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Abstract The white shark (Carcharodon carcha-
rias) is a globally distributed top predator. Due to
its ecological importance and historical declining
population trends, data contributing to conserva-
tion initiatives (e.g. habitat protections and resource
management) pertaining to all life stages of this spe-
cies are essential to facilitate population recovery. Of
particular interest, the locations and discrete season-
ality of C. carcharias parturition remain uncertain.
Understanding C. carcharias parturition in relation
to each population is relevant to population recov-
ery since neonate to young-of-the-year (YOY) sharks
are more vulnerable to predation and particularly
threatened by and susceptible to commercial fish-
ing pressure. Herein, this paper provides a synthesis
from published literature across seven well-studied
C. carcharias populations to identify common trends
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associated with parturition location, seasonality, and
habitat characteristics. The data reviewed in this
study are consistent with previous population-specific
hypotheses, that C. carcharias parturition occurs
during spring and summer for all populations. Fur-
ther, this review also indicates that parturition likely
occurs in insular shelf waters and water temperatures
ranging from15.7 to 23.1 °C. Although discrete partu-
rition sites were not identified, the compiled data are
suggestive that C. carcharias parturition may occur
over horizontal and vertical spatial scales that exceed
the inshore, shallow water environments associated
with nursery area habitat to perhaps minimize preda-
tion by conspecifics. Due to the vulnerability of C.
carcharias, conducting non-lethal technological (e.g.,
baited remote underwater video systems—BRUVS),
morphological (i.e., ontogenetic changes in dorsal fin
shape), and reproductive (e.g., blood chemistry and
ultrasonography) research that may help identify par-
turition location and seasonality are thus warranted.

Keywords White shark - Carcharodon carcharias -
Parturition - Critically endangered - Morphometrics
Introduction

The white shark (Carcharodon carcharias) is a top
predator that has a global distribution in both temper-

ate and tropical seas. C. carcharias is characterized
by having a wide dietary preference, which ranges
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from vertebrates (e.g., marine mammals, teleosts,
other elasmobranchs, chelonians) to invertebrates
(e.g., cephalopods) (Casey and Pratt 1985; CIliff et al.
1989; Compagno 1984; Fergusson 1996; Klimley
1994; Martin et al. 2005; Tricas and McCosker 1984).
This highly migratory species has low fecundity,
producing 2-14 pups per litter (Francis 1996; Saidi
et al. 2005; Uchida et al. 1996), slow growth (Natan-
son and Skomal 2015; Wintner and CIliff 1999), and
late sexual maturity (Natanson and Skomal 2015),
which is estimated to occur at>3.80 m total length
(TL) for males and>4.50 m TL for females (Fran-
cis 1996; Pratt 1996; Wintner and Cliff 1999). There
are seven well-studied white shark populations:
Southern-Western Australia (Bruce 2016; McAuley
et al. 2017), Western North Atlantic (WNA, Franks
et al. 2021; Skomal et al. 2017), Northeastern Pacific
(NEP, Domeier and Nasby-Lucas 2013), Eastern Aus-
tralian and New Zealand (Bruce et al. 2019), Medi-
terranean (Agostino Leone et al. 2020), South Africa
(Kock et al. 2013), and Northwest Pacific (Tanaka
et al. 2011; Fig. 1). Further, there are two understud-
ied white shark populations: South American Atlantic
(Cione and Barla 2008), and South American Pacific
(Bustamante et al. 2014; Fig. 1). Due to its low
rebound potential and current estimated stock status,

C. carcharias is listed as vulnerable with a decreas-
ing population trend on a global scale (Rigby et al.
2019) according to the International Union for the
Conservation of Nature Red List. However, the Medi-
terranean population is listed as critically endangered
due to a lack of effective management measures and
extensive fishing pressure (Soldo et al. 2016a, b).
Due to their large size and substantial geographic
ranges, considerable challenges exist in obtaining key
life history (e.g., parturition and mating locations),
behavioral, and ecological data on C. carcharias.
Furthermore, the importance of sharks, especially
top predators, to marine ecosystems (Burkholder
et al. 2013; Ferretti et al. 2010) combined with their
vulnerability to anthropogenic stressors (e.g., fishing
gears; Benson et al. 2018) makes the identification
of regions of critical life history stages, such as par-
turition and nursery areas, of increasing importance.
Shark nursery areas are defined as critical regions
where: (1) young-of-the-year (YOY)/juveniles are
encountered more frequently in the area than in other
areas; (2) YOY/juveniles remain in or return to the
area over an extended period; and (3) there is repeated
use of the area over several years by YOY/juvenile
sharks (Heupel et al. 2007). Presently, the young life
stage size classes for C. carcharias are as follows:

Fig.1 Map illustrating the relative locations of white shark
(Carcharodon  carcharias) populations (modified from
Huveneers et al. 2018). The populations are: Northeastern
Pacific (NEP), Western North Atlantic (WNA), Mediterra-
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nean (MED), South African (SA), Northwest Pacific (NWP),
Southern-Western Australian (SWA), Eastern Australian and
New Zealand (EA), South American Pacific (SAP), and South
American Atlantic (SAA)
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neonate sharks range in size from 1.05 to 1.50 m in
total length (TL; as described in Francis 1996; Pratt
1996), young-of-the-year sharks range from 1.50 to
1.75 m TL, and juveniles range from 1.75 to 3.00 m
(as described in Bruce and Bradford 2012). To date,
several nursery areas have been identified for white
shark populations in the Northeastern Pacific (Ander-
son et al. 2021; Onate-Gonzalez et al. 2017; Tambu-
rin et al. 2020), the western North Atlantic (WNA,
Casey and Pratt 1985; O’Connell et al. 2021), and the
South Pacific Ocean (Bruce and Bradford 2012; Spaet
et al. 2020).

In addition to nursery areas, it is important to
know the location of parturition or pupping habitat
for C. carcharias. Recently pupped neonatal white
sharks (i.e., 1.05-1.50 m TL) represent the most vul-
nerable of the species due to higher risks of predation
(Benson et al. 2018) in addition to their susceptibil-
ity to capture in inshore fisheries (Lyons et al. 2013;
Onate-Gonzélez et al. 2017). Presently, C. carcharias
parturition grounds have not been identified.

Although C. carcharias populations are exhibiting
signs of recovery in numerous regions (e.g., WNA-
Curtis et al. 2014; Skomal et al. 2012), continued
recovery is dependent upon the further identification
and management of these critical habitats. Since a
global synthesis of white shark parturition is lack-
ing in the scientific literature, this review presents
tagging, behavioral, and sightings data for the seven
well-studied populations (i.e., excluding the lesser
studied South American Atlantic and Pacific popula-
tions) with the objectives of: (1) identifying any abi-
otic (e.g., seasonality, water temperature, water depth)
or biotic (e.g., prey availability) indicators of poten-
tial parturition sites; (2) determining any morpho-
logical characteristics indicative of recent parturition,
thereby providing insight to parturition seasonality
and location; and (3) providing future considerations
for research.

White shark populations
Western North Atlantic region

In the Western North Atlantic (WNA), catch data in
combination with extensive tagging research have
provided a comprehensive understanding of C. car-
charias migratory patterns (Curtis et al. 2018; Franks

et al. 2021; Skomal et al. 2017). Sharks exhibit a large
migratory range, extending from Newfoundland,
Canada to the Gulf of Mexico, USA (Franks et al.
2021; Skomal et al. 2017; Fig. 1). Presently, one large
and expansive nursery area has been identified in this
region: the New York Bight (Casey and Pratt 1985;
Curtis et al. 2018; O’Connell et al. 2021).

Key sightings and historical data

A collection of historical sightings records (i.e.,
fisheries-dependent data, media reports, scientific
records) and field observations can provide a com-
prehensive understanding of various life-history char-
acteristics of a species (e.g., migratory patterns, dis-
tribution; Casey and Pratt 1985; Curtis et al. 2014).
One such WNA-based study compiled sightings/
catches of 380 different C. carcharias (Casey and
Pratt 1985), whereas a later study (Curtis et al. 2014)
built upon that earlier work by incorporating histori-
cal data associated with an additional 269 (i.e., total
analyzed was 649 sightings/catches) confirmed C.
carcharias records from 1800 to 2010. Of these sight-
ings, 124 were YOY and 310 were juvenile sharks.
YOY sharks were found to be concentrated within
continental shelf waters, with more frequent encoun-
ters occurring between New Jersey, USA and Mas-
sachusetts Bay, USA during the summer months, and
exhibiting a southerly movement from November and
December (Casey and Pratt 1985; Curtis et al. 2014).
Neonate C. carcharias (n=46) were documented
more frequently within the region of Great Bay, NJ,
USA to Shinnecock Inlet, NY, USA between June
and October. Of these neonates, the smallest shark
reported was 1.05 m TL, whereas the smallest shark
examined by the authors was 1.22 m TL (Casey and
Pratt 1985). While mature-sized female C. carcharias
were reported during the summer months within this
region, none of the few females examined were found
to be gravid or port-partum and thus it remains uncer-
tain as to the location of parturition. Beyond distribu-
tion, Curtis et al. (2014) also compiled data related
to habitat use. The median depth and sea surface
temperature (SST) of occurrence/capture was found
tobe 19.5+1.9 °C (mean+1 SD) and 32+ 19 m) for
YOY and 18°+3.5 °C and 26+74 m for juveniles,
respectively.

More recently, between 2016 and 2021, a total of
seven neonate to YOY C. carcharias were captured
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and tagged in Montauk, NY, USA (within the NY
Bight; O’Connell et al. unpublished data). Captured
using a rod-and-reel sampling technique, these five
females and two males had a mean TL (+S.D.) of
1.33 m (£ 0.18) (Table 1). Of note, two males (1.07 m
TL and 1.22 m TL) had a conspicuous rounded apex
on the first dorsal fin (Fig. 2). During these captures,
sea surface temperature (SST) ranged from 19.2 to
21.2 °C and water depth ranged from 14.0 to 23.0 m.

Selected tagging studies

Several white shark tagging studies have been con-
ducted within the WNA that help shed light on both
the fine-scale movements and distribution patterns
on an inter-annual basis (Curtis et al. 2018; Franks
et al. 2021; Skomal et al. 2017). Skomal et al. (2017)
and Franks et al. (2021) focused on the movement
ecology associated with 32 (2.4-5.2 m TL) and 48
C. carcharias (2.0-5.01 m TL), respectively. Con-
sistent with the previously reported sightings data
(e.g., Casey and Pratt 1985), these sharks exhibited
an ontogenetic shift in movement patterns, with all
sharks utilizing continental shelf waters, but sub-
adult and adult sharks exhibiting a more expansive
range that included pelagic habitat. The data col-
lected by both studies suggested that adult females
were more likely to utilize pelagic waters over males.
Furthermore, Skomal et al. (2017) demonstrated that
all tagged sharks remained in shelf waters during the
summer months which may be suggestive of coastal
parturition. However, Skomal et al. (2017) stated that
they obtained no evidence of adult females aggre-
gating within the New York Bight to give birth and
suggested that this area may not be where parturition
occurs, but rather a site that neonate and YOY C. car-
charias migrate to forage on an abundance of prey
(Casey and Pratt 1985; Sullivan 1991).

Most relevant to the present study, two recent tag-
ging studies focused on neonates and juveniles tagged
in the New York Bight (Curtis et al. 2018; Shaw
et al. 2021). Curtis et al. (2018) analyzed data from
10 YOY sharks (1.38-1.66 m TL) whereas Shaw
et al. (2021) built upon the aforementioned study by
analyzing data from an additional 13 YOY sharks
(1.38-1.66 m). Sharks were demonstrated to exhibit
seasonal residency within the NY Bight from August
to October, after which they moved southerly in late
fall to North and South Carolina waters. While in the
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New York Bight, these sharks remained from 0.1 to
131.5 km from shore and selected for waters with
depths of 20-30 m and SSTs ranging from 20.0 to
22.0 °C (Shaw et al. 2021). These authors suggested
that the lack of large C. carcharias in this area makes
the NY Bight an ideal habitat for young sharks due to
minimal predation risk (Shaw et al. 2021).

Northeastern Pacific region

In the Northeastern Pacific (NEP), research has been
conducted on various life-history aspects of C. car-
charias (Domeier and Nasby-Lucas 2013; Weng et al.
2007). Some of this research has revealed unique
offshore foraging and potential mating habitat (e.g.,
Domeier and Nasby-Lucas 2013; Jorgensen et al.
2012), nursery areas (Ofate-Gonzilez et al. 2017,
Weng et al. 2007), and varying coastal aggregation
sites (e.g., Jorgensen et al. 2012; Weng et al. 2007;
Domeier and Nasby-Lucas 2013). Presently, there
are two nursery areas that have been identified in this
region: the Southern California Bight (SCB; Ander-
son et al. 2021) and Baja California, Mexico (Ofiate-
Gonzélez et al. 2017). However, recent captures of
neonatal C. carcharias outside of this region may
highlight that the nursery area could be more exten-
sive than previously understood (Santana-Morales
et al. 2020). Presently, this population ranges from
Alaska (Martin 2004) to Mexico (e.g. Santana-
Morales et al. 2012), with extensive offshore migra-
tions (Domeier et al. 2012; Hoyos-Padilla et al. 2016;
Fig. 1).

Key sightings and historical data

In the NEP, multiple studies reported on the capture
of numerous neonate C. carcharias (Ofiate-Gonzalez
et al. 2017; Santana-Morales et al. 2012, 2020). More
specifically, Ofate-Gonzélez et al., (2017) utilized
incidental catch records from Bahia Sebastian Viz-
caino, Mexico. Data associated with the capture of
390 white sharks between 1999 and 2013 revealed
that sharks were present in Bahia Sebastian Vizcaino
consistently throughout the year; however, neonates
were most frequently captured between May and Sep-
tember (Ofiate-Gonzalez et al. 2017). The authors
suggested that, consistent with previously described
nursery areas (e.g., Barton et al. 2012; Bruce and
Bradford 2012), the abundance of prey within Bahia
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Table 1 List of relevant captures or confirmed sightings of neonate white sharks (Carcharodon carcharias) in association with all

seven populations

Date Location Total length (TL) Capture method Depth (m) Water Rounded Source
temperature dorsal?
O
Western North Atlantic (WNA) Population
- NY Bight 1.05 - - - - Casey and Pratt,
(1985)
- NY Bight 1.22 - - - Yes Casey and Pratt,
(1985)
August 2020 NY Bight 1.50 Rod-and-Reel 14-23m  20.0 - O’Connell et al.
Unpublished
August 2021 NY Bight 1.07 Rod-and-Reel 14-23m 195 Yes O’Connell et al.
Unpublished
August 2021 NY Bight 1.22 Rod-and-Reel 14-23m  20.6 Yes O’Connell et al.
Unpublished
August 2021 NY Bight 1.25 Rod-and-Reel 14-23m  19.2 - O’Connell et al.
Unpublished
August 2021 NY Bight 1.32 Rod-and-Reel 14-23m 195 - O’Connell et al.
Unpublished
August 2021 NY Bight 1.34 Rod-and-Reel 14-23m 212 - O’Connell et al.
Unpublished
August 2021 NY Bight 1.50 Rod-and-Reel 14-23m  20.0 - O’Connell et al.
Unpublished
August 2021 NY Bight 1.60 Rod-and-Reel 14-23m  20.5 - O’Connell et al.
Unpublished
Northeastern Pacific (NEP) Population
June 2018 Baja California, 1.07 Bottom Gillnet 28 m N/A Yes Santana-Morales
MX et al. (2020)
June-July Bahia Sebastian < 1.50 cm Drift and Bottom N/A N/A - Onate-Gonzélez
1999-2013 Vizcaino (n=115-120) Gillnets etal. (2017)
Eastern Australian and New Zealand Population
November 1991  North Cape, New 1.43 and 1.45m  Mesh Net - - Yes Francis, (1996)
Zealand TL Embryos
March 2019 Ninety Mile 1.05m TL N/A - - Yes Auckland Museum
Beach, New
Zealand
March 2017 New Plymouth, 1.59 m TL Mesh Net - - Yes New Zealand
New Zealand Department of
Conservation
Southern-Western Australian Population
March/April South Australia ~ 1.27 m TL Gillnet - - - Malcolm et al.
1994 (2001)
June 2020 Cocklebiddy, 1.40 m TL Gillnet <20m - Yes O’Connell et al.
Western Aus- (2023)
tralia
November 2020  Cocklebiddy, 1.70 m TL Gillnet <20m - No O’Connell et al.
Western Aus- (2023)
tralia
February 2020 Salisbury Island  1.58 m TL Free-Swimming 13-17m  18-20.5 Yes O’Connell et al.
(2023)
March 2021 Daw Island 1.77m TL Free-Swimming 9-13 m 20-22 No O’Connell et al.
(2023)
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Table 1 (continued)

Date Location Total length (TL) Capture method Depth (m) Water Rounded Source
temperature dorsal?
O

- Daw Island 1.83 mTL Free-Swimming 9-13 m 20-22 No O’Connell et al.
(2023)

- Daw Island 1.95mTL Free-Swimming 9-13 m 20-22 No O’Connell et al.
(2023)

South African Population

1951 Algoa Bay 14mTL Rod-and-Reel 37m - Yes Smith, (1951)

Oct/Nov 2006 Algoa Bay 1.5mTL Free-Swiming 20 m 18-20 - Dicken, (2008)

- Mossel Bay 1.5mTL - <20m - - Gennari et al.
(2022)

- Mossel Bay 1.7m TL - <20m - - Gennari et al.
(2022)

- Mossel Bay 1.7mTL - <20m - - Gennari et al.
(2022)

Mediterranean Population

July 2011 Aegean Sea 0.85m TL Trammel and - - Yes Kabasakal, (2014)

Gillnet
June-July 2010 Aegean Sea 0.80-1.0mTL  Trammel and - - - Kabasakal, (2014)
(n=3) Gillnet

July 2008 Aegean Sea 1.26 m TL Gillnet - - - Kabasakal and
Ozgiir Gedikoglu
2008

July 2008 Aegean Sea 1.45m TL Gillnet - - - Kabasakal and
Ozgiir Gedikoglu
2008

Northwest Pacific population

2010 Korea 1.3mTL - - - - Christiansen et al.
(2014)

July 1996 Japan 1.5mTL Gillnet - - - Christiansen et al.
(2014)

- Japan 1.5mTL - - - - Christiansen et al.
(2014)

June 2011 Taiwan 1.6 m TL Set net - - - Christiansen et al.
(2014)

September 2011 Sea of Japan/ 1.26 m TL Gillnet - 17-20 Yes Dolganov, (2012)

Russia

Sebastian Vizcaino was a driver of neonate-juvenile
residency. Santana-Morales et al. (2012) analyzed
the incidental captures (e.g. bycatch) of 111 YOY to
juvenile C. carcharias from various fisheries along
the Pacific coast of Baja California, Mexico. Of
these reported captures, 79.8% were considered YOY
sharks, whereas the remainder were juveniles. Cap-
tures occurred within continental shelf waters where
SST ranged from 15.7 to 23.1 °C. Santana-Morales
et al. (2020) provided a detailed report on an inci-
dentally captured 1.07 m TL white shark from Baja
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California, MX. Although this specimen was dead,
researchers noted that it had a rounded apex on the
first dorsal (Fig. 3) and concluded that this was a free-
living specimen because it had no embryonic teeth or
dermal denticles in its stomach. Although parturition
was not discussed, this specimen was taken between
the two ENP nursery areas—Bahia Sebastidn Viz-
caino, Mexico (Oiiate-Gonzalez et al. 2017) and the
Southern California Bight (SCB, Weng et al. 2007)
and was, therefore, indicative of potential extended
trans-national nursery habitat (i.e., USA and Mexico),
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Fig. 2 Dorsal fin comparison between a neonate and adult
white shark (Carcharodon carcharias). A. This image empha-
sizes the rounded apex on the first dorsal fin of a neonate white
shark captured in Montauk, New York, USA (Western North
Atlantic population). This male shark was 1.22 m total length

(TL) and captured in August 2021 (O’Connell et al. Unpub-
lished). B. This image emphasizes the more triangular shape
and pointed apex on the first dorsal fin of an adult female white
shark (5.0 m TL) sighted at Guadalupe Island, MX in Decem-
ber 2022

Fig. 3 This image is from a 1.07 m total length (TL) white
shark (Carcharodon carcharias) captured in June, 2018 in a
bottom gillnet in Baja California, MX (Northeastern Pacific
population; Modified from Santana-Morales et al. 2020) with

suggesting the need for a more comprehensive and
multi-national management approach.

Selected tagging studies

Domeier and Nasby-Lucas (2013) conducted a multi-
year satellite tagging study at Guadalupe Island, MX
to assess the movements of adult female C. carcha-
rias. Using these tags, four migratory phases were
identified: (1) Offshore Gestation Phase (average
duration=15.5 months), (2) Parturition Phase along
the Mexican coast between April and August; (3)

permission from the American Society of Ichthyologists and
Herpetologists. This specimen was dead, but researchers noted
that the shark had a rounded apex on the first dorsal fin and
was a free-swimming specimen

Pre-Aggregation Phase during which females were
in transition between the parturition phase and Gua-
dalupe Island; and (4) Guadalupe Island Aggrega-
tion Phase when mature females arrive at Guadalupe
Island between late September and early October
(Domeier and Nasby-Lucas 2013). More specifically,
the data demonstrated that this white shark popula-
tion spent the greatest amount of time in the pelagic
environment relative to any other habitat (e.g., coastal
ecosystems). It was hypothesized that females uti-
lize these offshore habitats as they provide warmer
water temperatures facilitating optimal growth of
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developing embryos (Domeier and Nasby-Lucas
2013), after which they initiate the parturition phase
within coastal ecosystems. Tagging data revealed that
these large females remained within the coastal habi-
tats for 52-77 days and, therefore, the exact location
of parturition could not be determined; it was also
uncertain if pups were born simultaneously or over a
prolonged period (Domeier and Nasby-Lucas 2013).

Within the SCB nursery area, various stud-
ies utilized tagging to track the movements of
YOY and juvenile C. carcharias that ranged in size
from 147.0 to 250.0 cm TL (Weng et al. 2007) and
128.0-175.0 cm TL (Anderson et al. 2021). Weng
et al. (2007) assessed the behavior of sharks of vary-
ing life classes (e.g., YOY vs. 3 years old) and showed
that older sharks exhibited slightly deeper excursions
into cooler water than YOY sharks. Furthermore,
Weng et al. (2007) observed that YOY sharks moved
into Mexican waters during the Autumn months in
contrast to 3-yr old sharks, which exhibited a more
northward trajectory during the winter months. It is
suggested that this movement variation in relation
to life-stage may be associated with niche expan-
sion into a region that is physiologically restrictive to
smaller, YOY sharks (Weng et al. 2007). Consistent
with Weng et al. (2007), Anderson et al. (2021) dem-
onstrated that sea temperature is a good predictor of
shark presence, with generally lower YOY presence
during temperature extremes (i.e., YOY white sharks
have a narrower temperature range). Furthermore,
this study revealed that the SCB is a broad region
with suitable habitat resources that results in a spa-
tiotemporally dynamic nursery area (Anderson et al.
2021). Although this study was the most comprehen-
sive YOY study conducted in this region to date, it
could not provide further insight as to where parturi-
tion occurs. Therefore, based on hypothesis presented
in previous studies (e.g. Domeier 2012; Klimley
1994), Anderson et al. (2021) concluded that parturi-
tion is likely to occur offshore in deeper water after
which neonates make their way inshore to ecologi-
cally rich and sheltered environments.

Although these studies detail the migratory pat-
terns of YOY and juvenile white sharks, changing
sea surface temperatures have influenced the range
of these sharks (Tanaka et al. 2021). More recently,
Tanaka et al. (2021) examined the effect of the North
Pacific marine heatwave on YOY and juvenile C.
carcharias within the SCB. In this study, data from
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field surveys and public observations in combination
with satellite tags from 14 white sharks (1.4-2.0 m
TL) were assessed. With a sea surface temperature
that peaked approximately 6.2 °C above the historical
average (Gentemann et al. 2017), these results dem-
onstrated a significant, northerly shift in shark move-
ment, or roughly 280 km straight line distance than
what is typical for this population (Weng et al. 2007,
White et al. 2019). Such a finding is relevant and
similar to previous studies, which demonstrated that
climate change is contributing to the redistribution of
both marine and terrestrial species (Hammerschlag
et al. 2022; Sanford et al 2019a, b). This redistribu-
tion warrants further research that identifies these
critical regions (e.g., nursery and parturition areas)
since continued environmental change may result in
the shifting of these important life-history sites into
a location with increased anthropogenic impacts and
threats.

Eastern Australian-New Zealand region

In the Eastern Australian-New Zealand region, exten-
sive research has been conducted on white shark
migratory patterns (Bruce et al. 2019), population
genetics (Blower et al. 2012), and nursery habi-
tat (Bruce and Bradford 2012; Spaet et al. 2020).
Although ongoing research suggests that Australian
white sharks may be part of one large population,
previous population genetics research suggested that
Australia has two distinct C. carcharias populations
that are seemingly reproductively divided by the Bass
Strait: the southwestern Australian and eastern Aus-
tralian populations (Blower et al. 2012). The Eastern
Australian and New Zealand population ranges from
Victoria to Central Queensland, Australia; however,
this population has been demonstrated to carry out
extensive migrations, from the Australian mainland to
New Zealand (Bruce et al. 2019; Spaet et al. 2020;
Fig. 1).

Key sightings and historical data

In November 1991, a 5.35 m TL gravid female C.
carcharias was captured in a mesh fishing net in
New Zealand (Francis 1996). While this animal
was reported to have seven embryos, five were dis-
carded and only two were recovered and measured.
These embryos were 1.43 and 1.45 m TL, with both
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embryos exhibiting a rounded apex on the first dor-
sal fin (Francis 1996; Fig. 4A). Furthermore, there
were two additional and notable neonate encounters
within New Zealand waters. In March 2019, a dead
specimen was found on Ninety Mile Beach that was
1.05 m TL and 7.8 kg (Auckland Museum, Unpub-
lished Data; Fig. 4B). Similar to other embryonic C.

Fig.4 These images are of embryonic and free-swimming
white sharks (Carcharodon carcharias) that were encountered
in association with the Eastern Australian and New Zealand
population. A. Image of a 1.45 m total length (TL) C. carcha-
rias embryo that was one of seven full-term pups found within
a 5.35 m TL gravid female C. carcharias (Francis 1996). This
shark was captured in November of 1991at North Cape, New
Zealand and was characterized by having a rounded apex on
the first dorsal fin. B. Image of a 1.05 m TL C. carcharias that
was found deceased in March 2019 on Ninety Mile Beach,
New Zealand (©Auckland Museum). Similar to the embryonic
shark, this shark was characterized by having a rounded apex
on the first dorsal fin. C. This image is of a 1.59 m TL C. car-
charias that was captured in a mesh net at New Plymouth, New
Zealand in March 2017 (ONew Zealand Department of Con-
servation). This shark had a rounded apex on the first dorsal fin

carcharias, this neonatal specimen had a rounded
apex on the first dorsal fin (Auckland Museum,
Unpublished data). Lastly, a 1.59 m TL, 27.3 kg spec-
imen was captured within a commercial fishing net
in New Plymouth, New Zealand (Fig. 4C). This male
shark exhibited similar characteristics to both the
embryonic and neonate shark in that it had a rounded
apex on the first dorsal fin and was further estimated
to be 2 to 3 months old (NZ Dept of Conservation,
Unpublished Data).

Selected tagging studies

There are two identified nursery areas associated with
the eastern Australia population: Port Stephens, New
South Wales and Corner Inlet/Ninety-Mile Beach,
Victoria (Bruce and Bradford 2012). Within this nurs-
ery region, various studies were conducted on both
YOY and juvenile sharks (Bruce and Bradford 2012;
Bruce et al. 2019; Spaet et al. 2020). Bruce and Brad-
ford (2012) assessed the movements of 22 juveniles
ranging in size from 1.75 to 2.60 m TL and Bruce
et al. (2019) built upon that previous study by assess-
ing the movements of 43 YOY to juvenile sharks
ranging from 1.70 to 3.20 m TL. A further study
conducted by Spaet et al. (2020) analyzed data from
103 YOY and juvenile C. carcharias that ranged from
1.63 to 3.78 m TL. These studies showed that sharks
exhibited seasonal movements within the respective
nursery areas. They spent 45.9% of their time in water
temperatures ranging from 18 to 20 °C; however,
they occupied temperatures that ranged from 6-8 to
24-26 °C (Bruce and Bradford 2012). All studies
demonstrated that these sharks exhibited expansive
movements (e.g., Australian mainland to New Zea-
land Bruce et al. 2019; Spaet et al. 2020), both on
the coast and the open ocean. Although these sharks
did exhibit broad-scale movements (e.g., 8500 km
in 536 days; Bruce et al. 2019), they also exhibited
residency and inter-annual utilization of these nursery
areas, which is consistent with the nursery area cri-
teria provided by Heupel et al. (2007). Interestingly,
there was connectivity between these nursery areas
for individual sharks, but these movements were rapid
and direct. Most notably and likely due to the large
sample size, researchers were able to show connectiv-
ity between the southwestern Australian and eastern
Australian populations (Spaet et al. 2020), although
this was exhibited by only two sharks. However,
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ongoing research is aimed at determining if this mix-
ing may be sufficient to facilitate adequate gene flow
that would result in genetic similarities between the
populations. Although these studies focused on YOY
and juvenile sharks, little discussion was offered on
shark parturition, where it may occur, and how large
neonatal sharks are within this region.

Southern-Western Australian region

In association with the Southern-Western Austral-
ian population, research pertaining to various C.
carcharias life-history characteristics has been con-
ducted, with particular focus on well-known aggrega-
tion sites—the Neptune Islands (Bruce and Bradford
2015; Bradford et al. 2020; Watanabe et al. 2019),
the Great Australian Bight (McAuley et al. 2017),
and Recherche Archipelago (O’Connell et al. 2023;
Werry 2017). The Southern-Western Australian pop-
ulation ranges from western Victoria to as far north
as the Montebello Islands in the northwest of Western
Australia (e.g., Bradford et al. 2020; Fig. 1); however,
data identifying the location(s) of nursery or partu-
rition areas within this region is insufficient (Bruce
2016; Werry 2017).

Key sightings and historical data

In a report by Malcolm et al. (2001), a 1.27 m TL,
14.5 kg C. carcharias was captured in a gillnet in
March/April 1994 in South Australia. An additional

Fig. S Examples of white
shark (Carcharodon car-
charias) bycatch associated
with a commercial fishery
operation in Western Aus-
tralia (Southern-Western
Australian population).

A) A 1.40 m total length
(TL) C. carcharias female
captured in June 2020 and
was characterized as having
a rounded apex on the first
dorsal (O’Connell et al.
2023). B) A1.70 m TL C.
carcharias female captured
in November 2020 and did
not have a rounded apex on
the first dorsal (O’Connell
et al. 2023)
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small specimen was captured and considerable dam-
age was done to the gillnet, which the authors sug-
gested may have been due to a larger shark. Thus,
the authors hypothesized that these two specimens
may have been aborted pups since they had lower
weights in comparison to reported neonatal weights
of 26-32 kg (Francis 1996). In 2020, two additional
captures by commercial gillnetters targeting gummy
sharks (Mustelus antarcticus) were made in the insu-
lar shelf-associated waters (<20 m) near Cockle-
biddy, Western Australia (O’Connell et al. 2023).
These female sharks were 1.40 m and 1.70 m TL,
had no presence of scars suggestive that they had
minimal biological (e.g., prey) and ecological (e.g.,
environmental) interactions, and most notably, the
smaller shark had a rounded apex on the first dorsal
fin; however, the larger shark did not (Fig. 5). Lastly,
in February and March 2020-2021, researchers uti-
lized stereo-photogrammetry and laser photogramme-
try to accurately measure numerous YOY-juvenile C.
carcharias at two known aggregation sites: Salisbury
Island and Daw Island (Werry 2017). These sites
ranged in depth from 9.0 to 17.0 m, with an SST of
18.0 to 20.5 °C. During these expeditions, research-
ers encountered a 1.58 m, 1.77 m, 1.83 m, and 1.95 m
TL C. carcharias, with the latter three exhibiting
multi-day site fidelity (n=3 days) at Daw Island
(O’Connell et al. 2023). It is important to note that
the shark (1.58 m) encountered at Salisbury Island
had a rounded apex on the first dorsal fin; however,
the three sharks at Daw Island did not.
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Selected tagging and attractant studies

Passive and active acoustic telemetry (e.g., McAuley
et al. 2017) and satellite tagging (e.g., Bruce 2016;
Bradford et al. 2020) research has been conducted
on the Southern-Western Australian C. carcharias
population. Within this region, the Great Austral-
ian Bight and the Recherche Archipelago in Western
Australia in combination with the Neptune Islands of
South Australia are some of the best known aggre-
gation sites (Bruce and Bradford 2015; Huveneers
and Lloyd 2017; McAuley et al. 2017), coinciding
with high densities of New Zealand fur seals (Arcto-
cephalus forsteri) and Australian sea lions (Neophoca
cinerea; Shaughnessy et al. 2007). To elucidate pat-
terns of abundance and migration, as well as learn
more about the life-history of this population, numer-
ous studies have been conducted (Bruce 2016; Huve-
neers and Lloyd 2017; McAuley et al. 2017; Robbins
2007). McAuley et al. (2017) analyzed acoustic tag
data collected from 89 sub-adult and adult C. carch-
arias in Western Australia between December 2008
and May 2016. Detections revealed that these sharks
utilized the waters off the South and West coast of
Western Australia throughout the year, however,
abundance peaked between September and Decem-
ber. This seasonal peak in abundance was suggested
to be prey-dependent, since it coincided with the
seasonal spawning aggregations of snapper (Chrys-
ophrys auratus; McAuley et al. 2017). Bruce (2016)
tagged juvenile and adult C. carcharias with the
intention of nursery habitat identification in associa-
tion with this population. Sharks were tagged at the
Neptune Islands (South Australia), Bremer Bay, Isra-
elite Bay, and Cape Arid (Western Australia). Data
associated with the adult sharks demonstrated that
these sharks were highly migratory, utilizing shelf
habitat within South Australia and the Great Aus-
tralian Bight and made substantial offshore excur-
sions, with one 4.60 m TL female traveling 1,800 km
southwest of Western Australia. Furthermore, Bruce
(2016) suggested that the nursery areas associated
with this population are not discrete, but rather extend
over broad regions within the continental shelf. Rob-
bins (2007) used a chum-attractant as a means to
determine if sexual segregation occurs at the Neptune
Islands (South Australia) and what environmental
(e.g., tidal height, cloud cover) variables may contrib-
ute to this segregation. Over the course of ~3 years,

92 male, 32 female and 2 unsexed C. carcharias were
encountered. Data revealed temporal sexual segrega-
tion with females being more frequently encountered
in April to June, a period coinciding with elevated sea
surface temperatures and inexperienced New Zea-
land fur seal (A. forsteri) pups learning how to swim.
Robbins (2007) attributed this sex-specific seasonal-
ity to prey availability and increased water tempera-
ture, which may maximize embryonic developmental
growth rates. However, subsequent research at this
location attributes female presence to variations in
foraging strategies between males and females, rather
than water temperature (Bruce and Bradford 2015).
Notably, females were absent from the study site dur-
ing spring and early summer, which Robbins (2007)
attributed to mating or parturition as it coincides with
previous hypothesized periods for these activities
within this population (Bruce 1992; Francis 1996).
Lastly, Bradford et al. (2020) deployed 43 satellite
tags on juvenile and adult (1.90-5.70 m TL) white
sharks to further understand the long-range spatial
distribution and migratory patterns of this popula-
tion. Data provided insight into differential migratory
patterns based on sex, with females exhibiting wider-
ranging dispersal that extended farther offshore than
males (Bradford et al. 2020). However, the research-
ers concluded that insufficient evidence was gathered
to identify parturition and/or nursery areas and thus
recommended further research be conducted within
this region (Bradford et al. 2020).

South African region

In South African waters, extensive white shark
research has been conducted in relation to various
biological and ecological characteristics (Cliff et al.
1989). Some of this research has provided a unique
glimpse into the predator—prey relationship (Fallows
et al. 2016; Towner et al. 2022), movement patterns
(Bonfil et al. 2005; Kock et al. 2013), key aggregation
sites and how these aggregation sites have changed
with time (Towner et al. 2013a, b; Hammerschlag
et al. 2019), population genetics (O’Leary et al.
2015), and population size (Irion et al. 2017; Towner
et al. 2013a, b). Recent genetic research demonstrated
that this population is genetically distinct from that
in the NWA (O’Leary et al. 2015). Furthermore,
even though transoceanic migrations associated with
this population have been observed (South Africa to
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W. Australia and back to South Africa; Bonfil et al.
2005), the range of this population is from Namibia
to Mozambique (Bonfil et al. 2005; Compagno
2001; Kock et al. 2013; Fig. 1). Within this geneti-
cally distinct population, minimal research has been
conducted on nursery habitat; however, presently, it
is hypothesized that Algoa Bay, South Africa may
represent a key seasonal nursery area for these sharks
(Dicken 2008; Dicken and Booth 2013).

Key sightings and historical data

Although there is no confirmed C. carcharias nursery
in South Africa, there have been numerous observa-
tions of neonate to YOY sharks within Algoa Bay.
As described in Smith (1951), a 1.40 m TL male was
captured in in Algoa Bay at a depth of 37 m. Although
only a drawing of the specimen was provided, the
shark was described to have a rounded apex on the
first dorsal fin (Smith 1951). Similarly, observations
of multiple YOY-early-stage juvenile C. carcharias
were made during October—November 2006 while
opportunistically feeding on a 15 m TL humpback
whale (Megaptera novaeangliae) carcass (Dicken
2008). The whale carcass was anchored in 20 m of
water where the SST ranged from 18 to 20 °C. The
smallest shark was 1.50 m TL, whereas several others
measured 1.60 m and 1.80 m TL. These observations,
in combination with Dicken (Pers. Obs) observing
approximately 15 YOY and juvenile (<2.50 m) C.
carcharias being captured in Algoa Bay during a fish-
ing competition in October 2002, led Dicken (2008)
to suggest that Algoa Bay may serve as a nursery
ground for this species.

Selected tagging and mark-recapture studies

Previous research in this region focused on fine- and
broad-scale movement patterns through the use of
active acoustic (e.g., Gennari et al. 2022), passive
acoustic (Kock et al. 2013), satellite tagging (Bon-
fil et al. 2005), and mark-recapture approaches (e.g.,
photo identification; Hewitt et al. 2018). Gennari
et al. (2022) compiled 877 h of movement data asso-
ciated with 19 white sharks tagged in Mossel Bay,
South Africa that ranged in size from 1.50 to 4.20 m
TL. Although this study didn’t provide any direct
evidence of parturition nor the movements of gravid
females, fine-scale movement data yielded insight
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into the movement patterns of three YOY and early
juveniles that were 1.50 m, 1.70 m, and 1.70 m TL.
These smaller sharks exhibited increased diurnal for-
aging behavior in comparison to larger sharks, which
exhibited more specific crepuscular hunting activ-
ity and a propensity to utilize water depths less than
20 m (Gennari et al. 2022).

In False Bay, South Africa, Hewitt et al. (2018)
used photo identification associated with a total of
303 white sharks to assess temporal presence/absence
and population structure. No YOY sharks and few
sexually mature sharks were sighted, indicating that
this site does not represent a parturition or nursery
area, but rather was characterized as a seasonal forag-
ing ground for sharks of differing life-stages (Hewitt
et al. 2018). Lastly, Bonfil et al. (2005) deployed 25
pop-up archival satellite-transmitting (PAT) tags and
7 satellite tags on juvenile to sub-adult C. carcharias
off the Western Cape, South Africa. These sharks
were tagged between June 2002 and November 2003
and ranged in size from 2.50-4.20 m TL. They exhib-
ited high site fidelity (up to 211 days), especially in
known shark aggregation sites such as Mossel Bay
and Gansbaai. Of the tagged sharks, one 3.80 m TL
female C. carcharias made a transoceanic migration
between Gansbaai, South Africa and northwestern
Australia, a distance of approximately 11,100 km in
the span of 99 days. Interestingly, the shark returned
to the tagging site in August 2004. The research-
ers noted that this shark’s transoceanic migration
occurred during the mating season (Francis 1996) and
its eventual return to South Africa may be reflective
of natal philopatry, which has been demonstrated in
other shark species (Feldheim et al. 2014).

Mediterranean region

Unlike many other locations, C. carcharias is
encountered infrequently within the Mediterranean
Sea, likely due to its rare and critically endangered
status (Moro et al. 2019). Furthermore, there are no
known conventional aggregation sites (i.e., pinniped
colonies) making it difficult to obtain biological and
ecological data related to this population (Gubili
et al. 2011; Schilds et al. 2019). Thus, few sharks
have been successfully tagged causing uncertainty
in the migratory patterns associated with this popu-
lation; however, notable incidental captures (e.g.
Bradai and Saidi 2013; Kabasakal 2014; Kabasakal
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and Ozgiir Gedikoglu 2008; Kabasakal et al. 2009)
have occurred with this region that provide benefi-
cial information pertaining to C. carcharias parturi-
tion and nursery grounds. Using mitochondrial DNA,
this C. carcharias population was determined to have
a greater evolutionary relationship with the Eastern
Australian and NE Pacific populations, in compari-
son to both the South African and WNA populations
(Agostino Leone et al. 2020). Capture records suggest
that this population extends from France to Turkey,
including parts of northwest Africa (Moro et al. 2019;
Soldo et al. 20164, b; Fig. 1).

Key sightings and historical data

Presently, there are no known C. carcharias discrete
nursery areas within the Mediterranean, however,
scientists have suggested potential locations due to
numerous captures of (1) neonates and juveniles (e.g.,
Sicilian Channel—Fergusson 2002; Edremit Bay—
Kabasakal 2020; Gulf of Gabés — Bradai and Saidi
2013; Fergusson 1996; Saidi et al. 2005) or (2) gravid
females with near-term embryos (Saidi et al. 2005).
In a report by Saidi et al. (2005), an opportunistic
analysis was conducted on a 5.87 m TL C. carcharias
that was captured in a purse seine off the Tunisian
coast (i.e., Gulf of Gabes) in February 2004. Four
developing embryos were found, ranging in size from
1.32 to 1.35 m TL. These embryos were considered
still developing (yolk mass of 43—45%) and all had
a rounded apex on the first dorsal fin (Fig. 6A), with
three embryos having a distended abdomen from yolk
mass. Bradai and Saidi (2013) compiled data col-
lected between 1953 and 2012 from 59 incidentally
captured white sharks from along the Tunisian coast.
Of those captured, 47.78% were neonate to juve-
niles (<200 cm TL) and concentrated in the Gulf of
Gabes, and interestingly, 2 gravid females were also
captured within this region. The presence of neonate
to juveniles in combination with gravid C. carcha-
rias is suggestive that the Gulf of Gabes is a nursery
area and parturition may occur nearby (Bradai and
Saidi 2013). Similarly, notable neonate captures have
occurred within Turkish waters (Aegean Sea; Kaba-
sakal and Ozgiir Gedikoglu 2008; Kabasakal 2014).
Between the years of 2008 and 2018, six YOY C.
carcharias were captured in various fisheries (gillnet
and trammel net; Kabasakal and Ozgiir Gedikoglu
2008; Kabasakal 2014). These sharks ranged in size

Fig. 6 Examples of white shark (Carcharodon carcharias)
captures in association with the Mediterranean population. A.
This image is one of four embryos that were between 1.32—
1.35 m total length (TL) found within a 5.87 m TL C. carcha-
rias. This shark was captured in February 2004 in the Gulf of
Gabes within a purse seine. The embryos were characterized
by having a rounded apex on the first dorsal and had approxi-
mately 43—45% of their yolk mass remaining, thus illustrating
that these embryos were still developing (Saidi et al. 2005). B.
This image is the world’s smallest free-swimming C. carcha-
rias (The Photograph was taken from video collected by Cenk
Balkan). The 0.85 m TL animal was captured in July 2011 in
a mesh net in Edremit Bay (Aegean Sea) and released (Kaba-
sacal, 2014). C. This image is an umbilical scar from one
neonate specimen (1.26 m TL) illustrating that this shark was
recently birthed. This shark was captured in the Aegean Sea
in July 2008 within a gillnet (Kabasakal and Ozgiir Gedikoglu
2008)

from 0.85 to 1.45 m TL and were captured during
the summer months (June-July). An 0.85 m TL shark
was captured within a trammel net in July 2011 and

@ Springer



882

Rev Fish Biol Fisheries (2024) 34:869-893

released alive (Kabasakal 2014; Fig. 6B). Similarly,
three specimens ranging in size from 0.80 to 1.0 m
TL were captured within a gill- or trammel-net in late
June/early July 2010 (Kabasakal 2014). The 1.26 m
and 1.45 m TL neonate C. carcharias were also cap-
tured in gillnets within the Aegean Sea in July 2008
(Kabasakal and Ozgiir Gedikoglu 2008). Both the
1.26 m and 1.45 m TL specimens exhibited the pres-
ence of an umbilical scar, suggesting these sharks
were recently birthed; however, an image detail-
ing the shape of the dorsal fin is unavailable. While
photographs of the other three YOY white sharks
(i.e., 0.8-1.0 m TL) are unavailable, the 0.85 m TL
shark exhibited a rounded apex on the first dorsal fin
(Fig. 6B), which is consistent with the embryonic
sharks detailed in Saidi et al. (2005). This 0.85 m
TL C. carcharias represents the smallest free-swim-
ming and living white shark ever recorded. Since this
shark was captured in July and three other neonates
(0.80—-1.0 m TL) were captured in late June/early July,
it is suggestive that C. carcharias parturition within
the Mediterranean may occur in early summer, which
is consistent with the late-spring to summer parturi-
tion postulation proposed by Francis (1996).

Northwest Pacific region

In the Northwest Pacific Ocean, C. carcharias data
have been collected through opportunistic fishing
encounters (e.g., Christiansen et al. 2014; Uchida
et al. 1996). Sharks within this population have been
captured in the waters around Russia, Korea, Japan,
Vietnam, Taiwan, and the Philippines (Christiansen
et al. 2014; Fig. 1).

Key sightings and historical data

Presently, there are no identified discrete nursery
areas in association with this population; however,
of the 240 opportunistic encounters of C. carcharias
between 1951 to 2012, numerous neonates and gravid
females were captured that help shed light on the
unique characteristics, size at and seasonality of par-
turition (Christiansen et al. 2014; Uchida et al. 1996).
Uchida et al. (1996) reported the capture of multiple
gravid female C. carcharias. Notably, three gravid
females (4.70 m TL — April 1986; 4.80 m TL — May
1992; and 5.15 m TL—May 1992) were captured
in the waters of Japan. The 4.70 m TL shark was
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captured in Taiji, Japan and contained 7 embryos that
were estimated to be 1.0-1.1 m TL. All sharks had a
rounded apex on the first dorsal fin with ruptured yolk
stomachs, indicating that they were not fully devel-
oped (Uchida et al. 1996; Fig. 7A). The 4.80 m TL
shark contained 5 embryos that were approximately
1.30 m TL, and each shark had a rounded apex on the
first dorsal fin and mildly distended yolk stomachs
(Uchida et al. 1996; Fig. 7B). Lastly, the 5.15 m TL
C. carcharias contained ten embryos, eight of which
were measured and ranged in size from 1.35-1.51 m
TL (Uchida et al. 1996; Fig. 7C). These sharks each
had a rounded apex on the first dorsal and based on
various reported sizes of free-swimming sharks (e.g.,
122 cm TL—Casey and Pratt 1985), the researchers
concluded that the embryos from both the 4.8 m and
5.15 m TL C. carcharias were of maximum length.
Both of these specimens were captured in May and
thus is consistent with the proposed parturition period
(late-spring to summer; Francis 1996). Although
unpublished in the scientific literature, another gravid
female (4.70 m TL) was captured in Taiwan in March
2019 that contained 14 embryos (Hickok 2019). The
sizes of the embryos were not reported; however,
images illustrate a rounded apex on the first dorsal
fin and a distended stomach, suggesting that these
embryos were still developing (Fig. 7E). Of particu-
lar importance, this 4.70 m TL specimen contained
the largest C. carcharias litter ever reported. In addi-
tion to these embryos, five neonates were captured
(as noted in Christiansen et al. 2014). However, data
and associated photos are unavailable for several of
these captures, including a 1.3 m TL white shark cap-
tured in Korea in 2010, two 1.5 m TL white sharks
captured in Japan (one in July 1996 in a bottom trawl
and the other is undisclosed), and a 1.60 m TL white
shark captured in a set net in Vietnam in June 2011
(Christiansen et al. 2014). Lastly, a 1.26 m TL white
shark was captured in a gillnet in the Sea of Japan in
September 2011, where SST ranged from 17-20 °C;
this shark had a rounded apex on the first dorsal fin
(Dolganov 2012; Fig. 7D).

Discussion
The current body of research provides insight

related to a unique morphological characteristic
(dorsal fin shape), broad-scale habitat data, and
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Fig. 7 Examples of both embryonic and free-swimming white
sharks (Carcharodon carcharias) captured in association with
the Northwest Pacific population. A. A gravid 4.7 m total
length (TL) C. carcharias contained 7 embryos that ranged in
size from 1.0-1.1 m TL. This shark was captured in Japan in
April 1986 and embryos had a rounded apex on their first dor-
sal fin; however, they still had substantial yolk mass and thus
were not considered near term (Uchida et al. 1996). B. Another
4.8 m TL gravid C. carcharias was captured in May 1992 in
Japan and contained 5 embryos. The embryos were 1.3 m TL,
had a rounded apex on the first dorsal (Uchida et al. 1996). C.
A 5.15 m TL gravid C. carcharias was captured in May 1992.
The shark had ten embryos, eight of which were measured and

seasonality related to gravid (Saidi et al. 2005),
embryonic (Uchida et al. 1996), neonate (Kaba-
sakal 2014) and YOY (Dicken 2008) C. carcharias.
However, encounters with these specimens, espe-
cially gravid and neonate white sharks (e.g. Kaba-
sakal 2014; Saidi et al. 2005; Uchida et al. 1996),
are infrequent on a global scale and, thus, determin-
ing the spatial and temporal scales of parturition
remains difficult without visible evidence. Although
sightings and capture data are insufficient, the
reviewed studies and additional unpublished data
indicate the season of C. carcharias parturition is
late spring to summer, which is consistent with that
proposed in previous studies (Bruce 1992; Francis
1996). However, localized capture of both gravid
and neonate C. carcharias (Bradai and Saidi 2013;
Kabasakal and Ozgiir Gedikoglu 2008; Kabasakal
2014) from the critically endangered Mediterranean
population (i.e., Gulf of Gabes and Aegean Sea)

ranged in size from 1.35-1.51 m TL, with each embryo being
characterized of having a rounded apex on the first dorsal fin
(Uchida et al. 1996). D. Image of a 1.26 m TL C. carcharias
that was captured in Peter the Great Bay (Sea of Japan) in
September 2011. The shark was captured in a gillnet and was
characterized by having a rounded apex on the first dorsal fin
(Dolganov 2012). E. Image of 14 embryonic C. carcharias col-
lected from a 4.7 m TL gravid female captured in Taiwan in
March 2019 (©Chen Sanfa). It is uncertain as to the embryo’s
TL; however, these embryos are characterized by having a
rounded apex on the first dorsal and a distended stomach, sug-
gesting that these sharks were still developing

over a short temporal scale provides a more concise
estimate for parturition in June and July.

Characteristics

Extensive research has been conducted on mor-
phometrics and length—weight characteristics of C.
carcharias (Christiansen et al. 2016; Logan et al.
2018; Natanson and Skomal 2015). Such analyses
can allow researchers to predict the age of cap-
tured specimens (Christiansen et al. 2016; Natan-
son and Skomal 2015) or allow for inter-population
comparisons based on morphological characteris-
tics and how changes in these characteristics may
influence the ecology of a species (Fu and Irschick
2016; Logan et al. 2018). However, the present
study demonstrates a key morphological feature
that is consistent among embryonic and neonate
white sharks: the rounded apex of the first dorsal
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fin (e.g. Dolganov 2012; Uchida et al. 1996). As
observed with tiger sharks (Galeocerdo cuvier),
caudal fin and head shape have been demonstrated
to change with ontogeny (Fu and Irschick 2016).
These changes are hypothesized to aid in key life
history and ecological characteristics of the species
to maximize survivability (Fu and Irschick 2016).
Furthermore, ontogenetic changes in dentition have
been found in C. carcharias (French et al. 2017).
While dentition was found to change with sex and
ontogeny (French et al. 2017), these changes were
demonstrated to benefit foraging success (Estrada
et al. 2006). Therefore, it is suggested that future
research involves detailed morphological analyses
on C. carcharias dorsal fin shape in relation to early
life-stages (embryo, neonate, YOY) as a way to
non-invasively determine the age of captured speci-
mens (time at large post-birth). Although the data
in the present review are limited, the few reports of
a rounded apex of the first dorsal fin do not occur
after 1.61-1.7 m TL (Fig. 8). Therefore, it appears
dorsal fin shape does change with ontogeny, but it is
unknown whether this is a progressive change that
can be used as a reliable and non-invasive predictor
of shark age. Such findings may allow scientists to
non-invasively assess time at large after parturition
and allow for more precise estimation of parturition
grounds.
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Fig. 8 Graphical representation pertaining to white shark
(Carcharodon carcharias) captures in relation to shark size
(e.g., embryos to 200 cm total length (TL)) from all popula-
tions. While sample size is small, this graph illustrates how
many of the captured sharks exhibited a rounded apex on the
first dorsal. Data are compiled from Table 1 in combination
with embryos from reported pregnant females captures (e.g.,
Francis 1996; Uchida et al. 1996; Saidi et al. 2005; Taiwan,
Unpublished Data)
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Habitat
Depth and water temperature

Sharks exhibit seasonal distribution patterns based
on a variety of biotic and abiotic factors (e.g. Ham-
merschlag et al. 2022; Kessel et al. 2014; Weng et al.
2007). Two notable characteristics examined in this
study were depth and water temperature. Based on
all the compiled sightings, catches, and reports of
neonate-YOY C. carcharias in the present study,
water temperature seems to be an important factor
influencing their presence. In all associated regions
(e.g. Mediterranean, WNA), neonate-YOY C. car-
charias were more commonly found in waters rang-
ing from 15.7 °C (Santana-Morales et al. 2012) to
23.1 °C (Santana-Morales et al. 2012). While in some
instances, satellite tagging data demonstrate that these
neonate-YOY sharks moved vertically into waters out-
side of this range (7.9-26.2 °C; Shaw et al. 2021), the
narrow temperature range (15.7-23.1 °C) remained
fairly consistent for all reported interactions. It is
likely that smaller sharks exhibit a preference for a
narrower temperature range, since neonate-YOY C.
carcharias have a larger surface area to body vol-
ume ratio in comparison to larger animals (Schmidt-
Nielsen, 1984). Thus, smaller animals may exhibit an
increased propensity for heat loss due to the greater
heat emitting surface in comparison to decreased heat
conserving body volume (Bernvi 2016; Block and
Finnerty 1994; Carey et al. 1971, 1982). Although
adults exhibit the ability to tolerate a wide water tem-
perature range (1.6-30.4 °C; Skomal et al. 2017),
since neonate-YOY sharks more commonly utilize
waters within a narrow temperature range, it is likely
that parturition would occur in regions exhibiting this
narrow temperature range to maximize the survivabil-
ity of the newborn sharks.

Further, depth data from the present study demon-
strate that YOY-neonate C. carcharias are more com-
monly found at shallower depths (e.g., Dicken 2008;
O’Connell et al. 2021). More specifically, the reported
interactions exhibit that these small sharks are more
commonly encountered in a depth range from 9 to
37 m (O’Connell et al. 2023; Smith 1951). It is possi-
ble that these sharks utilize these depths and habitats
due to a variety of reasons, including enriched for-
aging opportunities (e.g., Bruce and Bradford 2012)
and as an anti-predation strategy (e.g., Hoyos-Padilla
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et al. 2016). Therefore, to maximize survivability, it
is hypothesized that C. carcharias parturition occurs
within insular shelf waters.

Lastly, it is important to note that climate change or
other climatic events (e.g., El Nifio) can influence the
water temperature and, consequently, the geographic
range and movements of top predators, including C.
carcharias (e.g., Hazen et al. 2013; Sanford et al.
2019a, b; Tanaka et al. 2021; White et al. 2019).
Along the Californian coast, El Nifio can warm the
SST to more than 6°C above average (Hayward 1993;
Gentemann et al. 2017). Within the NEP, juvenile C.
carcharias exhibited a northly expansion in response
to an abnormal warm water mass deemed the Pacific
Warm Anomaly in 2014 and the 2015 El Nifio event
(White et al. 2019; Tanaka et al. 2021). More specifi-
cally, although the Monterey Bay ecosystem is con-
sidered approximately 2.5°N in latitude above what
is normally considered within the traditional range
for YOY-juvenile C. carcharias, these smaller sharks
were observed more frequently at this latitude dur-
ing these climatic events (Tanaka et al. 2021; White
et al. 2019). Therefore, although larger sharks may
exhibit a wider water temperature tolerance (e.g.,
Hoyos-Padilla et al. 2016; Nasby-Lucas et al. 2009),
these climate-based water temperature variations may
not solely influence C. carcharias movements and/or
range. In fact, similar to potential seasonal shifts in
nursery area locations (e.g., White 2016), white shark
parturition sites may also vary thus complicating par-
turition site identification.

Prey availability

Sharks have been demonstrated to aggregate around
sites of known prey productivity (Mourier et al. 2016;
Schilds et al. 2019). For C. carcharias, adults have
been known to aggregate around pinniped colonies
(Johnson et al. 2009; Schilds et al. 2019) and neonate
to subadults have been known to aggregate in areas
with an abundance of bottom dwelling fishes and elas-
mobranchs (White et al. 2019; Grainger et al. 2020).
Similar to C. Carcharias nursery areas that have been
characterized as having abundant prey resources (e.g.,
Onate-Gonzalez et al. 2017; Santana-Morales et al.
2012) and as a result of their high metabolic rates
(Semmens et al. 2013), it can be inferred that parturi-
tion sites should exhibit high prey availability to max-
imize survival. For example, lemon shark (Negaprion

brevirostris) parturition has been demonstrated to
occur in shallow water areas characterized by reduced
predatory influence and high prey availability (Chap-
man et al. 2009; Freitas et al. 2006). Therefore, it is
suggestive that successful C. carcharias parturition
location that would maximize offspring survival may
be correlated with high prey density.

While sites of high prey productivity in combina-
tion with the presence of neonate or gravid C. car-
charias may be ideal for parturition and thus warrant
further investigation, these sites are also usually heav-
ily impacted by commercial fisheries (Boldrocchi
et al. 2017; Oriate-Gonzalez et al. 2017). Therefore,
continued research aimed at identifying the impor-
tance of these areas of high productivity (e.g., Aegean
Sea, Mediterranean population; Bahia Sebastian
Vizcaino, Mexico, Northeastern Pacific population)
in relation to parturition may help contribute to fur-
ther management measures relating to reduced fish-
ing effort or different fishing strategies that minimize
shark bycatch during peak seasonality and presence
of neonate and gravid C. carcharias. Such efforts may
not only result in the identification of key parturition
grounds but may also help to facilitate population
recovery, especially in association with the critically
endangered Mediterranean population.

Proximity to shore

Beyond depth (Dicken 2008; Smith 1951), SST
(Bruce and Bradford 2012; CIiff et al. 1989; Werry
et al. 2012; Weng et al. 2007), and prey availabil-
ity (White et al. 2019; Grainger et al. 2020) asso-
ciated with C. carcharias nursery areas, shoreline
proximity may impact parturition location. Satel-
lite telemetry data and other YOY encounters (e.g.,
captures) illustrate the repeated utilization of shal-
low habitats within coastal areas (e.g., Domeier
2012; Shaw et al. 2021). For example, the move-
ments of 13 YOY in the WNA population exhibited
a coastal preference, with movements averaging
12.7+0.2 km from shore (Shaw et al. 2021). Simi-
larly, in the NEP population, YOY and juveniles are
encountered more frequently within < 5.5 km where
they spend the majority of their time in coastal hab-
itats (Dewar et al. 2004; Weng et al. 2007; Lowe
et al. 2012; Lyons et al. 2013). While the repeated
movements of these YOY and juvenile sharks are
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more closely related with shark nursery areas (Heu-
pel et al. 2007), it is important to note that in rela-
tion to parturition, the smallest free-swimming C.
carcharias (i.e., 0.85-1.07 m TL) were all encoun-
tered within several kilometers from shore (Kaba-
sakal and Ozgiir Gedikoglu 2008; Kabasakal 2014;
O’Connell et al. unpublished data; Santana-Morales
et al. 2020). In relation to the NWA population, a
1.07 m TL C. carcharias was captured approxi-
mately 2.0 km off Montauk, New York, USA in
August 2021 (O’Connell et al. Unpublished) and
represents the smallest free-swimming C. carcha-
rias tagged and released in association with this
population. Furthermore, this shark exhibited char-
acteristics of a newly pupped specimen (e.g., size,
seasonality of capture, and rounded apex on the first
dorsal fin; O’Connell et al. Unpublished). However,
regardless of shark size, it may be premature to con-
clude that parturition occurs at the site of capture
as research in the WNA did not find any evidence
that parturition occurs within coastal regions of the
New York Bight (Skomal et al. 2017). With satel-
lite tracking data demonstrating that large female
C. carcharias can utilize shelf or pelagic waters
(Franks et al. 2021; Skomal et al. 2017), this has led
to the general notion or hypothesis that parturition
occurs offshore or outside of the Bight and neonates
travel inshore to areas that offer more protection
to maximize survivability and provide favorable
biological (e.g., prey) and ecological (e.g., water
temperature) conditions (as suggested in Skomal
et al. 2017; Anderson et al. 2021; Oifiate-Gonzéalez
et al. 2017). Furthermore, C. carcharias is a highly
migratory species (e.g., Bonfil et al. 2005). As an
example, a 2.8 m TL juvenile covered a distance
of > 8500 km over the course of 536 days (Bruce
et al. 2019). Similarly, Weng et al. (2007) provided
data pertaining to a YOY 1.56 m TL C. carcharias
that migrated 700 km away from its nursery habi-
tat in less than one month. Therefore, the limited
data associated with the 1.07 m TL C. carcharias
from the WNA population in combination with
the other small specimens (Kabasakal and Ozgiir
Gedikoglu 2008; Kabasakal 2014; Santana-Morales
et al. 2020) are insufficient to provide a firm conclu-
sion about parturition location and illustrates that a
more comprehensive data set is required to deter-
mine parturition locality (e.g., presence of multiple
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neonates, presence of gravid females, visual evi-
dence of parturition).

Predators

Within their range, one key predator of YOY-juvenile
C. carcharias could be larger conspecifics. How-
ever, due to their small size at birth (1.05-1.50 m
TL; Francis 1996; Pratt 1996), it is possible other
large shark species may be considered viable preda-
tors. Within the inshore reaches of nursery habitats,
satellite telemetry demonstrates that there typically is
not an initial presence of large females (Bruce 2016;
Skomal et al. 2017). One would hypothesize that
large females would occasionally be encountered at
these nursery area sites, whether through incidental
captures or sightings, if parturition occurred within
the nursery area. Therefore, and based on present sat-
ellite telemetry data (e.g., Bruce 2016; Franks et al.
2021; Skomal et al. 2017), it is hypothesized that
although parturition strategies may vary based on
population and/or in relation to various biological
and environmental variables, parturition may occur
in insular shelf waters that spatially exceed (i.e., hori-
zontal and vertical scales) the inshore, shallow water
environments associated with nursery area habitat
to minimize predation by conspecifics. While there
are conditions that would limit the viability of this
hypothesis (i.e., SST limitations, prey availability), it
is possible that having an increased area on both hori-
zontal and vertical spatial scales, may decrease the
predatory success by other large female conspecifics
that may be utilizing that region. Should this hypoth-
esis be correct, it would be suggestive that C. car-
charias parturition occurs in insular shelf-associated
waters as suggested in previous studies (Bruce 2016;
Skomal et al. 2017; Domeier and Nasby-Lucas 2013),
but not directly within the nursery areas.

Seasonality

Seasonality in relation to shark behavior (e.g., migra-
tion, foraging, and parturition) is well documented in
the scientific literature (Domeier and Nasby-Lucas
2013; Kock et al. 2013; Ulrich et al. 2007). Further-
more, regions with extensive satellite tagging effort
and/or bycatch data from commercial and recreational
fishermen have demonstrated seasonal nursery habi-
tat utilization for C. carcharias (Bruce and Bradford
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2012). For example, in the Eastern Australian popula-
tion, there are two key C. carcharias nursery areas—
Port Stephens in New South Wales and Corner Inlet
in eastern Victoria (Bruce and Bradford 2012; Harasti
et al. 2017). White sharks utilize the Port Stephens
nursery from late winter to mid-summer, after which
they migrate southward to the Corner Inlet nursery
area (Bruce and Bradford 2012).

Based on the opportunistic capture of both gravid
females and neonates, parturition is likely to occur
in late spring to summer on a global scale (Francis
1996; Bruce 1992). However, within both the Medi-
terranean and Northwest Pacific populations, data
exist to define more precisely the parturition season.
In the Mediterranean, the details from one gravid C.
carcharias captured in February 2004 indicates that
the embryos were still in development (i.e., yolk mass
was 43—-45%). In addition to this capture, numerous
localized captures of neonates were reported. Specifi-
cally, the world’s smallest free-swimming C. carcha-
rias (0.85 m TL) was captured in July 2011 and five
additional specimens that ranged from 0.80 to 1.45 m
TL were captured during the months of June and July.
Similar to that proposed by Kabasakal (2014), while
these only represent a few notable captures, this indi-
cates a discrete parturition seasonality of late June
and early July and a potential location for parturition
in the Northern Aegean Sea, Turkey. With the current
population status of C. carcharias within the Medi-
terranean, it is recommended that more substantial
management initiatives are implemented within this
region during this time period and locality to maxi-
mize population recruitment and survivability.

In the Northwest Pacific population, numerous
gravid C. carcharias were captured that contained
embryos of different stages of development that helps
facilitate a more precise estimate of parturition sea-
son. Specifically, two gravid females were captured
in April 1986 and March 2019, both of which con-
tained embryos with either distended stomachs (indi-
cating high yolk mass) or ruptured yolk stomachs
(Uchida et al. 1996; Taiwan, Unpublished). However,
two additional gravid females were captured in May
and contained either 1.3 m TL embryos with mildly
distended stomachs or 1.35-1.51 m TL embryos that
appeared near term. While it is possible that the date
of capture may be several months after parturition
(i.e., suggesting late-spring parturition), when com-
bining the encounters with gravid females and the

captures of a 1.6 m TL neonate in June 2011 (Viet-
nam), a 1.5 m TL neonate in July 1996 (Japan) and a
1.26 m TL in September 2011 (Sea of Japan), it can
be proposed that the parturition period within this
region may occur in the summer, which is a more
defined parturition seasonality than proposed in pre-
vious studies (i.e., late-spring to summer; Francis
1996; Bruce 1992).

Conclusions and future directions

This review provides a global assessment of potential
C. carcharias parturition and nursery areas based on
relevant captures and tagging of gravid females, neo-
nates, and/or juveniles (e.g., Kabasakal 2014; McAu-
ley et al. 2017) as well as the migratory patterns of
adult females (e.g., Skomal et al. 2017). Continued
research is required on a global scale, since neonate to
juvenile C. carcharias utilize shallow coastal waters
(e.g., Curtis et al. 2018; White et al. 2019) and within
these waters, anthropogenic threats are persistent and
come in the form of commercial and recreational fish-
ing (Lyons et al. 2013; Santana-Morales et al. 2012),
pollutants (e.g., Gelsleichter and Walker 2010; Lipej
et al. 2022), and coastal development that can directly
transform ideal coastal habitats (e.g., Stump 2013).
However, management initiatives may be ineffec-
tive if they are focused on discrete areas rather than
regional scales, as neonate and juvenile sharks are
capable of long-distance migrations that extend out-
side their nursery regions (Weng et al. 2007; Bruce
and Bradford 2012).

In conclusion, more research is needed on a global
scale to further understand various aspects of C. car-
charias parturition. However, this research should not
solely focus on pups, but should also pursue various
non-lethal research techniques (e.g., baited remote
underwater video systems [BRUVS; Harasti et al.
2017; O’Connell et al. 2021], long-term autono-
mous underwater vehicles [as used in Packard et al.
2013], blood chemistry analysis [reproductive hor-
mone analysis; Verkamp et al. 2021], ultrasonography
[Sulikowski et al. 2016], and the novel intrauterine
satellite tag (Sulikowski and Hammerschlag 2023)) as
a way to: (1) identify the routine presence or absence
of adult female C. carcharias within a study location;
(2) collect video evidence of the birthing process in
C. carcharias to obtain tangible evidence of both
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the spatial and temporal scales of the activity; or (3)
identify unique morphological characteristics, repro-
ductive hormones, or direct observations of gravid
females and neonates to further narrow down parturi-
tion sites and patterns of when the behavior routinely
occurs. Continued research may yield pertinent infor-
mation associated with potential differences and simi-
larities between parturition and nursery area designa-
tions for this species. Therefore, increased biological
and ecological research on these populations is war-
ranted on a global scale, especially on neonate sharks
as these sharks are most vulnerable due to higher risk
of predation (Benson et al. 2018) as well as being
susceptible to capture in fisheries (Lyons et al. 2013;
Santana-Morales et al. 2012).
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