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Abstract

Deep-sea sharks represent a vulnerable group due to their unique life-history traits,

including slow growth and late maturity. This study aims to fill knowledge gaps on

key demographic parameters of Etmopterus molleri, a lanternshark species, one of the

smallest shark species recorded, classified as ‘data deficient’ in the East China Sea. A

total of 280 specimens (165 females and 115 males) were analysed to estimate age,

growth and sexual maturity. Post-cranial vertebral section was treated with cobalt

nitrate hexahydrate for improved age determination. Age estimation from band pair

ranged from 0 to 13 in females and from 1 to 12 in males [coefficient of variation

(CV) = 2.27%, average percent error (APE) = 1.60%]. The von Bertalanffy curve with

the Bayesian growth Markov chain Monte-Carlo (MCMC) models using observed and

back-calculated data provides the best-fit estimation compared to all models, demon-

strating an asymptotic length of L∞ = 391.61 ± 10.06 mm for males and

L∞ = 486.28 ± 14.71 mm for females, with a common birth size (L0) of around

100 mm. The growth completion rates were (k) of 0.16/year for the males and 0.11/

year for the females, marking sexual dimorphism, with females reaching larger sizes

(L50 = 287.78 mm) and maturing later (A50 = 6.57 years) than males

(L50 = 260.33 mm, A50 = 4.77 years). This maturity life strategy, typical of deep-sea

elasmobranchs, underscores the vulnerability of E. molleri. A prudent management

approach and continuous monitoring are essential for collecting more data to under-

stand their ecology and preserve their fragile future.
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1 | INTRODUCTION

Sharks are crucial predators in marine ecosystems, exerting top-down

control on trophic structures and food web dynamics (Cortés, 1999;

Du et al., 2022; Heupel et al., 2014). Despite their ecological impor-

tance, many shark species are commonly caught in various commercial

fisheries targeting teleost fishes (Bottari et al., 2014; Campana

et al., 2016; Graça Aranha et al., 2023). Moreover, the expansion of

deep-sea fisheries has led to increasingly frequent interactions with

deep-water sharks as by-catch, potentially resulting in significant

declines in their abundance (Dulvy et al., 2014; Finucci et al., 2021,

2024; Morato et al., 2006). This situation poses a critical challenge to

the conservation of these vulnerable species, which are characterized

by slow growth rates, late maturity and low fecundity

(Simpfendorfer & Kyne, 2009). Particularly for deep-sea shark species,

as fisheries progressively expand into deeper waters (Finucci
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et al., 2024; Morato et al., 2006; O'Hea et al., 2020; Victorero

et al., 2018), 14.1% of deep-sea sharks and rays are now considered

endangered (Dulvy et al., 2014; Finucci et al., 2021, 2024). Typically,

the deep-sea shark species are discarded due to their low value as by-

catch and lack of direct economic value, masking important informa-

tion about population structure, fishing vulnerability and biological

traits (Gennari & Scacco, 2007; Graça Aranha et al., 2025; Rodríguez-

Cabello & Sánchez, 2017). Thus, this practice impedes both population

trend assessments and the development of effective management

strategies and conservation for deep-sea sharks (Akhilesh et al., 2020;

ICES, 2020; Myers & Worm, 2005). However, there are some notable

exceptions, such as the ‘landing obligation’ under the Common Fish-

eries Policy of the European Union (Regulation EU, 2018; Regulation

EU, 2021), which serves as an incentive measure aimed at reducing

unwanted catches and ensuring their inclusion in fishing statistics.

The characterization of demographic information is of utmost

importance in modelling the sustainability of populations under fishing

pressure (Beal et al., 2022; Hilborn & Walters, 1992; Punt &

Hilborn, 1997). Accurate age, growth estimates and sexual maturity

are crucial input parameters for the toolbox of modelling approaches

used for designing sustainable management practices and conserva-

tion strategies (Elliott et al., 2020; Melis et al., 2023; Natanson

et al., 2018; Smart et al., 2016). Unfortunately, such information is not

readily available for most deep-sea shark species due to logistic con-

straints, lack of economic value and, hence, research investment

(Myers & Worm, 2005; Kyne & Simpfendorfer, 2010; Dulvy

et al., 2014; Feng et al., 2022). Understanding shark's life-history

traits, such as longevity, reproductive age, growth rates, is essential

for evaluating their biological productivity and their ability to sustain

current fishing exploitation levels (Cailliet & Goldman, 2004; Fadool

et al., 2024; Francis & Ó Maolagáin, 2019; Matta et al., 2017; Pardo

et al., 2013; Wong et al., 2022).

In sharks, one of the most widely employed methods for estimat-

ing age and growth is the analysis of vertebral bands and/or spines

due to the absence of available otoliths or other annular structures.

This approach is based on the assumption that calcified structures

undergo continuous development throughout an individual's life span

and serve as a permanent record of growth, exhibiting periodic pat-

terns linked to variations in growth rate caused by environmental

(biotic and abiotic) and endogenous factors, such as ontogenetic

events (Burke et al., 2020; Cailliet et al., 2006; Coiraton et al., 2019;

Smith et al., 2013).

Frequentist approaches are extensively used for estimating shark

growth parameters modelling (Baje et al., 2018; Gervelis &

Natanson, 2013; Goldman et al., 2012). For example, the von Berta-

lanffy growth model is widely used to model fish and shark growth

based on a differential equation that describes growth as a function of

size, relative growth rate and asymptotic size (Croll & van

Kooten, 2022; Flinn & Midway, 2021; Kindong et al., 2020). However,

these frequentist models rely on curve fitting based solely on available

data. In situations where young or old specimens are scarce or absent,

the models may fail to accurately capture the underlying growth

curve, leading to biased estimates of growth, particularly for younger

or older age classes typically, depending on which group is underrep-

resented in the dataset (Doll & Lauer, 2013; Smart & Grammer, 2021).

Bayesian models can overcome the challenges associated with the

scarcity of specimens of certain age classes by considering prior

knowledge about the growth of species of interest in addition to the

available data (Caltabellotta et al., 2021; Jiao et al., 2011; Smart &

Grammer, 2021). Among these, the Markov chain Monte-Carlo

(MCMC) method has gained increasing popularity (Kim et al., 2022;

Pardo et al., 2016; Wong et al., 2022); its iterative approach allows for

estimating growth parameters while taking into account prior knowl-

edge about parameter distributions, thus enabling more robust esti-

mates even with limited datasets.

The slendertail lanternshark (Etmopterus molleri) is one of the smal-

lest deep-sea shark species, with a restricted geographic distribution

encompassing the western Pacific Ocean (WPO) along New Zealand

and Australia's east coast (specifically off Sydney, New South Wales)

and the East China Sea (ECS) continental shelf (Ebert et al., 2013;

Last & Stevens, 2009; Yano, 1988). Typically found at depths between

200 and 860 m, E. molleri remains poorly studied, with available data

limited to basic biological parameters, including the estimated maximum

total length (�460 mm), estimated male size-at-maturity (�330 mm)

and size-at-birth (�150 mm) (Ebert et al., 2013; Last & Stevens, 2009).

Additional research has focused on bioluminescence features

(Duchatelet et al., 2019), buoyancy characteristics (Pinte et al., 2019),

swimming capabilities (Pinte et al., 2020) and muscle composition and

enzyme activities (Pinte et al., 2021). Due to the scarcity of information

regarding its life history and population dynamics, the slendertail lan-

ternshark is currently classified as ‘data deficient’ on the IUCN Red List

Assessment (Kyne et al., 2015).

In the ECS, the species is caught and discarded as by-catch in

deep-water trawl fisheries, the current stock status of the slendertail

lanternshark in the ECS is unknown because no quantitative stock

assessment has been undertaken due to its lack of commercial value.

As a result, information on the slendertail lanternshark's biological

parameters, including age-based characteristics, along with accompany-

ing growth rates and life history, is still very limited in the ECS. The pre-

sent study investigates the patterns of population life history of the

slendertail lanternshark in the ECS, especially regarding age, growth

and sexual maturity; the aims of this study are to (1) estimate the age

of E. molleri specimens by examining growth band pair counts in verte-

bral centra, (2) compare age-enhancement techniques to determine the

most effective method for assessing age in poorly calcified structures,

(3) generate and compare the best growth models for this species using

both frequentist and Bayesian approaches and (4) determine ages at

sexual maturity for both sexes based on macroscopic analysis.

2 | MATERIALS AND METHODS

2.1 | Sampling

E. molleri specimens were collected between January and April 2023

as by-catch from commercial vessels operating on the ECS continental
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shelf. Specimens were captured through bottom trawl fishing at three

sampling stations (station 1: 30� 36037 N–128�10049 E; station:

2 29�47029 N–127�47046 E; station 3: 30�7020 N–127�28043 E;

Figure 1) at depths of 300–400 m, using nets with a codend mesh-size

of 40 mm primarily targeting demersal species. After each trawl, shark

samples were labelled and stored at �20�C for further analysis. In the

laboratory, after defrosting, sharks were visually identified based on

external morphology and colouration using the identification key

revised by Ebert and Van Hees (2018), and muscle tissue samples

were also collected for subsequent DNA analysis to confirm visual

identifications. Immediately after the identification, their total length

(TL, cm; ± 0.1 cm), total weight (TW, g; ± 0.1 g), eviscerated weight

(EW, g; ± 0.1 g), sex and maturity stage were recorded as described

below.

2.2 | Sex ratio and length-weight relationship

Sex ratio (females: males) was assessed for the total number of speci-

mens and compared with the 1:1 ratio using the χ2 test (Zar, 1999).

The length-weight relationships were obtained using power regres-

sion (exponential curve) based on Equation (1) (Pauly, 1983):

EW = aTLb modified, where EW is the eviscerate weight (g) of fish,

TL is the total length (mm) of fish, a (intercept) describes the rate of

change of weight with length and b the slope of the regression. The

values of the constants a and b were estimated using linear regression

model based on the logarithmic form of Equation (2): Log (EW) = Log.

a + b.Log(TL). When the slope b is equal to 3, isometric pattern of

growth occurs, but when b is not equal to 3, allometric pattern

of growth occurs, which may be positive if >3 or negative if <3. The

slope b of the regressions was tested against the isometric slope stan-

dard of 3 by sex and overall with Student's t-test function

(Pauly, 1983). Additionally, the analysis of covariance (ANCOVA) test

was used to investigate sex differences on the aforementioned rela-

tionship. Regression analysis and statistical tests were performed

using the R version 4.3.2 (2023-10-31 ucrt).

2.3 | Sexual maturity and reproductive metrics

Direct macroscopic examination of gonads allowed sex determination.

Then, maturity status was assigned using previously established cri-

teria for aplacental and placental viviparous sharks (Coelho &

Erzini, 2007; Stehmann, 2002), supplemented by Wu et al. (2020) and

Kousteni (2021). For the males, assessment focused on the length

and rigidity of the clasper, condition of the testes and sperm sacs,

presence of sperm in the genital tract and classified on four maturity

life stages: stage I (immature), stage II (maturing), stage III (mature) and

stage IV (active). Females were classified using a seven-stage maturity

scale based on the condition of their ovaries and uteri (size and colour

of the ovaries, uteri containing large eggs, presence of embryos inside

the uteri and the developmental stage of embryos): stage I (immature),

stage II (maturing), stage III (mature), stage IV (early pregnancy), stage

V (middle pregnancy), stage VI (expecting) and stage VII (post-natal)

(Table 1). Expressed as a binary score (immature/maturing = 0 and

mature or beyond = 1), these data were used to determine the size

F IGURE 1 Collection map of the
sampled slendertail lanternshark; red dots
represent sampling stations.
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and age at maturity. Furthermore, uterine fecundity was estimated

using an embryo count or number of fertilized eggs present in each

uterus. The largest oocytes in the ovary were also counted to estimate

ovarian fecundity (Pratt, 1979). The total length and sex of each

embryo were measured, and size at birth was estimated using the size

of the largest embryo and the smallest neonate capture at the same

time and place.

2.4 | Age and growth

For each specimen, a set of 5–7 vertebrae were removed between the

cranium and the first dorsal fin, separated into individual centra and

stored frozen for subsequent age determination. Vertebrae processing

and ageing followed protocols described by Cailliet et al. (2006). After

defrosting, any unnecessary tissue was removed from the vertebrae

using a scalpel. For complete cleaning of residual tissues, vertebrae

were soaked in 5% sodium hypochlorite solution (commercial bleach)

for 2–3 min depending on vertebrae size and then rinsed with distilled

water for a few minutes and stored in ethanol at 75%.

These centra were then air-dried for approximately 25 min before

staining. Two staining processes were tested to identify the most

effective solution for distinguishing growth bands. First, whole centra

were stained with a 5% cobalt nitrate hexahydrate solution according

to the method proposed by Hoenig and Brown (1988) and modified

by Gennari and Scacco (2007). The second stain used was 0.01% aliz-

arin red S solution 12 (Jolly et al., 2013). The effectiveness of these

different staining procedures in determining the readability of growth

band pairs across the entire vertebral centra was compared.

After staining, the centra were mounted on a microscope slide

and observed under both refraction and transmitted light using an

Olympus DP71 stereomicroscope and digital camera at 10–40� mag-

nification, depending on the vertebrae size. Digital images of pro-

cessed vertebrae were captured and growth bands counted and

marked after enhancing images using Adobe Photoshop (version

23.2.0). Growth band pairs were defined as a succession of a translu-

cent band and an opaque band along a transect from the centrum

radius to the outer edge (year of capture). Although samples did not

cover a wide range of capture periods for formal marginal increment

analysis, annual growth band deposition was assumed, consistent with

validated ageing techniques for closely related species such as Etmop-

terus spinax and Etmopterus baxteri (Coelho & Erzini, 2008b; Irvine

et al., 2006).

All vertebral centra were examined independently by two readers

without knowledge of sex and length. Growth band pair counts were

directly accepted only if both readings were in agreement. If counts

differed by one band pair, centra were recounted, with the final count

(estimated age = EA) accepted if matching one previous count or

rejected otherwise. Only vertebrae whose band pair counts obtained

two out of three equal readings were considered for the age and

growth analysis. Precision and error analyses were assessed using the

average percent error (APE) and the average coefficient of variation

(ACV). McNemar's test, the Evans-Hoenig's test and Bowker's symme-

try test was used to estimate bias between readers.

TABLE 1 Maturity stage classification for placental viviparous sharks, used for characterizing the maturity stage of Etmopterus molleri (binary
score: 0 = immature and maturing; 1 = mature or sexually active).

Maturity

stages Males Females

Binary

score

Stage I Claspers undeveloped as small, flexible sticks being shorter

than extreme tips of posterior pelvic-fin lobes

Ovaries small or invisible, internal structure gelatinous or

granulated, no oocytes differentiated. Uteri thread-like. No

uterine egg cases

0

Stage II Claspers becoming extended, longer than tips of posterior

pelvic-fin lobes, skeleton still soft and flexible

Mildly enlarged ovaries with more translucent walls. Oocytes

becoming differentiated to various small sizes. No uterine egg

cases

Stage III Claspers fully formed and stiff, spines of glans free and

sharp, with free cartilaginous spines mostly erect

Ovaries large, well rounded. Oocytes obviously enlarged, all to

about the same size, can easily be counted and measured

1

Stage IV The clasper glans is often dilated and swollen, cartilaginous

spines mostly erect; sperm flows from the cloaca under

pressure into the seminal vesicle and/or is present in the

clasper groove

Uteri well filled and rounded with seemingly unsegmented yolk

content

1

Stage V Uteri well filled and rounded with segmented content of large

yolk balls, can easily be counted and measured + embryos are

variously small, unpigmented, atop their yolk balls and larger

ones with external gill filaments

1

Stage VI Embryos formed, pigmented, external gill filaments lost and

yolk sacs obviously reduced. It can be counted, measured and

sexed easily.

1

Stage VII Ovaries at resting and uteri are empty but remain dilated along

their entire length, in contrast to the other stages.

1
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The lengths-at-previous-ages for each individual sample were

estimated by back-calculation techniques, as it's the first time to eval-

uate growth history for this species, and the sample period was lim-

ited (Cailliet & Goldman, 2004). To do that, the centrum radius (Cr),

the distance to the birthmark and the distance to each growth band

pair were measured to the nearest 1 μm. Based on the relationship

between Cr and total length, our back-calculation models were per-

formed: the Dahl-Lee direct proportions model (DALE), the Biological

Intercept Fraser Lee model (BI), the Quadratic Scale Proportional

Hypothesis (QSPH) model and the Quadratic Body

Proportional Hypothesis (QBPH) model. Accuracy, error analysis and

age-bias plot and back-calculation model were perform using the

‘FSA’ package version 0.9.5 and ‘RFishBC’ package version 0.2.7

(Ogle, 2023; Ogle et al., 2023) in the R version 4.3.2 (2023-10-31

ucrt). We performed an analysis of variance (ANOVA) test using

model output parameters (Lo and L∞), observed sizes and back-

calculated mean sizes to assess differences in size parameters

between males and females.

2.5 | Growth model fitting and statistical analysis

Age and TL (in mm) data were used to estimate growth parameters by

applying two model-fitting approaches.

2.5.1 | Frequentist approach

Three deterministic growth models were fitted to the observed

length-at-age data following Cailliet et al. (2006): (1) von Bertalanffy's

growth model (VBGF), (2) logistic growth model (Log) and (3) Gompertz

growth function (Gom) (Table 2). Last and Stevens (2009) and Ebert

et al. (2013) estimated the size at birth of E. molleri to be approxi-

mately 150 mm off the Australian coasts. However, the present study

recorded a minimum size of 106.5 mm, indicating a closer resem-

blance to a neonate. Furthermore, a fully formed embryo of size

Lembryon = 87.5 mm without yolk sac was found in a pregnant female.

Two approaches were used for the VBGF models: (1) standard three-

parameter growth models (3-VBGF), (2) versions of the growth

models (2-VBGF), with three hypothetical lengths at birth

(L0 = 106.5 mm corresponding to the minimum size found in our sam-

ples, L0 = 95 mm represents the average length between L0 and

Lembryon and L0 from the back-calculated data) to provide reference

points for the models given the size class of individuals aged 0 years.

Separate growth models were constructed for males, females and

combined sexes. Growth models were fit using non-linear least

squares (nls) function using the ‘Estimate_Growth’ function within

the ‘AquaticLifeHistory’ version 1.0.50 R package (Smart et al., 2016).

The model with the lowest corrected Akaike's Information Criterion

(AICc) value was chosen as the best fit for the data.

2.5.2 | Bayesian approach

A Bayesian approach utilizing MCMC simulation was implemented to

address some of the inherent shortcomings in frequentist growth

models. Informative priors were specified for the models, including L∞

and L0 as normal distributions with means and standard errors (SE).

The growth coefficients (kmax/gmax) and sigma (σ) values were

assigned uniform priors with specified upper and lower limits, and the

growth curve displayed a normal error structure (Smart &

Grammer, 2021). The prior length-at-birth used to fix the MCMC

model was set at L0 = 95 ± 3.15 mm and maximum size

L∞ = 389.1 mm (the maximum length observed in the samples stud-

ied), assuming that was the largest size likely to be found in the study

area. Then two theorical maximum lengths were chosen to simulate

the probable evolution of the maximum size based on the back-

calculated data for each sex (Table 3).

The growth completion rates (kmax = 1 for VBGF, gmax = 1 for

Gompertz and Log models) and sigma values (σmax = 100) were uni-

form priors with upper and lower bounds, and the growth curve fol-

lowed a normal error structure (Smart & Grammer, 2021).

The evaluation of the different Bayesian models was conducted

using the ‘Estimate_MCMC_Growth’ function from the ‘Bayes-
Growth’ R package version 1.0.0 (Smart & Grammer, 2021). We ran

four MCMC chain with 10,000 iterations to estimate the posterior

distributions of the parameters with a burn-in period of 5000 itera-

tions. We confirm algorithm convergence using the Gelman-Rubin

test [R^= (1–1.05)] for all models and traceplots for the autocorrela-

tion for the best MCMC growth model. The selection of the best

Bayesian model was based on the leave-one-out cross-validation

information criterion (LOOIC), with the retained model being the one

with the lowest LOOIC value (Hooten & Hobbs, 2015).

The length-at-maturity was estimated for both sexes using the

‘Estimate_Len_Maturity’ function from the ‘AquaticLifeHistory’ pack-
age in R. This function fits a logistic regression model to maturity data

(binary 0/1) with binomial errors based on length. The lengths at

which 50% (L50) and 95% (L95) of individuals reach maturity, along

with their associated confidence intervals, were calculated. Similarly,

age-at-maturity was estimated using the ‘Estimate_age_maturity’
function, which employs a similar logistic regression approach on age-

maturity data. This provided estimates of the ages at which 50% (A50)

TABLE 2 Equations of the three growth functions used in the
frequentist approach.

Model Growth functions

3-VBGF L tð Þ ¼ L0 L∞�L0ð Þ 1� exp �ktð Þð Þ
Log

L tð Þ ¼ L∞L0 exp gtð Þð Þ
L∞þL0 exp gtð Þ�1ð Þ

Gom L tð Þ ¼ L0 exp ln L∞
L0

� �� �
1� exp �gtð Þð Þ

Note: L tð Þ is the predicted length at age t; L∞ is the asymptotic or

theoretical maximum mean length at t=∞; L 0ð Þ is the length at birth; and k

and g are the growth completion rates.

Abbreviations: Gom, Gompertz growth function; Log, logistic growth

model; VBGF, von Bertalanffy growth model.

DAVID ET AL. 5FISH



and 95% (A95) of individuals reach maturity for each sex, along with

corresponding confidence intervals.

3 | RESULTS

3.1 | Sample characteristics

A total of 280 E. molleri specimens (165 females and 115 males) were

collected and analysed in this study. Immature individuals made up

nearly 70% of the samples, with a sex ratio of 1.43:1 favouring

females (χ2 = 146.52, p < 0.01); this finding indicates significant

imbalance in the sex-based distribution. The length distribution ran-

ged from 106.5 to 389.1 mm for females and 121.5–371.1 mm for

males (Figure 2, Supplementary Materials S2). No difference was

observed in the slope regarding the TL-EW relationship between the

different sexes (Figure 3), and t-test showed that b = 3.032 (b of com-

bined sex) is not significantly different from b = 3 (t-test, p > 0.05,

df = 279), indicating an isometric growth pattern. The ANCOVA

model revealed a highly significant effect of sex on the length

TABLE 3 Summary of prior information for setting the Markov chain Monte-Carlo (MCMC) model.

Prior information Males Females

Theorical size-at-birth Expected L0 = 95 ± 3.15 mm L0 = 95 ± 3.15 mm

Back-calculated L0 = 101.50 ± 2.23 mm L0 = 104 ± 1.43 mm

Theorical max length (from best frequentist model) Observed data Lmax = 398.1 ± 3.15 mm Lmax = 398.1 ± 3.15 mm

Back-calculated Lmax = 418 ± 13.47 mm Lmax = 526 ± 17.72 mm

0

20

40

60
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F IGURE 2 Length class distribution of male and female Etmopterus molleri samples from the East China Sea (ECS).
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(F1266 = 1109.133, p < 0.05), with females generally larger than

males.

Among the specimens analysed, various maturity stages were

recorded, with most individuals, regardless of sex, being in the imma-

ture stage. Of the 165 females examined, 109 were immature at stage

I (66.05%), 21 were immature at stage II (12.73%), 19 were at stage III

(11.52%), 15 were at stage V (9.10%) and 1 individual was at stage

VI. Among male specimens, 36 were immature at stage I (31.30%),

20 were transitioning to maturity at stage II (17.39%) and 59 were

mature at stage III (51.30%). At stage VI, a gravid female (351.4 mm

TL) revealed a single female embryo measuring 87.5 mm

TL. However, this observation was insufficient to draw conclusions

regarding the fecundity of the species.

Ovarian fecundity analysis revealed 1–9 ripe oocytes per female,

with a mean value of 6.33 ± 2.06. The modal count was seven ripe

oocytes (N = 4 females), whereas the maximum count of nine

ripe oocytes was observed in two specimens. Examination of

15 females yielded measurements for 95 oocytes, comprising 17 ripe,

31 maturing and 47 immature specimens. Eight females had oocytes

with a maximum diameter ranging from 20 to 25 mm, whereas two

females had oocytes measuring between 27 and 30 mm

(Supplementary Materials S1).

3.2 | Stain evaluation and selection

The effectiveness of the staining methods was evaluated by directly

observing the growth bands on whole vertebrae under a microscope.

The cobalt nitrate hexahydrate staining (Figure 4a,c) allowed for bet-

ter age determination compared to alizarin red S (Figure 4b,d). Conse-

quently, vertebrae stained with cobalt nitrate hexahydrate were

selected for age reading and estimation (Figure 4e).

3.3 | Age determination

A total of 280 samples of vertebral centrum stained with cobalt

nitrate hexahydrate were observed and read by two (if necessary

F IGURE 3 Total length
(TL) and eviscerated weight
(EW) relationship between
(a) males (n = 115) and females
(n = 165) and (b) combined sex of
Etmopterus molleri caught in the
East China Sea (ECS).
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three) readers. Band pair counts were based on the corpus calcareum,

and 234 samples met the requirements (the same reading from at

least two readers). Age estimates ranged from 0 to13 for females (TL:

106.5–389.1 mm) and 1 to 12 for males (TL: 121.5–371.1 mm). The

CV and APE between readings were 2.27% and 1.60%, respectively,

signifying high reproducibility in the age determination between the

readers (Figure 5). McNemar's test and Evans-Hoenig's symmetry test

were significant (p < 0.05), indicating asymmetry in the contingency,

but the Bowker test was not significant (df = 10, χ2 = 8.50, p > 0.05),

suggesting that the observed asymmetry could be due to chance, and

that disagreements between readers may be considered balanced

overall (Supplementary Material S3).

3.4 | Growth models

The relationship between Cr and TL for both males and females was

non-linear and best explained by the quadratic QBPH model

(Supplementary Material S4), which exhibited the smallest deviation

from the observed data. Although the estimated size at birth was simi-

lar for both sexes (108 ± 2.1 mm), the back-calculated size data

revealed a significant difference between males and females as

growth progressed (ANCOVA, F1,1263 = 14.69, p < 0.05); therefore,

sex-specific growth modelling was conducted.

Using a frequentist approach, the VBGF growth model with back-

calculated data provided a more accurate estimation of the growth

parameters for E. molleri in both males and females. For males, the

estimated parameters were L₀ = 101.57 ± 2.23 mm for size at birth

and L∞ = 418 ± 13.47 mm for asymptotic length. For females, size at

birth was estimated at L₀ = 104.50 ± 1.43 mm, with an asymptotic

length of L∞ = 526 ± 17.72 mm.

Based on the observed data, the standard VBGF growth model

with hypothesis 3 (L0 set at 95 mm) had the best parameters (low

AICc and w = 1) for males and was used to describe the mean asymp-

totic length (L∞ = 371.07 ± 9.43 mm). Similarly, the standard VBGF

growth model for females (L0 set at 106.5 mm) had the lowest AICc,

w = 1, and was selected to express the mean asymptotic length

(L∞ = 472.12 ± 15.69 mm) (Table 4).

It is worth noting that for both sexes, the growth models derived

from back-calculated data and observed data converged in terms of

birth sizes (F = 0.342, p = 0.38) and were close to the minimum

observed size; however, they differed in asymptotic lengths, particu-

larly for males (Figure 6).

The Bayesian VBGF model provided the most robust growth

parameter estimates for both sexes. In males, the three hypotheses

showed no significant differences (ΔLooic <2), with estimated birth

lengths ranging from 96.40 ± 3.02 mm to 101.88 ± 2.12 mm and

asymptotic lengths varying between 396.43 ± 2.87 mm and 391.61

± 10.06 mm. Similarly, for females, the Bayesian VBGF model yielded

optimal growth parameter estimates, with birth lengths ranging from

93.52 ± 2.39 mm to 105.35 ± 1.33 mm and asymptotic lengths span-

ning from 401.21 ± 2.97 mm to 496.49 ± 13.75 mm (Table 5).

F IGURE 4 Images of Etmopterus molleri vertebrae stained with cobalt nitrate hexahydrate (a = top view, c = side view, for a 1-year-old

specimen) and alizarin red S (b = top view, d = side view, for a 1-year-old specimen); (e) a 4-year-old specimen stained with cobalt nitrate
hexahydrate.
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Growth parameter estimates from both best-fit models (frequen-

tist and Bayesian) exhibited similar birth lengths for males and

females. Asymptotic lengths, on the contrary, showed differences.

The Bayesian model gave much more accurate estimates than the fre-

quentist approach (Figure 7).

3.5 | Length and age-at-maturity

The estimates of maturity for males and females differed sub-

stantially [multivariate analysis of variance (MANOVA, Wilks'

lambda: λ = 0.8349, F2, 87 = 8.604, p < 0.05)], with females

exhibiting larger sizes than males, and males displaying earlier

maturity in terms of length and age. The smallest mature

male specimen measured 257.5 mm and was 5 years old, whereas

the largest immature specimen measured 271.3 mm and was

6 years old. Among females, the smallest mature specimen

measured 272.8 mm and was 6 years old, whereas the

largest immature specimen measured 280.5 mm and was

6 years old.

The mean parameters for length at 50% and 95% maturity

(L50 and L95) for males were 261.28 ± 2.22 mm TL (70.41% of

the maximum observed size) and 275.84 ± 3.86 mm TL, whereas

for females, they were 287.78 ± 4.19 mm TL (73.96% of the

maximum observed size) and 320.44 ± 9.61 mm TL, respectively,

for L50 and L95 (Table 6; Figure 8). The mean ages at 50% and

95% maturity (A50 and A95) for males were 4.77 ± 0.16 years

(39.75% of the maximum age observed) and 6.12 ± 0.32 years,

respectively, whereas for females, they were 6.57 ± 0.18 years

(50.54% of the maximum age observed) and 7.62 ± 0.31 years,

respectively for A50 and A95 (Table 6; Figure 8 and Supplemen-

tary Material S5).

n 27
54

n

117 234

Reader.1

R
ea

de
r.2

 −
 R

ea
de

r.1

0 2 4 6 8 10 12

−1
0

1

F IGURE 5 Age-bias plot of reader 1 estimates versus reader 2 estimates. Mean (points) and range (intervals) of differences in age estimates
obtained from Etmopterus molleri vertebrae between the two readers at the estimates for the first reader. The agreement line (horizontal dashed

grey line) refers to the difference in the two age estimates from readers. The marginal histograms depict the age estimates of the first reader (top)
and the differences between the age estimates between readers (right), and the bar at a difference of zero represents the amount of perfect
agreement between the sets of age estimates (n = 234).
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4 | DISCUSSION

Despite the growing interest in chondrichthyans, particularly sharks,

most of the available data on small sharks in deep-sea ecosystems

stem from incidental catch surveys associated with the expansion of

deep-sea fisheries (Victorero et al., 2018). Although reliance on this

type of catch may limit comprehensive sampling, it provides an oppor-

tunity to explore resources that are otherwise difficult to access and

often economically unviable (Ruibal Núñez et al., 2018; Xu

et al., 2022) The specimens of E. molleri studied here, obtained from

by-catch in the ECS, offer valuable new insights into the key life-

history parameters of this poorly known and under-studied deep-sea

shark species.

4.1 | Sex ratio and length distributions

The study found significant difference between the proportions of

males and females in shallow depths (300–400 m) and revealed higher

proportion of immature individuals. Similar trends on other small

deep-water shark species were also reported in previous studies

(Braccini & Taylor, 2016; Moura et al., 2014; Rodríguez-Cabello

et al., 2018; Yano, 1988). For example, E. molleri congener E. spinax

and Etmopterus pusillus catch in the shallow water of the Mediterra-

nean Sea display over 90% and 80%, respectively, of immature indi-

viduals on both sexes (Coelho & Erzini, 2008a; Porcu et al., 2014).

This observation may be related to sex segregation or maturity stage

and requires more precise information for this species. The

TABLE 4 Summary of results of the observed length-at-age and back-calculated data for males and females from the frequentist models
incorporating corrected Akaike's Information Criterion (AICc).

Models N AICc w L0 ± SE (mm) L∞ ± SE (mm) k ± SE gGom ± SE glog ± SE RSE

Observed data (males)

Hypothesis 1 VBGF 115 928.17 0.94 85.10 ± 10.91 360.44 ± 12.66 0.21 ± 0.03 13.36

L0 = Null Logistic 115 939.73 0.00 118.57 ± 5.93 335.94 ± 7.68 0.38 ± 0.03 14.07

L∞ = Null Gompertz 115 933.89 0.05 106.60 ± 7.28 345.01 ± 9.34 0.29 ± 0.03 13.71

Hypothesis 2 VBGF 115 929.85 0.72 106.5 ± 3.15 387.51 ± 12.17 0.16 ± 0.02 13.54

L0 = 106.5 Logistic 115 931.74 0.00 106.5 ± 3.15 324.91 ± 4.41 0.44 ± 0.03 14.20

L∞ = Null Gompertz 115 940.81 0.28 106.5 ± 3.15 344.91 ± 6.22 0.29 ± 0.04 13.65

Hypothesis 3 VBGF 115 926.8 0.97 95 ± 3.15 371.07 ± 9.43 0.17 ± 0.01 13.36

L0 = 95 Logistic 115 933.80 0.00 95 ± 3.15 316.67 ± 3.83 0.34 ± 0.02 14.73

L∞ = Null Gompertz 115 949.28 0.03 95 ± 3.15 334.39 ± 5.14 0.51 ± 0.02 13.77

Back-calculated data (males)

VBGF 526 4514.95 0.99 101.57 ± 2.23 418 ± 13.47 0.13 ± 0.01 13.38

L0 = Null Logistic 526 4542.81 0.00 114.85 ± 1.52 344.28 ± 4.82 0.36 ± 0.01 13.71

L∞ = Null Gompertz 526 4524.84 0.01 109.49 ± 1.75 366.86 ± 6.89 0.24 ± 0.01 13.49

Observed data (females)

Hypothesis 1 VBGF 165 1293.38 1 104.26 ± 4.46 463.40 ± 21.76 0.11 ± 0.01 11.92

L0 = Null Logistic 165 1303.47 0 123.86 ± 3.07 384.26 ± 8.87 0.29 ± 0.02 12.86

L∞ = Null Gompertz 165 1317.13 0 115.55 ± 3.54 406.52 ± 11.77 0.21 ± 0.01 12.32

Hypothesis 2 VBGF 165 1291.53 1 106.5 ± 3.15 472.12 ± 15.69 0.11 ± 0.02 11.97

L0 = 106.5 Logistic 165 1307.05 0 106.5 ± 315 353.72 ± 4.67 0.39 ± 0.02 13.82

L∞ = Null Gompertz 165 1339.12 0 106.5 ± 3.15 386.43 ± 6.60 0.24 ± 0.03 12.54

Hypothesis 3 VBGF 165 1295.2 1 95 ± 3.15 434.41 ± 11.17 0.13 ± 0.02 12.10

L0 = 95 Logistic 165 1327.73 0 95 ± 3.15 339.25 ± 4.19 0.45 ± 0.01 15.31

L∞ = Null Gompertz 165 1372.74 0 95 ± 3.15 367.16 ± 5.547 0.28 ± 0.02 13.36

Back-calculated data (females)

VBGF 703 5439.79 1 104.50 ± 1.43 526 ± 17.72 0.09 ± 0.01 11.54

L0 = Null Logistic 703 5497.51 0 117.34 ± 1.02 390.13 ± 4.74 0.30 ± 0.01 12.03

L∞ = Null Gompertz 703 5458.48 0 112.03 ± 1.15 425.26 ± 7.12 0.18 ± 0.01 11.701

Note: The best-fitting frequentist model is indicated in bold.

Abbreviations: AICc, small-sample bias adjusted from the Akaike's information criteria; gGom, growth parameters for Gompertz function; glog, growth

parameters for logistic function; k, the growth completion rate in year�1 for the VBGF; L0 ± SE, length-at-birth ± standard error (mm, TL); L∞ ± SE,

maximum asymptotic length ± standard error (mm, TL); n, number of sample; RSE, residual error for the models; VBGF, von Bertalanffy's growth model; w,

AICC weights.
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predominance of immature specimens in catches may reflect both

natural population demographics, where juveniles typically constitute

most viable populations, and spatial–temporal sampling bias related to

sex-specific segregation patterns, maturity stages and the intensive

demersal trawling activities in areas potentially serving as juvenile

habitats (Du et al., 2022; Zhang et al., 2016). Otherwise, size-selective

F IGURE 6 Etmopterus molleri growth curve in the East China Sea (ECS). (a) Males best-fitting frequentist von Bertalanffy's growth model
(VBGF) model (red) with back-calculated data (L0 = 101.57 ± 2.23 mm, L∞ = 418 ± 13.47 mm, k = 0.13) + best-fitting frequentist model VBGF
(blue) with observed data (L0 = 95 ± 3.15 mm, L∞ = 371.07 ± 9.43 mm, k = 0.17). (b) Females best-fitting frequentist VBGF model (red) with
back-calculated data (L0 = 104.50 ± 1.43 mm, L∞ = 526 ± 17.72 mm, k = 0.09) + best-fitting frequentist model VBGF (blue) with observed data
(L0 = 106.5 ± 3.15 mm, L∞ = 472.12 ± 15.69 mm, k = 0.11).
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catches can lead to long-term sustainability on the available stocks of

this species in the ECS (Jørgensen et al., 2009; Pellowe &

Leslie, 2020; Uusi-Heikkilä, 2020). Depth has been described as a

significant factor in the distribution of deep-water shark species based

on maturity stage; immature individuals are found in the upper water

layers, where they reduce their mortality and increase their growth

F IGURE 7 Etmopterus molleri growth curve in the East China Sea (ECS). (a) Males best-fitting Bayesian model [von Bertalanffy's growth model
(VBGF)] (blue) with L0 = 101.88 ± 2.12 mm, L∞ = 397.70 ± 10.21 mm, k = 0.15 + best-fitting frequentist model VBGF (green) with L0 = 95
± 3.15 mm, L∞ = 371.07 ± 9.43 mm, k = 0.17. (b) Females best-fitting Bayesian model VBGF (blue) with L0 = 105.35 ± 1.33 mm, L∞ = 496.49
± 13.75 mm, k = 0.10 + best-fitting frequentist model VBGF (green with L0 = 104.26 ± 4.46 mm, L∞ = 463.40 ± 21.76 mm, k = 0.14).

DAVID ET AL. 13FISH



rates by reducing competition with adults (Riesgo et al., 2020),

whereas the proportion of mature individuals increases with depth

(Bottaro et al., 2023; Coelho & Erzini, 2010; Moura et al., 2014).

Although uterine fecundity assessment was limited by sample

size, with only a single gravid female bearing one embryo, the absence

of mature oocytes in this specimen suggests sequential rather than

concurrent vitellogenesis and gestation in E. molleri. This reproductive

pattern aligns with observations in E. spinax (Porcu et al., 2014;

Kousteni, 2021) and other lecithotrophic species (Wheeler

et al., 2024).

Furthermore, the length distribution displays a rather wide range,

spanning from 106.5 to 389.1 mm for females and 121.1 to

371.1 mm for males. Females reached significantly larger sizes on

average than males, which is common in many shark species due to

sexual dimorphism related to reproduction (Gayford, 2023; Riesgo

et al., 2020; Sims, 2005). A particularly interesting aspect of this study

concerns the growth pattern observed in E. molleri, which displays iso-

metric growth without significant difference between sexes. This

could be due to the low representativeness of large individuals in the

samples. This observation is relatively rare among sharks, which often

exhibit allometric growth, representing adaptations to distinct ecologi-

cal niches, as well as resource availability (Gayford, 2023; Irschick &

Hammerschlag, 2014; Rigby & Simpfendorfer, 2015).

4.2 | Growth and age estimation

Vertebrae are among the most frequently utilized structures for age

estimation in sharks. However, for small squalid sharks, their use is

very limited, with several studies supporting the use of dorsal spines

(Goldman et al., 2012; Natanson et al., 2018).

We used two histological staining techniques on whole vertebrae

to overcome the age-reading issue. The first involved treatment with

cobalt nitrate hexahydrate, whereas the second used alizarin red

S. Although alizarin treatment is widely used for staining calcified

structures (Irvine et al., 2006; Kindong et al., 2020; Oshitani

et al., 2003), particularly due to its affinity with calcium ions, it does

not seem suitable for weakly calcified vertebrae of deep-sea sharks,

where it tends to infiltrate deeply into the vertebra, hindering the dis-

tinction of growth bands. Although a higher dilution (0.001%) was

used compared to that indicated in the literature (Jolly et al., 2013;

Kindong et al., 2020), the impregnation of the vertebrae with the solu-

tion did not allow for a clear distinction of the growth bands. Better

results were obtained with the cobalt nitrate hexahydrate treatment,

which offered the advantages of simplicity and rapidity, facilitated

easier reading of growth bands under the microscope.

A significant proportion of vertebrae samples (n = 234) used for

age determination had a perfect agreement between age estimates by

readers. Proving that the technique was adequacy for the species and

meet the accepted guidelines for elasmobranch age studies, requiring

a CV <7.6% and an APE <5.5% (Cailliet & Goldman, 2004;

Campana, 2001). This high precision in measurement could stem from

the size range of individuals in the sample, which consisted of 69.64%

immature individuals, as ageing error tends to increase with size

(Campana, 2001; Harry, 2018). The study was unable to corroborate

the periodicity of growth band formation, which was owing in part to

a short sampling time that did not cover an extensive period, as well

as the difficulties associated with typical validation approaches for

deep-sea species (Caltabellotta et al., 2021; Irvine et al., 2006), and

requires additional studies to confirm the estimated ages.

4.3 | Maturity

Unlike most bony fishes that reach maturity early (Okuzawa, 2002),

shark species tend to exhibit delayed maturity, which can take several

years or even decades, depending on the species. Contrary to general

trends described in the literature, where most sharks reach sexual

maturity at approximately 75% of their maximum length and 50% of

their maximum age (Cortés, 2000; Pardo et al., 2013; Rigby et al.,

2016), E. molleri was found to mature at small sizes compared to other

congener deep-sea sharks. In comparison, both sexes of Etmopterus

bigelowi, E. spinax and E. pusillus reach maturity between 75% and

87% of their maximum sizes (Aranha et al., 2009; Coelho &

Erzini, 2005; Kousteni, 2021; Mourato et al., 2010). The same trend

was reported for other deep-sea shark species such as Centrophorus

squamosus and Mitsukurina owstoni (Clarke et al., 2002; Caltabellotta

et al., 2018). Furthermore, studies have shown that females mature at

significantly larger sizes than males. This pattern of sexual dimorphism

in size at maturity is common among deep-water shark species (D'iglio

et al., 2021; Rigby & Simpfendorfer, 2015).

4.4 | Comparison of growth models

Despite the reliable ageing process, the lack of small individuals in our

sample limited the estimation of growth model parameters. To

address this limitation, back-calculation of age-at-length from sampled

TABLE 6 Summary of length and
age-at-maturity analysis for Etmopterus
molleri from East China Sea (ECS).

Sex L50 ± SE L95 ± SE A50 ± SE A95 ± SE

Combined 269.37 ± 1.66 287.36 ± 3.36 5.38 ± 0.12 6.76 ± 0.25

Female 287.78 ± 4.19 320.44 ± 9.61 6.57 ± 0.18 7.62 ± 0.31

Male 261.28 ± 2.22 275.84 ± 3.86 4.77 ± 0.16 6.12 ± 0.32

Note: L50 age (TL, mm) at 50% maturity, L95 age (TL, mm) at 95% and A50 age (years) at 50% maturity, A95

age (years) at 95% confidence interval (CI).
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vertebrae enabled us to estimate birth size, which aligned with the

minimum observed length in our dataset. The standard VBGF was

found to be the best fit for growth parameters when the two sexes

were looked at separately by both frequentist and Bayesian methods.

Back-calculated and observed data had different assumptions for

model selection, but estimates of birth sizes were the same for both

sexes, averaging about 100 mm. This estimate was notably smaller

than the 150 mm birth size reported for Australian waters (Ebert

et al., 2013; Last & Stevens, 2009) and the minimum size of 123.4 mm

documented for neonates of E. molleri in the ECS near Taiwanese

waters (Joung & Chen, 1992). However, our estimate closely matched

the smallest specimen (106.5 mm) observed in the present study.

F IGURE 8 Maturity curves for Etmopterus molleri: (a) length-at-maturity and (b) age-at-maturity for males (blue) and females (red). In (a), the
first black dot represents the length at 50% maturity, and the second represents the length at 95% maturity. In (b), the first black dot represents
the age at 50% maturity, and the second represents the age at 95% maturity, respectively, for males (n = 107) and females (n = 127).
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Asymptotic lengths differed significantly between sexes across

estimation models. Males' asymptotic lengths were close to the larg-

est size seen in our dataset and in line with the longest lengths ever

recorded in the sampling area (398 mm; Yano, 1988) and

New Zealand waters (381.5 mm; Pinte et al., 2020) when best-fit

models (both frequentist and Bayesian) were used with observed data.

Back-calculated data, however, produced significantly larger values,

though both estimates remained below the reported maximum spe-

cies length of 460 mm (Ebert et al., 2013; Last & Stevens, 2009). For

females, the frequentist model using observed data produced asymp-

totic lengths compared to literature values under various model

assumptions, whereas back-calculated data yielded substantially larger

estimates. The Bayesian model provided best fits for both birth size

and asymptotic length estimates in females, although the latter

exceeded maximum lengths reported in the literature (Ebert

et al., 2013; Last & Stevens, 2009).

Although species-specific birth sizes were not explicitly documen-

ted, related species within the genus Etmopterus demonstrate compa-

rable proportional birth sizes. Etmopterus gracilispinis exhibits birth

lengths of 120–130 mm (Gianeti et al., 2009) representing approxi-

mately 34.29% of its maximum estimated length of 350 mm. Similarly,

E. spinax shows birth sizes of 92.7 mm (Gennari & Scacco, 2007),

approximately 20.21% of the female maximum estimated length of

480 mm. E. molleri displays a birth size ratio of 21.74% of its docu-

mented maximum length, which falls within the typical range for the

genus Etmopterus.

Although frequentist and Bayesian growth modelling approaches

reveal distinct methodologies and inherent advantages, studies have

demonstrated that Bayesian modelling outperforms frequentist

approaches in scenarios with biased or small sample sizes due to its

ability to incorporate relevant biological information through priors

(Fontez & Cavalli, 2014; Neves et al., 2022; Smart & Grammer, 2021).

Although prior parameter selection can influence estimation accuracy

(Smart & Grammer, 2021), the various scenarios considered in the

Bayesian adjustment provided better growth parameter estimates for

both sexes, aligning with back-calculated data, whereas the frequen-

tist approach tended to overestimate asymptotic growth.

The growth completion rate for both approaches (Bayesian and

frequentist growth model) corroborates that E. molleri seems to be

vulnerable to fishing pressure (Andrade et al., 2019; Fernandez-

Carvalho et al., 2011; Kyne & Simpfendorfer, 2010). Growth parame-

ter estimates revealed distinct growth rates between sexes, with

males exhibiting a higher growth coefficient (k = 0.17 year�1) com-

pared to females (k = 0.11 year�1), indicating that males reach their

maximum size more rapidly while females attain larger sizes. This sex-

ual dimorphism is widespread among elasmobranchs, and the underly-

ing drivers of size differences are complex, influenced by multiple

selective pressures (Baje et al., 2018; Gayford, 2023). Although the

‘fecundity advantage’ model suggests that larger female size confers

reproductive benefits (Pauly, 2019), in sharks, particularly lecitho-

trophic species, reproductive mode and ecological selection appear to

play more significant roles than fecundity alone, differing from pat-

terns observed in other vertebrates (Gayford & Sternes, 2024).

Like many other shark species inhabiting bathyal and abyssal environ-

ments, E. molleri is characterized by slow growth, a typical life-history trait

of organisms adapted to oligotrophic conditions and resource scarcity in

these deep ecosystems (Morato et al., 2006; Nehmens et al., 2021). This

slow growth strategy, coupled with late maturity and generally low fecun-

dity, confers on these species a limited demographic renewal capacity,

making them particularly vulnerable to overexploitation, even when taken

as by-catch (Dulvy et al., 2000; Stevens et al., 2000) due to their spatial

overlap with the distribution of commercially important teleost species

(Graça Aranha et al., 2023; Parra et al., 2016).

5 | CONCLUSION

This study addresses for the first time the blanks concerning the age

and sexual maturity and redefines the growth parameters of one of

the smallest but data-deficient sharks, E. molleri. Despite E. molleri ver-

tebrae's low calcification, cobalt nitrate hexahydrate staining allowed

for successful growth band reading. The combined use of frequentist

and Bayesian approaches for growth modelling proved valuable,

allowing the integration of available prior information and redefining

the growth parameters. Our results provide critical insights into

E. molleri, thereby establishing a crucial baseline for the development

and refinement of future conservation strategies and management

protocols. These data serve as a cornerstone for informed decision-

making in efforts to protect and sustain this species.
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