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SUMMARY

This study updates and expands knowledge of the reproductive biology of blue sharks (Prionace
glauca) in the western Indian Ocean, based on longline observer data collected between 2010 and
2023. Biological and georeferenced data were analyzed to examine fork length distribution, size at
sexual maturity, fecundity, and seasonal patterns. A total of 791 males (33-249.5 cm FL) and 803
females (12-349.6 cm FL) were recorded during 2010-2020, while 403 males (109-286 cm FL)
and 629 females (87-286 cm FL) were sampled from equatorial waters in 2022—2023. The recent
dataset showed a female-biased sex ratio and a greater prevalency of larger individuals. Sexual
maturity was assessed from reproductive organ morphology. Fork length at 50% maturity was
estimated at 161.4 cm for males and 179.3 cm for females in the earlier period, compared with 163.7
cm and 197.6 cm, respectively, in the recent dataset. Average litter size increased from 30.1 pups in
2010-2020 to 48.2 pups in 2022-2023, with an overall mean of 36.8 pups. Variation in size at
maturity and fecundity may reflect regional variation in population structure or gear selectivity, and
warrants further investigation. These findings provide essential biological parameters for future
stock assessments and support the sustainable conservation and management of blue sharks in the
Indian Ocean.
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Introduction

The blue shark (Prionace glauca), a member of the family Carcharhinidae within the order
Carcharhiniformes, is a viviparous and highly fecund species, recognized as one of the most prolific
sharks in terms of reproductive potential. As a highly migratory species, it is widely distributed in
the epipelagic zone of tropical and temperate oceans worldwide. Blue sharks typically inhabit
waters between 12°C and 25°C, and their distribution and migratory behavior are strongly
influenced by water temperature, reproductive state, and prey availability, showing pronounced
seasonal and vertical movement patterns (Cambhi et al., 2009; Mejuto et al., 2005; Queiroz et al.,
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2010; Vandeperre et al., 2014).

Due to their broad distribution within the same depth range as commercially target species tunas and
swordfish, blue sharks are among the most frequently encountered bycatch species in pelagic
longline fisheries. Since the 1990s, declining trends in catch per unit effort (CPUE) have been
reported across major oceans (Dai et al., 2006). In the western Indian Ocean—a key fishing ground
for industrial longline tuna fleets—blue sharks are frequently caught as bycatch because of their
extensive spatial overlap with target species. Large pelagic sharks account for more than 50% of
chondrichthyan bycatch in these fisheries, with blue sharks comprising the dominant component in
temperate and subtropical zones (Bonanomi et al., 2017). Observer records from Indonesia between
2006 and 2018 indicate that blue sharks comprised approximately 60% of total shark bycatch in
commercial longline tuna operations (Rochman et al., 2021). According to IOTC reports from 2019
to 2023, annual blue shark landings averaged 26,013 tons. The species is currently listed as Near
Threatened on the [IUCN Red List, and limited availability of biological and fishery-dependent data
continues to constrain accurate assessments of population status and bycatch impacts.

Genetic studies to date have not provided evidence of significant population structuring of blue
sharks within the Indian Ocean (Bailleul et al., 2018; Nikolic et al., 2020). Tagging studies have
revealed long-distance movements and extensive habitat overlap (Mejuto et al., 2005), supporting
the hypothesis of a single stock in the region. However, potential population differentiation between
ocean basins remains unresolved(Verissimo et al., 2017).

Previous studies have documented regional variation in the reproductive biology of blue sharks
across different ocean basins. Reported sizes at sexual maturity vary substantially. Fecundity also
differs, with litter sizes ranging from fewer than 10 to over 100 embryos. These variations indicate
that blue shark reproductive parameters are shaped by environmental conditions and
population-specific factors, highlighting the importance for regionally focused assessments.

Large individuals are mainly found in tropical regions, whereas smaller individuals are predominant
in temperate regions (Coelho et al., 2018; Joung et al., 2018; Sippel et al., 2016). Stock abundance
often increases with distance from land (Gubanov & Grigor’yev, 1975; Hazin et al.,, 1990).
Juveniles are more frequently sighted in epipelagic (depth between 60 and 200 m) and mesopelagic
zones (200-1000 m), while adults are more often encounted further offshore, particularly over
canyons (1200-2000 m) (Rios et al., 2025). Sex segregation among blue sharks has also been
reported in the southern waters of South Africa, where male samples were more prevalent than
female samples (Jolly et al., 2013), indicating an uneven distribution of individuals at different

maturity levels.

This study updates and expands the current understanding of the reproductive biology of blue sharks
in the western Indian Ocean, using longline observer data collected between 2010 and 2023.
Biological and georeferenced records were analyzed to examine fork length distribution, size at
sexual maturity, fecundity, and seasonal reproductive patterns. Biological samples of male and
female blue sharks were collected from the western Indian Ocean throughout the study period, with
recent sampling efforts from equatorial waters in 2022—2023. These data provide updated baseline



I0TC-2025-WPEB21(AS)-20

information to support stock assessment and inform conservation and management strategies for
blue sharks in the Indian Ocean, although the present findings are constrained to the western region

due to logistical limitations.

Materials and methods

2.1. Samples and Data Collection

Data for this study were collected by scientific observers from the Chinese distant-water tuna
longline fleet operating in the western Indian Ocean. Observers were trained in accordance with
IOTC protocols for biological and operational data collection. Recorded variables included set
location, number of hooks, hook deployment time, bait type, weather conditions, sea surface
temperature, and biological information of the catch (e.g., species, fork length, sex, maturity status,
male clasper length, female oviducal gland width, liver weight, and embryo sex ratio in gravid

females).

Historical data were obtained from July 2010 to June 2020, covering latitudes 10°N to 39°S and
longitudes 23°E to 90°E. A total of 2,674 sets and over 8.2 million hooks were observed, yielding
1,594 blue shark specimens (Table 1; Figure 1). Data were compiled and analyzed using Microsoft
Excel, ArcGIS, and R software.

To update the biological dataset, additional sampling was conducted during two observer trips in
equatorial waters from December 2022 to August 2023. The first trip, from 12 December 2022 to 5
June 2023, covered 12°S to 7°N and 45°E to 87°E, while the second trip, from 23 January to 15
August 2023, spanned 13°S to 9°N and 43°E to 90°E. A total of 324 sets and 859,401 hooks were
monitored, resulting in the collection of 1,031 blue shark specimens with recorded sex and maturity
data. Specifically, 403 males (109.0-286.0 cm FL) and 629 females (87.0-286.0 cm FL) were
sampled (Figure 2).
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Figure 1. Distribution of blue shark samples and sex ratio in the area of study during the study
period. The size of the circles represents the number of captured samples in that area. The ratio of
black and white areas in the circle indicates the proportion of male and female samples, with white
representing females and black representing males. The shading of the squares indicates the
magnitude of the nominal CPUE.
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Figure 2. Spatial and temporal distribution of longline sets recorded during two observer trips in

equatorial waters of the Indian Ocean (2022-2023). Circles represent hook deployment positions,

colored by month of operation. Gray and black arrows indicate the directional trajectories of each
respective trip.

Table 1. Summary and comparison of blue shark data collected by Chinese scientific observers in
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the Indian Ocean during two periods: 2010-2020 and 2022-2023.
Longitude Latitude

Start Time End Time Vessels Operations Samples

Range Range
2010/7 2020/6 21 23.51-89.54 -349-10.9 2,674 1594
2022/12 2023/8 2 43 -90 -13-9 324 1031

2.2. Length Structure and Sexual Maturity

Fork length (FL) frequency distributions of male and female blue sharks were plotted using 20 cm
intervals. Differences in length—frequency distributions between sexes were tested using a
two-sample Kolmogorov—Smirnov (K-S) test, while mean fork lengths was compared using a

two-tailed independent samples t-test, assuming normality (Zhu et al., 2023).

Sex and sexual maturity were assessed through macroscopic examination of reproductive organs
during necropsy. For males, individuals were classified as immature or mature based on the
development of reproductive organs and claspers (Fujinami et al., 2017; Lucifora et al., 2005).
Immature males were characterized by uncalcified claspers and undeveloped testes without seminal
fluid, whereas mature males exhibited fully calcified, rigid claspers, enlarged testes, and the

presence of semen.

For females, maturity was classified into five stages based on reproductive tract morphology
(Fujinami et al., 2017; Hazin et al., 2001): (1) juvenile, thin, white uteri and small ovaries; (2)
adolescent, partly enlarged uteri and developing ovaries without visible follicles; (3) adult, enlarged
but empty uteri with developing follicles; (4) pregnant, embryos or fertilized eggs in utero; and (5)
postpartum, distended, flaccid uteri with signs of recent parturition. Stages 1-2 were categorized as

immature, and stages 3-5 mature.

For statistical analysis, maturity status was coded as binary (0 = immature, 1 = mature). The
proportion of mature individuals was calculated for each 20 cm fork length interval. A logistic
regression model was fitted to estimate the relationship between fork length and the maturity
proportion. The fork length at which 50% of individuals were sexually mature (FL50) was derived
from the model:
1
P=Tre@mn

where P is the proportion of mature individuals in a given length class, FL is the mean fork length of

that class, and a, f are the estimated parameters of the logistic curve.
2.3. Reproductive Capacity

For partially pregnant females, the number of fetuses was recorded to evaluate the relationship
between maternal fork length and litter size, providing insights into reproductive capacity. When
possible, fork length and sex were determined for a subset of fetuses to examine variation in fetal

size and sex composition within litters(Zhu et al., 2023).
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Results

3.1. Length Structure

During the period 2010-2020, a total of 1594 blue sharks, including 813 male samples (51%) with
an average fork length of 192.8 cm, and 781 female samples (49%) with an average fork length of
194.3 cm. The length frequency distributions for males and females are shown in Figure 3. The
distributions were approximately normal (K-S test p = < 0.05), and no significant difference was
ibserved between sexes (D = 0.048 < 0.05). In the 180-200 cm FL group, females outnumbered
males, whereas in the 120-140 cm FL, 160-180 cm FL, and 200-240 cm FL groups, male and
female numbers were similar. The highest male abundance occurred in the 200-220 cm FL group,
accounting for 26%; while the highest female abundance in the 180-200 cm FL group, accounting
for 20% (Figure 3).

During 2022-2023, a total of 1,032 blue sharks were collected from equatorial waters, comprising
403 males (109-286 cm FL) and 629 females (87—286 cm FL). Notably female abundance was
markedly higher than males in 200 and 280 cm FL range. During this period, neither male nor
female FL distributions followed a normal distribution, with more indicuduals concentrated in the
220-260 cm FL range. Compared to the 2010-2020 data, the 2022-2023 samples displayed a clear
shift toward larger individuals and a deviation from normality(Figure 4).
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Figure 3. Fork length (cm) frequency distribution of male and female blue sharks sampled between
2010 and 2020. White bars represent female specimens, and black bars represent male specimens.
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Figure 4. Fork length (cm) frequency distribution of male and female blue sharks sampled between

2022 and 2023. White bars represent female specimens, and black bars represent male specimens.

3.2. Length at Sex Maturity

Based on samples collected between 2010 and 2020, the estimated fork lengths at 50% sexual
maturity (L50) were 161.4 cm for males and 179.3 cm for females. Within the 200-240 cm FL range,
a notable proportion of females remained immature, whereas the majority of males had already
reached sexual maturity, indicating a pronounced sexual dimorphism in maturation size (Figure 5).

In contrast, analysis of samples from 2022-2023 revealed an estimated L50 of 163.7 cm FL for
males and 197.6 cm FL for females. While the male L50 showed minimal deviation from the earlier
estimate, the female L50 exhibited a substantial increase, suggesting potential temporal or spatial
variability in female growth or reproductive dynamics, which warrants further investigation (Figure
6).

Male Female

1.001 —————

1.007

o o
o )
=)

Sexual maturity proportion

[x

Sexual maturity proportion

o
3

M
o

0.00
0

100

200
Fork length(cm)

300

400

0.00

100 200 300 400
Fork length(cm)

Figure 5. Relationship between the proportion of sexually mature individuals and fork length (cm)

for male and female blue sharks, based on samples collected between 2010 and 2020. The red
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curves represent the fitted logistic models. The estimated length at 50% sexual maturity (L50) was
161.4 cm FL for males and 179.3 cm FL for females.
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Figure 6. Logistic relationships between the proportion of sexually mature individuals and fork

length (cm) for male and female blue sharks, based on specimens collected from tropical waters

during 2022-2023. The estimated length at 50% maturity (L50) was 163.7 cm FL for males and
197.6 cm FL for females

3.3. Reproductive Capacity

A total of 38 pregnant blue sharks were sampled during 2010-2020, with fork lengths (FL) ranging
from 165 to 287 cm (mean = 224.2 cm FL). These specimens were collected between 32.17°S and
0.01°S latitude, and from 40.29°E to 62.17°E longitude (Figure 7). The number of embryos per
female ranged from 3 to 52, with a mean litter size of 30.1 embryos (Figure 8). Observations
indicated that both the number and total length of male embryos were slightly greater than those of
female embryos.

During the 2022-2023 period, 22 pregnant females were examined, with fork lengths ranging from
193 to 275 cm (mean = 244.2 cm FL). These specimens were collected between 1.26°S and 3.07°N
latitude, and 34.44°F to 54.22°E longitude. Litter sizes ranged from 13 to 86 embryos per female,
with a mean of 48.2 embryos (Figure 8). Combining data from both sampling periods, the overall
mean litter size was estimated at 36.8 embryos per female.

The mean latitude of sampling locations during 2010-2020 was significantly higher than that of
2022-2023. Additionally, the mean litter size of females sampled in 2022-2023 was significantly
greater than in the earlier sampling period, potentially reflecting the larger average body size of
females in the recent samples. These findings suggest possible geographical variation in
reproductive capacity of blue sharks.

When all samples were pooled, a positive linear relationship was observed between maternal fork
length and litter size, described by the equation: Litter size =—-22 + 0.254 x FL, with a coefficient of
determination of R2=0.19.



I0TC-2025-WPEB21(AS)-20

Legend
Sampling period (pregnant females)

@ 2010-2020
@ 2022-2023

0 1,000 2,000 km
I E—

40°E 60°F 80°E 100°E 120°E

Figure 7. Geographic locations of pregnant female blue sharks sampled during two distinct periods:
2010-2020 (blue) and 2022-2023 (red). Blue points represent samples collected between 2010 and
2020, while red points indicate samples collected between 2022 and 2023.
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Figure 8. Relationship between fork length and litter size of pregnant female blue sharks. Blue and
red points represent samples collected during 2010-2020 and 2022-2023, respectively. The blue
dashed line indicates the mean litter size (30.1) for 2010 and 2020, while the red dashed line
indicates the mean litter size (48.2) for 2022 and 2023. The black dashed line shows the overall
mean litter size (36.8) across all samples. The grey solid line represents the linear relationship
between litter size and fork length, with the grey shaded area indicating the confidence interval.

A total of 14 pregnant females had detailed records of embryo composition, including the number
and sex of embryos in each uterus. The male-to-female sex ratio across these litters averaged
approximately 0.99:1, indicating a near parity between male and female embryos. The maximum
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recorded embryo fork length (FL) was 41.5 cm, suggesting that the fork length of near-term
embryos may exceed this value. Several specimens exhibited asymmetrical distributions of embryo
number and sex ratio between the left and right uteri, providing evidence of intrauterine variation in
fetal development and allocation.

Table 2. Detailed records of litter composition from pregnant female blue sharks, including embryo
sex ratios and notable uterine observations. FL = fork length; M = male; F = female.

Fork Mean Mean Sex
Litter No. of M No. of F
Date Length M FL FFL Observations Ratio
Size  Embryos Embryos
(cm) (cm) (cm) (M:F)
2014/09/17 248 12 7 30 5 30 - 1.40
2014/09/23 242 42 22 40 20 40 - 1.10
2014/09/26 234 52 - 41.5 - 39 - -
2017/03/11 235 38 23 14.8 15 14.6 - 1.53
Embryos
2019/09/21 219 3 1 27 2 33 present only in  0.50
one uterus
24 embryos on
2019/09/21 220 32 20 - 12 - one side, 8on  1.67
the other
16 embryos on
2019/09/26 215 42 18 - 24 - one side, 26 0.75
on the other
Embryos only
2019/09/27 193 20 10 28 10 28 in one uterus;  1.00
FL 28 cm
Uneven
distribution
2019/09/27 216 40 13 30 27 30 . 0.48
and sex ratios
by side
M:F =1:1
2019/10/19 201 29 12 - 17 - (side A), 6:4 0.71
(side B)
28 unformed
2023/04/17 219 46 8 - 10 - embryos in 0.80
other uterus
Embryos in
2023/0421 245 48 13 - 12 - the other 1.08
uterus
unformed
4 embryos
2023/05/28 247 76 32 - 40 - undeveloped; ) ¢4
mixed
development
2023/04/16 255 42 22 8 20 8 - 1.10

3.4. Analysis of Fishing Information

Higher CPUE values in certain areas reflect a higher density of blue sharks during that period. By
investigating the CPUE of blue sharks in the western Indian Ocean during each season, the results
showed (Figure 9) that the CPUE was relatively high along the Tanzanian coast in the first and
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second quarters, in the temperate waters of the Southern Indian Ocean in the third quarter, and in
tropical waters in the fourth quarter.
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Figure 9. Investigation of quarterly CPUE of the blue shark in the surveyed sea areas. The shading
of the squares indicates the magnitude of the nominal CPUE.

For samples collected between 2010 and 2020, the overall sex ratio of blue sharks was
approximately 1:1. Monthly distribution of sexual maturity proportions for both male and female
individuals exhibited similar trends (Figures 10 and 11), with a higher proportion of immature
individuals observed from April to August, and mature individuals more frequently recorded from
January to March and September to December. The highest proportion of immature individuals
occurred in July. Pregnant females were most commonly observed from February to March. Among
female samples, 44.3% were immature, 53.4% were sexually mature, and 29.8% were confirmed as
pregnant.

In contrast, samples collected during 2022—2023 revealed a spatial variation in sex ratio: a higher
proportion of females was observed near the equator, whereas males predominated north of 5°N and
in pelagic waters (Figure 12). This pattern is generally consistent with the spatial sex ratio observed
in the 2010-2020 dataset (Figure 1).

Monthly sample data from 2022 to 2023 indicated a higher number of samples collected between
March and May (Figure 13), with a substantial proportion being sexually mature. Compared to the
2010-2020 dataset, where sexually mature females were more frequently caught in March and May
but less so in April, the 2022-2023 samples displayed a more consistent presence of mature females
across these months. Additionally, male samples collected in 2022-2023 exhibited consistently high
proportions of sexual maturity (Figure 14).
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Figure 10. Sexual maturity proportion of female samples by month from 2010 to 2020.
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Figure 11. Sexual maturity proportion of male samples by month from 2010 to 2020.
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Figure 12. Spatial distribution of blue shark samples collected during 2022-2023, showing sex ratio,
sample abundance, and fishing effort. Pie charts represent the sex ratio within each 5° x 5° grid cell,
with white and black segments indicating the proportions of females and males, respectively. The
size of each pie chart is proportional to the number of samples collected within the corresponding
grid cell. The background shading indicates the number of hooks deployed per grid cell, with darker
colors representing higher fishing effort.
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Figure 13. Sexual maturity proportion of female samples by month from 2022 to 2023.
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Figure 14. Sexual maturity proportion of male samples by month from 2022 to 2023.
This study categorized the blue shark samples collected between 2010 and 2020 into four distinct

groups for comparative analysis, following the classification approach of Druon et al. (Druon et al.,
2021): (1) juvenile individuals (<125 cm FL), (2) immature individuals ( = 125 c¢m FL,

non-reproductive), (3) sexually mature males and females, and (4) pregnant females.

Spatial and seasonal analysis of juvenile blue sharks (<125 cm FL) revealed that their occurrence

was most frequent between April and September, particularly in the temperate waters of the

southwestern Indian Ocean, between 25°S and 40°S. In contrast, during the remaining months of the

year, juvenile blue sharks were rarely encountered in waters north of 25°S (Figure 15).
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Figure 15. Location and hooking information of juvenile blue sharks below 125 cm FL. The green

triangles represent the locations where matured and non-pregnant female individuals were captured,

and the shading of the squares indicates the number of hooks.

Seasonal analysis of immature individuals (>125 cm FL) of both sexes revealed a consistent
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distribution pattern throughout the year. During the first quarter, they were primarily concentrated
near the equator, followed by a shift away from this region between April and June. From July to
September, they were more frequently observed in temperate waters, while from October to
December, their distribution was mainly along the Tanzanian coast and the eastern coast of

Madagascar (Figure 16).
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Figure 16. Distribution of male and female immature sharks above 125 cm FL. The green triangles
represent the locations where immature female individuals were captured, and the blue stars
represent the locations where immature male individuals were captured. The shading of the squares
indicates the number of hooks.

Seasonal analysis of mature male and female blue sharks revealed substantial spatial overlap from
October to March, whereas distinct spatial separation was observed in the second and third quarters.
From July to September, mature females were more frequently recorded in temperate waters, with
relatively low occurrence near the equator, where mature males were more prevalent. Between
October and December, mature females predominantly appeared in waters south of the equator.
Notably, during July-September, mature females were observed in the southwestern coastal waters
of South Africa, while mature males were absent from this area and primarily recorded in offshore

regions (Figure 17).
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Figure 17. Locations and total catch of matured blue sharks. The green triangles represent the
locations where matured and non-pregnant female individuals were captured, and the blue stars
represent the locations where matured male individuals were captured. The shading of the squares
indicates the number of hooks.

Seasonal analysis of captured pregnant female blue sharks and associated hook effort showed that
from January to March, pregnant individuals were predominantly recorded in equatorial waters. No
pregnant females were observed in this area between April and June. From July to September, their
occurrence near the equator remained low, while higher frequencies were recorded around 30°S in
temperate regions. Between October and December, pregnant females were primarily recorded in
the coastal waters of Tanzania and along the eastern coast of Madagascar, with no records near the
equator during this period (Figure 18).
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Figure 18. Distribution and total catch of pregnant blue sharks. The green triangles represent the
locations where pregnant female individuals were captured, and the shading of the squares indicates

the number of hooks.
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Figure 19. Spatial distribution of sexual maturity status among blue shark samples collected during
20222023, shown by 5° x 5° latitude—longitude grid cells. Background shading from white to
black indicates the total number of samples per grid cell, while pie charts represent the proportional
composition of sexual maturity stages by sex within each cell.

Discussion

4.1. Sexual Maturity and Reproductive Capacity

This study estimated the length at 50% sexual maturity (Lso) of blue shark in the Indian Ocean based

on samples collected during two different periods (2010-2020 and 2022-2023). For comparison

purposes, fork length (FL) measurements were converted to total length (TL) using the

length-conversion equation FL = 1.73872 + 0.82995 x TL (Pratt Jr, 1979). The results showed

relatively stable estimates for males between the two sampling periods—161.4 cm FL (192.4 cm TL)
for 2010-2020 samples and 163.7 cm FL (195.1 cm TL) for 2022-2023 samples. These values are

lower than the global average of 212 cm TL for males reported in other studies (da Silva et al., 2021;

Murua et al., 2021; Varghese et al., 2017).

However, female Lso values differed considerably between the two periods: 179.3 cm FL (213.9 cm
TL) for 2010-2020, and 197.6 cm FL (236.0 cm TL) for 2022-2023. The latter value aligns more
closely with the global average reported by da Silva et al. (2021), and exceeds both the 194 cm TL
value listed in the 2015 IOTC assessment report and the estimates of Murua et al. (2021). These
discrepancies may be attributed to a combination of factors, including differences in sampling
locations, environmental conditions, and morphometric methods used for size measurement
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(Nakano & Stevens, 2008; Stevens & McLoughlin, 1991).

Coelho et al. (2018) identified a latitudinal gradient in blue shark size structure, with larger
individuals more frequently observed in equatorial and tropical regions, and smaller, likely
immature individuals prevailing in temperate nursery areas such as waters off South Africa and
southwestern Australia. This geographic pattern could partially explain the higher female maturity
size observed in our 2022—-2023 samples, which were predominantly collected from tropical zones
near the equator. Tagging studies have shown that blue sharks in the Pacific and Atlantic Oceans
undertake large-scale migrations (Francis & Maolagain, 2016; Gubanov & Grigor’ yev, 1975;
Kohler & Turner, 2008). Survey studies in the equatorial waters of the Indian Ocean between 12° N
and 10° S found that pregnant female blue sharks were mainly concentrated in waters between the
east coast of Africa and 55° E, spanning 2° N—6° S (Coelho et al., 2018). Additionally, blue shark
juveniles and sub-adults mainly concentrate in the temperate waters of the southwest Indian Ocean
and the southeast Indian Ocean, which are considered the two main breeding areas of blue sharks in
the Indian Ocean. The breeding areas in the Indian Ocean are distributed in temperate waters,
especially in the southwest and southeast Indian Ocean near South Africa and Australia (Coelho et
al., 2018). Consistent with these findings, the present study recored that small blue sharks
comprised over 80% of catches in this region.

Regarding reproductive capacity, the average litter size based on 2010-2020 samples was 30.1 pups,
consistent with observations in other oceans (e.g., Atlantic and Pacific)(Bornatowski & Schwingel,
2008; Castro & Mejuto, 1995; Hazin et al., 1994; Montealegre-Quijano et al., 2014) where average
litter sizes of approximately 30 pups have been recorded (da Silva et al., 2021). In contrast, samples
from 2022-2023 exhibited a significantly higher mean litter size of 48.2 pups, with individual litters
reaching up to 70 embryos. This increase may reflect the larger female body sizes and improved
nutritional condition of individuals in equatorial waters, which are often characterized by higher
prey availability and thermal stability, favoring reproductive investment (Cortés, 2000).

Table 3. Summary of reproductive biology studies on blue sharks across ocean basins.

Fecundit

Size at Maturity (cm) y Size of Gestatio

Source Length (number Embryo n Simple  Area of
range (cm) s Research
Male Female of s (cm) (months)
embryos)
Pacific Ocean
Fujinami etal.  33.4-252.0(PCL 160.9(PCL)  156.6(PCL) 1-112(33.1 1.2-41.2 11 490  Western North
(2018) ) mean) males Pacific Ocean
432
females
124
pregnant
females
Bustamante and  52.0-310.0(TL) 190.3(TL) 199.2(TL) 577 South-east
Bennett(2013) males Pacific Ocean
576
females

Zhuetal. (2011)  124.0-277.0 13-68(35.0  12-39 62 Southeastern



I0TC-2025-WPEB21(AS)-20

mean) pregnant Pacific Ocean
females
Francis and Dufty 52.0-277.0(FL) 190-195(FL) 170-190(FL) New Zealand
(2005)
Nakano et al. 130-160 140-160 1-62(2536 11 669  North Pacific
(1994) mean) pregnant Ocean
females
Steven and 232.0-300.0 11-49(34.0 2.7-13.2 Northern
Mclounghlin (1991) mean) Australia
Stevens (1984) 218.0-326.0(TL 216.0(TL) 218.0(TL) 4-57(32.0  46-51 9-12 off New South
) mean) Wales
Atlantic Ocean
Carlson et al. 197(FL) 191(FL) 120 Northwest
(2023) males Atlantic
81
females
Viducic et al. 192.5(FL) 190.9(FL) 488  North Atlantic
(2022) males Ocean
369
females
Briones-Mendoza et 130.0-307(TL) 187.1(TL) 189.7(TL) 298 Ecuadorian
al. (2016) males waters
279
females
Montealegre-Quijan 80-258(FL)  180.2(FL) 171.2(FL) 9-74(33.5  18-33 87 Southwest
oetal. (2014) mean) pregnant  Atlantic
females
Jolly et al. (2013) 72.0-313.0(TL) 201.4 (TL) 194.4 (TL) 43-55 South African
waters
Megalofonou et al.  70-349(TL)  202.9(TL) 214.7(TL) 870  Mediterranean
(2009) Sea
Bornatowski and  197-295.5(TL) 195.0(TL) 185.0(TL)  34.2 (mean) 24-45 South-weaster
Schwingel (2008) n equatorial
Atlantic
Campana et al. 201.0(TL) 40-51 9-12 Canadian
(2005) Atlantic
Lessa et al. (2004) 173.8-310(TL) 225.0(TL) 228.0(TL) 156 off
males northeastern
80 Brazil
females
Castro and Mejuto 150.0-260.0(FL  225.0(FL) 180.0(FL)  35.0(mean)  3-35 816 Gulf of
(1995) ) males Guinea
646
females
Hazin et al. (1994) 156.0-228.0(FL 205.0(FL)95 162.0(FL)smalle 30.0 2-26 82 males South-Wester
) % st pregnant 88 n Equatorial
female females  Atlantic
Ocean
Pratt (1979)  93.0-282.0(FL) 183.0(FL) 180.0(FL) 60 35-44 9-12
Indian Ocean
Jolly et al. (2013) 72.0-313.0(TL) 201.4 (TL) 194.4 (TL) 43-55 205  South African
waters

Murua et al. (2021) 201.7(SFL)  142.0 (SFL) 226 West Indian
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Ocean
Vargehese et al.  186.0-280.0(TL 207.11 (TL) 26 eastern
(2016) ) Arabian Sea
Zhu et al. (2023) 161.4 (FL) 179.3 (FL)  20-54(33.7 1594  West Indian
mean) Ocean
This study 163.7(FL) 197.6(FL)  48.2(mean) 1031  West tropical
(2022-2023) Indian Ocean

Note: FL = fork length; TL = total length; PCL = precaudal length

4.2. Future Research Directions

Current stock assessments for blue sharks in the Indian Ocean generally adopt a single-stock model
using uniform life-history parameters across the basin (IOTC, 2024). However, our analysis
indicates significant spatiotemporal variation in the distribution of sex and sexual maturity stages,
with distinct differences observed between the 2010-2020 and 20222023 datasets. Notably, the
recent samples from equatorial tropical waters show a higher proportion of sexually mature
individuals, greater mean fork lengths, and increased fecundity, especially in females. The estimated
female Lso (Iength at 50% maturity) was substantially larger in the 2022—2023 cohort (197.6 cm FL)
compared to earlier estimates (179.3 cm FL), while male maturity estimates remained relatively
stable.

The underlying causes of these differences are not yet clearly understood. Several hypotheses may
account for the observed variation: (1) Spatial segregation of life stages: Life-history traits such as
sexual dimorphism and ontogenetic shifts in habitat preference may result in spatial separation of
juveniles, adults, and reproductive individuals. Similar patterns has been reported in several other
pelagic shark species, and may indicate partial reproductive or habitat isolation within the Indian
Ocean blue shark population. (2) Fishing gear selectivity: The reliance on commercial longline
fisheries for biological sampling may introduce bias, as longlines are known to preferentially
capture larger and more active individuals (Clarke et al., 2014). Estimates of length at maturity and
reproductive parameters may be systematically skewed if mature individuals are more likely to be
caught. (3) Environmental heterogeneity: Oceanographic conditions such as sea surface
temperature, productivity, and depth structure differ markedly across the Indian Ocean. These
differences could drive regional variation in growth, maturation rates, or reproductive output
(Druon et al., 2021), emphasizing the need to consider multiple life-history strategies within the

stock assessment framework.

To address these uncertainties, several research directions are recommended to improve the
understanding of blue shark reproductive biology and its implications for management:

(1) Expand the sampling design: Incorporate biological data from a broader array of fisheries and
gear types, such as artisanal, gillnet, and purse seine operations, wich could reduce gear-related
sampling bias and better reflect the true demographic structure of the population (da Silva et al.,
2021; Huynh et al., 2025). (2) Incorporate spatial and environmental modeling: these models can
provide insights into potential spatial segregation or aggregation patterns and environmental drivers
(Druon et al., 2021). (3) Evaluate regional life-history variation: Based on spatial analysis and
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habitat modeling, assess whether current stock assessment models should adopt regionally stratified
life-history parameters, especially for key metrics such as Lso, fecundity, and growth. This approach,
successfully applied for blue sharks in other ocean basins, may be essential for avoiding

misestimation of productivity and overexploitation risk.

Collectively, these findings highlight increasing evidence of population complexity and potential
spatial structuring, underscoring the importnce of refining current stock assessments to support
effective, precautionary management of Indian Ocean blue sharks.
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