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1. INTRODUCTION

Whale sharks Rhincodon typus are well known as 
the world’s largest fish, but their reproduction is still 
poorly understood. Their huge body size and long-
distance migratory behavior make studying the whale 

shark’s biology difficult. Targeted whale shark fish-
eries are now banned in most countries, and strand-
ings are uncommon, so scientists rarely have access 
to specimens (Pierce et al. 2021a). Whale sharks are 
classified as globally Endangered on the IUCN Red 
List of Threatened Species (Pierce & Norman 2016), 
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ABSTRACT: We report on a non-invasive technique for observing the reproductive states of wild, 
free-swimming whale sharks Rhincodon typus for the first time. Female whale sharks (n = 22) 
were assessed using underwater ultrasonography and a novel blood-sampling technique at Dar-
win Island in the Galapagos Marine Reserve, Ecuador. Despite the widely held assumption among 
researchers that the post-pelvic distention of large females is indicative of pregnancy, ultrasound 
provided no evidence of embryos or egg cases. However, the presence of follicles (diameter: 28.5−
83.6 mm) was confirmed in 2 female sharks of 11−12 m total length (TL). Additionally, 3 steroid 
hormones (estradiol, testosterone, and progesterone) were analyzed in blood plasma from 6 
female sharks (11−12 m TL). Hormone levels were similar to, or lower than, those obtained from 
an immature female in the Okinawa Churaumi Aquarium. Based on these results, we infer that 
female whale sharks (TL >11 m) in this study were mature but not pregnant. The techniques used 
here for whale sharks can be successfully used to obtain non-lethal field data on the biology and 
reproductive anatomy of this globally endangered fish, and are adaptable for use in other large 
marine species.  
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with an IUCN Green Status of Largely Depleted 
(Pierce et al. 2021b), and they are listed in Appendix 
I of the Convention on Migratory Species (CMS) and 
Appendix II of the Convention on International Trade 
in Endangered Species (CITES). Despite these forms 
of protection, effective management is hindered by 
the difficulty of directly monitoring broad-scale pop-
ulation trends and a lack of life history data with 
which to model demographic parameters (Pierce et 
al. 2021a). 

To date, almost everything known about whale 
shark reproduction comes from a single pregnant 
female (10.6 m total length, TL) caught by a commer-
cial fishing boat in Taiwan in 1995 (Joung et al. 
1996). Many of the ~300 embryos found in the uteri of 
this specimen had a yolk sac and were still in their 
egg cases; others were free-swimming within the 
uterus. This suggested that whale sharks display 
yolk-sac viviparity without nutrient supplementa-
tion, a lecithotrophic mode, but little more has been 
discovered since (Pierce et al. 2021a). To advance our 
knowledge of whale shark reproductive biology, new 
techniques that will allow us to study sexually 
mature females in their natural habitat are needed. 

Large female whale sharks are rarely seen in 
coastal areas (Rohner et al. 2021), but they have been 
documented to transit past offshore islands and 
seamounts in the eastern Pacific (Ramirez-Macias et 
al. 2012, Hearn et al. 2016). Noticeable post-pelvic 
distention in some individuals has led scientists to 
speculate that they may be pregnant (e.g. Ramirez-
Macias et al. 2012, Acuña-Marrero et al. 2014, Hearn 
et al. 2016). Such sharks would provide an opportu-
nity to learn more about the reproductive biology of 
the species. 

The Okinawa Churaumi Aquarium (OCA) has 
housed whale sharks since the 1980s. During this 
time the staff have created health management and 
biological observation protocols, including growth 
and maturation indicators for the species (Dove et al. 
2021, Pierce et al. 2021a). Concurrently, the develop-
ment of underwater ultrasonography equipment by 
OCA has allowed for observations of reproductive 
state and embryonic growth in 14 elasmobranch spe-
cies (Murakumo et al. 2020). Additionally, sex hor-
mones extracted from blood samples can be used to 
observe the reproductive cycles of elasmobranchs 
(Sulikowski et al. 2016, Nozu et al. 2018). Therefore, 
we inferred that the combined use of ultrasound and 
blood analysis represents a promising strategy for 
studying the reproductive cycle and embryonic 
development of whale sharks in the wild. Here, we 
present the results of in situ underwater ultrasonog-

raphy and blood sampling from adult, free-swim-
ming female whale sharks — to our knowledge, the 
first time this has been achieved for an elasmobranch 
species. 

2.  MATERIALS AND METHODS 

2.1.  Ultrasonography 

In-water ultrasounds were conducted at Darwin 
Arch, off Darwin Island in the Galapagos Marine 
Reserve (Ecuador), in July 2017 (n = 5, 5−12 m TL) 
and September 2018 (n = 17, 10−14 m TL), and sam-
pling focused on large female whale sharks with vis-
ible post-pelvic distention that were suspected to be 
pregnant (Acuña-Marrero et al. 2014, Hearn et al. 
2016); for details, see Table S1 and Fig. S1 in the 
Supplement at www.int-res.com/articles/suppl/n050
p125_supp.pdf. Whale shark TLs were estimated to 
the nearest meter using laser photogrammetry, 
which allows extrapolation of TL from the length 
between the fifth gill and the start of the first dorsal 
fin (r2 = 0.93) or visually (±10% SE) by experienced 
observers (Rohner et al. 2011). SCUBA divers ap -
proached individual whale sharks swimming at 
depths ranging from 15−30 m and in currents of up to 
2 knots. Ultrasound images were obtained using a 
portable ultrasound diagnostic imaging system (ARI-
ETTA Prologue, Hitachi); for details, see Text S1 in 
the Supplement. Ultrasound examinations were ap -
plied on the post-pelvic distention area, which is con-
sidered as a sign of pregnancy, and the abdominal 
area between the pectoral and pelvic fins, which has 
been shown to distend during pregnancy in other 
elasmobranchs (Fig. 1). All ultrasound examinations 
were typically completed in <1 min, to minimize the 
potential for stress in animals and due to the diffi-
culty of maintaining contact between the transducer 
and the shark’s skin. 

Ultrasound images were recorded underwater by 
R.M. and examined on the boat by R.M. and K.M. 
after each dive to inform further sampling. To con-
firm the scanning position of each image on the 
abdomen after the examination, the ultrasound pro-
cedure was filmed using an HDR-AS300 video cam-
era (Sony) attached to the wrist that the diver (R.M.) 
used to hold the probe. The probe was applied in the 
transverse plane and moved parallel to the body axis. 
To describe and measure target organs, the contin-
uous slice images obtained as DICOM (Digital Im -
aging and Communications in Medicine)-formatted 
images were confirmed using OsiriX software (v.8.5.1) 
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on the boat, and we then used the highest value ob -
tained as being the most accurate size of the organs. 
For comparison, we monitored the reproductive 
organs of a fe male whale shark (8.0 m TL) through-
out 2018 within the OCA using the same equipment 
and techniques. 

To identify anatomical features, such as follicles, on 
the ultrasound images, we looked through all avail-
able images (19 s−1) and adjusted the contrast to en -
hance visualization throughout this process. While 
single images in the figures may look difficult to 
interpret, features were clear when scanning 3-
dimensionally through the images, and follicles were 
only counted and measured if their spherical shape 
was confirmed using the many images available. 

2.2.  Blood collection 

Blood samples were collected as described in Ueda 
et al. (2017) by K.M. while swimming alongside each 
whale shark. We used 2 syringes connected by a 3-
way stopcock, an extension tube, and 18 gauge and 
90 mm long needles (Fig. S1). The inside wall of 

syringes was coated in advance with the anticoagu-
lant lithium heparin. Only the sample from the sec-
ond syringe (10 ml) was analyzed; the first syringe 
(5 ml) was used to prevent the contamination of the 
blood samples by seawater. In free-ranging sharks in 
the Galapagos, a needle was inserted into either the 
blood sinus located at the posterior base of the first 
dorsal fin, or the blood vessels that run along the 
radial cartilage on the mid-dorsal area of the pelvic 
fin (Fig. 1C). Blood samples were collected from 1 
female in July 2017 (at the dorsal fin base, 11 m TL) 
and 6 females in September 2018 (at the dorsal side 
of the pelvic fin, 11−12 m TL; Fig. S2B; Table S1). In 
the captive female (8 m TL), blood was similarly col-
lected monthly through 2017 (since hormone levels 
can vary seasonally). After each dive at Darwin 
Island, plasma was extracted from the samples by 
centrifugation (6000 × g for 6 min) on the boat within 
an hour of sampling. Plasma samples were then 
stored in a clean vial at −10°C for 4 to 15 d transport 
to the Universidad San Francisco de Quito (USFQ), 
where they were stored at −80°C until analyses. 
Plasma was similarly extracted from blood samples of 
the captive shark and analyzed within the OCA. 
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Fig. 1. (A) Ultrasound diagnostic imaging system (ARIETTA Prologue) housed in a pressure- and waterproof case. (B) SCUBA 
diver positioning the ultrasound probe on the ventral surface of a free-swimming female whale shark in the Galapagos. (C) 
Ultrasound probe scanning areas (double-headed arrows) and blood sampling locations (stars). a: abdominal area; b: anterior 
part of pelvic fins; c: post-pelvic distention; 1: pectoral dorsal vein (easy to collect on juveniles); 2: first dorsal cutaneous vein  

(difficult to collect, but possible on all shark sizes); 3: pelvic dorsal vein (easy to collect on adult sharks)
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2.3.  Measurement of sex hormone levels 

Extraction of plasma steroids, which required ~0.5 ml 
of plasma was performed as described in Nozu & 
Nakamura (2015). In brief, plasma steroids were 
extracted 3 times using 2.5 ml diethyl ether. The ex -
tracts were evaporated, and the residue was recon-
stituted with 3× the original volume of the assay 
buffer. Estradiol-17b (E2), testosterone (T), and prog-
esterone (P4) levels were determined using an ELISA 
kit (Cayman Chemical) according to the manufac-
turer’s instructions. Samples and standards were 
applied in duplicate to each plate. 

3.  RESULTS 

3.1.  Ultrasonography 

No embryos or egg cases were detected in any of 
the 22 female whale sharks. However, follicles were 
found in the ovaries of 2 large (11−12 m TL) females 
in September 2018. We identified 18 follicles (diame-
ter range: 28.5−83.6 mm; mean ± SE: 43.7 ± 3.3 mm) 
in 1 female (Figs. 2A & S3) and a single follicle 
(75.7 mm) in another female (Table 1). In the other 
specimens, we were only able to identify skin and 
muscle layers and the liver, but no follicles (Fig. 2B). 
Additionally, in the post-pelvic distention, we found 
only a thick skin layer (ca. 25 cm thickness) and an 
underlying muscle layer, and no cavity to maintain 
embryos (Fig. 2C). 

There were several artifacts that were visible on 
the sonographs, including (1) a hyperechoic region at 
the skin surface, likely caused by skin denticles; (2) 
an ‘M-shaped’ area of shadowing immediately below 
the hyperechoic dermal region; (3) hyper echoic areas 
at 15−25 cm depth in some of the sonograms; and (4) 
hyperechoic mirroring in the skin, also likely due to 
denticles. No follicle images were ob tained from the 
8.0 m female shark monitored within the OCA; only 
skin, muscle, intestinal organs, and uteri without 
ovaries were observed, confirming that this individual 
was immature across the year-long sampling period 
(Fig. 2D). 

3.2.  Plasma hormone analysis 

Wild whale sharks had hormone concentrations 
within the range of the samples taken from the cap-
tive female for estradiol and progesterone in all 
samples, and for testosterone in 5 out of 6 samples 

(Table 1). However, the female whale shark in the 
OCA had higher hormone levels in some months 
than the wild females from Galapagos sampled in 
July or September (Table 1). 

4.  DISCUSSION 

We demonstrated the feasibility of conducting in 
situ ultrasonography and blood sampling of free-
swimming adult whale sharks. This method allows 
for reproductive assessments of free-swimming 
sharks without the need for restraint, reducing stress 
in the sampled animal. Ultrasound images from large 
whale sharks were not as clear as images from 
smaller whale sharks or from other species due to 
artifacts related to the exceptionally thick skin layer. 
This limitation also meant that confident identifica-
tion of features on the ultrasound images of large 
whale sharks required experts familiar with ultra-
sound scanning in smaller whale sharks and other 
elasmobranchs. 

Pronounced enlargement in the area immediately 
posterior to the cloaca has only been observed in 
large female whale sharks, not large males, and has 
been suggested to be a potential indicator of preg-
nancy (Acuña-Marrero et al. 2014). However, ultra-
sound examinations (Table S1) identified only skin 
and muscular tissue in this area, and no similar char-
acteristic has been reported in any other shark spe-
cies. The presence of this anatomical feature may 
therefore simply be a secondary sex characteristic in 
whale sharks and not an indicator of pregnancy. This 
hypothesis is partially supported by visual observa-
tion of a similar distention developing in the im -
mature female (8.0 m TL) held in the OCA, and 
in  females at Georgia Aquarium (R.M., K.M., and 
A.D.M.D. pers. obs.). Additionally, an autopsy of a 
deceased juvenile female in the OCA showed that 
the distention consisted of skin and muscle layers, 
confirming our ultrasound observations on mature 
females in the Galapagos. 

We obtained ovarian follicle images from 2 of the 
free-swimming whale sharks (>10 m TL; Table S1). A 
captive female (8.0 m TL) in the OCA was the largest 
female whale shark in an aquarium at the time of 
writing, but ultrasound showed only undeveloped 
ovarian organs and an unexpanded uterus, indica-
tive of immaturity (Nozu et al. 2015). In mature zebra 
sharks Stegostoma tigrinum, one of the whale shark’s 
closest relatives (Vélez-Zuazo & Agnarsson 2011), 
the ovary containing follicles usually fills the whole 
space between the pectoral and pelvic girdles during 
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the reproductive season (Fig. S4). Assuming a similar 
relative volume of follicles in whale sharks, the lack 
of follicles in most of the scanned whale sharks in this 
study suggests they were not in their reproductive 

season. Alternatively, the attenuation and the limita-
tion of the available detecting depth (up to 400 mm) 
of the ultrasound system may have been too restric-
tive to identify further follicles. In contrast, egg cases 
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Fig. 2. (A−D) Ultrasound images taken from female whale sharks in the Galapagos. (A−C) Mature females. (A) Longitudinal 
plane of ovarian follicles enclosed in dotted lines. (B,C) Transverse plane. (D) Transverse plane in an immature female in the 
Okinawa Churaumi Aquarium (OCA). (E) Parts of the body where each scan was performed. Green marker (pointer) next to 
the top right of each sonogram consistently points cranially in longitudinal scans or to the left in transverse scans. MI and TIS 
in the upper right corner of each image indicate the mechanical index and soft-tissue thermal index, respectively. Scale reso-
lution on the lateral column in each image indicates 50 mm of ultrasound penetration depth. ‘W-shaped’ anechoic to hypo -
echoic shadow (artifact) emanates immediately proximal to the area of hyperechoic enhancement directly beneath the probe 

in (A) and (B). L1: skin layer; L2: muscle layer; L3: liver; I: intestine; R: rectal gland; U(R): right uterus; U(L): left uterus
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(a sign of pregnancy) are larger than follicles and 
easily seen on sonogram images in other species. For 
example, zebra sharks have 1−8 eggs in the uterus 
prior to laying (Fig. S5). The chitinous cases of eggs 
reflect ultrasound waves, thus facilitating their de -
tection by sonography (R.M. and K.M. pers. obs.). A 
pregnant whale shark could contain ~300 of these 
highly reflective egg cases containing embryos within 
her uterus (Joung et al. 1996). Therefore, in pregnant 
individuals, these intra-uterine egg cases are proba-
bly filling most of the abdominal cavity and would 
likely be detectable with an ultrasound system. 

Blood sampling and subsequent sex steroid hor-
mone analysis have the potential to provide comple-
mentary insights into the reproductive state of whale 
sharks. Here, we measured E2, P4 and T hormone 
levels from 6 presumed mature female whale sharks. 
The hormone values of the adult sharks from Galapa-
gos were within the annual range of, or lower than, 
those of the immature shark in the OCA (Table 1). As 
these are the first data from wild whale sharks, we 
have no baseline for comparison. Blood samples 
taken in different months will be needed to investigate 
the timing of their reproductive cycle and put these 
first hormone data into context. However, the low hor-
mone levels of the large, wild whale sharks compared 
to those of the immature, captive shark provisionally 
support our ultrasound results that the wild individu-

als sampled were not pregnant. Suli kowski et al. 
(2016) developed criteria for pregnancy in tiger sharks 
using T, E2, and P4 concentrations based on preg-
nancy determined via ultrasound. They found that the 
P4 level was not suitable as a pregnancy indicator, 
with levels being similar among pregnant, non-
 pregnant mature, and immature sharks. In contrast, 
Nozu et al. (2018) reported that steroid hormone 
levels reflected the reproductive cycle in the zebra 
shark. In particular, E2 increased before ovarian folli-
cle development and decreased in conjunction with 
follicle regression. The different reproductive modes 
of these species (i.e. lecitho trophic zebra shark vs. 
matrotrophic tiger shark) may influence this inconsis-
tency (e.g. Walker 2020). If lecitho trophic whale 
sharks follow the leci thotrophic zebra shark ‘model’, 
we hypothesize that the Galapagos individuals in this 
study may have only recently reached maturity or 
were sampled while they were in the follicle regres-
sion period late in their reproductive cycle. 

Underwater ultrasonography and blood sampling 
are non-invasive research methods that have the 
potential to provide physiological information on 
endangered marine species. Continuation of these 
methods in different locations and seasons could be 
a key means to increase scientific understanding of 
the reproductive biology of whale sharks, including 
pregnancy and reproductive processes. 
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Individuals        Sampling date (yr/mo/d)      TL (m)      E2 (pg ml−1)     T (pg ml−1)      P4 (pg ml−1)        No. of follicles (mm) 
 
Female 2                      2017/07/08                     12               158.6                19.4                  19.0                             NA 
Female 6                      2018/09/14                  12−14            312.1                <4.9                  <7.8                            NA 
Female 10                    2018/09/17                     11               173.5                 7.6                   <7.8                            NA 
Female 11                    2018/09/17                     11               480.6                10.2                  <7.8                            NA 
Female 13                    2018/09/20                  10−11            190.9                12.3                  <7.8                            NA 
Female 14                    2018/09/20                     12                 NA                  NA                    NA                    1 follicle (75.7) 
Female 16                    2018/09/24                     11               505.4                19.0                  15.1             18 follicles (28.5−83.6) 
Female in OCAa          2017/01/09                      8               1065.6               33.2                  26.7                       No follicle 
                                     2017/02/05                      8                743.5                26.9                  30.0                       No follicle 
                                     2017/03/05                      8                470.5                20.9                  26.9                       No follicle 
                                     2017/04/12                      8                264.2                 7.3                   <7.8                       No follicle 
                                     2017/05/25                      8                285.8                13.8                  13.6                       No follicle 
                                     2017/06/14                      8                489.7                25.6                  31.0                       No follicle 
                                     2017/07/06                      8                650.4                20.4                  14.8                       No follicle 
                                     2017/08/03                      8                746.7                35.7                  24.0                       No follicle 
                                     2017/09/13                      8                750.0                41.3                  32.5                       No follicle 
                                     2017/10/18                      8                673.0                30.8                  26.2                       No follicle 
                                     2017/11/11                      8                133.3                20.0                  37.6                       No follicle 
                                     2017/12/03                      8                133.3                20.6                  20.3                       No follicle 

aSingle female whale shark kept in OCA 

Table 1. Plasma concentration of 3 steroid hormone levels measured in 7 mature wild whale sharks, and monthly values 
in single immature captive female whale shark in the Okinawa Churaumi Aquarium (OCA) and presence of follicles in those 
in dividuals. Hormone assay range — Estradiol-17b (E2): 0.61−10 000 pg ml–1; testosterone (T): 4.9−3000 pg ml–1; progesterone 
(P4): 7.8−10 000 pg ml–1. TL: total length; NA: not applicable (no blood sample or follicle ultrasound image could be taken) 
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