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To better manage fish stocks, fisheries scientists use various data, including age and growth, to inform stock assessments and provide management advice. However, many non-targeted species, important to the marine ecosystem, including Pseudocarcharias kamoharai still lack such studies which may impede comprehensive assessment of stock status. This study presents the age, growth, and sexual maturity of this species from the Tropical Eastern Atlantic Ocean by examining vertebral samples and reproductive tracts. All samples were collected by Chinese Tuna Fishery Scientific Observers between November 2012 and May 2020, with sizes ranging from 46 to 101 cm fork length (FL). Four age enhancement techniques applied on whole and sectioned vertebral centra were compared. Four growth models fitted to the age data were also compared and the corrected Akaike information criterion was used to select the most plausible model. Whole vertebral centra stained with alizarin red S solution showed clearer growth band-pairs, and age ranged from 2 to 10 years (females) and from 2 to 11 years (males). No significant differences were observed in growth and age composition by sex in the sample. The three-parameter von Bertalanffy growth function presented the best fit to describe the growth of combined sexes of this species (L∞ = 107.8 cm FL, k = 0.18 year–1). Male specimens attained age-at-50% maturity (4.55 years) earlier than females (5.91 years). The estimated longevities were 11.95 and 13.33 years for females and males, respectively. The present study provides useful life history information, intending to elucidate the biology of this poorly managed shark species.
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INTRODUCTION

Pelagic longline fisheries primarily targeting tuna and swordfish in oceanic waters worldwide also catch important numbers of pelagic sharks, increasing concerns about the worsening status of their populations (Dulvy et al., 2008). The populations of most pelagic sharks have declined significantly because of intense fishing pressure as most shark species have low reproductive rates, grow slowly and mature late (Cortés et al., 2010; Geraghty et al., 2014). Moreover, shark fishing limits are yet to be fully implemented despite this growing fishing pressure. Preventive management measures, therefore, need to be implemented to ensure the conservation of these species. However, in the Atlantic Ocean, data for most pelagic shark species are still lacking to develop sound management plans, except for blue sharks, porbeagle, and shortfin mako sharks (International Commission for the Conservation of Atlantic Tunas (ICCAT), 2019).

The crocodile shark, Pseudocarcharias kamoharai (Matsubara, 1936), is an epipelagic and mesopelagic species and is the smallest living lamnoid belonging to the Pseudocarcharidae family attaining 106.27 cm in fork length [converted from TL to FL with the formula FL = (TL + 0.3496)/1.1513 in Gao et al. (2013)] (Lessa et al., 2015). P. kamoharai occurs in all oceanic waters, with a known depth range from the surface to at least 590 m; it exhibits a diel vertical migration toward the surface at night and away during the day (Compagno, 2001; Last and Stevens, 2009; Ebert et al., 2013). Despite its worldwide distribution, P. kamoharai has been rarely studied and little is known about its life-history due to lack of data mainly because it is caught as bycatch and discarded in tuna and swordfish fisheries worldwide (Fujita, 1981; Compagno, 2001; Romanov et al., 2008; Oliveira et al., 2010; Dai et al., 2011; Coelho et al., 2012) and in artisanal fisheries (Martínez-Ortiz et al., 2015). P. kamoharai is ovoviviparous, with uterine oophagy and 2–4 pups per litter (usually 4, two from each uterus), which can vary between 31.57 and 40.35 cm FL at the end of the gestation period (White, 2007; Oliveira et al., 2010; Lessa et al., 2015; Wu et al., 2020). Sexual maturity of both sexes are attained almost at similar body lengths; females mature at lengths between 69.79 and 89.77 cm FL and males from 63.27 and 78.5 cm FL (White, 2007; Oliveira et al., 2010; Dai et al., 2011; Wu et al., 2020). In the western Atlantic Ocean, Lessa et al. (2015) reported that age-at-first maturity for male specimens was achieved at 3.1 years and females at 5.1 years.

Pseudocarcharias kamoharai is rarely a targeted species in most commercial fisheries, but an increase in their catch has recently been observed; this may be because of their very large liver which is rich in squalene, hence attracting some fisheries (Kyne et al., 2019), or due to the shifting nature of fisheries (Romanov et al., 2008). Currently, there is no age and growth information for this species in the Tropical Eastern Atlantic (TEA) Ocean. Given that the species is usually discarded, their catch data are usually either not recorded or under-reported in logbooks making it impossible to estimate population status based on commercial fisheries catches. To better assess the stock status of a given species, age, growth, and reproduction information is needed to evaluate growth rates, mortality rates, life expectancy, and other relevant fisheries aspects (Campana, 2001, 2014; Goldman et al., 2012). Furthermore, a recent ecological risk assessment study by Murua et al. (2018) has ranked the P. kamoharai as high risk due to their high vulnerability to capture and low biological productivity rate. Thus, life-history studies and well-organized fisheries monitoring systems are essential to accurately determine the conservation status of P. kamoharai in oceanic waters worldwide (Kyne et al., 2019).

Considering the lack of life-history information concerning P. kamoharai in the TEA, especially concerning age, growth and sexual maturity, this study aims to (1) estimate the age of P. kamoharai specimens through the reading of growth band-pair counts deposited on vertebral centra; (2) compare age enhancement techniques to determine which can better assess the age of P. kamoharai; (3) compare and obtain best growth models for this species; (4) determine sexual maturity ages for both sexes; and (5) provide age, growth, and reproductive data for population status assessments important to guide management measures necessary for the conservation of the species.



MATERIALS AND METHODS


Collection of Specimens

Pseudocarcharias kamoharai specimens caught by Chinese tuna longline vessels operating in the TEA Ocean (6.31°S–12.15°N,18.32°W–36.47°W; Table 1 and Figure 1) between November 2012 and May 2020 were recorded by onboard Chinese scientific observers. Samples used in this study were taken only from dead specimens hauled onboard; specimens that arrived onboard alive was released after the hook was removed. These dead specimens were dissected onboard, then reproductive organs were measured or vertebrae samples collected for subsequent analyses.


TABLE 1. Observer reports on the Tropical Eastern Atlantic longline fishing trips.
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FIGURE 1. Set locations where P. kamoharai specimens were collected by the Chinese longline Fishery Observer in the Tropical Eastern Atlantic Ocean.


A total of 120 vertebrae were collected during three voyages done between November 2012 and January 2016, totaling 253 sets to perform aging analyses (Table 1). Another voyage was done between December 2019 and May 2020 with an observer on board to collect biological data including reproductive samples from captured P. kamoharai (Table 1). A total of 519 specimens were caught during this trip and their sexes identified onboard. The measurements of clasper length, uterus and oviducal glands width were also taken on board. For each specimen caught between December 2019 and May 2020, the maturity stages were also determined. The clasper length was measured to the nearest cm while the uterus and oviducal glands width were measured to the nearest mm with a Vernier calliper.

The sex and fork length (FL) of all specimens were recorded while onboard the longline vessels. In the present study, other reported length measurements used to size P. kamoharai such as total length (TL) were converted to the FL using the following formula FL = (TL + 0.3496)/1.1513 (Gao et al., 2013). For each specimen, the FL was measured in a straight line to the nearest lower cm. A set of five to eight vertebrae were extracted from the area below the anterior part of the first dorsal fin of each specimen collected between 2012 and 2016. These vertebrae samples were retained and stored frozen on board and returned to the laboratory for subsequent age determination.



Sample Processing and Preparation of Aging Structures

The frozen vertebrae samples were thawed and any excess tissue was removed using a scalpel. These vertebrae were later separated into individual centra, which were further used to estimate age. These centra were soaked into boiling water for approximately 3–7 min, to remove cartilaginous arches and other connective tissues around them. Centra still having remaining tissues were immersed in a solution of 5% sodium hypochlorite solution (commercial bleach) for about 5 min for complete cleansing. These centra were later rinsed with water for a few minutes to eliminate all the sodium hypochlorite and stored in ethanol at 75% until further use. Once each centrum was cleaned of all tissue and muscles, they were then air-dried from the ethanol for approximately 25 min to prepare them for the staining and sectioning processes (Supplementary Figure 1).

A series of experimental staining and sectioning methods were evaluated to determine the most appropriate technique for identifying growth bands. Primarily, to enhance the contrast between growth zones, whole vertebral centra were stained using three approaches: (1) stained with 0.01% alizarin red S solution (Dawson, 1926; Jolly et al., 2013); (2) immersed in 10% Cobalt nitrate (Co(NO3)2⋅6H2O) staining solution (Stevens, 1975), and (3) plunged into 10% Cobalt nitrate solution in acid alcohol, then in 1% ammonium sulfide solution (Cobalt nitrate ammonium sulfide, NH4)2S) staining (Hoenig and Brown, 1988). The usefulness of these staining techniques on the readability of growth band-pairs on the whole vertebral centra was compared. After staining, these centra were secured to a microscope slide, then examined under reflected and transmitted light using an Olympus DP71 microscope fitted with a digital camera.

The other method involved reading of growth bands through X-Ray (Cailliet et al., 2006) on whole and coronally sectioned unstained centra. These whole unstained centra were secured to a digital X-ray biological sample imaging system (Kodak DXS 4000 system) to take X-ray pictures. Whole centra were embedded in polyester resin and left to harden for 24 h, then coronal sections were performed dividing whole centra into two equal pieces to a 0.4 mm thickness each using an Isomet low-speed diamond-blade saw (Buehler, Lake Bluff, IL, United States) (Supplementary Figure 1; Matta et al., 2017). The sections revealed the corpus calcareum (bow-tie) and banding structure used to estimate age. After sectioning, each centrum was placed into a digital X-ray biological sample imaging system (Kodak DXS 4000 system) to take X-ray pictures.

Digital photographs of the processed vertebral centra were taken to count and mark growth bands. Photographs of each observed sample were observed and then digitally enhanced using the ImageJ software (Schindelin et al., 2015) by adjusting the contrast and brightness. The same software was used to mark the growth bands, as well as the pre-birth (PB) and birthmarks (BM), and also the centrum radius of each vertebral centrum.



Age Determination

Growth band pairs (defined as one translucent and one opaque band) were counted without the readers having prior knowledge of the length, sex, or previous age estimations of the fish while determining the age. According to a previous study on P. kamoharai by Lessa et al. (2015), the first two bands were considered to be the PB and BM. All vertebral centra were read by two independent readers and counts were accepted only if both readings were in agreement. If the count results of the first two readers were inconsistent, a third read was then performed. A vertebral centrum was discarded in the case where the three results were different. Counts that differed by two or more band pairs were rejected. If the estimated number of band pairs differed by one, then the centra were recounted and the final count was accepted if it agreed with one of the previous counts or rejected if the count did not match one of the previous two counts (Joung et al., 2015, 2018; Lessa et al., 2015). To avoid familiarity with any particular vertebral centrum, each growth band count was finished before starting the following one. At the end of all readings, only vertebral centrum whose band pair counts got two equal readings were considered for the age and growth analysis.


Precision and Error Analysis

The precision and error analyses among readings of the same vertebral centrum were assessed using: (IAPE) the index of average percent error (Beamish and Fournier, 1981) and (CV) coefficient of variation (Chang, 1982). Estimates of precision were calculated based on reads 1 and 2 (and 3 when appropriate). The equations used for IAPE (%) and CV (%) were as follows:

[image: image]

[image: image]

where N is the number of sharks aged, n is the number of readings, Xij is the count from the jth shark at the ith reading, [image: image] s the mean count of the jth shark from i readings and Si is the standard deviation of i counts from the jth shark. The precision and error analysis, and a modified age-bias plot were done using the “FSA” package version 0.8.26 (Ogle, 2019) in the R statistical language environment version 3.6.3 (R Core Team, 2019).



Relationship Between Age and Growth Band Counts, FL and R

Lessa et al. (2015) used the Fraser-Lee method to back-calculate and evaluate whether the centra of P. kamoharai presented PB and birth growth marks. Lessa et al. (2015) reported that the first two visible growth bands starting from the focus of the centra represented the PB mark and the BM. A growth band was defined as a band-pair, containing one opaque and one translucent band (Cailliet et al., 2006). As per Lessa et al. (2015) hypothesis regarding age-based on annual growth bands and the exclusion of PB and BM on the final annual growth bands count, our study estimated the age of P. kamoharai to beA = X−2; where A is the annual actual growth mark counts and X is the total number of observed growth counts of the shark’s centrum reported by the readers. The annual deposition of bands for this species has been verified using marginal increment analysis by Lessa et al. (2015).

The relationship between the FL and the centrum radius (R) was estimated using three regression analyses (linear, power, and exponential equations); and the better fit was determined using the coefficient of determination (r2) and the corrected Akaike information criterion (AICc; Akaike, 1973; Burnham and Anderson, 2002). Equations of these three relationships are presented as follows:
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where FL is the fork length (cm), R is the centrum radius (mm), x1, x2, x3, y1, y3 are regression coefficients, and y2 is the intercept. AICc, a size-adjusted bias correction was used, as the sample size was less than 200 (Zhu et al., 2009). AICc values of the three models were calculated and the model with relatively small AICc value was the best fit model. The expression of AICc is shown as follows:
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where n is the total number of samples, and k is the total number of parameters + 1 for variance σ2. The model that has the lowest AICC value (AICmin) was chosen as the best fit for the data. The AIC difference (Δ) was calculated for each model (i = 1–3) and used to rank the remaining models as follows:
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Models with Δ values from 0 to 2 had the highest support, whereas models in which Δ = 2–10 had considerably less support, and models with little or no support had Δ values > 10 (Burnham and Anderson, 2002). The probability of choosing the correct model was calculated using Akaike weights (wi) from the AICC differences for each model (Burnham and Anderson, 2002). The weights were calculated as follows:
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where nm refers to the number of models used. An ANCOVA test was used to investigate possible differences between sexes in the relationship between R and FL (Zar, 2010).



Modeling Growth

The growth of P. kamoharai was modeled using four approaches. Applying multiple models has been suggested over the use of just one model (Cailliet et al., 2006), and is recommended as a development over a priori use of the von Bertalanffy growth model (Katsanevakis and Maravelias, 2008; Thorson and Simpfendorfer, 2009). Also, when using a multi-model approach, it is much more likely to obtain less biased growth estimates as compared to just using a single model (Cailliet et al., 2006).

The first model used was a three-parameter von Bertalanffy growth function (VBGF; von Bertalanffy, 1938, 1960) re-parameterized to estimate L0 (size at birth) instead of t0 (theoretical age at which the expected length is zero) (Cailliet et al., 2006) following Equation:

[image: image]

where Lt is the mean size (FL, cm) at age t (year), L∞ the maximum asymptotic size (FL), L0 is the size (FL, cm) at birth and k is the growth coefficient.

The second model used was a two-parameter VBGF, following the equation above, with L0 fixed to the size at birth of 39.5 cm FL described for this species considering observations in Wu et al. (2020).

The third and the fourth were the logistic [image: image] and Gompertz Lt = L∞e(−L0e(−kt)) models, all modified from Ricker (1979). Models were fitted using the biologically relevant length-at-birth parameter (L0), instead of time at size zero parameter (t0; Cailliet et al., 2006).

To test the null hypothesis that there was no difference in growth parameters between male and female specimens, a likelihood ratio test (LRT; Kimura, 1980) was performed on the four growth models (Haddon, 2011). Additionally, the model goodness-of-fit was compared with the AICc with the model with the smallest AICc value being considered the best fit for the data. If no significant difference between male and female growth curves was detected for either dataset, then a common growth curve was produced.



Longevity

The theoretical longevity (tmax) for both female and male specimens was estimated following Fabens (1965). The respective equation for longevity based on the parameters of the VBGF following Fabens (1965) is as follows:
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Reproductive Analyses

For both male and female specimens, the maturity stages were defined according to the previous study of P. kamoharai in the TEA (Wu et al., 2020). Reproductive organs were examined and categorized mainly according to the developmental stages of the ovaries and uteri in females, and claspers in males. Male sharks were classified into two stages and females into four stages, as detailed in Wu et al. (2020). Relationships between the FL and reproductive organs including clasper length, the width of the oviducal glands and uterus were determined.

The age at maturity was estimated by substituting the length-at-50% maturity estimated by Wu et al. (2020) into the selected best growth model. A paired sample t-test (Zar, 2010) was used to test for significant differences in the records of measured reproductive organs. Data processing and analyses and also plots were performed using MS-Excel 2013, ImageJ, and R environment version 3.6.3 (R Core Team, 2019).



RESULTS


Sample Characteristics

A total of 639 P. kamoharai specimens was captured during the four voyages (Table 1). The largest female was caught during the first voyage in December 2012 having a length of 101 cm, bigger than the largest male, with a mean FL ± SD of 81.14 ± 7.96 cm while the mean FL ± SD for male specimens was 78.46 ± 6.28 cm. During all four voyages, specimens sampled for both sexes were predominantly between 70 and 89 cm FL; small specimens <60 cm FL were also obtained (Figure 2). The smallest specimen registered was a female of 46 cm FL caught in December 2019. Of the 639 specimens caught, vertebra centra used for age and growth analysis were obtained from 120 specimens collected between November 2012 and January 2016; and reproductive data were obtained from the remaining 519 specimens collected from December 2019 to May 2020.
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FIGURE 2. Length frequencies of male and female P. kamoharai specimens captured between November 2012 and May 2020. Blue bars represent male specimens for age study; Red bars, female specimens for age stu dy; Green bars, male specimens for reproduction study; Black bars, female specimens for reproduction study.




Staining Effects and Method Selection

The processed whole and coronally sectioned centra (Supplementary Figure 1) were viewed through X-Ray and microscope to determine P. kamoharai’s age. Staining with alizarin red S, cobalt nitrate, and cobalt nitrate ammonium sulfide (Figures 3a–c) had success rates of 93, 30, and 25%, respectively. The X-Ray approach on whole and coronal sections of the vertebral centra did not yield successful results (Figures 3d,e). Centra stained using alizarin red S were used for age determination since its success rate was higher, and counts/growth rings could be viewed clearly with transmitted white light (Figure 4).


[image: image]

FIGURE 3. Images of P. kamoharai’s vertebrae with different enhancement techniques under varying light direction and source. Whole centrum (a–d) and coronally sectioned centrum (e). (a1) Alizarin red S staining method, viewed with reflected light; (a2) Alizarin red S staining method, viewed with transmitted light; (b1) Cobalt nitrate staining method, viewed with reflected light; (b2) Cobalt nitrate staining method, viewed with transmitted light; (c1) Cobalt nitrate and ammonium sulfide staining method, viewed with reflected light; (c2) Cobalt nitrate and ammonium sulfide staining method, viewed with transmitted light; (d1) whole centrum observed through X-Ray-negative phase; (d2) whole centrum observed through X-Ray-positive phase; (e1) sectioned centrum viewed with reflected light; (e2) sectioned centrum viewed with transmitted light.



[image: image]

FIGURE 4. A whole vertebral centrum of a male P. kamoharai (91 cm FL) stained with Alizarin Red S showing growth band pairs; PM: Pre-Birth mark; BM: birthmark, R: centrum radius. Vertebral centrum observed through a microscope using transmitted light.




Age Determination, Precision and Error Evaluation

A total of 120 samples of vertebral centrum stained with alizarin red S were observed and read by two or three persons when necessary; 114 samples met the requirements (the same reading from at least two readers). Among the included centra, 60 were females (58-101 cm, FL; age 2–10) and 54 males (54-98 cm, FL; age 2–11). The age ranges obtained by counting the number of growth band-pairs starting from the corpus calcareum outwards were taken without considering band-pairs indicating the PB and BM. The CV and IAPE between the readings were 6.87 and 5.31%, respectively, signifying reproducibility in the age determination between the readers. Figure 5 shows high consistency in band pair readings between readers and the agreed age between the readers reveals a high agreement with no systematic bias (x2 = 75.2,d.f. = 59,P > 0.05)TL = 1.1513×FL−0.3496 The highest number of both male and female P. kamoharai specimens occurred at ages 6 and 7 years old (Figure 6). Male and female ratio at ages 6 and 7 showed no statistical difference (ANCOVA test; P = 0.949 > 0.05).
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FIGURE 5. Age-bias plot of reader 1 estimates versus reader 2 estimates. Mean (dots) and range (intervals) of differences in vertebrae age estimates between two readers at the estimates for the first reader for P. kamoharai in the Tropical Eastern Atlantic Ocean. The agreement line, which is the horizontal line suggests, a difference in the two age estimates from readers. Marginal histograms are for age estimates of the first reader (top) and differences in age estimates between readers (right). The bar at a difference of zero represents the amount of perfect agreement between the sets of age estimates (n = 76).
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FIGURE 6. Age-frequency distributions (n = 114) for P. kamoharai caught in the Tropical Eastern Atlantic Ocean.




Relationship Between the Fork Length (FL) and Centrum Radius (R)

The ANCOVA test (P = 0.973 > 0.05) indicated that no significant difference existed between FL and R of both sexes as well as the interaction term between R and sexes. A single regression equation for combined sexes was obtained (FL = 11.12 R + 34.54, r2 = 0.55). The power function, linear function, and exponential function equations were used to analyze the relationship between FL and R of P. kamoharai. Results from these three models indicated slight differences in their correlation coefficients (r2). The correlation coefficient of the power function was slightly higher, while the AICc value of the exponential and power functions was larger than that of the linear function (Table 2). The AICc value of the linear function was the smallest, so in this study, the linear model best fitted the relationship between FL and R for P. kamoharai (Table 2). The relationship between the centrum radius for combined sexes and the FL was then plotted using the linear function (Figure 7).


TABLE 2. Relationship between the fork length (FL) and centrum radius (R) for the combined sexes of P. kamoharai caught in the Tropical Eastern Atlantic.
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FIGURE 7. Relationship between the fork length (cm) and the centrum radius (mm) for the combined sexes of P. kamoharai specimens from the TEA Ocean (n = 114). Red dots represent observations of female specimens and black dots, male specimens while the solid line represents the linear regression equation FL = 11.12 R + 34.54, r2 = 0.55 for the combined sexes. FL = fork length and R = centrum radius.




Growth Modeling

The age and FL data of the 114 specimens (54 males and 60 females) were used to estimate the growth parameters by applying the four growth models previously defined. No significant differences were observed between sexes (maximum likelihood ratio, χ2 test = 115.31: P > 0.05) for all four growth functions applied to the observed length-at-age data for P. kamoharai (Table 3). The ΔAICc values for all four models are under 2 and have similar support, suggesting that all four models fit the observed length-at-age data for P. kamoharai in the TEA (Table 3 and Figure 8). The three parameters VBGF (3-VBGF) model is the most commonly used for shark species; in the present study, 3-VBGF had the smallest AICc value and had good support (Δ = 0, w = 33.4%) when compared to the other three growth functions. Besides, L8 estimated by the 3-VBGF was greater and closest to the known maximum size as compared to values reported by the other models, justifying the choice of this model in the present study. Furthermore, the L0 estimated with the 3-VBGF was closest to known values (L0 = 41.3 cm FL) besides the 2-VBGF where the L0 value was set. The observed mean length-at-age did not vary much between sexes. Analysis of modelled yearly growth increments G indicated similar growth between sexes. For both sexes, growth was greatest in the first three years after birth (Supplementary Table 1).


TABLE 3. Growth parameters estimated for P. kamoharai (combined sexes) in the TEA from four growth models fitted to length-at-age data.
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FIGURE 8. Length-at-age plot for P. kamoharai showing fittings of the four growth models for combined sexes. Red dots represent female specimens; Black dots represent male specimens. The blue line represents the fitting curve of the 3-parameter von Bertalanffy model; the red line represents the fitting curve of the 2-parameter von Bertalanffy model; the gray line represents the fitting curve of the logistic model, and the black line represents the fitting curve of the Gompertz model.




Observed Maximum Age and Theoretical Longevity

The estimated theoretical longevity of the P. kamoharai was greater than the observed maximum age. The longevity estimates, following the method of Fabens (1965), were 11.95 years for females, and 13.33 years for males.



Reproductive Analysis

The sex ratio of P. kamoharai specimens used for the study on reproductive characteristics was biased toward males (1F:1.91M). There was no significant difference in the width of the oviducal glands (t = 4.13, p = 0.68) and the uterus width (t = 4.03, p = 0.71) in both the left and right uteri. Most female specimens had widened uterus or oviducal glands at FL > 80 cm (Figure 9). Female specimens within the size range 50–68 cm were immature, and most females >86 cm were gravid. Apart from pregnant specimens that identified as mature, other female specimens with well-enlarged uteri widths and having countable oocytes were also deemed to be mature. A proportion of 97% of males was mature; having FL >72 cm had clasper lengths >9 cm, with sperm present in their sperm duct. No sperm was seen in the sperm ducts of immature specimens ranging between 58–70 cm FL; they had short claspers measuring <8 cm (Figure 10). Most males >77 cm had articulated claspers and were able to rotate anteriorly. The proportion of mature male and female specimens outnumbered immature specimens captured from December 2019 to May 2020 (Figures 9, 10).
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FIGURE 9. Relationship between fork length and, (a) width of the uterus; and (b) oviducal gland for P. kamoharai, from the Tropical Eastern Atlantic. Red dots represent immature specimens; Blue dots represent mature specimens.
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FIGURE 10. Relationship between clasper length and fork length for P. kamoharai, from the Tropical Eastern Atlantic. Red dots represent immature males while blue dots represent mature males.


The length-at-50% maturity (FL50) according to Wu et al. (2020) was 78.5 cm FL for males and 84.9 cm FL for females. Substituting these values in the best model fit according to the AICc result, that is, the three-parameter von Bertalanffy growth function (VBGF), age-at-50% maturity for males was 4.55 years and 5.91 years for females. Therefore, males of P. kamoharai attained maturity at earlier ages and smaller sizes than females.



DISCUSSION


Sex Ratios and Size Distributions

As indicated by the differences in sex ratio, male P. kamoharai were more frequently captured than female specimens in the Eastern Atlantic. Wu et al. (2020) also reported male dominating catches in the same region corroborating our finding, meanwhile, in the south-western Atlantic, females dominated catches (Oliveira et al., 2010; Lessa et al., 2015). This change in sex ratio may simply imply that they segregate by size and sex in different regions or that the fishing gears have different selectivities since many smaller-sized species were observed in catches from the TEA than those reported in the south-western Atlantic (Oliveira et al., 2010; Lessa et al., 2015). The present study reported smaller specimens of sizes <66 cm FL, and the smallest specimen of P. kamoharai (46 cm FL) ever captured. In the tropical eastern Pacific Ocean, Dai et al. (2011) reported a dissimilar size range of P. kamoharai (66–102 cm FL), and also an unequal sex ratio in catches as presented in this study. They advised that this unevenness in catches might increase the risk of overexploitation of the species.



Age and Growth

Vertebrae are the most used structures to age sharks, though they are at times difficult to read on account of the poor contrast between opaque and translucent growth bands, especially for species such as the blue shark (Manning and Francis, 2005; Jolly et al., 2013; Andrade et al., 2019). Therefore, to enhance the readability of these growth patterns on elasmobranchs vertebrae, alternative methods such as staining and X-ray radiography are sometimes applied; image analysis and editing software are also used to enhance images and increase visual contrast between growth zones (Megalofonou et al., 2009; Ainsley et al., 2011; Jolly et al., 2013; Campana, 2014; Tribuzio et al., 2016; Matta et al., 2017; Andrade et al., 2019). In the current study, a comparison of age determination was made between unstained (longitudinal) and stained (whole centra) vertebral sections.

The X-ray radiography approach on whole and coronally sectioned centra for P. kamoharai failed to present clear growth bands in this study. Sectioned vertebral centra embedded in resin are the most widely used technique to age sharks (Matta et al., 2017; Andrade et al., 2019). Lessa et al. (2015) used sectioned vertebral centra on P. kamoharai specimens captured in the south-western Atlantic and obtained positive results, so its failure in the present study may be because of improper handling or processing of samples. Three staining approaches were also applied on whole centra to test which was the most suitable for aging this species. Among the three methods applied, Alizarin Red S staining which is a simple and efficient method yielded positive results. This approach requires lesser sample processing time, and because of the permeability of the stained vertebral centra, growth bands could easily be viewed under a microscope with either a reflected or transmitted white light. Therefore, Alizarin Red S staining as well as digital enhancing provided significant improvement to age reading by increasing the contrast of the growth band structure for P. kamoharai’s centra. Since vertebrae characteristics of small cartilaginous fishes are similar, we believe this method can provide some reference for the age identification of other small cartilaginous fishes.

The CV and the IAPE are widely used for precision analysis in aging studies. The CV and the IAPE obtained (6.87 and 5.31%, respectively) were lower than the maximum criteria of 7.6 and 5.5%, respectively, suggested between-reader age estimates (Campana, 2001). Lessa et al. (2015) estimated a smaller value (IAPE = 3.2%) for P. kamoharai in the south-western Atlantic. The precision analysis together with the age-bias plot presented in this study and previous age study on P. kamoharai supports the consistency of age estimations and their adequacy for the studied species. Furthermore, a good proportion of samples (n = 76) used for age determination had a perfect agreement between age estimates by readers.

Age validation was not done in the current study because of the lack of a year-round age data, so the implementation of validation techniques such as the mark-recapture was not feasible to validate the formation of year-round growth bands on the vertebral centra. However, the age study done on P. kamoharai by Lessa et al. (2015) verified an annual periodicity of growth band deposition for this species, which could apply to the age readings carried out in the present study. Lessa et al. (2015) proved that there is the presence of PB marks and BM in the vertebral centra of P. kamoharai specimens; this was adopted in our study. Again, Lessa et al. (2015) reported a maximum observed age for females at 13 and 8 years for males, meanwhile, our study presented a maximum observed age for males at 11 and 10 years for females. However, the implementation of a validation method in the future such as the mark-recapture technique would be important to clearly determine the longevity of this species since there exist differences in the observed ages of male and female sexes reported for different regions. The lack of specimens aged 1 and below may be related to the selectivity of the fishing gear used confirmed with the presence of few small-sized specimens. Therefore, it is of great importance to collect vertebral centra from embryos and immature P. kamoharai specimens for further age and growth analysis.



Comparison of Growth Models

Age and growth studies for most shark species have used the three-parameter VBGF (3-VBGF) to describe growth (Jolly et al., 2013; Drew et al., 2015; Lessa et al., 2015; Baje et al., 2018; Liu et al., 2018; Andrade et al., 2019). In this study, the 3-VBGF, as well as the other three models, presented good fit to the observed length-at-age data for P. kamoharai since their ΔAICc values were <2 showing all models had great support (Burnham and Anderson, 2002). Apart from having the lowest AICc and highest w values, the 3-VBGF was chosen because it provided values of L8 and L0 closest to known values, and its widely used in sharks’ studies. This result corroborates to the only age study on P. kamoharai by Lessa et al. (2015). No significant difference was observed between the age and FL of male and female P. kamoharai specimens; this corroborates with the report by Lessa et al. (2015). So, a single growth equation for sexes combined for this species’ was presented.

The combined sexes asymptotic lengths (L∞) estimated in this study (107.8 cm FL) slightly lesser than the report by Lessa et al. (2015) for combined-sex L∞ = (1.52 cm, FL). The estimated growth coefficient parameter k = 0.18/year was higher than k = 0.137/year presented by Lessa et al. (2015) for the same species in the south-western Atlantic Ocean. This difference may be a result of the small-sized specimens and amount of samples collected in our study as compared to the large number of specimens reported in Lessa et al. (2015). Also, growth models without small individuals or young ages are generally less accurate which may be another factor that influenced the changes in k. According to Branstetter (1987), the growth rate of species with a growth coefficient between 0.10 and 0.20 is considered moderate. Therefore, k = 0.18 means that P. kamoharai grows faster than other pelagic shark species with larger body sizes, such as the blue shark (k (males) = 0.13; k (female) = 0.12; Andrade et al., 2019), and the Shortfin Mako shark (k combined-sexes = 0.123; Liu et al., 2018). Our result suggests that the P. kamoharai in the TEA Ocean may have a faster growth rate than those in the south-western Atlantic Ocean. This may be due to the abundance in food availability and also due to differences in water temperature because temperature plays an important role in determining the growth rate of sharks (Simpfendorfer et al., 2002).



Maturity

Contrary to most teleosts that begin to mature at between 40 and 80% of their maximum length (Beverton and Holt, 1957), elasmobranchs mature at a much larger relative size of their maximum length (Holden, 1974), which increases the vulnerability of these species to overfishing (Murua et al., 2018). Moreover, Cortés (2000) reported that in many elasmobranchs, females tend to mature larger than male specimens. In the TEA region, the length-at-50% maturity (FL50) of P. kamoharai was 78.5 cm FL for males and 84.9 cm FL for females (Wu et al., 2020). This estimated FL50 were higher than the values 79.86 cm FL (females) and 69.79 cm FL (males) reported by Oliveira et al. (2010) from the south-western Atlantic Ocean. In this region, P. kamoharai specimens attained maturity a year later than those in the south-western Atlantic (3.1 years, males; 5.1 years, females; Lessa et al., 2015) corresponding to 4.55 years for males and 5.91 years for females. The difference in FL50 between males and females is a consequence of females maturing at larger lengths than males, but growing to a smaller asymptotic length. These differences in maturity estimate may reflect a sampling bias and regional differences in maturation.

In a study done by Cortés et al. (2010), the life-history patterns of >100 species were reviewed, and they reported that female sharks are generally larger than males, particularly in viviparous species such as the daggernose shark Isogomphodon oxyrhynchus, night shark Carcharhinus signatus, and the crocodile shark P. kamoharai (Lessa et al., 2000, 2015; Santana and Lessa, 2004). Pseudocarcharias kamoharai can be considered a medium-sized lifespan pelagic shark as compared to other elasmobranchs given their observed maximum age (13 years) as reported by Lessa et al. (2015) and theoretical longevity (13.33 years) as indicated in this study.



CONCLUSION

The experimental work done here shows that alizarin red S staining is a simple and effective method to identify the age and growth band-pairs of P. kamoharai. Hence, the age compositions, growth equations, and length and age-at-sexual maturity of P. kamoharai were successfully evaluated. The results showed that there was no significant difference in age composition between males and females P. kamoharai in this area of the Atlantic Ocean; and that this species grows faster than many other lamnoid species. The length-at-50% maturity for both sexes was attained at sizes greater than 83% (males) and 88.5% (females) of the maximum observed lengths and corresponding to 4.55 (males) and 5.91 years (females). This study fills in the blanks concerning the age, growth, and sexual maturity of P. kamoharai. The lack of a complete annual age data was missing to perform age validation for this species. However, future research may focus on collecting year-round age samples for all sizes to perform validation of the growth bands deposited in crocodile sharks of various ages using a mark-recapture approach.
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(vear—1), Lq = size at birth (cm, FL); Akaike’s information criterion corrected for small sample size (AICc); A, the difference between AlCc values; w, AICc weights, Sample

size (n = 114).
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Model (function) Sex Equation r? AlCc A w (%)

Linear Combined y=11.12x 4 34.54 0.55 737.6 0.00 0.97
Exponential Combined y = 44.17¢0-14% 0.56 743.4 5.8 0.03
Power Combined y =35.50 x 0.57 0.58 773.4 35.8 0.00

Correlation coefficients (r?); Akaike’s information criterion corrected for small sample size (AICc); A, the difference between AlCc values; w, AlCc weights.
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