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Abstract—A male whale shark
(Rhincodon typus) has been kept in
captivity at the Okinawa Churaumi
Aquarium, Japan, for 23 years, pro-
viding a rare opportunity to observe
sexual maturation of a male. In
2012, when the individual was 8.5
m in total length (TL), the claspers
began to elongate, and the distal
ends of the claspers changed into
cauliflower-shaped forms. These
morphological changes in the clasp-
ers were completed in 11 months.
Plasma concentrations of sex hor-
mones (testosterone and progester-
one) increased in association with
clasper elongation. After elongation,
additional movements, including
the adduction and crossing of clasp-
ers, were displayed, and a whitish
fluid, which may have been semen,
was discharged through the clasper
grooves, indicating that the male
was functionally mature after clasp-
er elongation. These observations in-
dicate that this captive whale shark
reached maturity when it was 8.5 m
TL and over 25 years in age. This
size at maturity is consistent with
observations in the wild. However,
maturity in this individual captive
animal may have occurred later
than has been previously reported
in nature.
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In the wild, tracking animals, espe-
cially migratory aquatic vertebrates,
throughout their entire life histories
is extremely difficult. Animals often
move over vast oceans and have long
life spans, sometimes longer than
those of humans. Therefore, the life
history traits of such animals gener-
ally are based on fragmented infor-
mation, obtained from dead speci-
mens acquired opportunistically.

The process of sexual maturation
in the whale shark (Rhincodon ty-
pus), the world’s largest fish, remains
poorly understood because of the dif-
ficulties associated with following in-
dividuals over long periods of time,
both in the wild and in captivity. The
Okinawa Churaumi Aquarium, locat-
ed in Okinawa, Japan, has success-
fully maintained a whale shark for
over 20 years in captivity, providing
a unique opportunity to better fol-
low maturation history in this spe-

cies (e.g., Uchida et al., 2000; Mar-
tin, 2007). This male whale shark,
named Jinta, has been exhibited
since 1995 at the Ocean Expo Aquar-
ium (renamed the Okinawa Churau-
mi Aquarium in 2002), representing
the longest period of captivity for
this species in the world. From 1995
to 2018, the total length (TL) of the
animal increased from 4.6 to 8.7 m.
From our study of this shark, we
report the process of sexual matura-
tion in the male whale shark, focus-
ing on morphological changes and
movements of the claspers, possible
semen ejection, and changes in the
circulating levels of sex hormones.
For male elasmobranchs, the degree
of clasper elongation and calcifica-
tion and increase in sex hormone
levels are generally used as indica-
tors of sexual maturation (Gelsleich-
ter and Evans, 2012); however, con-
tinuous changes in these indicators
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during the maturation process have never before been
documented in whale sharks. This study was based on
data from only one individual, but it is still noteworthy
because this individual is the only whale shark that
has been successfully maintained in captivity for such
a long period. Our data provide important insights into
the maturation of male whale sharks.

Materials and methods
Ethics

This study was conducted as part of the health moni-
toring for captive animals at the Okinawa Churaumi
Aquarium. Animal welfare during rearing was main-
tained in strict accordance with the ethical guidelines
of the Japanese Association of Zoos and Aquariums
(JAZA?Y), which does not stipulate the experimental
procedures to be followed. Therefore, this study did
not require separate, specific approval from this asso-
ciation. Maintenance, animal handling, and all proce-
dures associated with this study also were conducted
in accordance with the ethical guidelines of Okinawa
Churashima Foundation (OCF2), which specifies proce-
dures for the care and welfare of higher vertebrates
(reptiles, birds, and mammals); these guidelines did
not contradict the guidelines of the Japanese Associa-
tion of Zoos and Aquariums.

Captivity conditions

The male whale shark is kept at the Okinawa Churau-
mi Aquarium in an exhibition tank (Kuroshio Tank)
with a length, width, and depth of 27, 35, and 10 m.
The water in the tank is replaced continuously with
natural seawater pumped directly from the East China
Sea. The temperature and chemistry of the water in
the tank are the same as those in the external environ-
ment. The roof of the tank is transparent; therefore,
light intensity in the tank reflects that of natural sun-
light. The shark is fed 0.5-0.8% of its body weight in
euphausiids and sergestids every day.

Growth

The TL of the male whale shark was estimated by mea-
suring the length from the snout-tip to the origin of
the first dorsal fin (pre-first dorsal fin length [PD1]), to
avoid measurement errors caused by lateral tail beats
when TL was measured directly. The following equa-
tion, from Matsumoto et al. (2017), was used to esti-
mate TL in centimeters:

1 JAZA (Japanese Association of Zoos and Aquariums). 1984.
Japan Arboretum Aquarium Association ethics summary
[Available from website.]

2 OCF (Okinawa Churashima Foundation). 2016. Guide for
care and use of laboratory animals of Okinawa Churashima
Foundation, 11 p. [Available from Okinawa Churashima
Found., Ishikawa 888, Motobu, Okinawa 905-0206, Japan.]

LogTL = 0.964 x logPD1 + 0.443.

The PD1 has been measured underwater directly by 2
scuba divers with a measuring tape, every year since
the first year of captivity.

The growth rate was calculated for each growth
stage by using segmented regression models (SRMs;
Muggeo, 2003; Segura et al., 2013). The growth of elas-
mobranchs is generally divided into 2 stages, immature
(juvenile) and mature (adult) (Jensen et al., 2002), or
into 3 stages: immature, maturing, and mature (Saidi
et al., 2009). Therefore, we applied 2 SRMs that esti-
mated 1 or 2 break points (BKs) expected to be turn-
ing points of the growth stages, following the method
described by Muggeo (2003).

Clasper morphology

The morphological features of the claspers are used to
indicate sexual maturation in elasmobranchs. We cal-
culated the ratio of clasper outer length (CLO) to pelvic
inner margin length (P2I) (i.e., CLO:P2I), as described
by Compagno (1984). The CLO:P2I is a relative value
that represents the degree of elongation from the pos-
terior end of the pelvic fin. The CLO and P2I were ana-
lyzed with photogrammetry by using Imaged, vers. 1.45
(Schneider et al., 2012) to take measurements from
photographs of the ventral side of the pelvic region of
the shark. The photographs were taken underwater an-
nually from October 2005 through August 2011, and
then they were taken monthly until October 2013.

Sex steroid hormones

The plasma concentrations of testosterone and proges-
terone (T and P4, respectively) were analyzed by using
blood samples. Veterinarians took blood underwater
from the radial vein of the pectoral fin, using a sy-
ringe with an 18-gauge needle, monthly from May 2008
through December 2013 (Ueda et al., 2017). Blood sam-
ples were then transferred to a blood-collection vacuum
tube treated with heparin (VP-H050K?3, Terumo Corp.,
Tokyo, Japan). After centrifugation (3000 rpm for 15
min), plasma was collected and immediately stored at
-80°C for subsequent hormonal analysis. After thaw-
ing, the plasma was mixed with diethyl ether, and ste-
roids were extracted by using a common procedure (Su-
zuki et al., 1998). The extract was diluted 2.5 fold with
0.05 M Tris-HCI (pH 7.75) buffer solutions, so that it
could be used for measurements. The plasma concen-
trations of both steroid hormones were determined
through time-resolved fluorescent antibody analysis.
We compared the average blood levels of the hor-
mones among the 3 observable developmental periods
of the clasper: short (clasper tips and posterior margin
of pelvic fins are at the same horizontal position), elon-

3 Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.
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Table

Fitted parameters from 2 segmented regression models (SRMs) for estimating the growth of the captive male whale shark
(Rhincodon typus) at the Okinawa Churaumi Aquarium in Okinawa, Japan. The SRMs used 1 or 2 break points (BKs) ex-
pected to be turning points between the 3 growth stages: immature, maturing, and mature. The average monthly changes
in growth of body length, during the immature stage (o), during the mature stage in the model with 1 BK or the maturing
stage in the model with 2 BKs (0), and during the mature stage in the model with 2 BKs (03), are given with standard
errors of the means (SEs). The turning points from the immature to mature stage in the 1-BK model (BK;), from the im-
mature to maturing stage in the 2-BK model (BK;), and from the maturing to mature stage in the 2-BK model (BK,) are
given with 95% confidence intervals (CI). r2=coefficient of determination.

Slopes
oy (SE) 0y (SE) o3 (SE) BK; (95% CI) BK; (95% CI) Intercept (SE)  r?
Model with 1 BK 2.243(0.072)  0.467 (0.320) - 170.5 (154.5-186.4) - 449.9 (8.2) 0.994

Model with 2 BKs 2.281(0.086)  1.375(0.428)  0.050(0.729)  149.7(117.8-181.7)  195.6 (162.8-228.3)  447.8(8.6) 0.993

gating (claspers extending behind the posterior
A margin of pelvic fins), and completed (claspers
no longer extending). Statistical analyses were

g conducted by using the nonparametric Krus-

- kal-Wallis test followed by the nonparametric

é’ Steel-Dwass post-hoc test. The relationship

g between hormone levels and water tempera-

g ture also was tested by using a regression

= analysis. Measurements are reported as means
with standard errors (SEs), unless otherwise
noted.

Captive period (month) Results
B

_ Growth

§

_E According to the SRM that used 1 BK, the av-

2 erage growth rate for body length (slope) from

2 March 1995 through May 2009 was 2.24 cm/

g month (SE 0.07) (Fig. 1A, Table). During this

period, the TL increased from 460 to 832 cm.
The average growth rate between May 2009
and December 2013 decreased to 0.47 cm/
month (SE 0.32), *with TL changing from 832
to 854 cm. Based on the estimates from the
Captive period (month) SRM that used 2 BKs (Fig. 1B), the average
monthly growth from March 1995 through

) ) August 2007 was 2.28 cm (SE 0.07), with TL
Change in monthly body length of a male whale shark (Rhin- increasing from 460 to 789 cm (Table). From
codon typus) in captivity at the Okinawa Churaumi Aquarium Ausust 2007 through June 2011. the erowth
in Okinawa, Japan, given in centimeters in total length and rep- gu roug u ’ g w

resented by segmented regression models (SRMs) with (A) 1 and rate was 1.38 cm/month (SE 0.43) with TL

Figure 1

(B) 2 break points. The dotted lines indicate the 95% confiden- changing from 789 to 852 cm. The growth rate
tial intervals. The data used in the SRMs were collected from from June 2011 through December 2013 was
March 1995 through December 2013. 0.05 cm/month (SE 0.73) with TL increasing

from 852 to 854 ¢cm. Both SRMs revealed that

the individual grew in length rapidly until it
reached approximately 800 cm TL. Consider-
ing annual growth in TL, the whale shark grew
from 460 cm to >800 cm at a rate of 26.9 cm/
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Figure 2

Relationship between the ratio of the clasper outer length to the pelvic inner length

(CLO:P2I) and body length, given in centimeters in total length (TL), from October 2005

through October 2013 for a male whale shark (Rhincodon typus) in captivity at the Okinawa
Churaumi Aquarium in Japan.

year (1-BK model) or 27.4 cm/year (2-
BK model) from 1995 through 2008;
after that time period, the growth rate
decreased to 0.6-5.6 cm/year.

Clasper development and functionality

Clasper elongation was complete in
11 months (Fig. 2). Before August
2011, CLO:P2I was almost constant
(1.00-1.09). After the claspers began
to elongate posteriorly beyond the tip
of the pelvic fin, CLO:P2I increased to
1.60 by July 2012; then this elonga-
tion ended, and the CLO:P2I remained
constant.

The shape of the claspers changed
as the claspers elongated (Fig. 3). Cau-
liflower-shaped tissues were formed at
the distal ends of the claspers, and
cartilage associated with the rhipidion
(small cartilaginous elements located
at the distal end of the clasper) was
observed along clasper grooves.

The clasper became functional dur-
ing a period of rapid elongation with
skeletal development of the rhipidion.
The whale shark began to display a
new behavior in April 2012. The ani-
mal turned upside down, to an in-
verted position, while crossing both
claspers simultaneously (Fig. 4, Suppl.
Video). The tips of both claspers were
spread along the groove and inflected

A B
C D
Figure 3

Images with ventral views showing morphological changes in the claspers
of the male whale shark (Rhincodon typus) in captivity at the Okinawa
Churaumi Aquarium, Japan, taken in (A) October 2005, (B) August 2011,
and (C) July 2012, as well as (D) an image of a posterior view taken in
February 2013 of the same whale shark.
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Figure 4

Okinawa Churaumi Aquarium, Japan, taken in June 2012.

Image with a ventral view of the rotational behavior of the clasp-
er of the male whale shark (Rhincodon typus) in captivity at the

ing and completed periods (Steel-Dwass test:
P<0.01 for both periods). However, there were
no significant differences in T levels between
the elongating and completed periods (Steel—
Dwass test: P=0.95). Concentrations of P4
were also lower in the short period than in the
completed period (Steel-Dwass test: P=0.03),
although there were no significant differences
in P4 levels between the short and elongating
periods (P=0.23) or between the elongating and
completed periods (P=0.82).

There were significant relationships be-
tween water temperature and concentrations
of T (coefficient of determination [r2]=0.42,
P<0.01) and P4 (r2=0.26, P<0.01) during the
short period; whereas, these relationships
were not significant during the elongating (T:
r2=0.06, P=0.59; P4: r2=0.14, P=0.40) and com-
pleted (T: r2=0.14, P=0.17; P4: r2=0.01, P=0.78)
periods (Fig. 7).

Discussion

dorsally while they were crossed. The clasper that was
placed on the top of the other varied among events,
and both claspers had the top position interchangeably.
In addition, starting in August 2012, a white milky flu-
id was released from the claspers when this behavior
was displayed (Suppl. Video). However, it was not pos-
sible to confirm whether this fluid was semen because
it dispersed and became diffused in the tank immedi-
ately after release.

Changes in hormonal levels

Changes in plasma concentrations of T and P4 were re-
corded among the 3 observable developmental periods
of clasper development (Fig. 5). There were minimal
changes in the concentrations of T and P4 during a
short period (from May 2008 to July 2011), with mean
T concentrations of 6.23 ng/mL (SE 0.52) and mean P4
concentrations of 0.50 ng/mL (SE 0.08) (Suppl. Table).
However, T concentrations had large fluctuations dur-
ing the elongating period (from August 2011 to July
2012), ranging between 31.95 and 8.42 ng/mL with a
mean of 18.66 ng/mL (SE 3.06). In the elongating pe-
riod, no change was notable in the levels of P4, with
a mean of 0.79 ng/mL (SE 0.16) (Suppl. Table). In the
completed period (from August 2012 to December 2013),
T and P4 levels were higher, with means of 36.74 ng/
mL (SE 9.46) and 1.21 ng/mL (SE 0.25), respectively,
than those in the other 2 periods.

Among the 3 periods of clasper development, there
was significant variation in levels of T (Kruskal-Wallis
test: 29.40, P<0.01) and P4 (Kruskal-Wallis test: 7.30,
P=0.03) (Fig. 6). Notably, T concentrations were signifi-
cantly lower in the short period than in the elongat-

Abrupt clasper elongation and increased levels

of sex hormones observed in the male whale
shark strongly indicate that the individual is sexually
mature. Increases in hormone levels (T or P4) associ-
ated with male sexual maturation have been reported in
various elasmobranchs (Rasmussen and Gruber, 1993),
although the mode of action of these hormones remains
unclear. Previous studies have hypothesized several
functions of sex hormones (such as T), including the
initiation of mating behavior (Rasmussen and Murru,
1992; Rasmussen and Gruber, 1993), spermiogenesis
and spermiation (Tricas et al., 2000; Henningsen et al.,
2008), and clasper elongation (Heupel et al., 1999; Su-
likowski et al., 2005; Sulikowski et al., 2006; Awruch et
al., 2008). Hormone levels were slightly correlated with
changes in water temperature when the shark was im-
mature; however, these correlations were not observed
during and after the clasper elongation period, and
hormone levels were also significantly greater after the
shark started to mature sexually. Such patterns have
not been previously reported in other elasmobranch spe-
cies. Further studies are needed to clarify the relation-
ships between hormone levels and water temperature
during each growth stage.

Our data allow comparisons between wild and cap-
tive whale sharks. The individual studied here was
considered mature at 8.5 m TL. This finding is consis-
tent with the maturation size estimated for wild male
whale sharks off the northwestern coast of Australia
on the Ningaloo Reef, where 50% of 275 wild male
whale sharks had attained maturity at 8.1 m TL and
95% of those sharks had done so by 9.1 m TL (Norman
and Stevens, 2007). We were not able to determine the
precise age of maturation in our shark because the
shark’s age was unknown when he was brought into
the aquarium.
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Figure 5
Relationships between the ratio of the clasper outer length to pelvic inner length (CLO:P2I)
and concentrations of (A) testosterone (T) and (B) progesterone (P4) from May 2008 through
November 2013 for a male whale shark (Rhincodon typus) at the Okinawa Churaumi Aquar-
ium in Japan.

The age of live elasmobranchs can be estimated
only by using growth models. Two studies have report-
ed growth curves for the whale shark. Wintner (2000)
estimated the ages of 15 dead whale sharks by count-
ing the number of growth bands in vertebrae, assum-
ing that a single pair of growth bands corresponds to
1 year, and generated a growth curve of this species.
By using that growth curve, the age of our shark at
capture (at a size of 460 cm TL) was estimated to be
10 or 14 years old. More recently, Hsu et al. (2014)
provided new growth curves using a greater sample
size (n=92) of species collected from the population
in the northwestern Pacific Ocean. They estimated 2
growth curves on the basis of growth bands being de-
posited either once or twice a year, and they conclud-
ed that the band pairs were formed twice a year. The
growth curve provided by Hsu et al. (2014) is likely

applicable to estimate the age of our shark at capture
because the shark was taken from the same region.
Based on the growth curve of Hsu et al. (2014), the
age of our shark at the time of capture was estimated
to be 7.6 years. Consequently, the estimated age at the
time that clasper elongation ceased was 24.9 years. This
result indicates that sexual maturation of our shark oc-
curred later than the age at maturity estimated for wild
individuals in the Indo-Pacific region (17 years old; Hsu
et al., 2014). Meanwhile, Perry et al. (2018) estimated
that males in the Maldives mature at 25 years, following
the methods described by Hsu et al. (2014). This estima-
tion is comparable to our result. The timing of sexual
maturity of the whale shark may be associated more
closely with size than with chronological age, a notion
that is consistent with previous findings (Gelsleichter et
al., 2002); however, further investigations are needed.
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Figure 6

Comparisons of concentrations of the hormones (A) testoster-
one (T) and (B) progesterone (P4) from May 2008 to December
2013 in a male whale shark (Rhincodon typus) at the Okinawa
Churaumi Aquarium, Japan, during the 3 developmental periods
of the clasper: short, elongating, and completed. The box indi-
cates the 25th and 75th percentiles, the whiskers indicate the
minimum and maximum values, and the line within each box
indicates the median value. A circle indicates an outlier.

The results of this study indicate that morpho-
logical and functional changes in the claspers dur-
ing maturation occurred over a relatively short time,
less than 1 year, in our shark. The animal began to
display new clasper movements during the period of
rapid clasper growth, behavior that has hitherto not
been reported. These movements have been observed
during the mating season in other elasmobranchs, in-
cluding the tawny nurse shark (Nebrius ferrugineus),
zebra shark (Stegostoma fasciatum), bull shark (Car-
charhinus leucas), sandbar shark (C. plumbeus), and
dasyatid rays (senior author, unpubl. data), and they
sometimes occur in the absence of females (Ritter

and Compagno, 2013). Moreover, a white milky flu-
id, which we suspect to be semen, was released from
the tip of the claspers as the claspers crossed. Based
on these observations, it is likely that the function-
al maturation of the claspers occurs in parallel with
morphological changes.

In summary, observations of a captive male whale
shark made over a period of 20 years have improved
our understanding of the process of sexual matura-
tion in this species. Maturation was associated with
increased plasma concentrations of T and P4 and the
rapid morphogenesis and functioning of claspers. Addi-
tional studies involving both captive and wild individu-
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Figure 7
Relationship between water temperature and concentrations of (A) testosterone (T) and (B)
progesterone (P4) from May 2008 through December 2013 in a male whale shark (Rhincodon
typus) at the Okinawa Churaumi Aquarium in Japan. The period covers the 3 developmental
periods of the clasper: short (T: r2=0.42, P<0.01; P4: r2=0.26, P<0.01), elongating (T: r2=0.06,
P=0.59; P4: r2=0.14, P=0.40), and completed (T: r2=0.14, P=0.17; P4: r2=0.01, P=0.78). The
background colors of white, light gray, and dark gray indicate the short, elongating, and
completed periods, respectively.

als are needed to further advance the biology of the
well-known but mysterious whale shark.
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