918 and 0.934 year− 1 for 
smooth and scalloped hammerheads, respectively; the sex-specific 
values were λ = 0.944 and 0.890 year− 1 for male and female smooth 
hammerheads and 0.928 and 0.934 year− 1 for male and female scal-
loped hammerheads, respectively. These findings suggest a decline in 
the populations of both species under current fishing conditions as well 
as a further decline in female smooth hammerhead populations. Slight 
differences in the net reproduction rate (R0) were observed between the 
two species due to differences in the duration of the adult stages. The 
generation time G was estimated to be slightly longer for scalloped 
hammerheads than for smooth hammerheads (Table S1). Moreover, the 
results of the Monte Carlo simulations of key demographic parameters 

Table 3 
Estimated mortality rates, including Ms, Zs and Fs (year− 1) for smooth and 
scalloped hammerhead sharks in the North Pacific Ocean.  

Mortality Species/ Method Female 
(year− 1) 

Male 
(year− 1)  

Smooth hammerhead shark   

Natural mortality 
(Ms) 

Frisk1 0.173 0.184  

Frisk2 0.117 0.132  
Hisano1 0.166 0.208  
Hisano2 0.146 0.185  
Then1 0.247 0.275  
Then2 0.117 0.132  
Dureuil1 0.140 0.160  
Dureuil2 0.154 0.174  
Peterson and Wroblewski 
(1984) 

0.112 0.128  

Lorenzen (1996) 0.114 0.132  
Zhang & Megrey 1 0.188 0.214  
Zhang & Megrey 2 0.138 0.180  
Median 0.151 0.175 

Total mortality (Zs) LCCC 0.353 0.396 
Fishing mortality 

(Fs) 
Zs – Fs 0.202 0.221    

Scalloped hammerhead shark   

Natural mortality (Ms) Frisk1 0.192 0.205  
Frisk2 0.141 0.165  
Hisano1 0.133 0.213  
Hisano2 0.125 0.185  
Then1 0.205 0.281  
Then2 0.141 0.165  
Dureuil1 0.113 0.164  
Dureuil2 0.126 0.178  
Peterson and Wroblewski (1984) 0.091 0.117  
Lorenzen (1996) 0.090 0.120  
Zhang & Megrey 1 0.148 0.197  
Zhang & Megrey 2 0.118 0.179  
Median 0.135 0.181 

Total mortality (Zs) LCCC 0.272 0.413 
Fishing mortality (Fs) Zs – Fs 0.137 0.232  

Fig. 7. Estimates of Zs for smooth and scalloped hammerhead sharks in the Northwest Pacific Ocean between 2015 and 2022, as derived through the length- 
converted catch curve method. The color scheme in the figure represents the density of data points, with darker-shaded areas indicating higher data density. 
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(λ, R0, and T; Table S1) provide a representation of the variability 
observed across the 10,000 simulations. These results highlight the 
importance of conducting species-specific demographic analyses and 
incorporating sex-specific values in two-sex stage-based models for 
planning conservation measures. 

3.5. Elasticity analyses 

The analysis of shark population elasticity highlights the need to 
prioritize the protection of immature smooth and scalloped hammer-
head sharks, including neonates, juveniles, and subadults, in order to 
sustain their populations in the long run. The results, as shown in Fig. 8, 
indicate that immature individuals have higher elasticity than mature 
adults, which means they are more responsive to changes in natural and 
current conditions. Moreover, the analysis revealed that male 
hammerhead sharks of both species exhibited greater changes in λ than 
their female counterparts. It is important to note that female scalloped 
hammerhead sharks are more vulnerable to fishing pressure than nat-
ural mortality, as suggested by their higher elasticity compared to males. 
Hence, reducing fishing pressure is crucial, especially since fishing af-
fects male and female scalloped hammerheads differently. In addition, 
the higher density of immature individuals in the population, as seen in 
the density plot (also Fig. 8), further emphasizes the importance of 
protecting them to ensure the long-term conservation of these sharks. 
Therefore, it is necessary to prioritize the protection of both male and 
female individuals, with particular emphasis on safeguarding immature 
sharks. 

3.6. Current stock status and different management scenarios 

The λ values varied significantly between smooth and scalloped 
hammerhead sharks across different management scenarios in the de-
mographic models (Table S1, Fig. 9). Our analysis revealed that when 
fishing mortality was absent (Scenario 1), the population growth 
increased for both species. Conversely, under current fishing pressure 
(Scenario 2), a negative growth rate was observed, indicating a pre-
dicted decline in the population. The population growth rates decreased 
to <1 under moderate levels of fishing pressure for both species, which 
indicated unsustainable harvesting. However, decreasing the fishing 
mortality to 50% (Scenario 4) and 60% (Scenario 3) of the current levels 

resulted in population growth rates (λ) exceeding 1 for both male and 
female individuals of smooth and scalloped hammerhead sharks, 
respectively. The simulation results revealed that protecting immature 
individuals (Scenario 5) led to a high probability of λ > 1 for both 
species. When protecting immature individuals (Scenario 5) was prior-
itized over protecting mature individuals (Scenario 6), we observed a 
clear population growth was observed in both male sharks and female 
sharks. Overall, our findings suggest that effective management mea-
sures are necessary to ensure the sustainable harvest of these shark 
species. 

4. Discussion 

4.1. Demographic analyses for shark stock assessment and fishery 
management 

Demographic projection models have been widely used for assessing 
shark population stocks, which provide information vital for establish-
ing relevant policies. The finite population growth rate (λ) is a common 
measure of the population growth rate in demographic analyses. Studies 
have determined λ for various shark species by using population pro-
jection matrices (Au and Smith, 1997; Cailliet, 1992; Chen and Yuan, 
2006; Cortés, 1995; Cortés and Parsons, 1996; Geng et al., 2021; Liu and 
Chen, 1999; Liu et al., 2021; Takeuchi et al., 2005; Tsai et al., 2020; Tsai 
et al., 2014; Tsai and Huang, 2022). Herewith, we employed the flexible 
two-sex matrix model population to conduct population biology and 
demographic analyses for smooth and scalloped hammerhead sharks, 
which considered sex-specific and dimorphic vital rates. Our results 
revealed that to achieve positive population growth for these sharks, the 
fishing mortality must be reduced considerably (50% and 60% of the 
current levels for smooth and scalloped hammerhead sharks, respec-
tively). The mean population growth rate estimates for smooth and 
scalloped hammerhead sharks were λ = 1.198 and 1.190 year− 1, 
respectively moderately differ from those reported in previous studies, 
possibly due to the differences in model types and study regions. This 
difference may be attributed to the variation in life history among spe-
cies in different oceans; we found that species in the Northwest Pacific 
Ocean had later maturity ages and greater longevity than those in other 
oceans, as reported in previous studies (Table S3). Additionally, fishing 
had a considerable impact on both male and female hammerhead shark 

Fig. 8. Elasticity distributions of smooth and scalloped hammerhead sharks in each stage in the Northwest Pacific Ocean.  
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populations in our analysis; specifically, higher fishing mortality in 
males compared to females for smooth hammerhead sharks (Table 3), 
indicating fishing activities disproportionately impacted male 
hammerhead sharks, but the effect on female populations was more 
severe, which resulted in a lower λ for female sharks than for male sharks 
(Scenario 2, Table S1). Therefore, reducing the fishing mortality rates 
for both sexes is crucial to ensuring the long-term sustainability of these 
species. 

Incorporating sexual dimorphism in population models is crucial for 
accurately assessing the stock status of species with sexual dimorphism. 
Sex-specific and dimorphic vital rates have been observed in various 
marine species, including some hammerhead sharks (Benavides et al., 
2021; Estupiñán-Montaño et al., 2019; Klimley, 1987; Semba, 2018) and 
other shark species such as shortfin mako shark (Isurus oxyrinchus) 
(Semba et al., 2011; Semba et al., 2009; Tsai et al., 2015) and silky shark 
(Carcharhinus falciformis) (Clarke et al., 2011) as well as in nonshark 
species such as boarfish (Capros aper) (Hüssy et al., 2012), electric kni-
fefish (Gymnorhamphichthys rondoni) (Garcia and Zuanon, 2019), and 
European sea bass (Dicentrarchus labrax L.) (Faggion et al., 2021). 
Ignoring sex-specific differences can lead to inaccurate decline risk es-
timates and stock status evaluations (Caswell and Weeks, 1986; Kokko 
and Rankin, 2006; Miller and Inouye, 2011; Tsai et al., 2015; Tsai et al., 
2014). In this study, Monte Carlo simulations were employed to assess 
the stock status of hammerhead sharks, revealing the significance of 
accounting for sexual dimorphism in population modeling, particularly 
in relation to the variability observed in λ (Table S1). The model 
revealed moderate differences in population growth rates when sex was 
considered, suggesting that such simulations can be used to evaluate the 
stock status of other shark species with sexual dimorphism or with 
limited life history data. Thus, accounting for sexual dimorphism is 
crucial for obtaining accurate decline risk estimates and for developing 
suitable management strategies. Indeed, the implementation of a two- 
sex matrix model, as demonstrated by Tsai et al. (2015), allows for a 

more accurate assessment of population dynamics by considering other 
demographic parameters between males and females. Additionally, 
nonlinear two-sex models, discussed by Jenouvrier et al. (2010), provide 
insights into the direct and indirect effects of vital rates on population 
growth and structure, making them applicable to ecological and 
evolutionary studies across species. 

In the field of stock assessment, model application software packages 
like Stock Synthesis, CASAL, MULTIFAN-CL, GADGET, and SAM are 
commonly used [refer to (Punt et al., 2020) for more details on their 
synthetic features]. Applying these methods to shark species, however, 
is challenging due to limited catch and effort data. Chen (2020) also 
utilized two-sex demographic models based on full sales records from 
the Nanfangao fish market. However, due to a lack of individual sex and 
length information in the sales records, a subsample of two hammerhead 
sharks was randomly collected from the landings to obtain sex-specific 
length frequency in our analyses. Undoubtedly, this assumes that 
enough of the fish have been captured for growth, length frequency, and 
relative weight sample size requirements. In addition, possible factors 
contributing to biased data collection for males or larger fish include 
gear selectivity, determining the sex of sharks difficulty when external 
characteristics are not easily distinguishable, sampling effort, and 
observer coverage. The aim of our study was to explore whether data- 
limited methods could yield similar assessment results compared to 
more complex conventional stock assessment approaches. Thus, our 
methods were not specifically designed to account for fishery com-
plexities such as sex ratio or gear selectivity. Although the full daily 
records data was not utilized in this study, our conclusion remains 
consistent with previous demographic analyses conducted for smooth 
hammerhead sharks (Chen, 2020). Consequently, we believe that the 
major conclusions of our analysis remain valid. Nevertheless, these re-
sults may still reflect a partial stock status in the Northwest Pacific 
Ocean, but the spatial coverage may not be adequate to fully evaluate 
the entire stock status. 

Fig. 9. Box plots illustrating the growth rate in smooth and scalloped hammerhead shark populations under various scenarios, with a red dashed line indicating 
population stability. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Elasticity analysis is a useful tool for assessing the impact of different 
life stages on population growth, and the results can be used as pre-
dictors for corresponding outcomes in stochastic models (Caswell, 
2001). According to the elasticity analysis, the population growth rate in 
both hammerhead shark species is related to the survival rates during 
the immature stage because small changes in these rates can signifi-
cantly affect population growth, which is consistent with previous 
trends for other long-living vertebrates (Gallucci et al., 2006; Heppell 
et al., 2000; Heppell et al., 1999; Simpfendorfer, 2005). Therefore, 
management efforts should be prioritized for the individuals in the 
immature stage, including neonates, juveniles, and subadults as high-
lighted by the consistent outcomes in protecting immature individuals 
(Scenario 5) compared to other scenarios, to achieve the sustainable 
conservation of both hammerhead shark populations (Gallucci et al., 
2006). 

The findings of the present study are in line with those of previous 
studies, highlighting the problems of overexploitation of hammerhead 
shark populations, especially the smooth hammerhead species in the 
Northwest Pacific (Chen, 2020; Tsai et al., 2018), and the susceptibility 
of immature scalloped hammerhead sharks to long-term exploitation 
(Liu and Chen, 1999; Wu, 2019). Through this study, we gain a better 
understanding of the population dynamics of these shark species, which 
enables a more complete picture of their ecological status. 

4.2. Considering uncertainty in simulations 

Our modeling method enables the exploration of multiple population 
scenarios; however, the projections are approximate estimates, and 
actual long-term population dynamics may differ from these projections. 
Indeed, there remains considerable uncertainty in vital parameters such 
as Ms, amat and amax, and fecundity for elasmobranch species (Geng et al., 
2021; Grant et al., 2020; Tsai and Huang, 2022). Demographic analyses 
are largely dependent on these factors; therefore, the accurate deter-
mination of life history traits is crucial for successful fisheries conser-
vation and management. 

Reliable estimates of Ms are difficult to obtain because of the 
migration and varied distribution of marine animals, including sharks. 
Ms has a significant impact on stock productivity and reference points 
for fisheries management (Maunder et al., 2023; Punt et al., 2021). 
Although tagging data research is a promising method for studying the 
movement and behavior of sharks, it may not be feasible for most shark 
species, and even in data-rich cases, the reliability of Ms estimates from 
tagging data is debated (Regular et al., 2022; Rose and Walters, 2019). 
Demographic analyses of shark populations have employed various in-
direct mortality approaches to estimate various parameters including 
population size, growth rates, and survival rates; however, the accuracy 
of these approaches may be affected by various sources of bias such as 
the four biases mainly mentioned in Table 2 (Geng et al., 2021; Huynh 
et al., 2022; Liu et al., 2015; Smart et al., 2017; Tsai et al., 2010; Tsai and 
Huang, 2022). Therefore, this study employed empirical methods to 
estimate Ms in smooth and scalloped hammerhead sharks. We consid-
ered the range of empirical methods commonly used for elasmobranchs 
to capture the range of uncertainty in Ms, which may overcome the 
shortcomings of using a specific estimator derived from uncertain life 
history data. For both species, the Ms estimated using different ap-
proaches varied, and therefore, this vital rate had the highest uncer-
tainty. Accurate estimation of Ms is critical because both target biomass 
and Fs depend on it, which leads to a “doubling” effect on allowable 
catches, as reported in many groundfish stocks (Punt et al., 2008). 
Therefore, Ms must be carefully considered in stock assessments. How-
ever, it is important to exercise caution in interpreting the results of this 
study until more definitive estimates of Ms are available for both species. 

The uncertainty in life history parameters, including amat and amax, is 
attributable to the limited sample sizes in studies (Chen et al., 1990; 
Chou, 2004; Liu, 2002; Shr, 2020). Yokoi et al. (2017) highlighted that 
to estimate the population growth rates for pelagic sharks, reliable aging 

validation techniques must be employed. The use of a stochastic 
approach that accounts for annual fluctuations in amat for each sex al-
lows better captures of the range of potential population growth rate 
estimates compared with the use of the conventional approach of using a 
fixed amat (Caswell, 2001; Cortés, 2002) and is more consistent with 
shark life history, where maturity does not occur at a fixed age. The 
findings of this study underscore the importance of accounting for sex- 
specific differences in amat when estimating population growth rates, 
especially in the context of fishing mortality. The observed variations in 
population growth rates between males and females underscore their 
different responses to fishing pressure, and this characteristic would not 
be captured from a combined estimate of population growth of two 
hammerhead sharks. The accurate estimation of amax of shark pop-
ulations is crucial for demographic analyses; however, it is challenging 
due to the uncertainties caused by natural variation, historical exploi-
tation, and varying aging techniques (Chen and Yuan, 2006; Yokoi et al., 
2017). The age estimation accuracy for sharks can be affected by the 
varying periodicity of band pair deposition during different life stages 
(Chen et al., 1990; Chou, 2004; Harry et al., 2011; Klimley, 1987). To 
overcome this challenge, we used a stochastic methodology that incor-
porated previously reported equations and a triangular distribution to 
assign the most likely age value between the minimum and maximum 
limits. We also highlighted the potential impact of low maximum age 
estimations from previous studies and estimated the theoretical amax of 
the species based on growth parameter estimates. Using our approach, 
we found that the scalloped hammerhead is a long-living fish with a 
maximum longevity estimate of 55 years (Kotas et al., 2011), which 
demonstrates the importance of the potential range of amax estimates 
that should be considered in conservation management strategies. Using 
a single (low) value for amax may not fully capture the demographic 
characteristics of the population. Overall, our study highlighted the 
importance of obtaining reliable amax data, avoiding assumptions solely 
based on theoretical estimates, conducting accurate demographic ana-
lyses and devising conservation management strategies. Uncertainty in 
fecundity is common, and fecundity may be underestimated due to the 
loss of embryos during capture, leading to an underestimation of litter 
size (Liu et al., 2015). As such, the improvement of stock assessments in 
future research requires the collection of more reliable litter size data 
through onboard observation, also through non-invasive techniques like 
ultrasound (Hammerschlag and Sulikowski, 2011). 

The present study has limitations including uncertainties related to 
unit stock, density-dependent compensatory mechanisms, and assump-
tions regarding equilibrium dynamics. Future studies should refine their 
methods to address these limitations. In this study, we used stage-based 
models to estimate the populations of two hammerhead shark species in 
the Northwest Pacific, which was based on the hypothesis that the two 
species constitute a single unit stock. However, studies supporting or 
contradicting this hypothesis are currently few, and the genetic structure 
of these species in the Northwest Pacific remains poorly understood 
(Shan-Hui et al., 2020). Further, changes in life history parameters can 
have a significant impact on population dynamics, especially the pop-
ulation growth rate (Benton and Grant, 1999; Sæther et al., 2013). To 
address this problem, further research should employ molecular tech-
niques for stock identification. Having separate demographic models for 
each stock would enable a deeper understanding of the population dy-
namics of these species. 

The concept of compensatory density dependence has long been a 
debated topic in population dynamics, as it plays a crucial role in 
effective fisheries management (Macaluso, 1999; Rose et al., 2001). 
However, the mechanisms underlying the population responses of many 
species, especially elasmobranchs, to increased density remain poorly 
understood (Carlson et al., 2003; Cortés, 2007). To project demographic 
outcomes, we considered density dependence as a simple ceiling func-
tion, given its limitations in capturing the complexity of density- 
dependent responses in reality. However, based on their life history 
traits, elasmobranchs can be expected to exhibit minimal density- 
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dependent responses (Brewster-Geisz and Miller, 2000; Cortés, 1998). 
We assumed equilibrium dynamics in our demographic analyses, which 
may be reasonable for species with slow life histories that are less sus-
ceptible to large perturbations to their most productive individuals 
(Caswell, 2001). Incorporating the transient matrix model proposed 
allows for a better understanding of the stage structure, which is crucial 
for devising effective conservation strategies for species with slow life 
histories. By considering the dynamics and transitions between different 
life stages, conservation efforts can be tailored to target specific 
vulnerable stages and promote population persistence. 

In our study, we recognize the importance of comprehending the 
range and movement patterns of the study species in the Northwest 
Pacific to ensure accurate stock assessment. These species possess con-
trasting characteristics, with scalloped hammerhead sharks, for 
instance, having combined traits of oceanic habitat, which promotes 
high dispersal, with potential fidelity to specific nursery grounds, 
especially for reproductive females (Duncan and Holland, 2006). 
Comparative analysis with other globally distributed sharks, such as the 
shortfin mako (Isurus oxyrinchus) and the soupfin (Galeorhinus galeus), 
revealed a less distinct population structure in comparison to the scal-
loped hammerhead (Ward and Gardner, 1997; Schrey and Heist, 2003). 
Consequently, conducting long-term studies is crucial to further un-
derstanding their movement patterns and population dynamics, leading 
to the development of more effective management strategies. 

4.3. Outlook 

This study highlighted the problem of overexploitation of smooth 
and scalloped hammerhead shark populations in the Northwest Pacific 
and suggested that appropriate management can help in the sustainable 
fishing of these species. Future life history studies should use rigorous 
methodologies such as sampling from a wide size range and investi-
gating key parameters such as litter size and growth. Additionally, 
comparable and reliable methodologies should be employed to deter-
mine aging, length-at-age modeling, maturity, and longevity to reduce 
ambiguity in the estimation of regional parameters and enhance popu-
lation projections. In particular, a direct estimation of the vital rate Ms is 
crucial, which was found to be the most uncertain and influential in 
matrix analyses. Thus, the use of rigorous and consistent methods can 
provide more thorough understanding of the population dynamics of 
smooth and scalloped hammerhead sharks and help in the development 
of effective conservation and management strategies to ensure their 
long-term sustainability in the Northwest Pacific. 
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