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Abstract

The Galapagos shark (Carcharhinus galapagensis) is a large carcharhinid shark that occurs
around the oceanic islands of tropical, subtropical, and warm-temperate regions of the
world. Carcharhinus galapagensis shows a striking disjunct distribution and strong affinity to
remote and isolated oceanic islands. Its distribution includes some of the most remote island
ecosystems of the world (e.g., Easter Island), yet this unusual distribution pattern is poorly
understood. Hence, it requires a plausible explanation and makes this species a subject
for biogeography for the better understanding of phylogeography, movements, habitat
connectivity, and gene flow. The purpose of this review, which is based on an extensive
citing of the literature and an analysis of public databases, is to provide a comprehensive
list of global records and reports of this species and a distribution map as a base for
conservation strategies. This survey identified 69 verified and 27 unconfirmed global
Galapagos shark records. The verified records included 53 around oceanic islands and 16 at
continental coasts. Additionally, a voucher specimen that was collected in 1965 during an
expedition to Easter Island and was formerly misidentified, was revised by the author and
positively identified as C. galapagensis. This voucher specimen represents the first record of
this species from Easter Island.
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1. Introduction

Carcharhinidae (requiem sharks) is one of the most diverse shark families that is spread
worldwide in tropical, subtropical, and temperate waters [1,2]. The speciose and cosmopolitan-
distributed type genus Carcharhinus Blainville, 1816 (whaler sharks) currently comprises
34 to 35 valid species [3-5]. Thus, as one of 12 genera in the family Carcharhinidae, the
genus Carcharhinus contains over half of the species of this family therein. Several species
of this widespread and diverse genus are cosmopolitan-distributed and show a worldwide
circumglobally range, especially the large (>300 cm Total Length) and strong-swimming taxa,
with the smaller species often confined to ocean sub-basins or particular regions. Although a
recent literature review [6] revealed that the most studied genus among sharks is Carcharhinus,
many aspects of the biology, life history, and the distribution of the whaler sharks remain
unexplored and understudied, and there are many unresolved questions left regarding all
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aspects of their biology and ecology. This applies also to the Galapagos shark, Carcharhinus
galapagensis (Snodgrass & Heller, 1905), of which many aspects of its behaviour, biology,
distribution, and life history have not been studied yet [7-9].

The Galapagos shark, which is reported to attain a maximum size of 300 cm Total
Length (TL), but possibly reaching up to 370 cm TL, is a shark with a circumglobally
but scattered distribution with distant populations across all major ocean basins [6,10].
This species is often encountered around and associated with oceanic islands, mainly
in the tropical but also the subtropical and warm-temperate seas, where it is apparently
confined to [1,7,11-16]. Carcharhinus galapagensis shows one of the most striking distribution
patterns of all extant shark species, with a distribution composed of widely separated and
geographically isolated populations. This unique and unusual global distribution pattern of
the Galapagos shark belongs to the many unresolved questions in shark research. Therefore,
this shark is considered as one of the numerous mysteries in the shark world. In this
context, it was recognized that C. galapagensis occurs at specific oceanic islands but is absent
from certain other islands for unknown reasons [17]. Its disjunct distribution cannot be a
coincidence and, therefore, from a biogeographical point of view, this noticeable distribution
pattern requires a plausible explanation. An attempt to enlighten these unknown reasons
for this so-far-unexplained distribution is one of the objectives of this study, beside others.

Carcharhinus galapagensis can be very abundant in the areas where it occurs [18].
Although C. galapagensis is sometimes the most abundant of local sharks where it occurs,
e.g., as has been reported for the Galdpagos Archipelago [19-21], for Malpelo Island [22],
for Cocos Island [20], for Clipperton Island [23], for the Hawaiian Archipelago [24], and for
Ascension [25], due to its unusual and unique distribution, this species is considered by
experts to be one of the least understood requiem sharks [26]. The scattered distribution
pattern of C. galapagensis is hard to understand regarding its affecting factors, and, to date,
no attempt has been made to explain this phenomenon in detail.

Currently, C. galapagensis is considered one of the marine top predators whose popula-
tion trend is unknown over much of its global range [27]. Although generally associated
with reef habitats, little is known about the Galapagos sharks’ exact distribution, its habitat
use, its movements, and the status of local populations. Understanding the environmental
niche and core habitat of shark species is considered key for promoting conservation and
successful protection efforts. For accurate Red List assessments and the conception of
management plans, conservation measures, and shark sanctuaries, accurate distribution
data is essential and required. Despite their important role for the health and stability of
reef ecosystems, which has been highlighted by numerous studies [28], the numbers of
reef sharks have been declining dramatically worldwide during the last half century due
to intensive fishing activities that threaten reef sharks with extinction [29]. Thus, there is
an urgent need for the conception and development of effective conservation plans for
reef-associated sharks.

Although the number of scientific publications about sharks has been increased signif-
icantly over the past 50 years, the overwhelming part of these contributions were dealing
with topics such as conservation, population management, fisheries impact, biology, and
life history [6], but the distribution of sharks is not of top priority. However, the mapping
of shark ranges is an ongoing process necessary for an up-to-date knowledge level in
fish biogeography. Elucidating gaps in the knowledge about shark species distribution is
helpful for inventing and planning conservation plans and the authorization of protection
zones, e.g., marine reserves for sharks. Accurate distributional data are essential for reliable
scientific studies, e.g., regarding the inference of the origin of shark fins that end in the
global shark fin trade [30].
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A brief look at the numerous available distribution maps for C. galapagensis [1,7,10,14,31-37]
reveals a very noticeable distribution pattern of this shark: All these distribution maps
are showing numerous geographic isolated occurrences with widely separated subpopula-
tions. Therefore, the global distribution pattern of the Galapagos shark was described by
many scientists correctly, accurately, and consistently as “scattered” [11], “spotty” [38,39],
“patchy” [7,10,14,40-43], and “disjunct” [44—46], all attributes that refer to its widespread
distribution at many widely distant islands and archipelagos. However, geographic isola-
tion may promote diversification in this species and might be of consequence regarding the
connectivity of populations and its global gene pool.

In this context, the analysis of the movements and the identification of possibly exist-
ing migration paths are important for the conservation management of sharks because they
have direct effects on the connectivity of populations and subsequently on gene flow. One
important question is the influence of geographical isolation on gene flow in sharks that
inhabit remote oceanic islands. For understanding and analysis of the genetic structure
of the global population of C. galapagensis, verifiable data about the distribution are the
necessary base for a reliable description of different subpopulations and genotypes. The
present study deals with the worldwide distribution of C. galapagensis, a circumglobally
carcharhinid, and displays the recent stand of knowledge about its distribution to char-
acterize the global-scale environmental niche of this species. The author also attempts to
reconstruct the presumed historic dispersal and the pathway of colonization of oceanic
island habitats by this species across ocean basins. This is based on a spatial analysis
that helps support the result of genetic investigations that were conducted worldwide on
several local Galapagos shark populations. One key question of matter is how this species
manages genetic exchange between the widely separated subpopulations at the oceanic
islands where it occurs [47,48].

Conclusions on the phylogeography and conservation of the Galapagos shark are
summarized, and the vulnerability of this species is highlighted by one example of a near
extinction of a local population around an equatorial Atlantic archipelago. Additionally, a
non-correct determined voucher specimen that has been collected in 1965 at Easter Island
was revised by the author and positively identified as C. galapagensis. This specimen has
been previously misidentified as the grey reef shark, Carcharhinus amblyrhynchos (Bleeker,
1856), emphasizing the ongoing value of museum collections. This revised specimen now
presents the first scientific record for the Galapagos shark from Chile’s remote Easter
Island (Rapa Nui) in the Southeast Pacific. Moreover, the present study provides a historic
chronology of the discovering of the Galapagos shark from all the locations from where it
has been reported yet. Therefore, the investigation of references in their course over time
also aims to describe the worldwide history of this species in shark science.

2. Methods

This study is mainly based on an extensive literature review of references that deal
with Carcharhinus galapagensis as a topic. The analysis of the literature included published
primary references and subsequent reports, and further unpublished “gray literature”
(theses, technical and fisheries reports). It represents a global review of the available
distributional data as well as ecological parameters for C. galapagensis. For his review, the
author has used public scientific literature databases such as Web of Science, Google Scholar,
Semantic Scholar, and ResearchGate. Important fish and shark species bibliographies such
as FishBase [49,50] and Shark Reference [51], and other repositories and open access digital
libraries such as the Biodiversity Heritage Library [52] were also included and investigated.
Nevertheless, it should not be unspoken here that not all the produced literature, technical

reports, and thesis that mention the Galapagos shark could be reviewed by the author due
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to restricted public access to some of the literature items, especially to the rare historic
literature. Therefore, the present review did not claim total completeness.

The investigation conducted by the author included, besides the literature references, public
and partly museum-supported databases containing distributional data and information about
fish, such as Atlas of Living Australia [53], EnicloVida [54], Eschmeyer’s Catalog of Fishes [55],
Field Museum’s online Zoological Collections Database [56], Guide of Fish Collections [57],
Shorefishes of the Tropical Eastern Pacific Online Information System [58], Shorefishes of the
Greater Caribbean Online Information System [59], and World Register of Marine Species—
WOoRMS [60]. However, the author refrained from indiscriminately and uncritically adopting
data from the numerous online information systems that now exist for marine organisms. These
often contain unvalidated data entries that were accepted without a critical review, which in the
case of a species that is hard to determine such as the Galapagos shark considered here, can
prove disastrous and undermine the credibility of the information.

It is apparent that data and information about a circumglobally shark species, whose
distribution spans many countries, are widespread and have been published in many single
publications, essays, and reports, and in different languages. Therefore, for producing a
general overview of the Galapagos shark’s distribution, a union and summarization of
distributional data following a detailed review of relevant works concerning this species
was conducted. The distributional data about C. galapagensis, and the references from which
the information has been derived, are listed in tables separated for each major ocean basin
that combines the recorded and reported occurrences of this species for the transparent
traceability of information (Supplementary Materials S1-S3). The investigated references
summarized in the lists are sorted chronologically by appearance date and, subsequently,
alphabetically. Publications from the same author(s) deriving from different publishing
years are merged in the tables. Both the first reference and subsequent reports are mentioned
in this review, even those references that are referring to the first confirmed report of
C. galapagensis for each locality. Thus, the listing of references does not automatically
represent continuous confirmations of C. galapagensis records for a specific locality over
time. Nevertheless, the references, listed chronologically, allow a conclusion to be drawn
about the ongoing chronology of reports of this species for the locality in question.

In the scientific world, which is nowadays dominated by the English language, non-English
literature is hardly recognized. Hence, non-English literature is often virtually unnoticed and
consistently disregarded in English-dominated scientific and scholarly output. This often leads
to the incompleteness of studies due to the non-consideration of important data. Therefore,
for the warranting of a high completeness of this present study, the extensive literature review
conducted by the author included scientific journal articles, monographs, and theses written in
English but also in Chinese (1), French (17), German (5), Japanese (6), Korean (1), Portuguese
(35), and Spanish (90). The present review considers historical (>100 years), old (>50 years),
recent (>10 years), and very recent (<10 years) publications.

There appear to be only a few existing synonyms of C. galapagensis, although this
species was recorded for many localities under false names before as well as after it became
its valid name and species description in 1905 [19]. For data integrity and completeness, the
review of the historical literature included reports where C. galapagensis was mentioned un-
der its few synonymised, ancient, or erroneous names that were used in historic references
and treatises, mainly in the Eastern Pacific region [11,55,60,61], and they are:

Carcharias galapagensis (Snodgrass & Heller, 1905)—unaccepted name;

Carcharinus galapagensis (Snodgrass & Heller, 1905)—unaccepted (misspelling);

Eulamia galapagensis (Fowler, 1932)—unaccepted (senior synonym).

At a few locations (e.g., the Bermuda Islands), the Galapagos shark was mentioned in
the historical literature with erroneous or false scientific names, or was reported mistakenly
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as C. obscurus (Lesueur, 1818) (including old synonyms of C. obscurus). For these localities,
in cases when material was collected, the true identity of the sharks could be unveiled
later by examining voucher specimens (e.g., by J. A. F. Garrick during his monumental
revision of the genus Carcharhinus). Several of these voucher specimens determined in
first instance as C. obscurus could be revised as C. galapagensis. The mentioning of the
Galapagos shark under its accurate, current, and valid name Carcharhinus galapagensis was
often much later than these first historical records and reports (because scientists were not
aware that C. galapagensis is a separate species and as such, it was not yet described at that
time). Therefore, there is often an apparent time lag between the year of the first report of
the Galapagos shark under its current scientific name for a particular locality and its first
mention in historical references.

When necessary, the author reviewed museum specimens of C. galapagensis in cases of
either putative misidentifications or doubtful records by an examination of photographic
material of these specimens. Information on museum specimens and catalogue numbers
for each locality was largely obtained from VertNet [62] but also from the literature [11],
including several of the cited references. Catalogue numbers of specimens housed in
museum collections are also provided in the tables (Supplementary Materials S1-53). The
spatial information from the literature, databases, and museum records were collated and
gathered to produce profound distribution maps. They were produced with QGIS Desktop
(version 3.16).

Because the Galapagos shark is a hard-to-determine species which can be easily
confused with similar-looking congeneric members of Carcharhinus, the author paid special
attention to the reliability and verifiability of the information provided in the references.
Regarding both the accuracy and reliability of an occurrence of C. galapagensis from a
particular locality, it is necessary to differentiate between “records” and “reports”, as these
terms comprise different qualities of information. According to the understanding of the
author, a record contains that the species” evidence is either documented by a proofed
voucher specimen and/or by verified photographic material and/or by appropriate DNA-
sampling methods (that are based on the use of single nucleotide polymorphisms—SNPs).
A report means that the species’ information is derived only from an unsustained visual
observation or a narrative report and regularly demands verification.

Where necessary and helpful, important details on the occurrence and the locality are
provided in the comments. When using the tables provided in the Supplementary Materials
that summarize the global records and reports of C. galapagensis, it should be considered
that the Galapagos shark was collected already in the 19th century by several natural
history museums from many locations around the world and reported under different
names before this shark was described for the first time under its valid current name from
the Galdpagos Archipelago by R. E. Snodgrass and E. Heller in 1905. In his accurate revision
of the genus Carcharhinus, ]. A. F. Garrick [11] examined plenty of these collected voucher
specimens and revised several specimens that were archived under false names. However,
it should not be denied that some of the voucher specimens of C. galapagensis may well
have been collected at an earlier date than the date on which this species has been reported
for the first time from a particular locality in the literature. The point that matters is that
a record of C. galapagensis for a particular locality in the Supplementary Materials can
be derived not only from the literature, but also from a collected specimen housed in a
museum collection, and that the time when a specimen was collected is sometimes earlier
than when the Galapagos shark was reported in the literature for this location for the first
time. It should also be recognized that in a few cases, there is sometimes a delay regarding
the first record of C. galapagensis for a specific locality, resulting from the date of the catch
and the following publication of this record some years after.
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Examinations of populations of cosmopolitan-distributed whaler sharks (Carcharhinus
spp.) have shown that sizes in divergent life history stages, sizes at the age of maturity,
and maximum sizes can differ significantly across ocean basins for each species. It has
been reported for the Hawaiian Archipelago that males of C. galapagensis reach maturity
between 205 and 239 cm TL, and females between 215 and 245 cm TL [63]. Other authors
gave information that males of the Galapagos shark mature at 210-230 cm TL and females
at about 250 cm TL [18], and the older literature references provided information for
C. galapagensis that males mature at smaller sizes between 170 and 236 cm TL and females
are maturing at about 235 cm TL [1]. However, as this study attempts to classify the
population structure at specific locations for an evaluation of their importance as nurseries
and information on life history stages for C. galapagensis differ in the available literature,
the author has formed median values considering credible information.

Unfortunately, there exists no homogeneous standard for the measurement of fish in
general and chondrichthyans such as sharks in particular [64]. Therefore, in the literature
examined by the author, divergent information on the size of C. galapagensis specimens is
provided due to different measurement units that are used in the references for specimens’
measurements such as Total, Standard, Precaudal, and Fork Length. As such, for homogene-
ity, the author converted all measurement units into Total Length (TL) because it is the most
common length unit for the measurement of chondrichthyan fish. Regarding the converting
process, the author has used the conversion parameters for C. galapagensis provided by
FishBase [65]. All information on the specimen’s length in this survey is given in cm TL.
In the tables provided in this study (Supplementary Materials S1-S3), information on the
size is given when available to gain insights into population structure and distribution of
age classes.

Abbreviations

Abbreviations of life history stage categories of C. galapagnsis that are used in the
Supplementary Materials; size classes determined largely according to [1,11,18,63]:

n Neonate (fish with visible umbilical scars, usually <80 cm);

juv Juvenile (fish with no umbilical scar present, size between 80 and 130 cm);
sub Subadults (fish with size between 130 and 235 cm);

ad Adults (fish with size > 235 cm);

u Unknown.

Abbreviations and codes used for voucher specimens and photographic voucher
material of Galapagos shark specimens housed in institutional depositories or private,
museum, and natural history collections in ichthyology [66]:

AB Anton Bruun catalogued collection (private), Copenhagen, Denmark

AIM Auckland War Memorial Museum, Auckland, New Zealand;

AMNH American Museum of Natural History, New York, USA;

AMS Australian Museum, Sydney, Australia;

ANSP Academy of Natural Sciences of Philadelphia, Philadelphia, USA;

BAMZ Bermuda Aquarium, Natural History Museum and Zoo, Flatts Village, Bermuda;

BMNH British Museum (Natural History), London, United Kingdom;

BPBM Bernice Pauahi Bishop Museum, Honolulu, Hawaii, USA;
California Academy of Sciences, Ichthyological Collection, San Francisco, USA; [incl.

CAS specimens from the historical collection of Stanford University (SU), now housed at CAS, cited
as CAS-SUJ;

CMNFI Canadian Museum of Nature, Fish Collection, Ottawa, Canada;

CSIRO The Commonwealth Scientific and Industrial Research Organization, Australian National Fish

Collection, Canberra, Australia;
Field Museum of Natural History, Chicago, USA (formerly: CNHM = Chicago Natural History

FMNH
Museum, Fish Collection);
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IZUA Instituto de Zoologia, Universidad Austral de Chile, Collection of Fishes, Valdivia, Chile;
LACM Natural History Museum of Los Angeles County, Los Angeles, USA (incl. LACM SIO);
LJvC L.J. V. Compagno catalogued collection (private), Cape Town, South Africa;

MCZ Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts, USA;

MHNE Museu de Histéria Natural do Funchal, Madeira, Portugal (also known as: MMF = Museu
Municipal do Funchal);

MNHN Muséum National d’Histoire Naturelle, Paris, France;

MSR Marine Fishery Resources Development and Management Department, Southeast Asian
Fisheries Development Center, Kuala Terengganu, Malaysia;

MSR IPP Fisheries Research Institute, Bintawa, Sarawak, Malaysia;

MOVI Museu Oceanogréfico do Vale do Itajai, Itajai, Brazil;

NMNZ Museum of New Zealand Te Papa Tongarewa, Wellington, New Zealand;

NMV Naturhistorisches Museum, Vienna, Austria;

NSMT National Museum of Nature and Science, Department of Zoology, Tokyo, Japan;

NZOI New Zealand Oceanographic Institute, Wellington, New Zealand;

Oceanographic Research Institute, South African Association for Marine Biological Research

ORI (SAAMBR), Durban, KwaZulu-Natal, South Africa (also as ORID);
Scripps Institution of Oceanography, San Diego, USA (also SIO-UCSD = University of

SIO California, San Diego; contains fishes (mostly marine) transferred from UCLA, but parts of fish
collection subsequently transferred to LACM);

SMF Senckenberg Naturmuseum und Forschungsinstitut, Frankfurt, Germany;

SU Stanford University Natural History Museum, Fish Collection, California, USA (now housed at CAS);

UCLA University of California at Los Angeles, Los Angeles, USA (fish collection largely transferred to
LACM and SIO);

UF University of Florida, Gainesville, Florida, United States;

UMMZ University of Michigan, Museum of Zoology, Ann Arbor, Michigan, USA;

UPRM University of Puerto Rico Mayagiiez, Puerto Rico, USA;
United States National Museum, Smithsonian Institution, National Museum of Natural

USNM History, Washington, D.C., USA (also as NMNH; incl. USNM FIN = USNM Fish Illustration
Collection & USNM RAD = USNM Radiograph Collection);

ZMO Zoology Museum, Oxford University, Oxford, United Kingdom;

ZUMT University Museum, University of Tokyo, Tokyo, Japan.

3. Background: Remarks on Genetics, Anatomy, and Identification of
Carcharhinus galapagensis

Carcharhinidae is a diverse family of sharks that has plenty of look-alike species.
Identification of Carcharhinus galapagensis is challenging due to its large number of similar-
ities with other members of the genus Carcharhinus as well as the lack of prominent and
distinctive fin markings, features that also apply to other species contained in this genus.
This may explain the large proportion of unconfirmed and dubious records of this shark,
which results mainly from misidentifications. For a better understanding of this matter
as well as the results comprised in the present study, the following passages are devoted
to this specific problem, together with deliberations on the origin of this species and its
currently known phylogeny.

Apparently, the difficulties in recognizing and distinguishing were the reasons why
this shark was discovered relatively late by scientists at the beginning of the 20th century.
The Galapagos shark was originally described as Carcharias galapagensis [19] from a type
specimen (holotype: embryo/fetus, 650 mm, CAS-SU 12324, apparently lost) that was
collected at the Galapagos Archipelago, the type locality of this species, where this shark is
relatively common (Figure 1). Besides the diagnosis from this type specimen, the species
description is based on two further specimens (paratypes) also collected at the Galapagos
Archipelago (paratypes: CAS-SU 12325, CAS-SU 12326, apparently lost) [1,11,55]. Thus,
the name of this shark refers to this Ecuadorian archipelago where it was first recognized
by scientists.
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Figure 1. Two adult female Galapagos sharks (Carcharhinus galapagensis) of ~230 cm patrolling the
coastal waters over soft bottom at North Seymor Island in the Galdpagos Archipelago, Ecuador.
In this specimen in the foreground, an inconspicuous white band on the flank is visible which is
sometimes of diagnostic value when recognizable. © Louis David.

3.1. Similarities with Carcharhinus obscurus

Due to the lack of distinctive fin markings, many sharks that belong to the genus Car-
charhinus are notoriously difficult to distinguish by their appearance. There are serious issues
regarding the identification of closely related requiem sharks that are hard to tease apart from
each other only by visual observations, and their taxonomy can affect their detection rate even for
shark experts [67]. The similarities of C. galapagensis with other members of the speciose genus
Carcharhinus include morphological as well as genetic similarities, especially with its presumed
ancestor, C. obscurus. The Galapagos shark has been described as a typical Carcharhinus shark
with all the characteristics that make this group difficult to identify [68]. Hence, C. galapagensis
can easily be confused with similar-looking congeneric taxa such as C. amblyrhynchos, C. perezi
(Poey, 1876), and especially with the sibling C. obscurus that is regarded as its phylogenetic near-
est relative [69,70]. Therefore, misidentifications of C. galapagensis with other taxa of Carcharhinus
have occurred numerous times [44,71,72]. However, regarding the determination of species of
Carcharhinus lacking distinctive fin markings, the presence/absence of an interdorsal ridge is
considered a good starting point for further determination when trying to identify /separate
members of this genus [1,32].

Carcharhinus obscurus is very similar and very difficult to separate from C. galapa-
gensis without direct comparison [73-75]. It can be challenging to distinguish C. galapa-
gensis and C. obscurus not only morphologically but also genetically at the mitochondrial
level [69]. Based on their striking morphological similarity, scientists suspected early on that
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C. galapagensis and C. obscurus might be relatives. This suspicion was strengthened when
even conventional DNA studies based exclusively on mitochondrial DNA (mtDNA) did
not allow for differentiation between these two taxa, although both clearly differed in the
number of precaudal vertebrae (Table 1), a feature assessed to be of high discriminating
power and high taxonomic significance [11]. However, it should be considered that no
Carcharhinus species is recognizable by its vertebral number alone and that this character is
only of value when combined with further external characteristics [76].

A tabular comparison is intended here to provide an aid for identification in the field
based on anatomical and morphological characteristics that may enable a distinction to be
made between C. galapagensis and the most likely species to be confused with, C. obscurus
(Table 1). Dorsal fin heights and precaudal vertebral counts are the main morphological
characteristics used to distinguish both species [11]. The latter requires the investigation of
dead shark specimens, which is of ethical and animal-rights concern when the specimen
does not derive from incidental bycatch or naturally caused strandings. In the meantime,
genetic investigation methods based on the use of SNPs have proven to be reliable regarding
a clear distinction between these two sibling species. Nevertheless, the use of morphological
characteristics can be of nearly equal importance regarding its identification success in
comparison with special genetic investigation methods such as special DNA markers.
The key difference between both identification methods remains that vertebral counting
usually requires the killing of the specimen, while genetic testing requires only blood or
tissue sampling that allows the individual to survive. Distinguishing C. galapagensis and
C. obscurus is challenging without direct comparison. Thus, for providing a helpful aid for
differentiation of each other, the main distinguishing features between both species are
compared in Table 1.

Table 1. Comparison of diagnostic morphometric features of both Carcharhinus galapagensis and
C. obscurus according to [1,10,11,26,76-81].

Feat Taxon
cature Carcharhinus galapagensis Carcharhinus obscurus
Precaudal vertebra numbers 103-109 86-97

less than 3 times in distance

more than 3 times in distance

First dorsal fin height between its origin and snout tip between its origin and snout tip
and 9.1-12.1% of TL and 5.8-9.9% of TL
Second dorsal fin height 2.1-3.3% of TL 1.5-2.3% of TL

opposite to pectoral fins inner
margin—over posterior third of
inner pectoral margin (first dorsal
fin usually over midlengths of
pectoral inner margin and
therefore slightly more anterior
than in C. obscurus)

over/slightly behind pectoral fins
free rear tip (first dorsal fin
originates more behind than in
C. galapagensis)

First dorsal fin origin

Shape of the first dorsal fin/

rear edge of the first dorsal fin more erect/straight

sloping/curved

Apex of first dorsal fin acute to sharply rounded pointed or narrowly rounded

Pectoral fin shape roughly straight curved, falcate

well behind first dorsal fin slightly behind first dorsal fin

Pectoral fin origin

Maximum recorded size

i ?
(in em TL) 305 (possibly 370) 4207
Maximum recorded weight
(in kg) 195 450
usually usually
14-1-14 14-1-14
14-1-14 14-1-14

Tooth formula but varying from

(13-15)-1(2)-(13-15)
(13-15)-1(2)-(13-15)

but varying from
(14-15)-1-(14-15)
(13-15)-1-(13-15)

* It has been noted for C. galapagensis collected from Walters Shoals that the central teeth varied
between one and two in each of 18 jaws examined but were usually single [77].
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The smallest, apparently free-living specimen of C. galapagensis ever seen was
66.5 cm [11]. Litter size in Galapagos sharks from Hawaii ranged from 4 to 16 pups,
with an average of 8.7 [63]. For Walters Shoals (southwestern Indian Ocean), the smallest
recorded specimen was 78 cm and had a visible umbilical scar, indicating that it was born
recently [77]. In Hawaiian waters, Galapagos sharks are born at just over 80 cm [63]. Here,
mating and parturition apparently occur early in the year, and gestation is estimated to
be about 12 months, with a possible biennial or triennial reproductive cycle [63]. The
maximum age for C. galapagensis was estimated as 24 years [82,83], and the maximum
length as 370 cm for the Hawaiian Archipelago, based on counting of the presumed annual
growth rings of vertebrae [84]. Age at maturity was reported to be 6-8 years for males and
6.5-9 years for females [63] for the Hawaiian Archipelago, although it was estimated that
first reproduction for both sexes is reached earliest in 10 years [84].

It was reported for C. galapagensis that it is missing distinctive fin markings [85,86],
which are generally associated with visual functions regarding interactions of sharks
with other shark specimens of the same or another species [86]. For 34 individuals of
C. galapagensis from Walters Shoals, it was noted that the fins are plain but with slightly
dusky tips in some individuals [77]. The body colour of this shark is dark grey dor-
sally and pale ventrally, showing the typical countershading present in most sharks. In
C. galapagensis, the tips of the fins, particularly the pectoral fins, are reported to be frequently
dusky [11], but this is not a feature of strong discriminating power because it applies to
many congeneric species (e.g., C. obscurus, C. amblyrhynchos, and C. perezi). The first and sec-
ond dorsal fins of C. galapagensis are, on average, higher than those of C. obscurus (Table 1).
The second dorsal fin is relatively large for a shark of the genus Carcharhinus (Table 1).
Although just slightly developed, a distinctive median interdorsal ridge is present on the
back, which is also present in C. obscurus. Due to its typical fusiform “reef shark” shape,
which resembles other reef sharks such as C. amblyrhynchos and C. perezi, and the lack of
distinctive markings on the fin tips, complexity in the identification of the Galapagos shark
is reality [87]. As such, the need for appropriate tools based on genetic investigation meth-
ods for safely distinguishing between C. galapagensis and C. obcurus was highlighted [34,88]
and would aid accurate determination of these sister taxa [89-93]. However, both can be
clearly separated on precaudal vertebrae numbers (103109 in C. galapagensis, 86-97 in
C. obscurus; Table 1).

A specimen of C. obscurus from Ascension Island was of more than 300 kg in weight [94]
and a female of C. obscurus of 284 cm Precaudal Length was reported with 450 kg in weight
from the southwestern Indian Ocean of South Africa [78]. However, it cannot be excluded
that the weight of the latter specimen was extraordinary due to pregnancy (comment by
the author), which is far above the maximum recorded weight (195 kg) for the close relative
but slenderer C. galapagensis (Table 1). The Galapagos shark has a relatively streamlined
body [95] (Figure 1). The anatomical differences in the recorded number of precaudal
vertebrae, the morphological deviations in the comparison between C. galapagensis and
C. obscurus, as well as the formation of a separate and distinct range area are good arguments
for legitimizing the delimitation of these two species at the species level and the treatment
of the Galapagos shark as a distinct species despite the anatomical and morphological
similarities of both [96].

3.2. Genetics

Genetic investigations of the genus Carcharhinus indicated that C. galapagensis is part of
a monophyletic group of large ridge-backed carcharhinids, including C. altimus (Springer,
1950), C. falciformis (Miiller & Henle, 1839), C. longimanus (Poey, 1861), C. perezi, C. obscurus,
and C. plumbeus (Nardo, 1827), even including Prionace glauca (Linnaeus, 1758) [90]. Herein,
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C. galapagensis is genetically very close and similar to C. obscurus, and also morphological
investigations of this group suggested that these both (C. galapagensis and C. obscurus) were
the centre of this group [11].

Due to their close relativeness, the genetic similarity of both C. galapagensis and
C. obscurus significantly complicates their distinction. Investigations based on NADH?2
(a mitochondrial gene) failed to distinguish between C. galapagensis and C. obscurus, lead-
ing to the presumption that C. galapagensis may merely represent the oceanic form of
C. obscurus [69]. Moreover, it raised questions regarding the species’ validity of both. Later,
investigations which added to the NADH2 mitochondrial investigation the use of SNPs,
were able to distinguish successfully between both taxa and confirmed their status as
distinct species [33]. In addition to the results of those genetic investigations, the author
of the present study refers to the morphological and anatomical features of C. galapagensis
and C. obscurus, and here particularly their apparent differences in precaudal vertebrae
(Table 1). As morphological and genetic investigations in biological sciences should always
go together, now with the tool of effective distinguishing methods based on the use of
SNPs, the results of both genetic and morphometric investigation approaches are now in
harmony regarding the differentiation between C. galapagensis and C. obscurus, justifying
their assessment as separate species.

Focusing on the genetics of both species, the finding that C. obscurus is genetically
similar to C. galapagensis for mtDNA first indicated these two species may be one and the
same and left the unresolved question of their species boundaries [69]. A genetic study
conducted in the past using mtDNA sequencing has found that specimens identified as
C. galapagensis from oceanic islands in the northwestern Atlantic Ocean were indistin-
guishable from specimens identified as C. obscurus collected off the U.S. east coast from
New Jersey to Florida [97]. These findings were interpreted as the result of an ancient
hybridization event where there has been a directional transfer of mitochondrial genes from
one species to another through the females [33,98]. The result that these species could not
be differentiated with the use of mtDNA only suggested that hybridization had occurred
among distant ancestors of the current population [98]. In this context, the question raised
whether these two species could interbreed [97], i.e., if timing and location of opposite
sexes ever co-occur during the mating season, or if they are able to produce viable offspring,
which is unknown. Further, the event of hybridization is remarkable in this respect because
a recent study [99] has shown in this context that sharks are generally characterized by
only slow rates of evolution, and hybridization can be assessed as one form of evolution in
species that contributes to adaptive capacities to different environments and to promote
the distribution of taxa [100].

From this point, the knowledge grew that DNA barcoding methods alone are not
sufficient for safely distinguishing C. galapagensis and C. obscurus because they share
mtDNA. Studies based on simple mtDNA barcoding failed to distinguish successfully
between C. galapagensis and C. obscurus [101,102]. Genetically, both sibling species share
mtDNA haplotypes [93], but they are distinguishable through studies based on SNPs [33].
Thus, every scientist should be aware that completely different pictures can emerge in
genomic data about C. galapagensis when using mtDNA or genome-wide SNPs [103].
However, the genetic investigations suggested that C. obscurus and C. galapagensis have
been divided just recently (quaternary) in the evolution of carcharhinid sharks, which
makes C. galapagensis a relatively young taxon [93,104].

The rising knowledge that C. galapagensis and C. obscurus share mtDNA was supported
by genetic investigations on five C. galapagensis populations in the Southwest Pacific aiming
to elucidate their relationship with the closely related C. obscurus by using SNP markers
in combination with mtDNA analysis [105,106]. Interestingly, at least 25 C. galapagensis
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specimens of this study exhibited mtDNA signatures similar to that found in specimens of
C. obscurus, while SNP data revealed two highly distinct Galapagos shark samples. The
majority of these outlier individuals were located within a proposed contact zone at the
Norfolk Islands where both share a sympatric range. The sharing of mtDNA presumably
results from ancient hybridization events in the past. Hybridization between distinct shark
species is very rare and was recognized only on a few occasions [107,108]. Thus, the genetic
similarity of C. galapagensis and C. obscurus results from relatively recent co-ancestry which
makes it difficult to differentiate between them in field investigations without high genetic
investigation effort.

In marine and freshwater sciences that focus on producing species inventories, envi-
ronmental DNA (eDNA) is nowadays commonly used for the detection of fish (and other
organisms). Unfortunately, due to their close phylogenetic relativeness, this method is also
not successful for the differentiation between C. galapagensis and C. obscurus. Investigations
based on the use of eDNA failed to procure evidence of C. galapagensis at Malpelo Island,
a location where this species is known to occur, because the required barcode sequence
is still unavailable, which makes this method inappropriate for detecting this shark with
precision [109]. Thus, the differentiation between C. galapagensis and C. obscurus and further
close relatives (e.g., C. longimanus) in studies based on eDNA is impossible because they
are indistinguishable using eDNA [110,111]. Further recent studies conducted and based
on the use of eDNA also failed to make evidence with certainty for both C. galapagensis
and C. obscurus [112,113]. The strong genetic similarity of both species is also problematic
in studies based on DNA barcoding with the use of PCR mini barcodes that target the
identification of shark fins sold on fish markets at the species level, which also failed
to effectively distinguish these two sibling species among themselves as well as from
C. longimanus and C. perezi [114-116].

The low nucleotide diversity of C. galapagensis and the existence of a morphologically
and genetically similar species, C. obscurus, support the presumption that the Galapa-
gos shark is recently derived [81,90,117]. Additionally, a radiation model developed for
carcharhinid sharks also suggests that C. galapagensis and C. obscurus have been divided
just recently [91]. Separate investigations on populations of both species revealed that
introgressive hybridization occurred historically as well as recently, raising the hypoth-
esis of ongoing hybridization [33,47,98]. These results may indicate that the Galapagos
shark is an evolutionary young taxon and not genetically stabilized yet. Four hybrid speci-
mens (including two backcross hybrids) from Cabo Pulmo National Park, Baja California
(n = 2), Clipperton Island (n = 1), and the Galdpagos Archipelago (n = 1) were detected
in a recent study [98]. As the investigations in this study have shown, C. galapagensis and
C. obscurus are compatible and can function as parental species of hybrids, which in turn
can be taken as an indication of their close relationship. Hybrids of C. galapagensis and
C. obscurus were reported recently, in particular from areas where both taxa share sympatric
ranges [88,98], although sympatric occurrences are generally uncommon because of the
spatial exclusion of both [33]. Due to their close relationship and based on the existence
of hybrids, specimens of C. galapagensis and C. obscurus are apparently compatible [118].
The author of the present study assumes that incidentally, when two mature specimens
of both resembling species meet, the lack of distinctive distinguishing features probably
could pose a problem for these species themself when identifying appropriate reproductive
partners of the same species. Therefore, it cannot be excluded that hybridization processes
between these two species are and were also favoured by confusion between individuals of
the species themselves, although these events seem to happen only on rare occasions and
are spatially restricted to a few contact zones.
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Results based on a single-locus approach have also shown that C. obscurus and
C. galapagensis could not be differentiated by conventional DNA barcoding due to a perva-
sive mitochondrial admixture [119]. Similar genetic methods previously used also failed to
distinguish both species and have led to the conclusion that the defining characteristics for
distinguishing these two species are habitat and precaudal vertebral counts [11,69]. It was
suggested that these two species may in fact be one and the same, but they exhibit consider-
able niche separation, with one form (C. galapagensis) being found far from landmasses, and
the other form (C. obscurus) occurring in association with continental shelves and upper
slopes [69,120]. Arguably, it is now clear that both are occupying different habitats and are
niched into different marine ecosystems, although both species co-occur at a few islands
(e.g., Norfolk Island, Revillagigedo Archipelago).

Currently, the taxonomic treatment and validity of C. galapagensis as a “true” species
are commonly accepted [4,7,121-123], although the taxonomic relationship between
C. galapagensis and C. obscurus possibly has not been finally resolved. In this context,
scientists and taxonomists currently are aware that the description of the genome and
DNA barcoding methods are not always sufficient to describe a species [124], and that
distribution is probably also a parameter that characterizes species. In this context, for
C. galapagensis, it was stated that it is partly defined by its preferred habitat: clear water
over rugged coral or rocky bottoms around offshore islands or seamounts, and occasionally
the edge of the continental shelf [7]. This geographic—ecological aspect matters because
defining species in terms of distribution and genetic uniqueness is critical for assessing
population units and implementing appropriate management actions for sharks [125].

3.3. Remarks on the Distribution, the Prevalent Research Need, and the Relationship to Humans

It was recognized that, with a few exceptions, C. galapagensis has been taken only
off oceanic islands and C. obscurus mainly off continental coastlines [11], and further that
C. obscurus and C. galapagensis are spatially segregated, with one (C. obscurus) dominating
in coastal, warm-temperate to subtropical habitats, and the other (C. galapagensis) generally
associated with subtropical and tropical oceanic islands [81]. Several other authors have
also referred to the apparent spatial exclusion of both C. galapagensis and C. obscurus. Indeed,
sympatric ranges of both species are scarce and restricted to a few localities worldwide
(e.g., Norfolk Islands, Revillagigedo Archipelago) that can be considered as contact
zones [126,127]. Although sharing sympatric ranges in a few locations, it is apparent
that these two species are mainly allopatric, spatially separated, and occupy different
habitats (insular = C. galapagensis vs. continental = C. obscurus) [26,69]. This suggests that
some mechanisms of spatial exclusion and niche separation affect both species.

Until recently, the Galapagos shark has received only a little attention in the scientific
literature in comparison to other shark species, particularly regarding its unique scattered
distribution pattern. Presumably, the occurrences around remote and isolated scattered
islands brings this species out of the reach of scientists because they are located at great
distances from human settlements. This causes a data gap regarding the knowledge
of its exact worldwide distribution. Therefore, C. galapagensis belongs as a not deeply
investigated shark species, with 193 literature records listed for C. galapagensis versus 594 for
C. obscurus [128]. Additionally, the prevalent data gap may also be the result of identification
challenges. Thus, the distribution limits of C. galapagensis are not well-defined due to a
lack of distributional data and because of permanent confusion with similar species [37,73],
especially with the closely related C. obscurus and the similar C. amblyrhynchos. With
both, the Galapagos shark was often confused in the past [11,26,72,75,129-132]. Such
confusions have occurred numerous times; for example, with C. obscurus at Bermuda
and St. Helena Island in the Northwest and Southcentral Atlantic [11] and at oceanic
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islands off western Africa in the Northeast Atlantic [133]. Confusion been also occurred
with C. amblyrhynchos at Lord Howe Island and the Elizabeth and Middleton Reefs in the
Southwestern Pacific [72].

Carcharhinus galapagensis grows to a large size, with adults occupying large prey items
(see Section 7), and can sometimes behave aggressively towards humans, particularly
towards divers [134]. Therefore, large specimens of this shark should always be treated
with caution. However, reported shark bite incidences involving Galapagos sharks are
scarce and only seldom reported [135], likely due to the remote distribution of this shark,
which results in only rare encounters with people, but also because of the prevailing
difficulties in distinguishing this shark from resembling whaler sharks, which makes it
difficult to identify the involved shark species with certainty. For example, only one
documented shark bite in the United States between 1982 and 2013, where a Galapagos
shark was suspected to be involved, was reported [136]. Further bites of a snorkelling
person and on a surfboard for which Galapagos sharks were suspected to be the culprit
occurred subsequently in the United States at the Hawaiian Archipelago in 2019 and 2023,
respectively, and are included in the “Global Shark Attack File” [137]. Other bites of divers
and snorkelers, where Galapagos sharks were suspected to be the species of matter, derive
from the Galdpagos Archipelago [137]. However, the only way to positively incriminate
this species is from a photograph or tooth fragment of the biting shark, which can be DNA
tested. Additionally, in a few locations where the Galapagos shark is abundant, this species
is competitive with commercial and recreational fishers via the depredation of catches, and
shark-human interactions can be an issue here [138-142].

4. Review of Records and Reports—Biogeography and Distribution of
Carcharhinus galapagensis

This study identified 69 verified and 27 unconfirmed or dubious today-known world-
wide records of Carcharhinus galapagensis across all three major ocean basins by literature re-
view as well as the investigation of accessible public databases (Supplementary Material S1;
Figures 2-6). These 69 verified records comprise 53 records around oceanic islands and only
16 at continental coasts, highlighting oceanic islands as the distributional strongholds of
this shark. The Galapagos shark can be considered a cosmopolitan-distributed species [143]
as well as a primarily insular species. The northernmost record of C. galapagensis in the
northern hemisphere was derived from the Azores Archipelago (37.15° N) in the Atlantic
Ocean [144], while the southernmost record in the southern hemisphere was derived from
the Walters Shoals (—33.20° S) in the Indian Ocean [145].

Until the middle of the 20th century, the Galapagos shark was once thought to be
limited to islands off western tropical America in the East Pacific, but already in the second
half of this previous century, it was also realized to occur around oceanic islands worldwide,
and that its range also spans the Atlantic and Indian Oceans. However, it was long believed
that C. galapagensis is exclusively a Pacific species [146], but, in the 1960s, it was also
discovered in the Indian and Atlantic Oceans as well. This shows that the mapping of shark
distribution is considered an ongoing progressive process that must be continued for the
most up-to-date state of knowledge. Regarding this, the prevalent difficulties of accurate
species identification of requiem sharks of the genus Carcharhinus may counteract these
efforts. In this context and with special emphasis on C. galapagensis, it was remarked that
the distribution limits of C. galapagensis are not well-defined due to the ongoing confusion
with C. obscurus [26] (compared in Section 3).

Regarding the distribution of C. galapagensis, it has been reported that it is confined to
areas surrounding islands and seamounts of volcanic origin [147], and that it is an insular
species known from all oceans [148]. Although the Galapagos shark is mainly confined in
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its distribution to isolated oceanic islands, its cosmopolitan range character does not make
this species a classic subject of island biogeography, as this discipline focuses primarily on
phenomena such as endemism, etc., in terrestrial biota. Nevertheless, some biogeographic
aspects such as dispersal, which is important for habitat connectivity and gene flow, come
to mind when sighting the distribution maps of C. galapagensis (see Figures 2—-6). Pursuing a
global approach such as in this study, it should also be considered that geographic distance
promotes genetic separation and diversification in species and their populations, which
is of phylogeographic significance. Finally, the worldwide distribution of C. galapagensis
in the Atlantic, Indian, and Pacific Oceans includes the following countries and oversea
territories according to the current state of knowledge [1,7,10,11,14,18,26,31,35] and based
on the collated data from this study.
Country occurrences of C. galapagensis (ordered alphabetically, only verified records

mentioned; stateless localities were also listed):

Angola, Australia (Elizabeth and Middleton Reefs, Lord Howe Island, Norfolk Island),
Belize, Brazil (St. Peter and St. Paul Archipelago), Chile (Easter Island, Salas y Gémez
Island), Colombia (incl. Malpelo Island, Gorgona Island), Costa Rica (incl. Cocos Island),

Cuba, Democratic Republic of Sao Tomé and Principe, El Salvador, Ecuador (incl. Galdpagos
Archipelago), France (French Polynesia, Clipperton Island, Europa Island, Bassas da India
Atoll), Guatemala, Honduras, Independent State of Samoa, Japan (Izu Islands, Mikomoto
Island, Zunan Islands, Ogasawara Islands, Amakusa Islands), Mexico (incl. Alijos Rocks,
Revillagigedo Archipelago), New Zealand (Kermadec Islands), Nicaragua, Panama, Peru,
Portugal (Azores Archipelago, Madeira, Savage Islands), Republic of Cabo Verde, Republic
of the Marshall Islands, Spain (Canary Islands), Republic of Suriname, United Kingdom
(Bermuda Island, Ascension Island, St. Helena Island, Pitcairn Islands), United States (incl.
American Samoa, Hawaiian Archipelago, Johnston Atoll, Mariana Islands, Phoenix Islands,
U.S. Virgin Islands), Union of the Comoros, Walters Shoals.
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Figure 2. Global distribution of Carcharhinus galapagensis showing confirmed (blue) and unconfirmed (yellow) records.
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4.1. Distribution in the Atlantic Ocean

This section is based on Supplementary Material S1 and summarizes the state of
knowledge of the distribution of C. galapagensis in this ocean basin. The first record of
C. galapagensis from the Western Atlantic Ocean derived from an incident that was attributed
to this species which occurred in the U.S. Virgin Islands, although this shark was reported
much earlier for this ocean basin in the historic literature under erroneous names (see
Supplementary Material S1). Nearly at the same time, this shark was also reported for the
first time from the Eastern and Central Atlantic Ocean under its valid name [129].

In comparison to the Indo-Pacific, the Atlantic Ocean harbours a lower number of car-
charhinid reef sharks. Out of Carcharhinus, only two members can be valued as true reef-associated
sharks that occur in the Atlantic Ocean: Carcharhinus galapagensis and C. perezi, whereas the latter
is restricted to the Western Atlantic Ocean and occurs in coastal waters from North Carolina to
southern Brazil, including a few occurrences around oceanic islands such as the Bermuda Islands
and the Fernando de Noronha Archipelago of tropical Brazil [7,71,149].

The Galapagos shark is widespread in the Atlantic Ocean but shows a very scattered
distribution here (Figure 3). Records of C. galapagensis at the continental coasts of the
North and South American continents are scarce (Supplementary Material S1). For the
United States, it has been recorded a few times from the coasts of North and South Carolina
and Florida [26,150-153]. In a field guide for sharks that occur in the Atlantic Ocean,
C. galapagensis was also included, but without distributional information [154].

—

1000 2000 km
——

Figure 3. Confirmed (blue) and unconfirmed (yellow) records of Carcharhinus galapagensis in the Atlantic
Ocean inferred from the literature references, including recorded long-distance movements of single specimens
(arrows). The numbers in the figure correspond with the numbers of Supplementary Material S1.

4.1.1. Distribution in the Northwest Atlantic Ocean
Bermuda Islands

At the Bermuda Islands, C. galapagensis was confused with C. obscurus (whose
occurrence here has never been proven verifiably yet) for more than 100 years and
erroneously reported under the latter’s scientific name (or one of its early synonyms) by
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several authors. However, there exists a detailed compilation of historical and recent
Galapagos shark records from this location, including a listing of voucher specimens
housed in different museum collections [71]. Requiem sharks that have been collected
and reported from here during the late 19th and early 20th centuries were commonly
misidentified and named either Carcharias obscurus [155-157], Eulamia obscura [158,159],
Carcharhinus platyodon [160], or Carcharias platyodon [157], all names that refer to C.
obscurus. Following investigations of collected material from the Bermuda Islands
revealed that these specimens belonged without exception to C. galapagensis [11,71]. In
an important historical work about sharks from the Western North Atlantic Ocean [161],
C. obscurus was reported for this location, but newer investigation results suggest that
this record was also based on C. galapagensis [71]. In 1981, the Galapagos shark was
reported under its valid and correct scientific name from the Bermuda Islands [162].
A tagging study on sharks in the Western North Atlantic was conducted by the U.S.
National Marine Fisheries Service (NMFS) Cooperative Shark Tagging Program between
1962 and 1993, that aimed to collect data on the migration behaviour of sharks [150],
from which new information for C. galapagensis was derived. This study included 329
Galapagos shark specimens (146 females, 141 males, and 42 specimens of unknown
sex) that were tagged at the Bermuda Islands [150]. The period of this previous study
was extended to 2013 [163], with an overall of 422 tagged Galapagos shark specimens
between 1962 and 2013. Several of the tagged and recaptured Galapagos sharks showed
long-distance movements, and some specimens migrated to the U.S. east coast (Figure 3).

However, fisheries around these islands have affected and altered the population
structure of C. galapagensis negatively. At the beginning of the 2010s, landing numbers
suggested a declining abundance of C. galapagensis as well as C. perezi, and an increasing
exploitation of large specimens of Galeocerdo cuvier (Péron & Lesueur, 1822) [164], and it
has been reported for this location that C. galapagensis is caught intensively in fisheries
and, therefore, its populations remain low [165]. However, 95% of the Galapagos sharks
that are caught around the Bermuda Islands are newborn [7], suggesting that these
islands are an important nursery ground for this shark in the Northwest Atlantic Ocean.
Contrary to this, it was reported for the Western Atlantic Ocean that C. galapagensis is
common off Bermuda [166], presumably information derived from before this shark
was heavily fished at this location, and that it also occurs off the U.S. Virgin Islands,
but it was suspected that this species is possibly more wide-ranging in the considered
area [166].

The Bahamas and Adjacent Areas

Some authors gave information that C. galapagensis can be occasionally found in
the Bahamas [26], but this may be based on confusion with the similar C. perezi. In the
Bahamas, C. perezi was commonly mistaken for C. galapagensis [167]. Thus, the occurrence of
C. galapagensis in the Bahamas is unconfirmed (Supplementary Material S1). Nevertheless,
in May of 1966, a research team consisting of D. de Silva, S. Gruber, and W. Richards
obtained one specimen of C. galapagensis (catalogue no. UF 130195) in open ocean waters of
the Atlantic, off Florida, halfway to the Bahamas. Therefore, the Galapagos shark can be
expected to occur around the Bahamas, although its presence here requires confirmation.
One male Galapagos shark of unknown size, tagged at the Bermuda Islands, was recaptured
in waters off northwestern Cuba in the waters of the Gulf of Mexico, at ~2000 km distance
from its tagging point [163].
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Mainland United States East Coast

A capture of a shark that could have been C. galapagensis was reported off the U.S.
east, but information on methods of identification or a specific location where this shark
was caught in the Northwest Atlantic Ocean was not provided [168]. However, it was
reported that very small numbers of Galapagos sharks are caught each year along the
Florida coast [74]. For the northwestern Atlantic Ocean, it was also reported that the
Galapagos shark occurs in the Bermuda and Virgin Islands but is rare along the U.S.
continental coast [169]. Another study reported that C. galapagensis was captured only with
two specimens in the bottom longline fisheries of the southeastern U.S. Atlantic during a
ten-year period (1994-2003), indicating that this shark is reaching the U.S. east coast only
on rare occasions [170]. This is consistent with the information derived from the further
literature references which informed that specimens of C. galapagensis occasionally stray
into the waters of the southeastern United States, but when taken by fishers, they get
usually confused with C. obscurus [26]. Two specimens of C. galapagensis, caught off the
continental United States, consisted of a 177.2 cm female caught off Daytona Beach, Florida,
in July of 1991, and another was caught in the waters off South Carolina [26]. Due to the
rarity of this species along the U.S. east coast, these specimens were apparently strays.

For the continental waters of the Northwest Atlantic Ocean and the southeastern
United States, a female Galapagos shark of 168.0 cm weighting 35.6 kg was caught in
August of 1990 during the 15th annual Poor Boy Shark Tournament at Shallotte Point,
North Carolina [151,152]. This specimen, which was the most unexpected capture of this
tournament, was captured on North Carolina’s continental shelf [152], and the subsequent
examination of this captured specimen, including measuring of the first and second dorsal
fins and a tooth account (14-1-14/14-1-13), the resembling C. obscurus which was also
captured during this tournament could be ruled out. A second single female Galapagos
shark of 150 cm was captured off Southport, Brunswick County, in April of 1990, at the
continental coast of North Carolina in waters of the Northwest Atlantic Ocean [153]. This
location is in approximately 1240 km distance to the nearest known insular occurrence of
this species at the oceanic islands of Bermuda. It is quite imaginable that this immature
specimen started its journey from this location as the Bermuda Islands are known to house
a resident population of Galapagos sharks [71]. However, C. galapagensis was evaluated as
rare in the waters of North Carolina [171], with only a few occasional records until today;,
which strengthens the presumption that these specimens were nomads.

Galapagos sharks found in the coastal continental waters of the U.S. east coast (North
and South Carolina, Florida) are presumably roaming specimens (strays, vagrants) and
probably derive from the Bermuda Islands, their insular stronghold in the Northwest
Atlantic Ocean, which is located at approximately 1050 km distance opposite to Cape
Hatteras (North Carolina), the nearest point on the North American continent. It can be
assumed that these few specimens reported along the U.S. east coast were originated at the
Bermuda Islands from where they likely started their journey westwards, heading to the
U.S. east coast. Investigation results from tagging studies [150,163] are also supporting this
assumption because scientists involved in these studies reported on a single specimen that
was tagged at the Bermudas, which was recaptured just south of Cape Hatteras.

United States Virgin Islands

The first record of this species from the Western Atlantic Ocean derives from the
Caribbean Sea. It is believed that a large Galapagos shark was involved in a fatal human-
shark incident at Magens Bay, St. Thomas, U.S. Virgin Islands, in April of 1963. The involved
shark specimen was caught and, in the following, examined at first by J. E. Randall, a well-
renowned ichthyologist, who reported on this case [172-174]. It was reported that a 10-foot
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ridge-backed carcharhinid shark had attacked and killed the U.S. Navy Lt. John Gibson
who was swimming at the surface in Magens Bay, St. Thomas [172,173]. The shark was
caught the following day in the bay with the right hand and other remains of the man in
its stomach. Randall flew to St. Thomas from Puerto Rico to examine the shark of which
obviously only remains were left. Randall’s research revealed that the shark was still in
the morgue at the Knud Hansen Memorial Hospital in Charlotte Amalie, but in such poor
condition that the hospital authorities had requested its disposal. However, Randall himself
examined those shark remains and concluded that it was a C. galapagensis, but he sent the
remains to the well-known shark expert J. A. F. Garrick for verification of his determination.
With the aid of a photograph of this shark specimen, the jaws and the teeth, several of the
fins, and numerous measurements, both Randall and Garrick were able to rule out C. perezi
and determined it in harmony as C. galapagensis.

However, investigating this case in retrospective, Randall obviously had doubts re-
garding his first determination result due to the strong similarity of many Carcharhinus
species and, therefore, he involved the expert Garrick again, who later revised the whole
genus Carcharhinus for further examinations and species confirmation. Garrick agreed with
Randall’s first species diagnosis due to the transmitted information and by an investigation
of the remains of this specimen [preserved as: UPRM 1140, 292.0 cm, &, jaws only], which
he had received from Randall. The features of this male specimen of C. galapagensis from
St. Thomas agreed widely with the diagnostic features that have been reported for this
species [172]. Later, during his extensive revision of Carcharhinus, Garrick investigated
this catalogued specimen for a second time, and he was not absolutely confident anymore
with the previous species diagnosis by Randall as well as from himself. Therefore, in his
revision, Garrick stated that the data from this specimen (measurements, vertebral count,
and photographs) and fragments, including the jaws he examined, conform closely to
C. galapagensis, although the teeth differ slightly in shape from material deriving from
the Eastern Pacific. Thus, Garrick encouraged the examination of further specimens from
the Caribbean region for comparison, particularly of adults, and that these are needed
to confirm this previous identification of the St. Thomas specimen. Although the num-
ber of precaudal vertebrae in the specimen from St. Thomas (104), already counted by
Randall, was in full agreement with C. galapagensis and within the range reported for this
species (103-109; Table 1), Garrick worded rather vaguely on Randall’s record: “Probably
in the Caribbean at the Virgin Islands.”, which can be understood as an expression of his
doubts regarding the species diagnosis. Finally, however, the record of C. galapagensis for
St. Thomas, U.S. Virgin Islands was assessed as confirmed by the author of this study
because there is also no more plausible explanation on species in question (and, conversely,
C. galapagensis cannot be ruled out with certainty).

From a biogeographical point of view, Randall’s record of C. galapagensis from the
Caribbean Sea is of distributional significance as well as scientific importance because
it represents the first record of the Galapagos shark from the Northwest Atlantic Ocean.
Even though Galapagos sharks can sometimes behave aggressively toward humans [134],
shark-human incidents involving this species were only reported seldomly, although their
number might be underrepresented due to confusion with similar members of Carcharhinus.
However, it is quite imaginable that a roaming adult of C. galapagensis has visited the waters
of the U.S. Virgin Islands as a nomad. Currently, it is known that the Galapagos shark can
be highly mobile under certain circumstances, and large-scale movements have also been
reported to occur in the Western Atlantic Ocean [150].
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Western Caribbean Sea

More recently, the first record of the Galapagos shark from the Western Caribbean
Sea was reported at Glover’s Reef, a partially submerged atoll located off the southern
coast of Belize, approximately 45 km from mainland Belize [175-177]. This atoll forms part
of the outermost boundary of the 300 km long Belize Barrier Reef, which is part of the
1120 km long Mesoamerican Barrier Reef System that stretches from the northern tip of the
Yucatdn Peninsula further to the northeast corner of Honduras. A 154 cm female Galapagos
shark was caught in May of 2001 at the edge of the reef slope, located at the southern
entrance of Glover’s Reef [175]. This specimen was positively identified as C. galapagensis
by appropriate DNA investigation methods and therefore verifiably distinguished from
C. obscurus [175]. This notable record was not only the first one for Belize [175,178], but it
was also just the second record of this shark for the entire Caribbean Sea, together with
the previous record by Randall [172]. This record extended the known distribution of the
Galapagos shark in the Northwest Atlantic Ocean to the Western Caribbean Sea. It was
concluded that the paucity of C. galapagensis from offshore coral reefs in the Caribbean
Sea is surprising and that this species may be relatively rare in the Caribbean, perhaps
due to competitive exclusion with the far more common reef-associated C. perezi [175].
However, it may be possible that confusions with similar carcharhinids, particularly
C. obscurus and C. perezi, have masked the distribution of C. galapagensis in the Caribbean Sea.
Carcharhinus galapagensis was often confused with the similar C. perezi in the northwestern
Atlantic Ocean [167]. The very scarce number of records from this region (Supplementary
Material S1) leads to the nearest explanation that the Belize specimen was a vagrant in the
Caribbean Sea which originated from residential populations around oceanic islands of
the Atlantic Ocean. Following on the unique record of C. galapagensis from Glover’s Reef
in 2001, it was assumed that the Galapagos shark may occur in other areas of the Belize
Barrier Reef due to the presence of suitable habitat [179].

Subsequently, based on the records for the U.S. Virgin Islands and Belize, C. galapagensis was
included in a checklist of fishes occurring in the Caribbean Sea [180] and an identification
guide to common sharks and rays of the Caribbean [181], although this shark is scarce
rather than common in this region, as indicated by the previous sections. Additionally,
C. galapagensis was mentioned in a listing of coral reef and coastal pelagic fishes of the
Caribbean Sea as a shark that undertakes large-scale movements up to 3000 km [182]
(compare to Section 6).

4.1.2. Distribution in the Southwest Atlantic Ocean

Information about the distribution and habitat use of the Galapagos shark around
islands and archipelagos of the southern Atlantic Ocean is scarce, as well as in the northern
Atlantic Ocean. Therefore, it was emphasized for C. galapagensis that further studies on the
biology of this species in the Southwest Atlantic Ocean are needed [183].

Brazilian Oceanic Islands

In the Southwest Atlantic Ocean, C. galapagensis was reported from several of
Brazil’s oceanic islands such as the Fernando de Noronha Archipelago, St. Peter and
St. Paul Archipelago, and Trindade Island, which is part of the Vitéria-Trindade Seamount
Chain [183-190]. However, the reports of C. galapagensis for the Fernando de Noronha
Archipelago and Trindade Island did not withstand a critical review (Supplementary Mate-
rial S1) and left the St. Peter and St. Paul Archipelago as the only location with verified
records of this shark in Brazilian waters. For the fauna of Brazil, C. galapagensis was included
in checklists of sharks and chondrichthyan fishes, respectively [183,191]. The Galapagos
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shark was also listed in a catalogue of Brazil’s marine fishes [192] as well as for Brazil’s
cartilaginous fishes [193].

Fernando de Noronha Archipelago

The reports of this species at the Fernando de Noronha Archipelago [185,186] and at
Trindade Island [188,189] are based largely on visual observations and demand confirma-
tion. Possible mistakes with the similar C. perezi, which is common at and confirmed for
the Fernando de Noronha Archipelago [194-198], are quite imaginable. In this context,
records of C. galapagensis for the Fernando de Noronha Archipelago were doubted [17].
Although the presence of C. galapagensis around the Fernando de Noronha Archipelago
could not be confirmed with certainty despite several reports (Supplementary Material S1),
this species can also not be ruled out at all at this locality. Scientific research and studies
focusing on sharks at the Fernando de Noronha Archipelago are mainly concentrated on a
few regions with waters shallower than 60 m in depth and outside of the protection zone
that was established around parts of this archipelago (B. Rangel, pers. comment). Therefore,
due to the suitable reef habitats provided around this archipelago, the occurrence of the
Galapagos shark on the deeper reef slopes in waters more than 60 m in depth cannot be
excluded with certainty. Thus, the confirmation of this shark for the Fernando de Noronha
Archipelago demands further investigations and research and its presence here remains
still to be discovered. However, competitive inter-species exclusion due to the presence
of C. perezi in this archipelago is also quite imaginable, but this deliberation is only of a
speculative nature.

St. Peter and St. Paul Archipelago

For the equatorial St. Peter and St. Paul Archipelago of oceanic Brazil, the occurrence
of the Galapagos shark is verified by numerous studies (the occurrence of C. galapagensis
around this archipelago is reported more deeply in Section 8.5). Historic references and
early reports remarked on the extraordinary number of sharks surrounding the rocks
of this archipelago, but without giving a species determination [199]. The first correct
species diagnosis of C. galapagensis for the St. Peter and St. Paul Archipelago was made
in 1982 [199]. Researchers who went to this remote archipelago noted that the majority of
the Galapagos shark specimens around these islands were relatively small (110-140 cm),
suggesting that this shark reproduces here [199]. Currently, the records of the Galapagos
shark from the St. Peter and St. Paul Archipelago represent the only reliable records of this
species for Brazilian waters (Supplementary Material S1) [17].

Trindade-Martin Vaz Insular Complex

The occurrence of C. galapagensis at the Trindade-Martin Vaz insular complex in the
Southwest Atlantic Ocean is unconfirmed and requires confirmation. Despite previous reports
of this shark to occur at Trindade Island [188,189], its presence there could neither be recorded in
subsequent studies of the elasmobranch fauna of this island group [200] nor in previous studies
that had investigated the inshore fish fauna of the Trindade-Martin Vaz insular complex [201].
Instead, scientists reported on occurrences of resembling whaler sharks such as C. obscurus and
C. perezi in this island group [201], both of which C. galapagensis was often confused with in the
past. Therefore, the record of C. galapagensis at the Trindade-Martin Vaz insular complex
needs confirmation.

4.1.3. Distribution in the Northeast Atlantic Ocean

At the beginning of the 1980s, C. galapagensis was still unknown from the waters of
the Northeast Atlantic Ocean. Some researchers stated that they have never observed
C: galapagensis in the waters of the East Atlantic yet, but they further deliberated that
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its presence here is very likely, presumably based on its occurrence already being recog-
nized around islands of the southern Atlantic Ocean such as Ascension and St. Helena
Islands [162]. Its presence along the Atlantic Ocean coast of the Iberian Peninsula was
supposed [1,39]. However, until today, records of C. galapagensis from the continental coast
of the Iberian Peninsula are still lacking and the presence of this species here needs further
documentation [202].

Mediterranean Sea

The identity of a Mediterranean carcharhinid record from Alicante, Costa Brava, Spain,
which was described by historic references [203] as Carcharhinus commersonii (Blainville,
1816), was critically discussed at the beginning of the Millenium [131]. Later, J. A, F, Garrick
investigated this C. commersonii specimen from Alicante and suggested that this may have
been C. galapagensis based on some morphometric features of this specimen, such as the
present interdorsal ridge [11]. However, this Alicante specimen was subsequently included
under C. obscurus [204], but this determination was questioned [131]. Until now, the exact
species identification of this specimen from Alicante is still pending and has not yet been
satisfactorily clarified. Consequently, the presence of C. galapagensis in the Mediterranean
Sea cannot be ruled out with certainty as well as its confirmed presence herein. Due to the
lack of reliability of the data for this species from the Mediterranean Sea, the Galapagos
shark was not included in relevant treatises about the Mediterranean shark fauna [205].

Macaronesian Islands

Contrary to its unconfirmed presence off the Iberian Peninsula in the Northeast
Atlantic Ocean including the Mediterranean Sea, the Galapagos shark has been recorded
from nearly all warm-temperate to tropical Macaronesian individual islands, island groups,
and archipelagos. These include the Azores Archipelago, Madeira, the Savage Islands,
the Canary Islands, and the Cape Verde Islands [1,11,120,144,202,206-210]. From Madeira
and the Canary Islands, this species is only known from sporadic records [206,211], and
its rareness here is presumably because these islands are visited irregularly by specimens
of this species. Nevertheless, the wide geographic appearance of the Galapagos shark
on islands in the Northeast Atlantic Ocean makes it a subject of the biogeography of the
Macaronesian ichthyofauna [212]. Until today, verified records of this species exist from all
locations mentioned above, although the presence of this shark around some islands of the
Macaronesian region may be only of sporadic nature without residential populations [211].

The records of C. galapagensis from Portuguese and Spanish islands such as the Azores
Archipelago, Madeira, and the Canary Islands (Lanzarote) in the Northeast Atlantic Ocean
have led to the inclusion of this species in the following checklists of fishes: checklist
of European marine fishes [213], checklist of European cartilaginous fish species [214],
checklist of European fishes [215], checklists of marine fishes of Portugal [120,202], and
the national checklist of marine fishes of Spain [209]. The references for these Portuguese
records of C. galapagensis (Azores Archipelago, Madeira) were compiled in detail [202].
Thus, C. galapagensis can be considered a native marine fish species of insular Europe.

Azores Archipelago

In detail, the first record of C. galapagensis from the Portuguese Azores Archipelago
was derived from captures of four juvenile specimens reaching from 86.5 to 99 cm near
the Formigas islets [144]. These four juvenile specimens of C. galapagensis were caught in
July of 1988 by recreational anglers [216]. Following this, four juveniles of C. galapagensis
were photographed in the same area during diving operations at Dollabarat Reef (Formigas
Bank) in August 2005 [211]. It was reported that the Galapagos shark was never recorded
in the commercial longlining fisheries observer programme of the Azores [211], suggesting
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that it is rare in this archipelago. Local experts (M. Machete and M. Santos) reported
that the Galapagos shark was recorded only once in the year 2000 in over 340 sets of
experimental longlining conducted at the Azores Archipelago, suggesting that specimens
of C. galapagensis only exceptionally reach the region [211]. A photograph of a small juvenile
specimen of C. galapagensis (94.0 cm, male) that was captured at Faial Island in the Azores
Archipelago in August of 2000 is displayed in the image gallery for the Galapagos shark
provided in the public database “FishBase” [217].

Apparently, the Galapagos shark is rare in the Azores Archipelago and has only
been recorded seldomly. Therefore, this shark was assessed as a vagrant in the Azores
Archipelago [218], although the presence of small juveniles indicates the use of this
archipelago by this species for reproduction. However, the occurrence of C. galapagensis
in the Azores Archipelago was discussed in the context of a putative current tropicaliza-
tion process in the Azores fish fauna because of the mainly tropical distribution of this
shark [211]. Carcharhinus galapagensis was considered rare at the Azores Archipelago, and it
was occasionally seen associated with seamounts such as the Formigas Islets, Dollabarat
Reef, and Princess Alice Bank [68,219]. Despite these numerous verified records of the
Galapagos shark at the Azores Archipelago, its occurrence here was still doubted [39],
presumably resulting from the ongoing confusion of C. galapagensis with C. obscurus
that also occurs in the Macaronesian region. However, until nowadays, records of
C. galapagensis from the Azores Archipelago consists exclusively of small juveniles. De-
spite the repeated reports of juvenile specimens from this location, which could indicate
a nursery area at this site, the reports of this species from here are of primarily sporadic
nature, and the documented rarity of this species at the Azores Archipelago is lead-
ing to the conclusion that the Galapagos shark does not have a residential population
here (Supplementary Material S1). In conclusion, the status of this shark in the Azores
Archipelago needs deeper investigations.

Canary Islands

For the Canary Islands, C. galapagensis was reported from the marine reserve La
Graciosa, north of Lanzarote Island [206]. In contrast to the presumption by scientists
who speculated that the occurrence of the Galapagos shark in the North Atlantic could
result from a tropicalization process [211], for the Canary Islands, other scientists resumed
that the occurrence of C. galapagensis at this location is not correlated with a rise in water
temperatures and, moreover, that this species has presumably occurred here long before it
was discovered [206].

4.1.4. Distribution in the Southeast Atlantic Ocean

The Galapagos shark was included in a compilation about the marine fishes of
Angola in the Southeast Atlantic Ocean (Supplementary Material S1), but details on this
occurrence here is lacking [220]. The verification of this largely unsustained report was
made more than 30 years later by a tagging study, in which one adult female specimen
of C. galapagensis that was tagged at St. Peter and St. Paul Archipelago, was found
later in waters off the Angolan coast [36]. This tagged specimen had crossed nearly the
entire Atlantic Ocean from west to east and could have been attracted by the suitable
habitat provided by the Ombaca Canyon and Seamount Complex along the Angolan
coast as this shark shows a preference for offshore seamounts. Apparently, the Galapagos
shark occasionally moves to the African continental coast from distant islands in the
Atlantic Ocean.

Carcharhinus galapagensis was included in a compilation of marine fishes from the
Gulf of Guinea [221], very likely referring to the occurrence of this shark around Sao
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Tomé because this island is situated in the easternmost part of the tropical Southeast At-
lantic Ocean (Supplementary Material S1). For Ascension Island, a mixed demographic
population structure of C. galapagensis was reported, and that this shark can be encoun-
tered here in large groups of dozens of differently sized individuals [94]. Further, a
strong site fidelity of C. galapagensis around the seamounts adjacent to Ascension Island
was also reported, but, additionally, that no Galapagos sharks were observed at the
Harris Stewart Seamount located 295 km to the west [222]. This is widely consistent
with other reports that informed that the Galapagos shark is the most encountered shark
around Ascension’s coast and the shallow-water seamounts [25]. At Ascension Island,
Galapagos sharks can be found at much higher densities within 5 km of the seamounts
than in the surrounding open ocean [25]. This may suggest site-attachment of C. gala-
pagensis to these seamount habitats at Ascension Island. A recent study also reported
on strong C. galapagensis site-attachment to seamounts (Grattan and Young seamounts)
some 260-320 km offshore to the south from Ascencion Island [223]. By the tagging of
17 specimens ranging between 120 and 245 cm, this study revealed that the Galapagos
sharks often resided around these seamounts for months to years [223]. For Ascension
Island, recently, a putative increase in the numbers of C. galapagensis was reported based
on information derived from interviews with residents [224]. Possibly, this increase is
caused by shifts in numbers of other marine predatory species, but it may also indicate
increased use of inshore habitats by this shark or recovery from previous depletion
by fisheries. The Galapagos shark has been reported to be moderately common at St.
Helena Island and generally of a small size here (seldom over 150 cm long), which may
indicate that this species reproduces here [225,226].

4.2. Distribution in the Indian Ocean

This section is based on Supplementary Material 52 and summarizes the state of
knowledge of the distribution of C. galapagensis in this ocean basin.

Verified records and reports of the Galapagos shark from nearly the entire Indian
Ocean basin are scarce. Currently, verified records of C. galapagensis derive only from
less than a handful of sites that are exclusively located in the southwestern part of this
ocean basin, namely in the Mozambique Channel and south of Madagascar (Figure 4).
However, for the Indian Ocean, some reports of C. galapagensis are unsustained and pre-
sumably based on misidentification with other carcharhinids. Carcharhinus galapagensis
was reported to occur in India’s commercial fishing zone [227], but this is quite imprecise
distributional data and probably based on confusion with other members of Carcharhi-
nus. The Galapagos shark was also listed in a recent study about the reconstruction of
industrial catches for large pelagic species that are harvested in the Indian Ocean and
that this species gets harvested by industrial fisheries in this area [228], but this is also
quite undetailed spatial information.

4.2.1. Distribution in the Northwest Indian Ocean

A neonate specimen of C. galapagensis was reported from the Sea of Oman with the
proclamation that it represents a considerable northern range extension in the Indian
Ocean [229,230]. Moreover, it was assumed that this record was the first from Omani
waters and indication for a possible presence of a breeding population of the Galapagos
shark along the coast of Oman in the northern Indian Ocean due to the putatively small
size of this specimen (however, no information on the size of this specimen was provided).
Later, C. galapagensis was listed in a summary of confirmed elasmobranch species from
Omani waters based on the belief that this record is valid [231]. Unfortunately, this neonate
specimen was neither catalogued nor reliable photographs of this record were made, which
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makes a verification of this record impossible. However, this unconfirmed record of this
hard-to-determine species persisted in the subsequent literature and was long-lasting in
following treatises dealing with the elasmobranch fauna of the Arabian region, and not
all scientists doubted the Omani record. For example, it was presumed that this species
could also possibly occur and be present in the neighbouring Persian Gulf [232]. However,
the Omani record of C. galapagensis remained not without doubts, and this species was
excluded from a guide to the sharks of the Arabian Seas due to the limited information
on this occurrence [233]. In the following, because of a lack of information and missing
accuracy in the documentation of this Omani record of C. galapagensis, it was stated certainly
correct that this record needs confirmation [234].

4.2.2. Distribution in the Southwest Indian Ocean

The Galapagos shark was included in a list of common and scientific names of the
fishes of Southern Africa [235], whereby the term “Southern Africa” is to be understood
here as broad and presumably also includes the stateless Walters Shoals in the southwestern
Indian Ocean. Carcharhinus galapagensis was reported from Madagascar [14], arguably in
the belief that Walters Shoals belongs to this country. The same mistake occurred repeatedly
in further references. The Galapagos shark was reported from “southern Madagascar” and
was included in a checklist of the fishes of Madagascar [236], probably due to the belief
that Walters Shoals belong to the territorial waters of Madagascar, but it is proven that
these shoals are lying outside of national boundaries (Madagascarian Economic Exclusive
Zone; hereafter abbreviated with: EEZ). Carcharhinus galapagensis appeared also in a list
containing the chondrichthyan fishes of Madagascar [237]. Presumably, this report also
refers to the occurrence of this species at the Walters Shoals.

Information was reported about an occurrence of C. galapagensis in the Seychelles,
derived from shark fisheries reports [238] as well as compilations of the species of sharks
found in the Seychelles [239,240], but without further information regarding identification
or distribution, although it was believed to occur in the Seychelles [240]. Due to this
very vague information, all these reports were evaluated as unconfirmed records of the
Galapagos shark in the Seychelles in the southwestern Indian Ocean. Possibly, the account
of C. galapagensis was the result of confusion with the similar C. amblyrhynchos, which is
verifiably reported to occur in the Seychelles [7]. However, the more than one hundred
islands of this archipelago could probably provide suitable habitats for the Galapagos
shark, a species that exhibit a preference for remote islands and atolls [48]. Nevertheless,
evidence of its occurrence here could not be made yet.

Walters Shoals

The first report of C. galapagensis from the Indian Ocean was made in 1964 from the
Walters Shoals to the south of Madagascar, a remote group of submerged and shallow
seamounts of the southern Madagascar Ridge [145,147]. The Walters Shoals are located
845 km south of Cape Sainte Marie (Madagascar) and 1210 km east of Richards Bay
(South Africa). The tips of some of these seamounts are only 18 m below the surface [241].
They were discovered relatively late in 1963 and named after Charlie Walters, a South
African captain and hydrographer of the 1950s. This Indian Ocean record was made al-
most at the same time when this species was also reported for the first time under its
valid name from the Western, Central, and Eastern Atlantic Ocean [129,172,173]. It was
reported that four specimens of C. galapagensis were obtained from the Walters Shoals
during a fish survey that was conducted by the South African Oceanographic Research
Institute in February 1963 [145]. Unfortunately, no information on the size of the caught
specimens was provided. When the Walters Shoals were discovered in 1963, they were
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inhabited by a huge and pristine population of Galapagos sharks, but the scarce informa-
tion available indicate that the number of sharks has since decreased largely because of
overfishing [242]. Carcharhinus galapagensis was not recorded in a survey targeting Walters
Shoals anymore in 1988, but instead C. plumbeus [241], which may indicate overfishing of
the local C. galapagensis stock.

Bassas da India Atoll

For the Indian Ocean, some authors pointed out for C. galapagensis, that the difficulty
of its identification makes it probable that this shark occurs at other localities in this
ocean basin where it has not been recognized yet, and in hindsight, these authors
were right [77]. Following the first record of the Galapagos shark from the Indian
Ocean at the Walters Shoals in the 1960s [145,147], the second record from this ocean
basin, and simultaneously the first record from the Mozambique Channel, was reported
more than 40 years later for the Bassas da India Atoll in 2005 [243]. Large numbers of
juvenile Galapagos sharks were reported to occur at this atoll [243], suggesting this reef
system could function as a nursery area for this species in the Mozambique Channel
(Supplementary Material S2). However, it should be noted that subsequently, the results
of an expedition by the Oceanographic Research Institute (South Africa) to Bassas da
India Atoll conducted in 1991 were reported, when this species has already been recorded
at this atoll at the beginning of the 1990s [244]. Therefore, the verified presence of
C. galapagensis at Bassas da India can be backdated to the year 1991, which predates
the first published record which authors were in the belief that they were the first who
recorded the Galapagos shark from the Mozambique Channel [243]. Additionally, a
further reference was reporting C. galapagensis in the Bassas da India Atoll in high
numbers [245].

Due to these reports cited above, the rarity of this species in the entire Indian
Ocean, and the assumed function of this site as a place for the reproduction of Galapagos
sharks, the Bassas da India Atoll has become an Important Shark and Ray Area (ISRA)
because of undefined aggregations (=aggregations or assemblages regularly and/or
predictably occur, year-round or seasonally, but the function is currently unknown) of
this shark occurring here. Therefore, the delineation of an ISRA for Bassas da India Atoll
is based on the consideration of its biogeographic significance and assumed reproductive
importance for this species and was initiated by the author of this study [246]. It should
be noted that due to its remoteness, the shark population at Bassas da India may be
susceptible to high fishing pressure because fishing fleets can operate here out of control
by authorities.

Europa Island

The third record of C. galapagensis for the Southwest Indian Ocean was derived for
the French Europa Island, also located in the Mozambique Channel [247-249] (Figure 4).
It was reported that C. galapagensis is the most abundant species of shark at Europa
Island and that this site could be, like the Bassas da India Atoll, a further nursery area for
Galapagos sharks in the Southwest Indian Ocean due to the high numbers of observed
juveniles here [249]. Other studies did not report C. galapagensis for Europa Island but
instead the resembling C. obscurus [250] with reference to earlier reports [251], possibly
based on a mistake with the similar C. galapagensis, as this species is known now to occur
verifiably at Europa Island.
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Figure 4. Confirmed (blue) and unconfirmed (yellow) records of Carcharhinus galapagensis in the
Indian Ocean inferred from the literature references. The numbers in the figure correspond with the
numbers of Supplementary Material S2.

Grande Comore (Comore Islands)

This record of C. galapagensis is exclusively based on a work that referred to an ex-
amined specimen (jaws preserved only) collected at this locality and currently held in the
J. L. B. Smith Institute, South Africa (uncatalogued) [252]. The author of this study had no
opportunity of revising this voucher and therefore, he could neither revoke nor confirm this
record with certainty. However, the jaws of C. galapagensis may be sufficient for a reliable
species determination and differentiation from other members of Carcharhinus based on the
tooth formula (Table 1). As such, with no evidence that this record is erroneous, the author
valued this record as confirmed.

4.2.3. Distribution in the Northeast Indian Ocean

For the Northeast Indian Ocean, an unsubstantiated report of a putative occurrence of
C. galapagensis was derived for Myanmar [253]. Presumably, this report is mainly based on
the misidentification of C. galapagensis and confusion with other species of Carcharhinus.

4.2.4. Distribution in the Southeast Indian Ocean

Carcharhinus galapagensis was reported to occur at the Northwest Cape of Australia [33,41].
However, these reports of the Galapagos shark from here were unsustained due to a lack
of verifiable data such as collected specimens, photographs, or DNA analysis of sharks
sufficient for a confirmed record. Important works about the fish and shark fauna of
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northwestern/western Australia did not mention records of C. galapagensis [18,254,255].
Based on this uncertainty, it was emphasized that records of C. galapagensis from off the
Northwest Cape require confirmation [256]. Thus, the presence of C. galapagensis along
Australia’s coast in the Southeast Indian Ocean remains unconfirmed. It cannot be excluded
that the records of C. galapagensis from here are derived from mistakes with C. obscurus, a
species known to occur in this region [257].

4.3. Distribution in the Pacific Ocean

This section is based on the Supplementary Material S3 and summarizes the state of
knowledge of the distribution of C. galapagensis in this ocean basin.

The Galapagos shark is a transpacific (=amphi-pacific) shark that occurs on both sides
of the Pacific Ocean, and around several islands between the margins of this ocean basin
in the Central Pacific (Figures 5 and 6). Like in other ocean basins, its distribution here is
also highly scattered, with numerous widely separated occurrences around remote and
isolated oceanic islands and adjacent continental coasts, the latter primarily diagnosed in
the Tropical Eastern Pacific region.

4.3.1. Distribution in the Northwest Pacific Ocean
Japanese (Oceanic) Islands

The investigation of the Japanese literature containing information on elasmobranchs
by the author of this study brought to light that C. galapagensis is more widespread in the
archipelagos of Japan and in the northwestern Pacific Ocean than previously believed,
and that these Japanese records are commonly underrepresented in most publications
and treatments about the fish and sharks of this region (Supplementary Material S3).
Therefore, these occurrences were commonly not mentioned in most of the available
distribution maps. Apparently, the Galapagos shark occurs around more oceanic islands
of subtropical Japan than most people are aware of. Currently, C. galapagensis is known
from five different locations in subtropical Japan. The Ogasawara, Zunan, and Izu Islands
are building an island chain in the Northwest Pacific Ocean and the waters of Japan’s
EEZ. These subtropical offshore islands provide suitable habitats for C. galapagensis, and
this species has been reported from here by several authors (Supplementary Material S3).
Additionally, C. galapagensis also occurs at the Amakusa Islands and Mikomoto Island, the
latter representing an isolated seamount just ~8 km off the Japanese mainland (Honsh),
from where it has been reported recently [258]. This makes the number of locations with
known records of C. galapagensis from Japan five. All these locations mentioned before can
be assessed as data-poor regions regarding the knowledge of their elasmobranch fauna
because studies on elasmobranchs from these localities are scarce. However, all these
Japanese offshore islands are suggested to function as stepping stones for the occurring
fish fauna [259].

The first record of C. galapagensis from Japanese waters was made in the middle
of the 1980s from the Ogasawara (=Bonin) Islands, about 1000 km south of Tokyo, and
its presence was also suggested in the adjacent Izu Island waters [260]. For the latter,
subsequently, the presence of the Galapagos shark at the Izu Islands got verified by reports
of catches of this shark at Hachijo Island [261]. Later, catches of C. galapagensis were also
reported in the waters around Hachijo Island, Izu Islands, between 2005 and 2010 [262].
The first record of C. galapagensis from Japan’s Zunan Islands, a group of uninhabited
volcanoes 360—-650 km south of Tokyo, was made by 11 voucher specimens and additional
underwater photographs of this shark [263]. Previously, C. galapagensis was mentioned in a
widely neglected publication from the Amakusa Islands (Kumamoto Prefecture) adjacent
to Kyushu, the southernmost of the four Japanese main islands, in which the Galapagos
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shark was reported for the first time from this locality [264], whereas this record is mainly
based on tooth characteristics. This record from Amakusa Island was confirmed in the
following [265]. The presence of C. galapagensis at Mikomoto Island, a small oceanic
seamount adjacent to the Japanese coast, was described for the first time at the beginning
of the 2020s [258]. This study made evidence of the residency of Galapagos sharks at this
site by using acoustic and satellite tagging, suggesting that this shark has a residential
population at Mikomoto Island, although one tagged specimen conducted a large-scale
movement of ~800 km to the east of the Japanese mainland into open Pacific Ocean waters.

For the southernmost Japanese waters, there are two further not well-documented
records of C. galapagensis from the Ryukyu Islands. The capture of two specimens of
C. galapagensis with longline fishing gear in reef slopes and offshore habitats in the Ryukyu
Islands of subtropical Japan was reported around the Millenium [266]. Additionally, a study
informed about the examination of stomach contents of five specimens of C. galapagensis
caught at the Yaeyama Islands of the southern Ryukyus [267], but no further information
was provided. Although these reports of C. galapagensis for the Ryukyu Islands [266,267]
cannot be assessed as confirmed records due to the lack of important information regarding
morphological characteristics and diagnostic features that verifiably allow the identifying
of this species, it is quite imaginable that the Ryukyu Islands, comprising more than
100 single islands, provide suitable island habitats for the Galapagos shark. However, there
are no further records and reports on the occurrence of the Galapagos shark at the Ryukyu
Islands, but perhaps it is worth paying attention to this species there in future studies on
elasmobranchs and fish.

However, for Japan, it should be noticed that the report of one museum specimen
(ZUMT 64458: 72.7 cm, &, immature embryo) that was collected at the Ogasawara Islands
in 1913 by S. Fujimori [268] outdates the first record of C. galapagensis for Japanese waters,
as published earlier in the literature [260]. Based on these verified records mentioned
above from at least five different locations across Japan, the presence of C. galapagensis
in Japanese waters is confirmed. Mainly based on the first scholarly evidence of the
Galapagos shark for Japan [260], C. galapagensis was listed in an extensive work on the
Japanese ichthyofauna [269]. The Galapagos shark was also included in the more recent
compilation of the Japanese ichthyofauna [270]. Additionally, the Galapagos shark was
mentioned in a list of major shark species that are regularly caught by the Japanese fishing
fleet [271].

Wake Atoll

The occurrence of C. galapagensis at the remote Wake Atoll was reported in an updated
table that included fishes of special conservation concern [272], referring to the previously
published checklist of fishes of Wake Atoll from four years before, in which the Galapagos
shark was not yet mentioned [273]. Wake Atoll is located between the Mariana Islands
and the Hawaiian Archipelago in the Western Central Pacific, approximately 2500 km
to the northwest of Johnston Atoll and 3700 km to the west of Hawaii and belongs to
the most remote and isolated islands in the world. In an updated and more recently
published checklist of the fishes of Wake Atoll, including a review of records of requiem
sharks (genus Carcharhinus) that were reported for this remote atoll, C. galapagensis was
not mentioned [274]. Instead, in this treatise, it was referred to an old report [275] of
Carcharhinus obscurus for the Wake Atoll under the name Eulamia commersonii (Blainville,
1816), a synonym of C. obscurus [276]. For this historic report, the authors of this study
collected a specimen of what they named E. commersonii at the Wake Atoll and deposited
this in the Bishop Museum as a voucher specimen (BPBM 3500). Unfortunately, this
specimen has since been lost, and the original identification is in question. A recent
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publication provided information that C. amblyrhynchos is the only species of Carcharhinus
that frequently occurs at the Wake Atoll and that this species could foreseeably have been
misidentified as C. obscurus [274]. However, even when the true identity of the lost voucher
specimen of E. commersonii, once deposited in the Bishop Museum, will possibly never be
uncovered, in the author’s opinion, even C. galapagensis cannot be ruled out as a mistaken
species because it resembles C. obscurus in many morphometric features, which has led to
many confusions and many misidentifications of both species in the past [72]. Additionally,
C. galapagensis is well-known today to occur around oceanic islands opposite to C. obscurus,
which commonly occurs at continental landmasses and shelves. However, because the
occurrence of the hard-to-determine C. galapagensis at the Wake Atoll derives only from a
compilation of fish without providing any further information, the presence of this species
at Wake Atoll is assessed as not confirmed and requires verification.

Micronesia

For the Western Pacific regions south of Japan, it was reported that C. galapagensis
is distributed throughout Micronesia [277], but this information is quite imprecise and
does not contribute to a detailed listing of records. The first record of C. galapagensis from
the Mariana Islands derived from reports of captures of this shark from Guam [278,279].
Further, it was also reported that this shark seems to be the most abundant shark around
Guam in waters deeper than 70 m depth [279]. For the waters surrounding Palau, one
captured specimen of C. galapagensis that was caught in the Palau-based pelagic longline
fishery during an observation period consisting of 12 years was reported [280], indicating
that this species is rare here. Possibly, this was a roaming specimen under the premise
that the determination was accurate. Other authors emphasized that the occurrence of
C. galapagensis at the Palau Islands require verification due to the circumstance that it is
reported from here mainly by fishery reports, but they also pointed out that its occurrence
is within the expected range and environmental envelope [281]. Considering that all
reports of C. galapagensis from Palau are not verified by proofed voucher specimens or
genetic investigation results that could support reliable evidence, the record of this species
from Palau was assessed by the author as unconfirmed. The presence of C. galapagensis in
Philippine waters was expected [282], although this species was not recorded there yet. Due
to its character as an island state comprising more than 7500 islands, the Philippines may
provide suitable environments for this shark that are mainly confined to insular habitats.

Southeast Asian Pacific (Vietnam, Thailand, Malaysia, Brunei Darussalam)

An unsustained report on a putative occurrence of C. galapagensis was derived for
the continental waters off Vietnam [283]. Presumably, this report is mainly based on
the misidentification of C. galapagensis and confusion with other species of Carcharhi-
nus. For Southeast Asia, C. galapagensis was suspected to occur in the oceanic waters off
Thailand [284]. Further, there is also an unsustained report on the first record of C. galapa-
gensis from Malaysian waters with no information from which locality this record derives,
although a picture of a specimen was provided [285]. The captures of two specimens of
C. galapagensis were reported from northern Borneo, South China Sea: one juvenile speci-
men of 84.5 cm caught at Jerudong in Brunei Darussalam waters and one adult specimen of
238 cm caught at Bintulu, Sarawak in Malaysian waters [286]. Additionally, these records
were documented by voucher specimens (catalogue nos.: MSR 468, MSR IPP 13; Supplemen-
tary Material 53), and in this publication, a picture of one of these putative C. galapagensis
specimens (catalog no.: MSR 468, 84.5 cm, immature ') was provided [286]. According
to this reference [286], these specimens are representing the first records of the Galapagos
shark from the states of Brunei Darussalam and Malaysia, and it was further stated that
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C. galapagensis is rarely caught here and is also very rarely found on the fish market in
Brunei Darussalam. However, these records from Brunei Darussalam and Malaysia were
doubted, and, by referring to this picture of C. galapagensis as displayed in the publication
about the Brunei Darussalam record, renowned shark scientists and experts remarked that
this specimen is most likely a juvenile male of C. amblyrhynchos [287], a species of which
C. galapagensis was often confused with in the past [72]. Unfortunately, the author of the
present study could not verify this record based solely on the picture provided in this
publication. He therefore strongly recommends a critical review of the collected material to
provide clarity on this matter. Thus, the records of C. galapagensis from Bornesian waters
both of Brunei Darussalam and Malaysia demand confirmation. However, because of
the two unverified records for Malaysia [285,286], C. galapagensis found entrance in the
compilation of Malaysian marine fish names [288].

Other scientists proclaimed that they have made the first record of C. galapagensis in
Indonesia due to investigated shark fins from all over Indonesia [289], but these researchers
used inappropriate investigation methods based on mtDNA (DNA barcoding) that fail to
distinguish verifiably between C. galapagensis and C. obscurus (compare Section 3). Therefore,
this record was assessed as doubtful. Another study reported on the verification of both
C. galapagensis and C. obscurus from Banggai Island, Central Sulawesi, Indonesia, by using
eDNA [111]. This method can be assessed as totally inappropriate for safely distinguishing
two close-related sharks that share mtDNA and can be only verifiably identified by using
SNPs. Thus, this report of the Galapagos shark from Indonesia is also assessed as doubtful.

Pacific
Ocean

V 0 750 1500 km
[ |

Figure 5. Confirmed (blue) and unconfirmed (yellow) records of Carcharhinus galapagensis in the
Western and West Central Pacific Ocean inferred from the literature references. The numbers in the
figure correspond with the numbers of Supplementary Material S3.

Finally, reliable information about the distribution of C. galapagensis in the island
states and archipelagos of Southeast Asia (e.g., Indonesia, The Philippines) is lacking. The
few records from this region are all doubtful or unconfirmed. Thus, the presence and
distribution of the Galapagos shark in this region must be investigated in more depth for
clarification of its presence here.
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4.3.2. Distribution in the Southwest Pacific Ocean
Kermadec Islands

The subtropical Kermadec Islands comprise the only known occurrence of C. galapa-
gensis in New Zealand’s waters. This occurrence of C. galapagensis has led to the inclusion
of this species in several national checklists, reviews, and essays that provide compre-
hensive lists about New Zealand’s fish fauna [290-295]. This shark was also mentioned
in an extensive literature review of the marine fishes of New Zealand that included a
short bibliography about the New Zealand records of C. galapagensis [296]. For the Ker-
madec Islands, it was reported that this shark is mainly restricted here to depths less than
50 m [297], which means that it inhabits only a small habitat area and is restricted to shallow
coastal waters. Additionally, it was emphasized that the marine reserve status has protected
this species in the past and maintained it at natural levels of abundance [297], which is
pleasant from a conservation point of view.

Historically, C. galapagensis was collected from the Kermadec Islands during the British
Challenger Expedition in 1873-1876 and reported as Carcharias lamia (Risso) (not Rafinesque,
1810) [298,299]. Recently, this historic report of C. lamia was revised as C. galapagensis [300].
In a further historic account [301], C. galapagensis was reported undetermined as Carcharias
spec. from the Kermadec Islands [300]. More recently, scientists wrote that C. galapagensis
is common at this location and attains a length of at least 300 cm [302]. However, for
completeness, the Galapagos shark was not mentioned in some previous scientific surveys
on the marine fauna of the Kermadec Islands [303,304].

Australian Islands

In Australian territorial waters in the Southwest Pacific, the distribution of C. galapa-
gensis is restricted to the remote Norfolk Island, Lord Howe Island, and the Elizabeth and
Middleton Reefs (Supplementary Material S3). Reports from the Northwest Cape and along
the east coast of continental Australia such as the Great Barrier Reef are unconfirmed. For
Lord Howe Island, it was reported that C. galapagensis is common outside the lagoon and
inside at night [148]. Further studies provided information that the Galapagos shark occurs
at Lord Howe Island and the Elizabeth and Middleton Reefs off New South Wales [305],
while several reports informed that C. galapagensis is the most common shark around Lord
Howe Island and occurs in high densities [138,140,306,307]. Collected voucher material
of C. amblyrhynchos from Lord Howe Island, Elizabeth and Middleton Reefs, and Norfolk
Island did not withstand a critical check and was revised exceptionless as C. galapagen-
sis [72]. Recently, an increase in abundance of C. galapagensis in waters surrounding Lord
Howe Island was observed [308], presumably due to the effectiveness of protection by the
regulations of its marine park.

The presence of C. galapagensis at the Elizabeth and Middleton Reefs in the northern
Tasman Sea has been reported already in previous studies dating back to the 1920s, where
it was reported to be very common in the lagoons [309]. More recent studies provided
information that Galapagos sharks are common and occur in relatively high abundances at
Australia’s Elizabeth and Middleton Reefs [310,311]. A more recent survey also noted that
juvenile Galapagos sharks are common at both reefs and that they occurred here in high
densities, especially at Middleton Reef [312], and that it is evident that the shallow-water
populations of C. galapagensis at Elizabeth and Middleton Reefs are comprised of mostly
small immature individuals, as well as some very small (newly born) individuals. In this
study, the smallest shark recorded was just 70 cm [312], which is within the size range
(60-80 cm) given for newly born Galapagos sharks [7]. As such, these reefs may represent
nursery habitats [312]. This finding was supported by a further study which also reported
for Elizabeth and Middleton Reefs that all observed Galapagos sharks were small immature
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individuals, suggesting that shallow habitats here are important nursery areas for this
species [313].

However, differences in shark abundancies between both reefs were noticed. It was
noted that C. galapagensis was significantly more abundant at Middleton Reef compared
to Elizabeth Reef [314], which is consistent with previous observations [312]. However,
high densities of Galapagos sharks were recorded recently at both Elizabeth and Middleton
Reefs in 2018 [315]. It was also recognized that the vast majority of C. galapagensis recorded
at these reefs were relatively small (<120 cm), with the largest individual recorded being
200 cm [315]. Given that C. galapagensis does not mature until 210-250 cm and is born
at 60-80 cm in Australian waters [31], these data indicate that the large populations at
Elizabeth and Middleton Reefs comprise mostly immature individuals and, moreover,
that these reefs are likely important nurseries for this species, which confirms previous
assumptions [312,313]. A noticeable high biomass, similar to abundance, of Galapagos
sharks at Middleton Reef was also reported by others [316]. Resulting from these findings
cited above, the conservation value of Elizabeth and Middleton Reefs as global strongholds
for the Galapagos shark was highlighted and it was emphasized that these populations
here are particularly notable due to their large population sizes [314]. In the same context,
other authors also pointed out that the Elizabeth and Middleton Reefs remain strongholds
for the populations of immature Galapagos sharks in the Southwest Pacific Ocean [317].

For Australia, it can be summarized that the Elizabeth and Middleton Reefs presum-
ably harbour the main population of this shark in Australian waters, and together with
the population around Lord Howe Island, is one of the southernmost populations in terms
of its global distribution (Figure 2). Further, these locations are presenting the southern
margin of its range in the southern hemisphere at ~29° S and ~31° S, respectively, in the
Southwest Pacific Ocean.

4.3.3. Distribution in the Central Pacific Ocean

Carcharhinus galapagensis can be found at scattered locations in the Central Pacific
Ocean, including the Phoenix Islands to the west of the Line Islands and farther south to
French Polynesia [44]. For the Southcentral Pacific Ocean, many records and reports of
C. galapagensis derive from the U.S. American ichthyologist J. E. Randall, who focused
mainly on the fish fauna of the Pacific region. Thus, species accounts for many of the
scattered Pacific islands were produced by this researcher and expert in the field of reef
fishes. Comparable with its distributional pattern in other ocean basins, C. galapagensis
shows widespread but scattered occurrences in the Central Pacific region. This shark
is distributed across many of the Polynesian islands and archipelagos. Arguably, there
are locations in the Central Pacific Ocean where its presence has yet to be discovered.
For example, Randall and others stated for C. galapagensis that they expect it to be found
in inshore waters in Tonga in the Polynesian region, but its presence there cannot be
confirmed [318].

Hawaiian Archipelago

Carcharias nesiotes (Snyder, 1904) was listed for the Hawaiian Archipelago at the begin-
ning of the 20th century, which is regarded as a synonym of Carcharhinus amblyrhynchos,
and was documented by two voucher specimens [319]. One of these specimens, for-
merly housed at Stanford University (SU 12790, 98.2 cm, immature @) but now held at
the California Academy of Sciences (CAS-SU 12790), was revised and clearly identified as
C. galapagensis [11]. Thus, the first scientific proof of the existence of C. galapagensis in the
Hawaiian Archipelago can be backdated to the beginning of the 20th century. Three species
of carcharhinid sharks were reported to be the most common shallow-water predators
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found in the northwestern Hawaiian Islands’ reef habitats in waters <150 m in depth:
C. amblyrhynchos, C. galapagensis, and Galeocerdo cuvier [320-322]. Other authors also re-
ported that the Galapagos shark is probably the most abundant nearshore shark in the
northwestern Hawaiian Archipelago but was presumably much more common historically
around the High Islands 200 years ago [24]. In this context, it was also reported that around
the northwestern Hawaiian Islands, sharks were intensively fished both historically (1859-
1900) and recently (2000), which could have altered the structure of shark assemblages in
these islands substantially [323]. Additionally, it was reported that C. galapagensis occurs
at the Hawaiian Archipelago from Hawaii Island to Midway Atoll, and at the Hancock
Seamounts [45]. A recent report provided information on the recovery of coral reefs at
the uninhabited Lalo Atoll, Hawaiian Archipelago, after physical damage and complete
destruction of the reefs resulting from Hurricane Walaka in 2018 [324]. In this study, the
recruitment of the damaged coral reef by Galapagos sharks in 2021, three years after its
destruction, was reported, indicating recovery and healing of the coral reef ecosystem at
this remote atoll. In the middle of the Northcentral Pacific Ocean, the catch of a single
Galapagos shark specimen in tuna longline fisheries conducted by the Chinese fishery fleet,
just north of the Hawaiian Archipelago (30-37° N), was reported [325]. This single Gala-
pagos shark was very likely a roaming specimen that derived from the southern-situated
Hawaiian Archipelago.

Johnston Atoll

It was reported that a shark of the genus Carcharhinus, estimated with 200 cm, which
was sighted in 248 m water depth at Johnston Atoll, may have been C. galapagensis [326].
For Johnson Atoll, further observations of several very large Galapagos sharks and spec-
imens of C. amblyrhynchos at Johnston Atoll exist [327]. However, other and more recent
references referred only to C. amblyrhynchos from Johnston Atoll and did not mention
C. galapagensis [328].

Fijian Archipelago

Information about the distribution of C. galapagensis from Melanesia, Southwest/
Southcentral Pacific region, is scarce, and records from here are mainly unconfirmed.
Carcharhinus galapagensis was included in a list of Fijian fishes and the information was
given on this report that it is documented by fisheries photos, yet the photos were not
displayed [329]. Rare captures of C. galapagensis in the Fijian pelagic longline fishery were
reported [330], but this report represents not a reliable record of this shark in Fijian waters
because of lacking accompanying information. Both reports cited above are providing only
weak evidence of an occurrence of C. galapagensis in the Fijian Archipelago. Therefore,
the reports of the Galapagos shark from Fiji are assessed as unconfirmed. However,
the Melanesian region contains many islands and provides high numbers of putatively
suitable insular habitats for C. galapagensis, so attention should be paid to occurrences of
the Galapagos shark here.

French Polynesia, Pitcairn Islands, and Ducie Atoll

The Galapagos shark was reported at first from the Southcentral Pacific region from
the Pitcairn Islands [331], followed by reports from Rapa (French Polynesia) [332] and from
Ducie Atoll [333]. However, it should not be unspoken here that J. E. Randall, although an
expert in coral reef fishes, was not truly a shark expert, and he confused C. galapagensis with
the similar C. amblyrhynchos on a few occasions, e.g., at Easter Island (compare Section 4.3.5).
For the highly remote Pitcairn Islands (British Overseas Territory), in the following, the
information was provided that C. galapagensis is common at Ducie Atoll, infrequent at
Pitcairn Island, and rare at Henderson Island [334]. A more recent compilation listed the
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occurrences of C. galapagensis for the numerous island groups of French Polynesia and gave
information on occurrences of this shark at the Society, Tuamotu, Gambier, and Austral
Islands, and additionally also for Rapa [335] (Supplementary Material S3). Both Rapa (Iti)
and Marotiri of French Polynesia have recently become ISRAs based on their aggregations
of Galapagos sharks [336].

Occurrences of C. falciformis and C. amblyrhynchos in large numbers were reported for
Mount MacDonald, southeast of Rapa, a submarine volcano and seamount, respectively,
an area with an active underwater life, whereby the authors of this report admitted that
their observation of the latter species could have been a confusion with C. galapagensis [337].
However, C. galapagensis is known to utilize habitats such as undersea volcanoes and
seamounts, from where it has been reported on numerous occasions [145,258]. Additionally,
for French Polynesia, C. galapagensis was reported to abounds in Rapa and even more so in
Marotiri [338].

4.3.4. Distribution in the Northeast Pacific Ocean

For more than half a century following its original description in 1905, C. galapagensis
was not known to occur outside the Eastern Pacific [11]. The Galapagos shark is widespread
in the tropical to warm-temperate regions of the Eastern Pacific Ocean. This region can be
considered the core area of its global distribution based both on number of occurrences
(Supplementary Material S3) and the distributional picture (Figures 2 and 6). In opposition
to regions of other ocean basins and the western Pacific, this shark has been recorded in
the Tropical Eastern Pacific (hereafter abbreviated with: TEP) many times from along vast
stretches of the continental coast of North America (Supplementary Material S3). Records of
C. galapagensis derive from the continental coasts as well as the numerous offshore islands,
both from the historic and recent literature for the Eastern Pacific Tropical (Panamanian)
Faunal Region, which is extending from Baja California to Peru [339]. In the TEP, this
shark shows a continuous distribution along the coastlines of the North, Central, and
South American continent, and an accumulation of insular records. The latitudinal range
limits of C. galapagensis in the TEP were described from 31° N to —7° S, which means a
range extending from the northern end of the Gulf of California (Mexican States of Baja
California and Sonora) to the Pacific coast of Peru (Lambayeque Province) [340]. Later, an
extension of the Galapagos shark distribution in the Eastern Pacific was reported [341] that
slightly differs from the previous information [340], with a range from 32° N to —6.28° S,
spanning water from the warm-temperate northern Pacific Ocean (Mexico) to the warm-
temperate southern Pacific Ocean (Peru). Scientists noted about the Galapagos shark
that its distribution pattern in the Eastern Pacific is very similar to that of Carcharhinus
albimarginatus (Riippell, 1837) in this region [342], i.e., with a distribution concentrated in
the island areas, which was previously also recognized at the end of the 1960s [343].

The Galapagos shark has not yet been verifiably recorded for U.S. Californian waters
of the Northeast Pacific Ocean, but one scientist speculated that maybe C. galapagensis—
among other large warm-water congeneric species such as Carcharhinus albimarginatus,
C. falciformis, and C. altimus—could reach U.S. Californian waters during extreme El Nifio
events, when an influx of unusually warm water attracts these species and may lead to
northern-directed range shifts [344].

At least historically, the Galapagos shark has belonged to the most common shark
species of several islands in the TEP as historical references indicate. Already, the species
authors of C. galapagensis stated for the Galapagos Archipelago that this shark is extremely
abundant about the Galapagos Islands, especially about Wenman and Culpepper and
between Albemarle and Narboro [19]. Other early scientists also recognized specimens of
up to ~200 cm of C. galapagensis in the TEP and stated that this shark swarms in the waters
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of the Galapagos Islands and about Cocos Island in great abundances [20]. Historically,
C. galapagensis was also reported under its senior synonym Eulamia galapagensis from
numerous oceanic islands of the TEP, and that it probably occurs also at the coast of
Baja California [345]. In 1944, the Galapagos shark was first reported from the Gulf of
California (Mexico) [346]. Twenty years later, information was provided that the Galapagos
shark occurs occasionally at Mazatlan (Sinaloa, Mexico) and from Guatemala to Ecuador,
and further at the Revillagigedo Archipelago and at Cocos Island [347]. One year later,
C. galapagensis was reported again from Mazatlan [348]. Following this, for the TEP, it was
reported that large individuals of C. galapagensis not only occur around offshore islands but
are also found on the high seas and at the continental coasts of Colombia, Guatemala, and
southern Baja California, Mexico [349].

52
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Ocean

0 750

1500 km
I ¥

Figure 6. Confirmed (blue) and unconfirmed (yellow) records of Carcharhinus galapagensis in the Cen-
tral, Northeast, and Southeast Pacific Ocean inferred from the literature references, including recorded
long-distance movements of single specimens (arrows). The numbers in the figure correspond with
the numbers of Supplementary Material S3.

However, despite its abundance around several islands and archipelagos in this
region, it was remarked for C. galapagensis in the TEP that it can be rarely encountered
on the continental coasts from Mexico to Ecuador [350]. Moreover, the Galapagos shark
has been reported to occur in the TEP sporadically along the continental coasts from
the North American to the South American continent from Central Baja California to
Peru, including numerous adjacent offshore islands [43,44,58,351-353]. Other authors
informed on a distribution of C. galapagensis in the Eastern Pacific along the continental
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coast from Colombia to northern Peru, and additionally from some offshore islands [354]
(Supplementary Material S3).

Mexican, Central American, and Colombian Pacific

An extensive bibliography of Mexican C. galapagensis records ranging to the year
2004 was provided [355], that was revised and updated 20 years later [356]. For the conti-
nental waters off Mexico, C. galapagensis was listed for the Mexican state of Sinaloa [357]
and for the state of Chiapas [358]. Carcharhinus galapagensis was reported to be a rare
component of the longline fishing industry in the Mexican Pacific Ocean [359]. For
waters of the Gulf of California (southern Baja California), a low frequency of C. galapa-
gensis in landings of artisanal vessels targeting elasmobranchs was reported [360,361].
Additional information was given that C. galapagensis occurs in the Gulf of California
and the Mexican Central Pacific [362]; for the latter, it most likely referred to the Revil-
lagigedo Archipelago. Catches of C. galapagensis were reported from the Mexican Pacific
Ocean at Colima State off the Mexican mainland [363]. Carcharhinus galapagensis was
also listed for the Mexican Pacific Ocean in further studies [89,364-366]. At a time when
the composition of the East Pacific fish fauna presumably was not yet heavily altered
by intensive industrial fishing, it was noted that C. galapagensis was abundant at the
French Clipperton Atoll in the 1950s [23], with many juveniles present at this site which
is located more than 1000 km off the Mexican mainland.

One remarkable record of a juvenile (105.5 cm) C. galapagensis specimen, which is of
scientific importance, derives from a museum specimen that was collected in the northern
Gulf of California and is today in the collection of the Natural History Museum of Los
Angeles County (LACM 51112-1, vertebrate collection) [62]. In January of 1960, L. Pinkas,
E. Smith, and D. Miller obtained this juvenile specimen at Bahia Los Animas, Gulf of
California, Baja California, Mexico (28.81° N, —113.35° E). This record of C. galapagensis
is exceptional because this is the only identified record of a small juvenile C. galapagensis
from a continental coast and not in waters around oceanic islands which the author has
found during his investigations. To guarantee the reliability of this record, the author has
reviewed photographic material of this specimen provided by the collection managers. The
review of this photographic material has led the author to conclude that it truly represents
C. galapagensis, which confirms this out-of-the-ordinary record. The exceptional nature
of this record derives from its unique character, since breeding and small juveniles of the
Galapagos shark have been reported exclusively from remote oceanic islands. Interpreting
this record of a juvenile C. galapagensis at a great distance to its insular stronghold is not as
easy. However, the fact that this specimen is of a remarkably small size does not inevitably
mean that it was born in adjacent waters near the Mexican coast. Possibly, this specimen
was big enough to have reached the continental coast through the crossing of open ocean
waters and could have started its journey from an island in the Mexican Pacific.

For Central America, C. galapagensis was listed for the Pacific waters of Costa
Rica [351,367]. Other references reported on rare catches of C. galapagensis in the Panama-
nian fisheries between 1950 and 2010 [368], while further references listed C. galapagensis
for the Colombian Pacific Ocean [340,369-373]. Also, for Colombia, it was reported that
C. galapagensis is distributed in both the coastal and oceanic Pacific [374]. Other studies
informed on the abundance of the Galapagos shark at Malpelo Island, and that scientists
had observed that C. galapagensis did not show significant differences in its abundance
between the cold- and warm-water seasons on this island, indicating that it is resident
here year-round [22]. All the locations cited above are situated just north of the equator.
Presumably, several of the references cited above refer to the presence of C. galapagensis
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around oceanic islands of the Northeast Pacific Ocean (e.g., Revillagigedo Archipelago,
Malpelo Island).

Clipperton Atoll

For this remote atoll at ~1080 km distance to mainland Mexico, the capture of one
neonate specimen of C. galapagensis with visible umbilical scars (85.5 cm) at 15 m water
depth and further captures of two juvenile specimens (83.4 cm and 89 cm) at 15-20 m water
depth were reported [375]. During a scientific expedition in 2018, among the observation of
147 sharks, 64% of the specimens of C. albimarginatus and C. galapagensis were <90 cm [376].
These reports suggest that Clipperton Atoll could be a nursery for the Galapagos shark in
the TEP.

4.3.5. Distribution in the Southeast Pacific Ocean

For the Pacific Ocean waters south of the equator and for Ecuador, C. galapagensis
was reported historically [377] and more recently [378-383]. Moreover, C. galapagensis was
listed in a compilation of Ecuadorian sharks that are commonly fished and utilized [384],
and, in addition, further studies also informed that the Galapagos shark gets landed in
the Ecuadorian artisanal fisheries [385] as well as in the Ecuadorian longline fleet oper-
ating in the Ecuadorian EEZ [386]. For the Southeast Pacific Ocean, it was reported that
C. galapagensis is distributed across the maritime border between Ecuador and Peru [387].
Further reports referred to the occurrence of the Galapagos shark on the continental coast of
northern Peru [388]. Additionally, C. galapagensis was reported from Chilean waters [389-391].
Carcharhinus galapagensis was mentioned in a compilation of Chile’s cartilaginous fishes for
the oceanic islands of Chile but without information on a particular locality [391]. For the
Southeast Pacific Ocean, the Galapagos shark was mentioned in the further literature refer-
ences dealing with the Chilean elasmobranch fauna. Carcharhinus galapagensis was encoded in
a dental identification key for Chilean elasmobranchs [392]. Presumably, all these references
cited above referred to occurrences around oceanic islands of the Southeast Pacific Ocean (e.g.,
Galdpagos Archipelago, Easter Island, and Salas y Gémez Island; Supplementary Material S3)
that belong to the territorial waters of the respective countries (Ecuador, Chile).

Galapagos Archipelago

The high amount of shark biomass at the northern Galdpagos Islands of Darwin and
Wolf was highlighted [393], and C. galapagensis, which can be found around all the islands
of this archipelago, contributes in numbers to the diverse elasmobranch fauna of this
equatorial Ecuadorian archipelago. Early naturalists had already remarked on the high
numbers of C. galapagensis at the Galapagos Archipelago [20]. Notably, the local populations
of C. galapagensis inside this archipelago form genetically unique stocks as investigations
unveiled [394], a good example of the hidden, cryptic diversity that can be found in some
elasmobranch species. In this review, for the Galdpagos Archipelago which represents the
type locality of C. galapagensis and therefore, the longest period of scientific investigation,
the highest number of studies was found that mentioned this species (Supplementary
Material S3).

Easter Island (=Isla de Pascua, Rapa Nui)

The Galapagos shark was mentioned in a taxonomic identification key for Chilean
elasmobranchs [395] with the additional information about an occurrence of this shark at
Easter Island (=Isla de Pascua, Rapa Nui) and Salas y Gémez Island. The occurrence of the
Galapagos shark at Chile’s remote Easter Island was a longtime matter of confusion as it is
described in detail in the following.
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Two specimens of a carcharhinid shark were collected in 1965 from Chile’s Easter
Island during the Canadian Medical Expedition (1964-1965) by the marine ecologists Jack
A. Mathias and Ian E. Efford [396]. These obtained specimens were later deposited in
the fish collection of the Canadian Museum of Nature, Ottawa (catalogue nos.: CMNFI
1968-1860-1, 1968-1863-1; Figure 7) and labelled as “Carcharhinus menisorrah”. Following
this, the famous American ichthyologist J. E. Randall spent a month diving and intensive
fish collecting at Easter Island in 1969. He observed a species of carcharhinid shark at
Easter Island but could not identify it clearly. However, Randall stated in the following
that he knew that C. amblyrhynchos is present at Easter Island and referred to the specimens
that were collected during the Canadian Medical Expedition, now housed at the Canadian
Museum [396]. He concluded that C. amblyrhynchos was already known from Easter Island
because these museum specimens were labelled as “Carcharhinus menisorrah”, a synonym
that was primarily used for C. falciformis but also C. amblyrhynchos at that time [55,397].
However, Randall, who probably never had investigated these two voucher specimens,
admitted his previous misidentification, and commented 35 years later on these specimens
that they represent probable misidentifications with C. galapagensis [87].

Presumably, based on this early species assessment by Randall in 1970, C. amblyrhyn-
chos was subsequently also listed in a compilation of fishes known from Easter Island [398].
Although widespread in the Pacific Ocean, C. amblyrynchos is known to occur in the East-
ern Pacific around the Galdpagos Archipelago but is rare in the East Pacific and not yet
known from Easter Island [1,7]. Additionally, C. amblyrhynchos was often confused with
C. galapagensis in the past [72], and Randall was apparently no exception here regarding
his misidentification of both sharks. However, Randall and a further co-author recorded
the Rapa Nui names for 115 species of Easter Island fishes and reported C. galapagensis
for the first time in a scientific paper based on reports by native people and their field
observations [399]. At that time, Randall must have already recognized that the whaler
shark occurring around Easter Island was not C. amblyrhynchos but instead C. galapagensis.
However, Randall later never confirmed his assessment of the species identification of the
two shark specimens collected during the Canadian expedition by an examination in detail.

The indication that these two carcharhinid shark specimens, collected in the middle of
the 1960s at Easter Island, were probably misidentified emerged rather randomly by the
author’s review of a putative record of Carcharhinus leucas (Valenciennes, 1839) for Easter
Island, from a database entry which turned out to be erroneous after checking. During
his research review focusing on C. leucas [400], the author of this study investigated an
entry in the database “GBIF—Global Biodiversity Information Facility” [401] that provided
information about a putative occurrence of C. leucas at Chile’s Easter Island. Back then, the
author had doubts about the validity of this database entry because C. leucas is commonly
known as a shark with an inshore distribution at continental coasts around the world and
moreover, only occurs on rare occasions as a stray around remote and isolated oceanic
islands far away from the mainland. This entry in GBIF was linked with two voucher
specimens deposited in the fish collection of the Canadian Museum of Nature, and those
were labelled with “Carcharhinus menisorrah” [402]. These two specimens were collected in
January of 1965 at Easter Island during the Canadian Medical Expedition, as mentioned
above [396,401].

Thereupon, for verification of this record provided in the database of GBIF, the au-
thor requested photographic material of one of the specimens housed in the Canadian
Museum (catalogue no.: CMNFI 1968-1863-1). The examination of this material provided
by the curators of the Canadian Museum displayed, without doubt, a shark of the genus
Carcharhinus with a clearly visible interdorsal ridge and very large eyes (Figure 7), which
ruled out the putative C. leucas at first, as this species does not exhibit an interdorsal ridge
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and has only very small eyes, and secondarily C. amblyrhynchos, which also lack an in-
terdorsal ridge [1,11]. The prominent interdorsal ridge, the relatively large eyes, the first
dorsal fins origin in front of the inner pectoral fin corner, the shark’s slender body with a
relatively long and rounded snout (Figure 7), together with the habitat features (remote
and isolated oceanic island) left only one candidate species: C. galapagensis. In conclusion,
the author’s examination of one voucher specimen from the Canadian Museum (161 cm,
?) and his findings are consistent with Randall’s last presumptions on these specimens.
Out of the investigation results by the author, the first verified record of C. galapagensis for
Easter Island to science can be backdated now to 1965 (Supplementary Material S3).

i

Figure 7. Images of the Carcharhinus galapagensis voucher specimen housed in the Canadian Museum
of Nature (catalogue no.: CMNFI 1968-1863-1, 161 cm, Q) that was obtained at Chile’s Easter Island
in 1965 during the Canadian Medical Expedition and erroneously mislabelled as “Carcharhinus
menisorrah”. Note that the colour of this specimen is strongly altered due to the storage in the
preservation fluid (ethanol). This specimen was revised by the author under consideration of
diagnostic characteristics of C. galapagensis such as relatively large eyes in the juvenile age class (A)
and the presence of an interdorsal ridge (B). This specimen now represents the first scientific record
of C. galapagensis for Easter Island, Southeast Pacific Ocean. © Stéphanie Tessier/Canadian Museum

of Nature.

https://doi.org/10.3390/d18080500


https://doi.org/10.3390/d18080500

Diversity 2026, 18, 500

42 of 123

Salas y Gémez Island

The first record of C. galapagensis from Chile’s remote and uninhabited Salas y G6mez
Island, located some 400 km east of Easter Island in the Southeast Pacific, was derived
from a study in 1988 that reported that this shark is the most common shark around this
island [403]. Later, other authors said that they have photographed C. galapagensis at Salas
y Gémez Island [352]. In the following, a further study from the first years of the Mille-
nium [404] provided more information on the occurrence of Galapagos sharks around this
island and confirmed the previous report [403] and the photographic documentation [352]
through the captures of two female juvenile specimens of C. galapagensis (79 cm and 120 cm).
Subsequently, other scientists reported on the high amount of shark biomass, primarily of
C. galapagensis, at Salas y Gémez Island [405]. This remote island with its pristine marine
waters even nowadays is home to large numbers of Galapagos sharks, and this may have
been a good argument for its designation as an Important Shark and Ray Area (ISRA), in
fact, by the Motu Motiro Hiva ISRA [406]. A recent study found that Salas y Gémez Island
represents a remote nursery area for C. galapagensis [9], and, simultaneously, this study
outlined the importance of oceanic islands in the distribution of this species in the South
Pacific and the need for specific conservation actions.

There appear to be differences regarding the frequency of C. galapagensis at Easter
Island and the adjacent Salas y Gémez Island, which are separated by a 400 km distance
of open ocean waters. Scientists reported at the end of the 1980s that, during 140 h of
underwater diving at Easter Island between 1985 and 1986, no sharks were observed
anymore despite the fact that C. galapagensis was once the most common shark around
Easter Island according to the memory of Easter Islanders [403]. These scientists speculated
that the paucity of sharks at Easter Island was related to the prevalent fishing pressure on
sharks. Deviating from this consternating observation at Easter Island, these scientists also
reported on an abundance of C. galapagensis from the adjacent Salas y Gémez Island [403].
It was deliberated that the abundance of C. galapagensis at the uninhabited Salas y Gé6mez
Island suggests indirectly that Easter Island may have supported a larger population of
this shark in the past before they were fished out from here [407]. Other scientists stated
around the beginning of the new Millenium that they have not seen Galapagos sharks at
Easter Island in March of 1999 and 2000 [408], consistent with the previous observations
of the research team in the 1980s [403], indicating that the shark population here has not
been recovered yet. According to reports from fishers that are operating in the waters
around Easter Island, C. galapagensisis is only abundant at Salas y Gémez Island [404]. Later,
further scientists also remarked that C. galapagensis is much more common at Salas y Gémez
Island in comparison to Easter Island [87]. Recent studies confirmed this observation that
C. galapagensis is abundant at Salas y G6mez Island and less common at Easter Island [409].
Two surveys reported consistently on the former population of C. galapagensis around
Easter Island, and that this species is now virtually absent there [8,405]. The failure in
recording any Galapagos sharks at Easter Island in contrast to large numbers of these
sharks at Salas y Gémez Island was presumably resulting from intensive fishing activities
around Easter Island but no activities around Salas y Gémez Island [405,410]. However,
nearly 20 years later, studies reported that C. galapagensis, despite its low numbers, was still
the most common shark during surveys conducted at Easter Island [409]. The scientists
who made this study could positively identify 112 specimens of this shark at Easter Island
by using Baited Remote Underwater Video Stations (BRUVS). Despite their current low
numbers at Easter Island, the results of this study [409] suggest that the southeast coast of
this island could still be serving as a nursery area for juvenile Galapagos sharks. Moreover,
studies also reported that this shark is a year-round resident in the waters around Easter
Island [409,411].
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Due to its remoteness, small size, inaccessibility, and uninhabitability, the isolated Salas
y Gémez Island has been largely untouched by humans throughout its history. Therefore,
its habitats have remained largely pristine until now. It forms a Marine Protected Area
(formerly Parque Marino Salas y Gémez, currently Motu Motiro Hiva Marine Park and
Motu Motiro Hiva ISRA, respectively), but, in the meantime, fishing operations have
reached its surrounding waters, and illegal fishing activities even in the Motu Motiro
Hiva Marine Park around the Salas y Gémez Island were reported to occur [405]. These
prohibited activities counteract and undermine the effectiveness of MPAs and conservation
efforts for sharks and other marine fauna in designated conservation areas.

5. Habitat Use by Carcharhinus galapagensis

The information that derived from the examined literature shows age class-dependent
habitat preferences of the Galapagos shark and size-dependent spatial segregation: in the
subadult and adult age class, this species prefers the steep offshore reef slopes and drop-
offs of coral and rocky reefs, often in combination with strong currents, while the juvenile
age class occur mainly in sheltered shallow lagoon systems. Additionally, submerged
seamounts and pinnacles seem to provide another suitable habitat for larger specimens of
Carcharhinus galapagensis. More detailed information about the habitat preferences of the
Galapagos shark is summarized in the following.

5.1. Attachment to Reef Habitats

The Galapagos shark was reported to display high site-attachment to deep reefs,
oceanic islands, and, to a lesser extent, also continental shelf environments [105].
Carcharhinus galapagensis was also assessed as a coral reef-associated shark by further
authors [334,412-415], and this shark commonly occurs in reef habitats around oceanic
islands among other species of sharks. Typically, large subadult and adult Galapagos sharks
are found along the outer reef drop-off zones, associated with rocky and reef habitats [63,84].
Moreover, the Galapagos shark often occurs in areas with rock and coral bottoms [169],
and it was also reported that this shark occurs at rocky and coral reefs and is often common
around drop-offs and steep reef slopes [416]. Carcharhinus galapagensis was assessed as a
reef-associated mesopredator [417]. It has been reported that the Galapagos shark prefers
rugged terrain, i.e., rugged coral reef and rocky bottoms [1,23].

The term “reef sharks” was defined as those species of sharks that spend much
of their life history in or around reef habitats or species that regularly visit reefs [418].
This definition seems to be suitable and applicable for C. galapagensis as this species was
commonly reported from coral and rocky reef habitats at oceanic islands, although the
environmental spectrum that is utilized by this species also includes pelagic offshore
habitats as well as shallow lagoons with sandy bottoms during early life stages. However,
habitat use in this species may be dependent on age classes, with juveniles and immature
specimens reported to be more resident at shallow reef habitats in comparison to adults,
which have been reported from offshore habitats and to undertake large-scale movements
across open ocean waters. This behaviour of crossing open ocean waters is not uncommon
in reef sharks, although it has been only seldomly observed. Despite being mostly highly
residential, some individuals of species such as C. amblyrhynchos, C. galapagensis, C. perezi,
Triaenodon obesus (Ruppell, 1837), Stegostoma tigrinum (Forster, 1781), and Ginglymostoma
cirratum (Bonnaterre, 1788) make occasionally longer movements from tens up to thousands
of kilometres throughout and between widely separated reef systems [419].

In contrast to other reef shark species that mainly use shallow lagoon systems during
all stages of their lifetimes such as Carcharhinus melanopterus (Quoy & Gaimard, 1824),
C. galapagensis seems to prefer deeper sites with strong currents on exposed forereef slopes,
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crests, and channels when maturing [419]. Apparently, the habitats of C. galapagensis and
C. amblyrhynchos overlap to a large amount as the latter can be found on coral reefs, often
in deeper water near drop-offs, in atoll passes, and in shallow lagoons adjacent to strong
currents [7]. Only young Galapagos sharks were reported from lagoons at various sites,
e.g., at the Elizabeth and Middleton Reefs [316], suggesting that lagoon habitats function as
safe places for juveniles. Shallow lagoon habitats may provide sheltered nursery areas for
juvenile C. galapagensis and can be considered protected waters, where they reside to avoid
predation by other large marine predators. However, it was also reported for Australia’s
Middleton Reef that Galapagos sharks did not show affinities with habitat characteristics
and occurred in a broad spectrum of habitats (soft and hard bottom, e.g., rubble, sand, and
gravel bottoms, seagrass beds, hard and soft coral), which means that they are apparently
not confined to reef habitats at this site [316].

Several reports and studies informed that Galapagos sharks often occur in aggregations
consisting of >20 specimens [58,246,248], but some authors emphasized that these aggrega-
tions do not present coordinated schools [420]. For the northwestern Pacific Ocean, it was
reported that Galapagos sharks commonly aggregate at isolated oceanic seamounts [258], a
further habitat besides coral or rocky reefs, where Galapagos sharks occur. For Cocos Island
in the TEP, it was reported that C. galapagensis was mainly recorded in rocky reef habitats
at depths less than 100 m [421], most likely because they tend to aggregate in shallow
habitats near oceanic islands or at seamounts. However, for several reef-associated sharks,
and also for the Galapagos shark, an agonistic behaviour was reported, both towards
divers and other sharks [422,423]. When threatened, surprised, or disturbed, the Galapagos
shark performs an apparent threat display, which consists of head swinging, exaggerated
swimming, strong bilateral pectoral fin depression, and exaggerated jaw gaping [422-424].
This can be well-interpreted as an agonistic behaviour, which is common in residential and
site-attached reef sharks and well-known from C. amblyrhynchos, which is the only species
known to perform the full display [425]. The early stages of this display were also observed
in C. galapagensis [422,426]. This behaviour is attributed to defence, both for the defence
of the individual itself by maintaining a certain safety distance, as well as for defending
a certain claimed space or territory. In this context, it was reported that C. galapagensis
performs a “hunch” display containing an arched back, raised head, and lowered pectoral
fins while twisting and rolling [420]. This behaviour may indicate intra-species dominance,
i.e., domination of large specimens over smaller ones out of the same species, and perhaps
even territorial behaviour in this shark. Territorial behaviour means that this species will
not only defend itself against aggressors but, moreover, that it is occupying a certain terrain
and will defend this against invading sharks and other large predatory species to avoid
competition on available resources (e.g., prey). Thus, this may also display the residential
behaviour and site-attachment of Galapagos sharks to a particular site, with affiliation to a
certain territory. Such territorial behaviour has been observed preliminarily in residential
reef sharks and, to a lesser extent, also in (semi)pelagic sharks [423].

Little is known about the defined ecological niche of C. galapagensis. While some dietary
overlap with other carcharhinids was observed, e.g., between Galeocerdo cuvier and large
specimens of C. galapagensis [427], some scientists emphasized that further work is required
to understand the Galapagos sharks’ ecological niche in South Atlantic waters [428], and
that applies to many other regions (e.g., Southwest Indian and North Atlantic Oceans). A
study that has been conducted on the movement of sharks by using acoustic telemetry
at the small islet of Roca Partida, Revillagigedo Archipelago, Mexico, found evidence for
vertical habitat partitioning between the observed species, with C. galapagensis generally
using shallower depths than Triaenodon obesus or C. albimarginatus, which may be due to
feeding on different prey items [429]. Horizontal habitat partitioning was also detected,
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with some shark specimens staying on only one side of the islet, suggesting mechanisms of
spatial exclusion [429].

However, beside biological factors, abiotic conditions must also be considered in
our understanding of the distribution of reef sharks. A recent study [430] highlighted
that environmental factors must be incorporated into studies targeting the abundances
of reef sharks because it was found, for 35 reefs across the broad geographic range of
French Polynesia, that the relative abundance of sharks varied significantly with the island
geomorphology. This study showed that, overall, the relative shark abundances at high
islands were nearly three times lower than on atolls, and among atoll geomorphology
types, open atolls had abundances nearly 20% higher than closed atolls. However, water
temperature and net primary productivity had more limited effects on shark abundances
than atoll geomorphology types [430].

5.2. Water Depth Range

Regarding the bathymetric distribution of C. galapagensis, this shark was assessed
as a species with a littoral and semipelagic distribution because it inhabits both inshore
coastal and offshore waters, but larger specimens are found, although less common, in
open ocean waters at great distance to the coast in deep water [12,431]. On rare occasions
and mostly with single individuals, the Galapagos shark can be found at the high sea far
off continental coasts and far off oceanic islands. For the Eastern Pacific Ocean, one female
Galapagos shark was reported at sea 75 miles (=139 km) northeast of Malpelo Island in
deep open ocean waters [432]. For C. galapagensis, the information on a depth range of
0-528 m was provided [433], which represents the maximum depth that has ever been
reported for this species yet (Table 2), although the authors of this study additionally
reported that Galapagos sharks spent most of their lifetime in depths from 0 to 100 m.

Table 2. Overview of worldwide recorded maximum water depths for Carcharhinus galapagensis.

Reported Size of
No. Locality Recorfled Depth C. gala;‘mgensw Reference
(in m) Specimens
(in cm)
No information . . Andrzejaczek et al.

1 available 528 No information (2022)

Hawaiian . . Weijerman et al.
2 Archipelago 371 No information (2019)

St. Peter and St. Paul .

3 Archipelago 304 ~220 de Queiroz (2020)

Hawaiian . . Wetherbee et al.
4 Archipelago 286 No information (1994)
5 Ascension Island 258 123-240 Madigan et al. (2021)
6 Salas y Gémez Island 195.5 160 Morales et al. (2021)
7 Hawaiian 150 133.8-223.9 Asher et al. (2017)

Archipelago
8 Kermadec Islands 112-120 150 Clark et al. (2017)
Elizabeth and . .

9 Middleton Reefs 100 No information Carroll et al. (2021)
10 Lord Howe Island 30-100 >100 Mitchell et al. (2021)

Spatial segregation of age classes and an ontogenetic shift in habitat preference, respec-
tively, were reported as common in carcharhinid sharks [434]. Like most of the requiem
sharks, C. galapagensis has been reported to exhibit an ontogenetic shift regarding its pre-
ferred water depth, with juveniles found mostly in shallow inshore waters and adults in
deeper offshore waters and at greater distance to the coast [21,63]. For the Revillagigedo
Archipelago, Mexico, it was reported that juveniles of C. galapagensis were limited to
shallow water (<20 m) and that adults seldom occur together with juveniles [343]. This
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spatial exclusion of age classes in one and the same shark species by using different habi-
tats is commonly reported to serve for preventing cannibalism and to reduce predation
risk [435]. The juveniles of C. galapagensis seem to be restricted to shallower water, in
25 m or less, which they apparently use as nursery grounds, while the adults emancipate
themselves from shallow inshore waters and range well offshore [436]. In this context, for
the Hawaiian Archipelago, it was reported that Galapagos sharks between 106 and 123 cm
in size mainly occurred in shallow waters of 0-30 m depth, and sharks between 133.8 and
223.9 cm were commonly recorded in deeper waters of 30-150 m depth [437]. However, it
was also reported from Lord Howe Island that juveniles and neonates of C. galapagensis
with umbilical scars are found in deeper shelf waters up to 100 m depth [140,141].

This spatial separation by age classes was also observed at Clipperton Island, where
juvenile C. galapagensis were caught over a depth range of 2-25 m but were most common
in the shallower parts of this depth range [23]. Other studies have also found that juveniles
of C. galapagensis are restricted to coastal or relatively shallow areas [63]. Presumably,
this spatial separation of different age classes has been developed in C. galapagensis to
reduce predation risk. However, there seem to be regional differences in the habitat use of
juvenile Galapagos sharks because, for Hawaii, it was reported that juveniles do not use
shallow nursery areas but instead occur at greater depths than subadult and adult female
individuals [63,438].

Besides ontogenetic differences in the preference of water depths, scientists found
out for Hawaiian atolls that Galapagos sharks performed reverse diel vertical movements,
diving deeper during the night than during the day, indicating that they probably hunt
on eyesight during the daytime when more sunlight is provided in the upper water
column [414]. However, the opposite depth pattern was observed at Lord Howe Island,
where sharks were shallower at night [140]. For Ascension Island and its surrounding
seamounts, it was found that both juvenile and adult Galapagos sharks (123-240 cm)
spent their time in a mean depth of 53 m, but the observed sharks conducted dives into
deeper water during the night-time [428], which is consistent with the observations for the
Hawaiian Archipelago [414].

5.3. Water Temperature

The tolerance of cold water must be regarded as a range-limiting factor that influences
the distribution of sharks. In both the northern and southern hemisphere, the temperature
of sea water is latitude-dependent. In this context, it was reported that the distribution
of C. galapagensis ranges approximately as far as 36° N to the north [439]. Regarding the
preferred water temperature of C. galapagensis, it was reported that this is a warm-water
species [13]. For Lord Howe Island, it has been reported that C. galapagensis occurs in water
temperatures of 17 °C to 26 °C [140]. According to a study that determined the preferred
water temperatures for marine fishes based on statistical models [440], the Galapagos shark
occurs in a temperature range from 15 °C to 28.2 °C, with a mean water temperature
of 23.8 °C.

5.4. Water Visibility, Flow Regime, and Dissolved Oxygen

It was reported that C. galapagensis prefers clear waters [352]. However, it should be
noted that offshore island waters are typically clear anyway because of the lack of large
estuaries and river mouths on smaller islands, and, as such, this applies to many localities
where C. galapagensis occurs.

For Cocos Island, it has been reported that the abundance of Galapagos sharks in-
creased with increasing current strength, water visibility, and during the wet season [415].
The apparent preference of the Galapagos shark for clear waters was also reported in fur-
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ther works [18], and, for the Hawaiian Archipelago, it was recognized that C. galapagensis
prefers areas where currents are strong [441]. In contrast to these statements from the
cited studies above, researchers measured at Australia’s Lord Howe Island that juvenile
and subadult specimens (~120 to ~200 cm) of C. galapagensis were mainly associated with
low-flow environments that exhibit only low current speeds [442]. From this diverging
information, it can be concluded that C. galapagensis tolerates a wide range of current
speeds, and that strong currents may favour its occurrence, but are by no means to be
understood as a mandatory prerequisite for it.

For seascapes around Ascension Island, it was found that specimens of C. galapagensis
spent most of their time in waters between 4.5 and 5 mL/L~! dissolved oxygen and were
rare or completely absent in waters below this range [428]. However, information on a
preferred oxygen range or an avoidance of certain oxygen values is scarce.

6. Site Fidelity and Movements of Carcharhinus galapagensis

Data deriving from the literature on the occurrence and habitat use of the Gala-
pagos shark indicate that this is a primarily coastal shark around remote oceanic is-
lands and archipelagos, but that this species occasionally ventures into the pelagic realm.
Carcharhinus galapagensis can exhibit both site fidelity and large-scale movements. Large-
scale movements apparently occur only on rare occasions, and the ability to conduct
large-scale movements changes through ontogenesis and differ greatly in age classes, with
recorded shifts from site-attached juveniles to more mobile subadults and adults. For the
Mexican Revillagigedo Archipelago, it was shown that juvenile Galapagos sharks had
stronger site fidelity to their tagging site than the more mobile adults [443]. Although for
C. galapagensis a few recorded cases of large-scale movements with distances of travels
over 2000 km are documented [36,150] (Table 3), the Galapagos shark can be considered
mainly as a shark with a strong site fidelity. This shark shows a high degree of site fidelity
to specific oceanic islands, with most specimens observed to remain within a 30-50 km
radius of their home range [98,150,413,414,443-445].

A rare case of extreme site fidelity was derived from the results of a tagging study
conducted on Galapagos sharks at the Walters Shoals (Southwest Indian Ocean), with two
recaptured specimens [446]. No information on the size of these two tagged specimens
was provided, but they were tagged on the same day in September of 1968 and recovered
together in the same area, more than five years later, also on the same day in October of
1973. This result impressively demonstrates the strong site fidelity that was observed in
this species. In this context, for the Hawaiian Archipelago, it was reported that Galapagos
sharks are often highly site-attached to well-defined home ranges [412].

Tracking studies conducted at the southern seamounts in the vicinity of Ascension
Island showed that many tagged C. galapagensis individuals stayed close to the summits for
the entire 235 days of the study period, suggesting they may be part of a resident population
here [25]. For the remote Chilean Salas y Gémez Island (Southeast Pacific Ocean), it was
found, by using satellite tagging of Galapagos sharks, that the daily individual maximum
movements ranged from 17 to 58 km, and the overall maximum distance from Salas y
Goémez Island ranged from 31 to 139 km [8]. A further finding of this study at Salas y Gémez
Island was that the maximum linear distance travelled for an immature female Galapagos
shark of 152 cm was 236 km. These tagging data indicate that C. galapagensis remained
largely in the waters around Salas y Gémez Island, and that this shark shows fidelity to
this site [8]. This is widely consistent with the results of previous studies [446,447] which
also found that Galapagos sharks are commonly site-attached to certain oceanic islands,
atolls, and seamounts.
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Diverging from the information summarized in the paragraphs above, a study in-
formed on two roaming Galapagos shark specimens that were tagged at the Bermuda
Islands in the northwestern Atlantic Ocean [150]. One of these specimens travelled straight
west to the continental coast of the U.S. Carolinas to continental waters south of Cape Hat-
teras, North Carolina, at approximately 1050 km distance to its tagging point (Table 3). One
further specimen of C. galapagensis travelled straight southeast to the waters off Suriname
(South America), 2859 km away from its tagging point [150]. Both travels are evidence for
observed large-scale movements conducted by Galapagos sharks in the Atlantic Ocean. The
authors of this study reported further on a shark tagging programme that was conducted
in the Atlantic Ocean from 1962 to 1993, which included 339 Galapagos sharks that were
tagged around the Bermuda Islands, and the two specimens with observed large-scale
movements were part of this study [150]. Later, this Northwest Atlantic shark tagging
program was extended to 2013, with additional results of interest. One male Galapagos
shark of unknown size, tagged at the Bermuda Islands, was recaptured in waters off north-
western Cuba in the Gulf of Mexico, at ~2000 km distance from its tagging point [163]
(Table 3). These results suggest that the few specimens that have been caught along the U.S.
east coast (Supplementary Material S1) very likely derive from their insular stronghold of
origin in the northwestern Atlantic Ocean, namely the Bermuda Islands.

One further large-scale movement in the Atlantic Ocean by a female Galapagos shark
of 220 cm was reported [36]. By using satellite tracking of a female specimen of C. gala-
pagensis to document its wandering behaviour, it was found that this observed specimen
conducted a travel of 4354 km distance through the equatorial Atlantic, starting its move-
ment at Brazil’s St. Peter and St. Paul Archipelago, and was recorded 168 days later at
a point near the continental coast off Angola, Southwest Africa [36]. This record of a
Galapagos shark that has crossed nearly the entire Atlantic Ocean represents the longest
movement that has ever been recorded for this species yet. These results cited above reveal
that the Galapagos shark can be highly mobile on occasion. Therefore, its assessment as a
migratory shark species [448,449] may be justified.

Table 3. Summarized large-scale movements observed in Carcharhinus galapagensis and provision of
recorded travelling distances.

DI Recorded
. . Point of Between .
Starting Point of o Travelling Ocean Sex of
No. Tacei . Recapture/ Tagging and . . . Reference/Source
agging/Tracking . . Distance Basin Specimen
Last Tracking Recapture (in .
(in km)
Days)
St. Peter and St. Paul Waters off Atlantic .
1 Archipelago Angola 168 4354 Ocean Q de Queiroz (2020)
Socorro Island, Darwin Island, Pacifi

2 Revillagigedo Galépagos 395 3245 actie Q Lara-Lizardi (2018)

. . Ocean

Archipelago Archipelago

3 Bermuda Islands Watg s off No data 2859 Atlantic Unspecified  Kohler et al. (1998)

Suriname Ocean

Waters off Atlantic Kohler & Turner
4 Bermuda Islands northwest Cuba No data ~2000 Ocean d (2018)

5 Bermuda Islands Cape Hatter? s, North No data ~1050 Atlantic Unspecified Kohler et al. (1998)

Carolina Ocean

. Offshore waters of Pacific .

6 Mikomoto Island the high sea 218 800 Ocean Unspecified Jacoby et al. (2022)

It has been reported that adults of C. galapagensis can be occasionally found in the high
seas or straying onto continental shores [73], indicating that the adults will leave sometimes
their insular habitat and become nomadic. The crossing of open ocean waters seems to be
restricted to the larger, strong-swimming specimens and may support gene flow between
widely separated subpopulations. For the Mexican Revillagigedo Archipelago, inter-
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island movements of C. galapagensis from Benedicto Island farther to Socorro Island, some
51.5 km over deep water, were reported [343]. A study on Galapagos sharks conducted
around the islands of the Galapagos Archipelago revealed three types of movements with
different spatial scales conducted by this shark: insular (>50 km), inter-island (50—400 km),
and oceanic (>500 km) movements [450]. Insular movements were generally associated
with aggregation sites around islands, inter-island movements were both directional and
non-directional within the archipelago, whereas oceanic movements were more directional
to other offshore regions. The second type of movement was implying connectivity within
the archipelago, and the latter type the likelihood of migratory corridors between the
Galapagos Archipelago and other islands or seamounts in the TEP [450].

A further shark tagging study suggested for the first time the probable existence of a
migratory corridor for sharks between the oceanic islands in the TEP [451]. In this study,
the travel of one 187 cm Galapagos shark (sex undefined) that was tagged in September
of 2009 at Costa Rica’s Isla del Coco National Park was reported [451]. This specimen
moved 255 km within 20 days southeast halfway towards Malpelo Island in Colombia. This
result contributes to the evidence that Galapagos sharks occasionally conduct large-scale
movements between Marine Protected Areas (abbreviated hereafter with: MPAs) such
as the Cocos and Malpelo Islands in the TEP and the probable existence of a migration
corridor for sharks here. This result also emphasizes the need for the multinational-scale
management of protected areas in this region. It also demonstrates that these islands in the
TEP are probably used as stepping stones for migratory species such as sharks, and that
they contribute to population connectivity and gene flow. Galapagos sharks that spend
a considerable part of their lives at Cocos Island are probably most vulnerable to fishing
activities when they migrate through the vast unprotected areas between conservation areas
such as the marine parks of Cocos Island, Malpelo Island, and the Galdpagos Archipelago.

Several studies consecutively reported on the movement of one subadult female
Galapagos shark specimen of 181 cm that was tagged in January of 2016 at Socorro Island,
Revillagigedo Archipelago, Mexico [376,443,452-454]. This specimen was detected later
945 km to the south at Clipperton Atoll (France) in October of the same year, and then
moved 2300 km farther south to the Galdpagos Archipelago (Ecuador), where it was
detected more than one year after its tagging in February of 2017 at Darwin Island. This
subadult female Galapagos shark was covering a total distance of 3245 km from the site
where it was tagged. This documented movement was in fact the second-longest movement
that ever has been recorded for this species. It surpasses the previous recorded large-scale
movements of this species in the Western Atlantic Ocean [150,163], but it does not surpass
the recorded large-scale movement recorded for the central and Eastern Atlantic Ocean [36].
This result maybe makes proof of the function of the islands in the TEP as stepping stones
for the marine megafauna in general and for Galapagos sharks in particular and, moreover,
it stresses the need for multinational and international conservation plans for migratory
sharks with observed large-scale movements. The connectivity of islands in the TEP such
as the Revillagigedo Archipelago, Clipperton Island, and the Galdapagos Archipelago,
and their function as swim ways for Galapagos sharks was also reported by others [455].
However, this movement event may be exceptional as scientists resumed that Galapagos
sharks, in general, have a very high degree of site fidelity at Clipperton Atoll since they
remained where they were tagged for several months [452]. Nevertheless, such large-scale
movements of Galapagos sharks support the evidence of gene dispersal and population
connectivity in the TEP.

Additionally, for the Northeast Pacific Ocean, medium-scaled inter-island move-
ments of Galapagos sharks between islands of the Revillagigedo Archipelago were also
reported [343,443,456], whereas one study [443] provided information on the results of a
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tagging study where most of the sharks were detected on a single island, although some
individuals moved over 40 times between the islands of this archipelago.

A long-distance movement by C. galapagensis was also observed in the Northwest
Pacific Ocean. In a study on the movements of sharks in the waters surrounding Japan
that was based on satellite tagging, for a single Galapagos shark (sex undefined), an
800 km movement offshore into the high seas was revealed, starting from Japan’s Mikomoto
Island, a small seamount located adjacent to Honshu, the Japanese main island [258].

Recently, for the first time, scientists reported on the movements of both female and
male subadults of C. galapagensis ranging from 183 cm to 213 cm along the continental
coast of Central and South America between Panama and Colombia in the TEP [457],
in distance from its insular core centre of its distribution in this region around Malpelo
Island and other archipelagos. This study, a novelty by representing the first recorded
information on movements of this species along a continental coastline anywhere in the
world, revealed that four tagged specimens remained commonly within 20 km of the shore
and in relatively shallow waters of less than 100 m in depth, although detections were also
recorded hundreds of kilometres from the shore in water thousands of metres deep [457].
Despite the limited number of tracked sharks (n = 4), this study provided insights into the
extensive movements of the Galapagos shark at the continental coast of Central and South
America in the TEP, which was previously unknown.

7. Trophic Position of Carcharhinus galapagensis

The investigation of the trophic role of a shark species can provide insights into
its position in the marine food web. As in many large predatory sharks, Carcharhinus
galapagensis undergoes an ontogenetic dietary shift, with small individuals of the young
age class occupying small prey items and large individuals of the adult age class also
occupying larger prey items [63]. For C. galapagensis, it has been reported to feed primarily
on bottom fishes (eels, sea bass, flatfish, flatheads, and triggerfish), but also flyingfish,
squid, octopi, and occasional garbage [1]. Further, for this species, it was remarked that
it prefers fish to crab, mollusc, and bird meat [1]. Carcharhinus galapagensis was assessed
primarily as a piscivorous shark [458]. The investigation of 178 stomachs of Galapagos
sharks from the Hawaiian Archipelago revealed that 96 (53.9%) contained food, with
teleosts and cephalopods occurring most frequently, but elasmobranchs and crustaceans
becoming more important as the sharks increased in size [63].

Stomach contents of 18 C. galapagensis specimens caught at the Walters Shoals revealed
that their diet consisted mainly of teleosts, squid, octopuses, and molluscs [77]. The
stomach contents of Galapagos sharks from the northwestern Hawaiian Islands suggest
they consume a wide range of reef fishes here [427]. Teleosts occurred most frequently
in the stomachs of Hawaiian Galapagos sharks, but they also consumed cephalopods,
elasmobranchs, crustaceans, and mammals [427]. Also, for the Hawaiian Archipelago,
stable isotope analysis revealed that Galapagos sharks obtain most of their food from
shallow reef habitats. Moreover, an analysis of their movements showed that they may
function as significant transporters of nutrients, particularly from shallow to mesophotic
reefs [414]. Carcharhinus galapagensis was assessed as a mesopredator in reef habitats [417].

Although the diet of C. galapagensis predominantly consists of small (reef) fish, larger
specimens (>180 cm) may occupy bigger prey items. Thus, this species is also known
to be an elasmobranch consumer and, as such, this species controls the populations of
smaller reef sharks of lower trophic positions like Trigenodon obesus [459]. An investigation
of the competition within carcharhinid sharks at the Hawaiian Archipelago found that
C. galapagensis is competitive with both C. amblyrhynchos and C. plumbeus, and that all these
species share a dietary overlap [427]. Moreover, this study revealed that to a lesser extent,
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adult C. galapagensis also showed dietary overlap with the larger Galeocerdo cuvier because
both included large food items such as sea mammals in their diet [427]. The inclusion of
large prey items such as sea mammals in the diet of C. galapagensis has also been reported
by other scientists. Although the Galapagos shark’s diet primarily consists of teleosts and
elasmobranchs, on the islands of the Pacific Ocean, large adult specimens of C. galapagensis
are known to prey upon several species of pinnipeds. At the Galdpagos Archipelago,
the attack of a large (~250-300 cm) Galapagos shark on the endemic Zalophus wollebaeki
(Sivertsen, 1953) was reported [460]. Further, there are several reports on attacks of large
Galapagos sharks on the endemic Monachus schauinslandi (Matschie, 1905) at the French
Frigate Shoals in the northwest of the Hawaiian Archipelago [461—464] (compare with
Section 8.4).

On the other hand, the Galapagos shark itself can be a target of large predatory marine
species. There is a verified report from the Galapagos Archipelago of one feeding event
by Orcinus orca (Linnaeus, 1758) on a Galapagos shark [465]. Although it has not yet
been discovered, the Galapagos shark is likely preyed upon by large sharks that occupy a
higher trophic position and are known to be apex predators and intensive elasmobranch
consumers, such as Carcharhinus leucas, G. cuvier, Sphyrna mokarran (Rippell, 1837), and
Carcharodon carcharias (Linnaeus, 1758), particularly in areas where they share overlapping
ranges, although the remote distribution of C. galapagensis certainly provides some shelter
due to allopatric ranges of these species.

8. Discussion

This study revealed 69 confirmed records of Carcharhinus galapagensis worldwide (of
which 53 account for oceanic islands and 16 for continental coasts), which is not much
considering the large circumglobally range of this species. This result is highlighting that
the core area of its distribution is around oceanic islands, as recognized in other studies [63].
Historically, the Galapagos shark was reported to be the most common inshore species
that can be encountered at several remote oceanic islands [23,199,345], although recently,
the intensive fishing pressure has decreased their number significantly at many locations
worldwide, particularly outside of MPAs.

Carcharhinus galapagensis is both an amphi-Atlantic (=transatlantic) and an amphi-
Pacific (=transpacific) species [58,374,466], which means that it occurs on both sides of these
ocean basins. However, it is apparently not a transindic species as evidence was provided
in the Indian Ocean only from its western part, and has not yet been proven for its eastern
part [1,7,31,35] (see Figures 2 and 4). A strikingly large gap in distribution can be observed
for the area between the Western and Eastern Indian Ocean. This seems surprising because,
in the region of the Eastern and Central Indian Ocean, there are many remote islands and
island groups with reef habitats (e.g., Christmas Island, Cocos (Keeling) Island, Chagos
Archipelago, Maldives) that appear suitable for colonization by C. galapagensis.

In particular, the few occurrences of the Galapagos shark around oceanic islands, atolls,
and shoals in the Western Indian Ocean raise questions about its unusual distribution in
this ocean basin. In the first place, it is difficult to determine how this shark got there, from
where these populations initially derived, and in which direction the immigration to these
remote oceanic locations took place. Secondly, it is difficult to find logical and plausible
reasons why this species is noticeably restricted to the western part of the Indian Ocean
and has not been recorded yet from elsewhere in this ocean basin. In this context, a lack of
suitable habitats for this species can be largely excluded, particularly for the Eastern Indian
Ocean, as there are many oceanic islands exhibiting remote, pristine, and healthy reef
ecosystems, such as Australia’s Cocos (Keeling) and Christmas Islands. Perhaps, the reefs
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of these islands were occupied earlier by other species of reef sharks, and the ecological
niche of a reef-inhabiting predator has already been taken up by another species here.

The reports about the Galapagos shark from the Atlantic Ocean indicate that there
appears to be a gradient in the abundance of C. galapagensis in this ocean basin that is
apparently latitude-dependent. At the warm-temperate and subtropical outer range limits
of its distribution in the northern Atlantic Ocean, the Galapagos shark is rarely found,
e.g., in the Azores Archipelago and at Madeira, the northernmost distributional borders in
the Atlantic Ocean. In contrast, in tropical strongholds like Sao Tomé Island, Ascension
Island, and historically also in St. Peter and St. Paul Archipelago, it is one of the most
common shark species (for the latter at least in the past, before depletion by fishing activities
occurred). These latitude-dependent differences in abundance suggest that the core area of
the Galapagos sharks’ distribution is inside the tropical latitudes. Therefore, C. galapagensis
can be assessed as a shark with a primarily tropical distribution, presumably based on its
preference for warm water (see Section 5).

The Galapagos shark shows a high fidelity around oceanic islands during periods
of reproduction, and it stays in the vicinity of offshore islands when it bears its young.
Galapagos sharks only occasionally move to continental coasts as subadults or adults, no-
madic rather than migratory, which implies a directed movement that is usually triggered
by returning to places of parturition or wandering prey species. Juveniles of C. galapa-
gensis have been reported (with one exception) exclusively from remote oceanic island
habitats, and not from continental coasts. This reproductive strategy may be effective to
reduce and avoid predation on the offspring by primarily continental-distributed intensive
elasmobranch feeders such as Carcharhinus leucas, Galeocerdo cuvier, and Sphyrna mokarran.
The reproductive behaviour of C. galapagensis is completely opposite to what has been
observed in other shark species. For the TEP, shore-directed movements to coastal nurs-
ery areas along the Pacific coast of Mexico and regional philopatry of primarily pelagic
distributed shark species have been reported both for Rhincodon typus (Smith, 1828) and
Sphyrna lewini (Griffith & Smith, 1834), which move to sheltered inshore locations of the
mainland [467,468].

8.1. Distribution-Limiting and Range-Building Factors

The distribution of the various shark species mainly reflects their phylogeography as
well as environmental conditions. Their distribution was largely influenced by the history
of the Earth and the geological development, resulting in the genesis of land barriers,
which are of biogeographical importance. Oceanographic connectivity driven by ocean
currents is also important for the distribution of marine biodiversity because it mediates
the genetic and individual exchange between separated populations [469]. Both intra- and
interspecific competition are also considered as range-building factors for sharks, as well as
abiotic parameters. It can be assumed that carcharhinid sharks compete under a variety
of environmental conditions, with resulting phenomena such as niche separation, spatial
separation, and competitive exclusion. Some sharks are highly migratory and vagile marine
species, with a migration behaviour that is mainly induced by seasonal changes in water
temperature, foraging, or reproduction behaviour.

Focusing on C. galapagensis, scientists recognized in the 1950s and 1960s that this
shark shows an apparent preference for the sea around oceanic islands [76,470]. For the
understanding of the unique distribution pattern of the Galapagos shark, several factors
must be considered that have most likely shaped its current geographic range: Historical
demography, dispersal ability, competition, niche separation, and the evolutionary potential
for adaptation to reef habitats around isolated oceanic islands. Until nowadays, data
from reef shark science is not sufficient to identify and describe regularities regarding the
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distribution of reef sharks in ocean basins [471]. For example, the composition of reef
shark assemblages and irregularities in the abundances of certain reef shark species at
specific localities have not been identified satisfyingly yet, with many unresolved questions
remaining. The ecological niche of C. galapagensis does not seem to be completely clear
and definable yet. This species occurs in the Indo-Pacific along with typical reef sharks
such as C. albimarginatus and C. amblyrhynchos on the outer reef slope, although a distinct
geographical distribution of these three species from different locations has been described,
e.g., in the Mozambique Channel by the presence of a particular reef shark species at one
location and the absence of others [248]. According to shark scientists, C. albimarginatus may
be in direct competition with C. limbatus (Valenciennes, 1839) and C. galapagensis, which
may explain why the latter two species increased in numbers at Costa Rica’s Cocos Island
simultaneously when severe declines in C. albimarginatus at this location occurred [415].

Therefore, intra- and interspecific competition can be assessed as a range-building
factor that affects the distribution of sharks such as the Galapagos shark. Studies on the
behaviour of congeneric sharks revealed that among sharks of nearly the same length
occurring at the same location, C. albimarginatus very clearly dominated C. galapagensis,
while both dominated C. limbatus [23,472]. For the St. Peter and St. Paul Archipelago in the
Atlantic Ocean, a survey based on acoustic telemetry data revealed for C. galapagensis and
C. falciformis that both species showed spatial segregation at this site, with the latter occupy-
ing the pelagic zone and the first instead occurring in inshore waters [473], possibly due to
competition. Other studies provided information that, in sharks, inter-species competition
can be an excluding parameter already in the juvenile age class, which moreover can also be
assessed as a driving force of spatial and trophic niche patterns in sympatric species [474].

In the tropical and subtropical Pacific Ocean and at a few locations in the Western
Indian Ocean, reef shark assemblages found at the outer reef slopes mainly consist of
three co-occurring species of sharks: Carcharhinus amblyrhynchos, C. albimarginatus, and
C. galapagensis [475]. These three reef sharks share sympatric ranges in the Indo-Pacific
region, but the information is scarce on competitive behaviour, dietary overlaps, and niche
separation. However, top-down control in these three species of reef sharks and predation of
large sharks such as C. galapagensis on juvenile C. amblyrhynchos was suspected [475]. Today,
C. galapagensis is known to feed significantly on other reef sharks, including the smaller
C. amblyrhynchos and Triaenodon obesus [441,459,476,477] because this shark is considerably
larger when adult. It is not known how far this top-down control influences the distribution
of these reef sharks, although it probably plays a major role in limiting population sizes.
Studies on shark distribution around the Hawaiian Archipelago revealed that C. galapagensis
was more common in the northwestern islands and was replaced by C. amblyrhynchos
in the southern islands of the northwestern Hawaiian Island Chain [478]. Interspecific
competition due to dietary overlap may influence and regulate the distribution of these
sharks throughout the Hawaiian Islands [427].

A study conducted on reef sharks in the Western Indian Ocean showed that
C. melanopterus was the most abundant shark at Aldabra Atoll, and C. galapagensis was the
most abundant shark at the Bassas da India Atoll [248]. Moreover, the Bassas da India Atoll
lacked C. amblyrhynchos, C. melanopterus, and T. obesus, but was therefore characterized by
aggregations of juvenile C. galapagensis, suggesting a kind of competitive exclusion [248].
Contrarily, for the Chagos Archipelago in the Central Indian Ocean from where C. galapa-
gensis has been not reported yet, another study found that the dominant reef shark species
were C. amblyrhynchos and C. albimarginatus [479]. It is very likely that these reef sharks
compete with C. galapagensis, and competitive exclusion may be one explanation for the
apparent absence of the latter from the Chagos Archipelago.
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Answering a key question could go a long way toward clarifying the phenomenon
of why C. galapagensis shows such a strong attachment to remote oceanic island habitats:
How do oceanic island coastal habitats differ from those of continental coasts? In this
context, a further fundamental question in assessing interspecific competition between
species of the genus Carcharhinus is whether it may be coincidental that the abundance of
C. leucas decreases with increasing distance from continental landmasses and, diametrically,
the abundance of C. galapagensis increases with increasing distance from the mainland?
Although it may be unlikely that one single species could have such a strong excluding
influence on the distribution of another, it reflects the complexity of tropical marine food
webs. Abiotic parameters, such as salinity, and the adaptation to different environments,
could also be regulatory drivers for the distribution of these two carcharhinids, because
one (C. galapagensis) is assessed stenohaline and the other (C. leucas) euryhaline.

In nearshore ecosystems at continental coasts of the tropics and subtropics, large-
bodied carcharhiniform sharks such as Sphyrna mokarran, Galeocerdo cuvier, and C. leucas
occupy top-predatory niches and control the abundance of lower trophic species, including
meso-predatory sharks. This predatory pressure can result in types of avoidance behaviour,
which means that several shark species such as C. galapagensis may escape predation by
inhabiting open oceanic waters and remote habitats far from continental coasts. However,
this spatial exclusion of predatory sharks seems to be not limited to continental coasts and
can also be recognized at several islands in the Western Indian Ocean such as Reunion and
Mauritius as well as the Seychelles, where these three apex predators are known to occur
at all three locations and C. galapagensis is missing. The same applies to some islands of
the Pacific Ocean such as the Fijian Archipelago, where C. leucas and G. cuvier occur but
C. galapagensis has not been recorded. However, there are a few locations where both
G. cuvier and C. galapagensis co-occur, such as the Hawaiian Archipelago and Norfolk
Island [126].

In this context, a tagging study conducted in waters off Florida found that the three
large predatory shark species cited above are favouring the productive coastal regions of
the Northwest Atlantic Ocean and the Gulf of Mexico along Florida’s continental shelf [480].
These competitive species may force the inferior C. galapagensis to remote oceanic islands
in the Atlantic Ocean such as the Bermuda Islands by competitive pressure, although this
assumption is of a mainly speculative nature. With a few exceptions (e.g., Fiji, Reunion Is-
land, The Seychelles), the large elasmobranch consumer C. leucas is found only occasionally
around most subtropical and tropical oceanic islands, presumably due to the paucity of
critical habitats such as low-salinity environments on which this species essentially relies
for reproduction [400]. Carcharhinus leucas preys heavily on juvenile sharks, including its
own offspring [1,481].

Elasmobranchs have developed different evolutionary strategies to protect their off-
spring and reduce predation risk; for example, leaving the marine environment and moving
into low-salinity habitats as observed in C. leucas [281,482]. The nursery areas of C. galapa-
gensis were identified by this study in waters of remote oceanic islands at a considerable
distance to continental coasts, where strong elasmobranch consumers such as C. leucas do
not occur, and specimens of G. cuvier are mainly rare or solely vagrants. No sightings or
records of small juvenile C. galapagensis up to 150 cm in continental waters may indicate
that Galapagos sharks move only to coastal waters of adjacent continental landmasses
when they have grown, at least as far as to the large juvenile and subadult age classes.
Presumably, then, they have reached sizes that allow them to escape predation by large
predators, especially continental-distributed elasmobranch consumers.

Although both C. galapagensis and C. leucas are mainly tropical to subtropical dis-
tributed warm-water species of Carcharhinus, it is striking that they share only a few
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sympatric ranges that represent exceptions, such as Colombia’s Malpelo and Gorgona
Islands in the TEP, which are in less distance to the continental coast of the South American
continent. This avoidance may be an effective protection for juvenile C. galapagensis against
predation by other predatory shark species and may guarantee a high survival rate for
the offspring. However, it should be noted that several other similar-sized or smaller
carcharhinids such as C. obscurus, C. limbatus, and C. amblyrhynchos co-occur with C. leucas
in the same areas. If predator avoidance would be a strong driving factor, it should be
expected that it would also affect the distribution of these species significantly. In this
context, it should be mentioned that C. leucas can be a very dominant species that does
not tolerate any other sharks in the territory it occupies, for example, at Costa Rica’s Islas
Murciélago (A. Lopez-Garro, pers. comment).

Regarding the spatial distribution of reef sharks, competition can be assessed as
important but not the only regulating factor, and geographic latitude is also of importance.
In this context, a large-scale survey based on BRUVS deployments across 18 nations from
the Western and Central Pacific Ocean unveiled that C. amblyrhynchos was not recorded on
Lord Howe Island (Australia) or on the Kermadec Islands (New Zealand), but, therefore in
these areas, C. galapagensis was recorded, suggesting a spatial exclusion of both [483]. The
researcher who conducted this study concluded that there may be latitudinal separations
in the species’ presence, with C. galapagensis present only at higher-latitude reefs (Lord
Howe Island, Kermadec Islands) where C. amblyrhynchos does not occur. A scheme of the
main factors that could be affecting the geographic distribution of C. galapagensis is given
in Figure 8.
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Figure 8. Scheme of identified factors possibly affecting the global distribution of Carcharhinus
galapagensis.
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Focusing on the competitive situation of reef sharks in the Atlantic Ocean, here,
the situation is different from the Indo-Pacific because of diverging prevalent species
compositions. Indo-Pacific reef sharks such as C. amblyrhynchos and C. albimarginatus do
not occur in the Atlantic Ocean but, instead, here, they get replaced by C. perezi that has
occupied reef habitats in the Western Atlantic, from North Carolina to Brazil [7]. This
reef shark is restricted to the Western part of the Atlantic and has not colonized the entire
tropical to subtropical Atlantic Ocean. Hence, it is lacking from the Central and Eastern
Atlantic. This means that oceanic islands inside the Central and Eastern Atlantic regions
may have provided ecological niches in reef habitats and on rocky slopes around oceanic
islands that are left to get occupied by predatory fish such as reef-inhabiting sharks. For
the Western Atlantic-distributed C. perezi, an ecological role similar to the carcharhinid
sharks of the Indo-Pacific region was suspected [484]. Possibly, competition between
C. perezi and C. galapagensis is the case for the Caribbean Sea, and this may explain why the
Galapagos shark is scarce at reefs habitats here, where only a few reports and records exist
(Supplementary Material S1). Probably, around oceanic islands, C. galapagensis does not
only compete with other reef shark species but also with pelagic sharks. For the equatorial
Atlantic Ocean, it was assumed that an increase of C. galapagensis, after its near extinction
around St. Peter and St. Paul Archipelago (compare Section 8.5), resulted in a decrease
in C. falciformis, likely a consequence of the dominance and more territorial behaviour of
C. galapagensis which tend to drive C. falciformis away from the archipelago [485].

Regarding abiotic conditions and other environmental factors than competition, the
temperature of sea water is important for the spatial distribution of elasmobranchs. Al-
though considered a warm-water species, the Galapagos shark apparently tolerates slightly
cooler waters than C. amblyrhynchos and C. leucas, two sharks assessed as mainly tropical
species. However, C. galapagensis is not as tolerant to cool waters in comparison to the
sibling C. obscurus, whose distribution spans even the temperate regions of the world [486].
In contrast to C. galapagensis, the distribution of its progenitor C. obscurus includes also the
cooler temperate waters in the higher latitudes, e.g., the Cape Region of South Africa and
the Great Australian Bight of South Australia [1,7,10].

Focusing on oceanography and marine life, climate change may lead primarily to
warming effects of water masses in all three ocean basins and therefore, it can be assessed
as a driving factor for altering the distribution of fish such as sharks, resulting in habitat
loss for cold-temperate species as well as range extensions for tropical species. Ocean
warming may result in poleward-directed range shifts of warm-water shark species [487].
Possibly, future ocean warming may promote the dispersal of tropical and subtropical
sharks, including C. galapagensis, to areas of the higher latitudes. In this context, a study
modelled the ranges of carcharhinid sharks and predicted shifts in the distribution by the
year 2050, including C. galapagensis, with possible range extensions at the distributional
margins of this species in the Northeast and Southeast Atlantic Ocean [488]. Probably,
this shark will expand its distribution if the ongoing warming of oceans continues. The
occurrence of the mainly tropical-distributed C. galapagensis around the warm-temperate
Azores Archipelago was already discussed in a context of a tropicalization process in the
Northeast Atlantic Ocean [211]. In this scenario, range extension mediated by dispersal of
single specimens could be rapid, but presumably would result in low genetic diversity in
the founder population due to the low population size of the starting population, and a
prevalent barrier to the sharing of genes across large distances.

The swimming abilities and the spatial behaviour can also be of importance for
the dispersal of sharks and therefore, they are of relevance for shaping the range of
C. galapagensis. The strong site fidelity of C. galapagensis to specific island locations seems to
be consistent with the results of studies on the spatial behaviour of further reef-inhabiting
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sharks of Carcharhinus. Several studies revealed that many reef sharks within the genus
Carcharhinus are highly residential. For example, for C. perezi, it was found that this shark
moved little between tag and recapture events (0 to 8 km) despite multiple years at liberty
for many specimens (up to 7.1 years) [489]. Scientists also found no evidence of seasonal
migration behaviour in C. perezi [489], unlike other large congeneric members that are not
confined to reef habitats or are just occasional visitors there such as C. leucas, who often
undertakes large-scale seasonal-induced migrations, especially at its northern and southern
range limits [490,491].

The crossing of open ocean waters and the migration between widely separated
atolls and islands by reef sharks, which mostly exhibit residential behaviour, seem to be
exceptional, but not unusual. Scientists reported on the movement of C. amblyrhynchos
between different atolls of the Hawaiian Archipelago [492]. Similar movements were also
observed in C. galapagensis, who travels between islands inside archipelagos as well as
to adjacent island groups in greater distances. In this context, researchers reported on
the ability of C. galapagensis of crossing open ocean waters [169]. Further scientists also
suspected the Galapagos shark of ocean-crossing because it exhibits a circumglobally, but
disjunct distribution, and the colonization of widely separated islands requires the ability
to migrate over extended distances of open ocean waters [46]. Particularly, the adults of
C. galapagensis are regarded to be capable of crossing considerable distances of open ocean
between islands [436]. This partial migration from one island to another adjacent island
can be a mechanism for driving migration and gene flow in at least in a small proportion of
the population.

8.2. Biogeography and Phylogeography

As biogeography aims to identify regularities in species distribution, the finding
of characteristic spatial patterns in the distribution of taxa is of particular concern. For
elasmobranchs, a relationship between body size and range size has been reported [340], in
which large-bodied species are mostly occupying large ranges and small-bodied species are
showing overwhelmingly small ranges. The latter are often restricted to certain regions or
localities where they are sometimes endemic. In this context, studies have found that reef
fish assemblages of oceanic islands often contain high abundances of species with wide
geographic ranges, such as cosmopolitan-distributed sharks [493,494]. Investigations of
remote oceanic islands in the Pacific Ocean have shown that even these isolated habitats
can be inhabited by high numbers of reef sharks due to the high productivity of these
ecosystems which provide large amounts of food items for sharks [495,496]. Nevertheless,
it should be considered that nowadays, the composition of fish assemblages can be strongly
altered even at remote islands, due to fishing activities which affect almost all regions of
the world today.

For the dispersal of marine life, natural barriers to its distribution such as strong
currents, land bridges such as the Isthmus of Panama, and vast and expanded stretches of
open oceans such as the Pacific Plate (often referred to as “ocean deserts”) can be regarded as
dispersal limiting factors [497]. Vast stretches of open ocean waters are considered barriers
for primarily reef-inhabiting sharks such as C. galapagensis [471]. Large expanses of open
ocean waters can be assessed as barriers to gene flow, primarily for coastal-restricted species,
but also to a lesser extent for strong-swimming pelagic species. In large predatory sharks,
there are examples of panmictic species such as Prionace glauca, Carcharhinus longimanus,
and Isurus oxyrinchus (Rafinesque, 1810), which show no clear population structuring
due to virtually no visible barriers [498-500]. Contrastingly, there exist also examples of
globally distributed sharks that are showing population structuring because of the isolation
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effects of vast stretches of open water, which are separating parts of ocean basins, such as
C. galapagensis [47].

Scientists outlined the insurmountability of the Eastern Pacific Barrier (EPB) as a part
of the Pacific Plate that provides approximately 5000 km of deep water, separating the
eastern from the Central Pacific, for shallow-water marine species [501]. These scientists
further concluded that the EPB represents the world’s widest marine biogeographic barrier,
which is virtually impassable for coastal-restricted fish, and that provides a barrier to gene
flow across the Western, Central, and Eastern parts of the Pacific Ocean [501]. This nearly
insurmountable barrier drives differentiation in marine fish through isolation effects, result-
ing in limitations of specimen dispersal and gene flow between geographically separated
populations. The strength of the Pacific Plate Barrier in elasmobranch dispersion has been
observed in the species richness of this group of fish in Australasia [502] as well as in the
TEP, where even large, highly vagile, and pelagic species such as Manta birostris (Walbaum,
1792) show restricted gene flow between these areas [503]. Only very few reef shark species
(e.g., Carcharhinus albimarginatus, C. galapagensis, Triaenodon obesus) exhibit an amphi-Pacific
distribution [58]. Carcharhinus amblyrhynchos also occurs in the East Pacific but is restricted
here to one single location, the Galdpagos Archipelago, and as such, this species cannot
really be assessed as amphi-Pacific.

Biogeographers and ichthyologists highlighted that many marine fishes are rela-
tively unrestricted in distribution and, therefore, cannot be assigned to any zoogeographic
area [504]. In a compilation about Pacific-distributed marine shore fishes, five species of
sharks were shore fishes that occur on both sides of the Pacific Plate Barrier, but this listing
did not include many large members of Carcharhinus and not C. galapagensis [339]. Other
scientists commented on this compilation [476] and stated that C. galapagensis, among other
large carcharhinids, should be added to his list because they do also occur on both sides
of the Pacific Ocean. Carcharhinus galapagensis was not mentioned in a monumental work
about the Pacific Plate biogeography [505], but the wide absence of other large-bodied mem-
bers of Carcharhinus from the Pacific Plate was recognized with the conclusion that body
size alone is insufficient to account for the presence or absence of Carcharhinus species from
the plate. It should be assumed that especially the large and strong-swimming members of
this genus are predestined to colonize the vast Pacific Plate. From the large members of
Carcharhinus, only two oceanic species with a worldwide distribution are widely distributed
on the Pacific Plate and common in all areas: Carcharhinus falciformis, and C. longimanus.
It is astonishing that out of Carcharhinus, which comprises large and strong-swimming
species such as C. leucas and C. obscurus, only three small-to-medium-sized species seem
to be the most common species around islands of the Indo-Pacific: C. albimarginatus,
C. amblyrhynchos, and C. melanopterus. Without exception, all these three species are largely
associated with reef habitats.

At the end of the 1960s, it was recognized for the first time that C. galapagensis shows
a worldwide distribution in the sense of occurring in the Atlantic, Pacific, and Indian
Oceans [76]. Twenty years later, nine species of the genus Carcharhinus were listed, all large
(>250 cm), that are circumtropical- or circumtemperate-tropical-distributed, which means
that they occur in all major ocean basins: C. altimus, C. brachyurus (Glinther, 1870), C. falci-
formis, C. galapagensis, C. leucas, C. limbatus, C. longimanus, C. obscurus, and C. plumbeus [506].
Two further congeneric species can be added to this listing: C. brevipinna (Valenciennes,
1839) and conditionally also C. amboinensis (Miiller & Henle, 1839) (the latter has been
recorded for the Atlantic and Pacific Oceans but not yet from the American continent). It
was suspected that C. plumbeus could possibly be absent from the Eastern Pacific as well
as C. brevipinna [506], an observation that is consistent with the current knowledge and
very likely reflects the strong isolation effect of the Pacific Plate Barrier. All these species
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of Carcharhinus mentioned above have in common that they are cosmopolitan-distributed
and occur exceptionless in all three major ocean basins. Although they can be assessed as
strong-swimming species due to their large sizes and are able to cross ocean basins or larger
parts of open ocean waters, the strong isolation effect of the Pacific Plate Barrier may hinder
the colonization of the East Pacific by C. brevipinna and C. plumbeus. This compilation above
of the 11 species of Carcharhinus that exhibit a worldwide distribution is consistent with
a biogeographical study that also listed 11 species of requiem sharks with circumtropical
distributions, including C. galapagensis [143].

However, although these 11 Carcharhinus species have in common that they are globally
distributed, it was pointed out that these large and cosmopolitan members of Carcharhinus
occupy different habitats [506]. Carcharhinus falciformis and C. longimanus are epipelagic
and inhabit primarily open ocean waters far from landmasses, C. galapagensis prefers in-
sular waters, and C. obscurus, C. brachyurus, and C. plumbeus can tolerate cooler waters in
comparison to the others. Carcharhinus leucas exhibits a preference for continental coasts
and is well-known for penetrating low-salinity environments such as rivers and lakes
with access to the sea at its early life stages [400]. In this context, scientists reported on a
habitat-mediated diversification in the genus Carcharhinus [91], and a splitting of C. galapa-
gensis from C. obscurus that has been presumably occurred just recently (<1 million years
ago; hereafter abbreviated with: MYA). The niche separation of the several Carcharhinus
species can be understood in the context of diversification and radiation from the early
ancestors of Carcharhinus, as well as with the adaptation of these taxa to different habitat
types, together with an evolutionary specialization to different prey items. A diversification
burst of carcharhiniform sharks was reported that has occurred over the last 30 MYA [507],
likely mediated by environmental changes. In this context, other researchers had elucidated
the evolution of modern sharks and informed on a Miocene climatic disruption that may
have promoted morphological segregation of carcharhiniform sharks that was mainly
driven by a combination of habitat change, prey availability, feeding ecology, and feeding
strategies [508]. Adults of C. galapagensis show a slender, streamlined body and large
first dorsal and pectoral fins. Hence, this requiem shark shows—at least partially—
morphometric characteristics of pelagic sharks and large adult specimens are well-designed
for movements across open ocean waters, although they occur primarily at the outer reef
slope of oceanic islands and around seamounts. Probably, C. galapagensis is an intermediate
between reef sharks and pelagic sharks and arose because of this free ecological niche
which was left for occupying.

One Colombian scientist listed the known insular occurrences of the Galapagos shark
for the Colombian Pacific and pointed out that the case of C. galapagensis is particularly
noteworthy from a zoogeographical point of view [342]. This scientist concluded that the
strongly disjunct distribution of this circumtropical species seems paradoxical and that the
occurrences of this species in the Indo-Pacific region strongly suggests an origin in the East
Pacific due to the numerous occurrences here. However, this scientist also emphasized that
even the Atlantic region cannot be completely excluded as a place of its origin either after
the discovery of this shark in this ocean basin at the beginning of the 1960s [129,172,173].

For the elasmobranch diversity of Colombia, an apparent difference in species richness
and composition between the Pacific and the Caribbean Sea was reported [374], and it
was strongly related to the emergence of the Isthmus of Panama. This event has led to
diverging species numbers of elasmobranchs on both sides of the isthmus [373,374], and
it can be assessed as the driving force for evolutionary processes in fishes on both sides
of the American continent, including the genesis of C. galapagensis. For example, in the
evolutionary old and stabilized taxa of Carcharhinus such as C. leucas, a species that can
be reliably backdated at least to the border Miocene/Pliocene [509], the isthmus can be
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regarded as being responsible for the evolution of different genotypes of this shark on both
sides of the isthmus.

The appearance of the Isthmus of Panama ~3.5 MYA and the rise of the Mesoamerican
Landbridge can be assessed as the main event in the evolutionary history of elasmobranchs
in the American region. This geological event divided the current Atlantic and Pacific
Oceans and has left the marine biota isolated beyond both sides of the isthmus. This
separating of former undivided populations has not only led to the splitting of shark taxa
but also to the emergence of new ones. An example of this diversification is the exclusively
Pacific-distributed Carcharhinus cerdale (Gilbert, 1898), which arose because of isolation-
related allopatric speciation during the closure of the isthmus, and which split off from the
Atlantic-distributed sibling C. porosus (Ranzani, 1839) [510]. In the case of C. perezi, it can be
assumed that this species likely arose beyond the Isthmus of Panama since its distribution
is limited to the Atlantic side of the Mesoamerican Landbridge, and it does not occur in the
Pacific. The same period of emerging dated after the closure of the isthmus can be assumed
for the exclusively Pacific-distributed Nasolamia velox (Gilbert, 1898) which occurs only on
the west side of the American continent.

In the case of C. galapagensis, for which genetic studies have attested to be presumably
younger than 1 MYA old [91] and, thus, evolved well after the Isthmus of Panama was
formed, this means for the TEP that there was a barrier both for westward dispersal due to
the EPB and eastward to the Atlantic Ocean by the Mesoamerican Landbridge, assuming
that this species originated in the Eastern Pacific. The fact that C. galapagensis is common
and abundant in the TEP and very rare in the Caribbean Sea and the adjacent waters of
the Western Atlantic Ocean (Figure 2) may also be a strong biogeographic argument in
supporting that the Galapagos shark has emerged after formation of the Isthmus of Panama
and the related persistent dividing of both major ocean basins.

Additionally, genetic investigations also support the theory that C. galapagensis was de-
rived in the East Pacific region [47]. Further, this theory is also supported by the knowledge
that this species is widespread in the TEDP, the core area of its distribution, and is scarce
in the Central and Western Pacific. Very useful information that supports this theory has
been derived by a further study [501]. The authors of this study have described that the
traditional approach for inferring the direction of fish dispersal across the EPB has been
to consider the region, in which populations of a transpacific species are most abundant
and widespread, as the source and the area in which populations have a more tenuous
hold as the target. Although the direction of invasion by fish across the EPB presumably
has occurred overwhelmingly from the central to the Eastern Pacific, investigations on
species distribution in the Pacific [44] have shown that a few fish species have managed
successfully to disperse into the opposite direction (east to west).

Based on its young evolutionary age and its core area of distribution in the TEP, the
author of this study argues in harmony with the results from genetic investigations [47]
that C. galapagensis has presumably derived in this region where many coral and rocky
reef habitats around its numerous oceanic islands (e.g., Revillagigedo Archipelago, Co-
cos Island, Malpelo Island, Galdpagos Archipelago) were available. The splitting from
its progenitor C. obscurus may have supported niche separation in this species, and
these isolated reef habitats in the TEP presumably got occupied by the young descendant
C. galapagensis.

A strongly supported phylogenetic link (based on the SNP phylogeny) between
the East and West Pacific Ocean lineages via two investigated Mexican specimens sug-
gests that C. galapagensis has entered the Central and Western Pacific from the TEP via
Mexico [47]. Further, the genetic investigations by population structuring and phylogeny of
the Indo-Pacific Galapagos shark population placed Hawaii and Walters Shoals (southern
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Africa) within the Western Pacific population but Mexico and Galapagos within the TEP
population [47]. Nevertheless, it can be assumed that there is a limited exchange of genes
between the Galapagos shark population of the Western and Eastern Pacific due to the
barrier effects of the Pacific Plate.

Cold currents such as the Benguela Current that flows along the Southwest coast
of the African continent provide a further dispersal barrier for tropical and subtropical
fishes such as C. galapagensis, although the interoceanic movement of one warm-water
species of Carcharhinus and the passing of this biogeographic barrier has been recently
reported [508]. A study revealed that the Benguela Barrier has limiting effects on the
dispersal of small Atlantic reef fishes [493]. However, it is likely that on rare and occasional
events, large warm-water species of fish such as primarily tropical carcharhinid sharks
can cross this nearly impassable barrier [511]. The Southeast Atlantic and Southwest
Indian Ocean populations of C. galapagensis are divided today by this cold current, under
the assumption that the Benguela Current presents a strong barrier for a shark species
linked to warm-water conditions (>20 °C). However, despite the evidence of occasionally
transfer of the Benguela Barrier by warm-water carcharhinids [511], scientists considered
the Benguela Current as constraining for temperature-sensitive sharks, as has been the
closure of the Isthmus of Panama [512]. Historical studies outlined that the distribution of
Indo-Pacific elasmobranchs is restricted by the 12 °C isotherm, which borders the Southwest
coast of Africa beyond the west of the Cape of Good Hope and extends up to a —22° S
latitude, serving as a physical barrier for the free dispersal of the Indo-Pacific species into
the Atlantic [513]. In this context, scientists reasoned felicitously about the waters off
Southwest Africa that the blanket of cold water along the west coast is so much a barrier to
most warm-water forms, that, to a large extent, it prevents the intermingling of the fishes
of the tropical Atlantic with those of the Indian Ocean shores of South Africa [514]. Further,
the Benguela current flowing northwards tend to limit the penetration of Cape waters by
fishes from even the colder parts of the Atlantic, and in consequence, the Cape represents a
well-defined line of division between the Atlantic and the Indo-Pacific fishes [514].

Moreover, scientists speculated that the Indo-Pacific species that are simultaneously
distributed in the Atlantic are relics of an earlier intermingling not long ago in geological
times, with different environmental conditions, and that there was almost certainly a warm-
water connection between the Indian and Atlantic Oceans that once allowed an exchange
of individuals of warm-water elasmobranchs [514]. It is quite imaginable that the Walters
Shoals, located in the Southwest Indian Ocean, have functioned as a stepping stone and
as a starting point for the migration of C. galapagensis into the Southeast Atlantic Ocean,
although this must be tested. Presumably, C. galapagensis has reached the southern Atlantic
Ocean via the southwestern Indian Ocean and through passing the Cape of Good Hope,
with a following northern-directed spread and dispersal into the equatorial regions and
farther into the North Atlantic. Historical changes in sea levels may also have influenced
the dispersal of C. galapagensis in ancient times, and, therefore, have shaped its current
distribution. Considering these biogeographical facts and deliberations, a historical process
has presumably shaped the recent range of C. galapagensis and of other cosmopolitan
carcharhinids, and the result is today’s separate populations of C. galapagensis in the three
major ocean basins of the world.

However, in sharp contrast to the results of genetically based phylogeographic sur-
veys and diverging from the estimated evolutionary age of C. galapagensis based on genetic
methods, are the data on its evolutionary age derived from several paleontological studies
based on findings of fossil shark tooth at sampling sites across Latin America. In gen-
eral, some scientists outlined that chondrichthyans are relatively poorly represented in
phylogeographic studies due to a paucity of early fossils that has restricted the ability
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of phylogeographers to make solid inferences regarding the evolutionary history of the
various chondrichthyan groups [515]. Based on its assumed relatively young evolutionary
age, C. galapagensis is scarce in the fossil record. The presence of C. galapagensis in deposits
of the Tortugas Formation (late Miocene, ~5 MYA) and the San Diego Formation (Pliocene,
~2 to 3 MYA) of the Mexican Baja California Peninsula was reported [516], as well as
its presence in the Mexican fossil fish record between the late Miocene and the Pliocene
(~11.6 to ~5.33 MYA) [517], indicating a much older evolutionary age than genetic studies
suggest. Other scientists also reported on a fossil record of C. galapagensis deriving from
the late Miocene and Pliocene of Baja California [518]. Tooth findings of Carcharhinus cf.
C. galapagensis from the Western Venezuelan Cantaure Formation (early Miocene, ~20 to
~16 MYA) were reported from the southern Caribbean Sea [519]. Other scientists have
chosen a multi-data approach to determine the evolutionary age of carcharhiniform sharks,
both for extinct and extant taxa, and combined data from the fossil record as well as from
phylogenetic studies [507]. According to these scientists, C. galapagensis is known from the
fossil record since the Miocene, while phylogenetic data allow the backdating of this shark
to the quaternary (max. 2.5 MYA).

As a conclusion, paleontological reports of fossil C. galapagensis tooth suggest a much
older evolutionary age of the Galapagos shark than the results of genetic studies, under the
premise of correct identification and determination of these teeth. Under the assumption
that these fossil tooth findings are determined correctly in age and species, this finding
would be of enormous consequence regarding the phylogeography of C. galapagensis
because it would not only mean that this shark may have settled the Atlantic Ocean at
times before the closure of the Isthmus of Panama, moreover, it would also question its
East Pacific origin. Nevertheless, it was pointed out that the morphological features of the
tooth within the genus Carcharhinus bear close resemblances between species [520]. This
confusion makes the taxonomic classification of the carcharhinids’ fossil teeth difficult,
especially when they are incomplete and eroded. However, these paleontological findings
led to the shining of the evolutionary history of C. galapagensis in a different light and make
it difficult to determine its true age.

Comparing and balancing these facts presented in the previous paragraphs, the author
of this study believes that it is more likely that C. galapagensis has a relatively young
evolutionary age, and that its region of origin is the TEP because this is consistent with the
genetic results on its demographic history as well as its current global distribution pattern.
The abundance of C. galapagensis in the TEP and its paucity in the Atlantic Ocean may foster
the theory of a Pacific origin. Simultaneously, this distribution pattern and the frequency of
records with a clear agglomeration of distribution points in the TEP are good arguments
for excluding an origin of this species before the emergence of the Isthmus of Panama
~3.5 MYA. The existence of hybrids resulting from crossing events between C. galapagensis
and C. obscurus [98] also suggests a young evolutionary age because hybridization usually
occurs between young, not yet stabilized taxa (see Section 3 and the following Section 8.3).

8.3. Genetics and Population Connectivity

Geographic distance to and isolation from neighbouring populations promote genetic
specification and diversification in species [521]. Due to their remoteness and geographic
isolation, it is known that around islands, populations of globally distributed requiem
sharks can show a distinct genetic cluster and present unique single stocks [522]. This
also applies to C. galapagensis because its global range consists of many widely separated
populations around islands.

Large-bodied, highly mobile, and pelagic shark species with circumglobally distribu-
tions were generally believed to be genetically panmictic over their ranges due to assumed

https://doi.org/10.3390/d18080500


https://doi.org/10.3390/d18080500

Diversity 2026, 18, 500

63 of 123

high dispersal capacities and therefore, a lack of oceanic biogeographic barriers [523]. How-
ever, with increasing investigation efforts and by using higher resolution markers, this view
has fundamentally changed. Continental landmasses, cold currents, vast stretches of open
ocean waters, and philopatric behaviours are considered barriers to gene flow for even
some of the most vagile of circumglobally distributed shark species, including large mem-
bers of the genus Carcharhinus [524]. For C. galapagensis, limited oceanic connectivity was
described, with population structuring detected between ocean basins [47,525]. Meanwhile,
although several studies on the population genetics of C. galapagensis were conducted
in the Indo-Pacific region [33,34,47,98,105,394,525-527], similar studies have not yet been
conducted in the Atlantic Ocean [48], from where information on the population structure
is lacking. The same applies to the genetic relationships of C. galapagensis populations
around oceanic islands of the Western Indian Ocean among each other (Walters Shoals,
Bassas da India Atoll, Europa Island).

A study targeted the population genetics of the Indo-Pacific Galapagos shark pop-
ulation both on a large and small local scale, focusing on the haplotype network of
229 individuals and their mitochondrial control region sequences [34]. Consistent with the
genetic investigations conducted in the Southwest Pacific Ocean region (Australia, New
Zealand), population structuring and two well-differentiated stocks in C. galapagensis on
a relatively small scale within the Galdapagos Archipelago were detected, one at Isabela
Island (western population), and the other at the San Cristébal and Santa Cruz Islands
(eastern population) [34,394]. For both populations, only low effective population sizes of
approximately 200 individuals were estimated, highlighting their vulnerability to overfish-
ing [34,394]. Moreover, low levels of gene flow (<10%) between these stocks were reported.
Amongst these stocks within the Galdpagos Marine Reserve, it was found that the Isabela
Island stock showed a lower haplotype and nucleotide diversity (h = 0.585, 7t = 0.018)
than the San Cristébal and Santa Cruz Islands” stock (h = 0.739, 7t = 0.053), suggesting the
population around Isabela Island is of particular concern [394]. This finding highlights
the genetic diversity comprised in island populations of C. galapagensis in general and the
diversity of the population inhabiting the Galdpagos Archipelago in particular.

As a further result and on a larger geographic scale, genetic investigations [34] re-
vealed different population clusters for the East Pacific (Revillagigedo and Galdpagos
Archipelagos) and the Central-West Pacific (Hawaiian Archipelago, Kermadec, Norfolk,
and Lord Howe Islands, and Elizabeth and Middleton Reefs). Hence, a strong transpa-
cific break in the population structure of C. galapagensis in the Pacific Ocean was detected.
Moreover, within the Pacific Ocean basin, the results suggest a regional separation in and
structuring of C. galapagensis populations, with the identification of separate East Pacific
(Revillagigedo and Galdpagos Archipelagos), Central Pacific (Hawaiian Archipelago), and
West Pacific (Kermadec, Norfolk, and Lord Howe Islands, and Elizabeth and Middleton
Reefs) populations [34]. However, population connectivity among the islands of the TEP
was detected by the long-distance movement of one Galapagos shark specimen that trav-
elled from the Revillagigedo to the Galdpagos Archipelago, with a stopover at Clipperton
Atoll [443,453]. The behaviour of travelling between islands of the TEP was recorded in
several further species of sharks such as Rhincodon typus, Sphyrna lewini, and Carcharhinus
falciformis [456,528,529]. This serves as proof of the importance of these islands as stepping
stones for the long-distance movements of sharks.

Studies reported on a strong transpacific break in the Pacific population of C. galapa-
gensis and the presence of two subpopulations located in the Eastern Central Pacific and
the Western Central Pacific/Indian Oceans [47,525]. However, in these studies, samples
from the Atlantic Ocean were not included, but it is very likely that the Atlantic Ocean is
inhabited by a third distinct subpopulation due to its isolation from the Pacific and Indian
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Oceans by currents and landmasses [35]. Moreover, for the region of the TEP, population
differentiation within the TEP was detected by separating the population of C. galapagensis
around the Galdpagos Archipelago from the one around the Revillagigedo Archipelago,
whereby this pattern was attributed to historical geographic isolation [47]. The strong
genetic break in the Pacific Galapagos shark populations that has been reported [47,525]
confirms the effectiveness of the Pacific Plate Barrier regarding its limitation to disper-
sal, as well as the assumption that only a few specimens of C. galapagensis are capable of
overcoming this barrier. This result also supports the current knowledge that, in sharks,
like in many further organism groups, genetic distinctiveness correlates with geographical
distance. Moreover, these results cited above lead to the conclusion of limited gene flow
between the Eastern and Western Pacific populations of C. galapagensis, but also within the
Galapagos Archipelago itself [530].

Results of a study have shown that there are a few areas where C. galapagensis and
C. obscurus share sympatric ranges and co-occur across the Pacific Ocean [98]. In this study,
nuclear genome-wide markers were used, which allowed for identifying the hybridization
between these two sibling species. Four hybrid individuals were detected intermingling be-
tween C. galapagensis and C. obscurus in the Gulf of California and the East Pacific Ocean [98].
The presence of hybrids at both Clipperton Atoll and the Galdpagos Archipelago suggests
the movement of female Galapagos sharks (potentially hybrid mothers) from the primary
area of contact (Gulf of California or Revillagigedo Archipelago) towards the Galdpagos
Archipelago, using Clipperton Atoll as a stepping stone. However, the fact that C. gala-
pagensis and C. obscurus can hybridize may be another indication of the relatively young
evolutionary age of the Galapagos shark (~1 MYA) (compare Section 8.2), as hybridization
occurs overwhelmingly between young, not-yet-stabilized taxa.

The first study using genetic methods to investigate the regional population structure
of C. galapagensis can be backdated to 2008 [526]. In this study, on a relatively small scale,
significant structuring between the Elizabeth and Middleton Reefs on the one hand and
the adjacent Lord Howe Island on the other in the Southwest Pacific Ocean was detected.
The identification of two genetic stocks highlighted the need for separate assessments, each
with their own appropriate conservation and management plans. Similarly, a further study
five years later also found population structuring between the same two locations [527]. By
contrast, another scientist not only sampled at these two locations but also included Norfolk
Island and the Kermadec Islands in the investigations of C. galapagensis populations in the
Southwest Pacific [105]. This scientist claimed that the populations from all these locations
may form a single Evolutionary Significant Unit (ESU), which means that these populations
are considered distinct from those found in other areas of the vast Pacific Ocean.

8.4. Conservation Issues

Despite their important role as keystone species in the stability and health of marine
ecosystems, sharks have become one of the most imperilled organism groups today due to
the increased fishing pressure that has affected ocean life over the last century. Overfishing
was identified as the most significant threat facing sharks and rays, in combination with
habitat loss, climate change, and pollution [46,531]. It has been estimated that over one-
third of all extant sharks and rays are threatened globally by extinction [532]. Many
shark species are wide-ranging, and successful fisheries management in one country can be
undone by poorly regulated or unregulated fishing elsewhere, emphasizing the urgent need
of multinational action plans for sharks [531]. The conservation of wide-ranging sharks
with documented continental-scale movements and migrations can provide a challenge to
protection efforts [533].
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For the region of Latin America, whose Pacific Ocean waters accounts for a significant
proportion of the Galapagos sharks’ total range, it was outlined that many chondrichthyan
species are at high risk of extinction due to numerous threats [534]. Requiem sharks
were estimated to comprise one-third of the annual global chondrichthyan catch and
two-thirds of the fin trade of coastal sharks [535], and because they are inadequately
managed, consequently, 71% of species are threatened globally. Currently, reef sharks
are threatened by extinction on a global scale. Severe population declines of reef sharks
for more than half a century were recently reported [29], with large-bodied and widely
distributed species such as C. galapagensis having the highest extinction risk due to their
slow recovery rates combined with the prevalent failure of multinational management
plans. A recent study on the decline of five reef shark species revealed that their numbers
have decreased globally by about 60 to 73% due to overfishing [536]. Thus, there is an
urgent need for successful conservation measures for the world’s threatened elasmobranchs,
as well as ongoing research on their threats. Unfortunately, a further study revealed
that the scientific investigation of sharks in the developing world does not contribute
much to their conservation due to the disregarding of scientific results by politicians and
stakeholders [537]. Thus, fisheries stakeholders and policy makers in both countries of
the developing and the industrialized world should consider scientific findings about
shark declines for a successful conservation of sharks as well as for the implementation of
sustainable shark fisheries. On the other hand, scientists must address the targets and aims
of shark conservation to policy in an understandable manner [538].

It is widely recognized that industrial fisheries—and to a lesser extent artisanal
fisheries—are putting global marine ecosystems under severe pressure. Focusing on the
Galapagos shark, it was reported that populations of C. galapagensis may be subjected
to high levels of fishing pressure at many of the sites from where this species has been
reported, both from incidental captures/bycatch (tuna longline fisheries) and targeted
fishing (shark finning industry, recreational/tourism-based angling) [40]. Carcharhinus
galapagensis is fished as bycatch across all three major ocean basins [539-541], especially
by industrial longline fishing fleets targeting tuna or swordfish. Scientists reported for
C. galapagensis that its inquisitive nature makes it particularly susceptible to capture by long-
lines [22]. Although C. galapagensis is a species for which strong site fidelity was attested,
subadult and adult specimens are particularly threatened by fisheries operating outside of
conservation areas when the sharks roam from their insular habitats to continental coasts
or to other islands during crossings of open ocean waters. Hence, there is considerable
potential to cause severe local declines in the number of mature individuals. The example
of the near-extirpated population of C. galapagensis at St. Peter and St. Paul Archipelago
(see the following Section 8.5) has shown the vulnerability of local populations consisting
only of a low number of specimens and, moreover, this case is proof that a severe decline in
shark numbers can happen rapidly even at remote oceanic islands.

Carcharhinus galapagensis has a broad circumglobally distribution but is abundant only
in a small number of offshore islands. There is considerable potential to cause severe
declines of the local populations of the Galapagos shark that is susceptible against high
levels of fishing pressure [40,431], although this species was assessed globally with “Least
Concern” on the IUCN Red List [35] and was downgraded from its previous assessment
“Near Threatened” [14]. This current assessment may be reasonable on a global scale, as
many populations of this shark are currently situated inside MPAs or shark sanctuaries
and, therefore, protected by administrations and governments, especially in the Southwest
Pacific region. As such, C. galapagensis is not considered to be under threat off Lord Howe
Island (Australia) and off the Kermadec Islands (New Zealand), where a marine reserve
encompasses the species’ range [431,542]. In this context, significantly higher abundances
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of C. galapagensis were observed in sanctuary zones of Australia’s Lord Howe Island
Marine Park compared to adjacent fished waters, confirming the effectiveness of sanctuaries
regarding the protection of residential sharks [442,543]. A current study has also shown
that marine reserves can contribute to well-developed reef shark populations [544], and it
was pointed out that the implementation of shark sanctuaries may provide a successful
approach for the recovery of the declined reef shark populations of the world [545].

Although a recent evaluation of the effectiveness of shark sanctuaries indicates that
their contribution to global shark mortality has been historically small [546], they may
succeed in having a positive impact by preventing commercial shark fishing at these sites.
This particularly applies to MPAs with no-take zones and where fishing activities are
prohibited. Results have demonstrated that MPAs have conservation benefits for shark
populations by providing protection, especially for the less migratory and mainly site-
attached juveniles that spend most of their time in spatial-limited home ranges [547]. This
may largely apply also to the offspring of C. galapagensis that prefers the shallow coastal
waters around remote islands. Nevertheless, from a global point of view, it should be
considered that local subpopulations of this species can be under serious threat, especially
at locations that are lying outside of MPAs and shark sanctuaries. The population sizes and
trends for many of the Galapagos sharks’ distribution localities are not well investigated
and are data deficient. Therefore, due to the lack of profound information, its current global
population trend was assessed as unknown [35].

The management of species with isolated populations such as C. galapagensis is of par-
ticular concern because they may be in a higher danger of local extirpations in comparison
to species that are widely distributed. Researchers outlined that the loss of individual popu-
lations of species with disjunct populations results in a loss of genetic diversity [548], which
may prove detrimental for this species. Additionally, global extinction of these species may
be possible by progressive piecemeal extirpation of regional or local populations. Hence,
every single population of the disjunct distributed C. galapagensis is of special concern for
conservation and shark fisheries management. From a global point of view, it must be
considered that the loss of a single C. galapagensis population may weaken the entire global
population. Moreover, due to the assumed limited gene flow in this species because of
geographic isolation, the protection of every single local population is necessary to ensure
and strengthen population connectivity.

For C. galapagensis, it was stated that it is of no economic importance because of
its usually remote habitat [73], but, nevertheless, this shark can be extremely negatively
impacted by fisheries. A study identified the global hotspots of shark interactions with
industrial longline fisheries [549], showing that the regions with the highest shark catches
are concentrated in the equatorial regions of the Atlantic, Indian, and Pacific Oceans. These
regions overlap widely with the tropical insular strongholds of C. galapagensis around
numerous oceanic islands (Figure 2), highlighting the high degree of threat that this shark is
exposed to. For example, the depletion of C. galapagensis has been reported for the Brazilian
St. Peter and St. Paul Archipelago [183,550,551] (compare with the following Section 8.5),
and given the species’” habitat specificity and limited biological productivity, this has likely
occurred elsewhere in places where fisheries are intense and unregulated, e.g., south of
Madagascar at Walters Shoals. As an example for the negative impacts of a regional
shark fishery, the decline in landings of C. galapagensis in fisheries of the Gulf of California
was reported [552], although this species has never been an important component of the
historical and recent Mexican fishery.

The local threat of C. galapagensis can differ enormously in different regions and
between sites, depending on the specific conservation and management plans existing and
the intensity of fisheries. For Australia, the Galapagos shark was assessed with “Least
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Concern” according to the IUCN Red List for this region [41]. This assessment is certainly
justified, as the Australian populations of C. galapagensis are mainly located in preservation
areas (Lord Howe Marine Park, Norfolk Marine Park) with only low fishing pressure due to
small recreational fisheries, and no intensive exploitation. However, it should be mentioned
that considerable difficulty in differentiating between species complicates the evaluation of
fishing reports and catch quotas of requiem sharks [553].

Carcharhinus galapagensis is a slow-growing shark for which an average growth of
3.9 cm per year in the region of the TEP was reported [343]. For the viviparous Galapagos
shark, a possible biennial or triennial reproductive cycle has also been reported, with
litter sizes ranging from 4 to 16 in Hawaiian waters [63]. Information on size at birth in
C. galapagensis was provided with 57-80 cm [1]. At the Hawaiian Archipelago, age at
maturity is estimated at 6-8 years for males and at 6.5-9 years for females [84], and a
maximum age for C. galapagensis of 24 years was estimated [83]. This species has a limited
intrinsic rebound potential of r = 0.048 [554]. Its slow reproductive rate limits the species’
capacity to withstand population depletion. For the Galapagos shark populations resident
at the Elizabeth and Middleton Reefs, a minimum population doubling time of more than
14 years was estimated [555]. The scattered distribution pattern of C. galapagensis makes
it very likely that a transfer of individuals between localities occurs, but there is no data
on the recruitment of specimens to isolated sites after exploitation [40], which makes it
difficult to evaluate recovery potential in this species. Based on a limited intrinsic rebound
potential and no data on recruitment to isolated sites, local depletions of C. galapagensis
could lead to the loss of populations at specific localities [40]. Continued fishing pressures
throughout its range will result in further declines and therefore, the specific populations
require monitoring.

The slow growth, its fragmented geographical distribution, and unknown levels of
local connectivity of populations are likely to have contributed to declines of C. galapagensis
in areas of high fishing pressure throughout all ocean basins [35]. However, the site
fidelity, as observed in the Galapagos shark, can prove to be its Achilles heel. In this
context, scientists reasoned for the St. Peter and St. Paul Archipelago that the residential
population of C. galapagensis was much more vulnerable to overfishing than the more
mobile population of C. falciformis, which can better escape stationary fishing activities by
leaving the area [473,556]. The reported attachment of C. galapagensis to specific sites may
enable shark conservationists to hypothesize that because of its overwhelmingly high site
fidelity, it would be better protected by spatial conservation approaches such as MPAs in
comparison to other pelagic sharks (e.g., C. falciformis, C. longimanus) that mostly roam in
unprotected waters. However, this protection only applies to populations located inside
MPAs and provided that no illegal fishing activities take place in the MPAs, e.g., as it has
been reported for the Galdpagos Marine Reserve [557,558]. Without control of these MPAs
by authorities, they remain “paper parks”.

Historically, the Galapagos shark was once widely distributed in the Hawaiian
Archipelago and abundant around most of its islands at the beginning of the 1970s [441],
but its numbers declined due to a culling programme implemented for the protection of
ocean users [63]. More than 30 years later, C. galapagensis was only recorded in the remote
and pristine northwestern Hawaiian Islands and not in the highly urbanized main islands
of Hawaii as a direct result of anthropogenic impacts [559]. Subsequently, the same was
reported for Hawaii by further scientists [560] and for the remote Pitcairn Islands [561]. It
is apparent that the structure of the food web within these islands was influenced by the
degree of their isolation from settlements, with human-impacted islands showing a smaller
proportion of top predators such as sharks.
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However, its habitat limitation and strong affinity for oceanic islands may in some
ways also be a fortune for C. galapagensis, at least historically. It has been reported for
the remote reefs and seamounts of the Indo-Pacific that they provide the last refuge for
marine predators such as sharks, including C. galapagensis [562]. Unfortunately, even
remoteness does not always protect sharks from the intensive fishing operations that affect
marine ecosystems in all the global oceans today. Although the numerous occurrences of
C. galapagensis at very remote islands, atolls, and seamounts have long been a fortunate
circumstance for this species because they were outside the range of fisheries, regrettably,
increasing fishing pressure is now reaching these locations as well. In this context, the
decline of reef sharks even at remote atoll situations far away from human settlements has
been reported because of the ongoing fishing pressure [563], which highlights the urgent
need for stronger conservation efforts and fishing regulations. As a logical consequence,
a strict fishing ban for shark and tuna fisheries that also include these offshore habitats
should be passed. Unfortunately, as it has been reported for Isurus oxyrinchus, current
legal protections by laws alone are not working and contribute only a small amount to the
conservation of pelagic sharks because there is a lack of control by officials [564].

8.4.1. Conservation Situation in Oceania

Currently, the global population trend of C. galapagensis is unclear. However, the
extent of its threat can vary greatly from region to region. Carcharhinus galapagensis was
listed as “Data Deficient” on the IUCN Australia and Oceania Red List due to a scarce
information situation from this region and lacking continuous monitoring in most parts of
its range [15,431].

Due to its only occurrence in New Zealand waters around the subtropical Kermadec
Islands some 983 km northeast of the North Island of New Zealand, C. galapagensis was
formerly assessed as “Range Restricted” on the New Zealand Threat Classification System
list [565]. Later, this shark was reassessed as “Not Threatened” [542,566], whereby this
reassessment recognizes that all the known New Zealand distributions of this species
are protected within the Kermadec Islands Marine Reserve (Kermadec Ocean Sanctuary).
Therefore, the risk of this species against the impact of commercial fishing was assessed
as low in New Zealand waters [567]. According to a local study targeting the Kermadec
Islands, their marine reserve status has protected the Galapagos shark here and maintained
it at apparently natural levels of abundance [568]. In a following national assessment of
New Zealand’s chondrichthyans [569], in terms of the [IUCN Red List of Threatened Species
categories, C. galapagensis was assessed with “Least Concern”, meaning that it is unlikely
to become endangered or extinct here soon. This national assessment is certainly justified
since the species is well protected in New Zealand thanks to existing MPAs.

In an assessment of the Indo-West Pacific subpopulation of C. galapagensis for Australia,
it has been reported that this shark is only occasionally taken in Australian fisheries [570].
Therefore, in Australia, it is subject to low fishing pressure due to relatively low fishing
effort in combination with the protection by marine reserves (e.g., Lord Howe Island
Marine Park). Hence, the Indo-West Pacific subpopulation was assessed with “Least
Concern” [570], just like the assessment of the global population [35]. Recently, the same
assessment was made for the Oceania subpopulation of Australia and New Zealand with
the same conclusions [571].

8.4.2. Conservation Situation in the TEP

In the TEP, C. galapagensis is considered a priority species for conservation at its type
locality, the Galdpagos Archipelago [394]. This is of particular concern, as investigations
have shown that (a) the population of C. galapagensis at the Galdpagos Archipelago is
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forming a unique stock [394]; (b) numerous shark species, including C. galapagensis, are still
caught as bycatch around the Galdpagos Archipelago despite its high protection status as
a UNESCO World Heritage site [557,558,572]; and (c) illegal fishing activities and shark
finning occur even inside the protected areas of the Galdpagos Marine Reserve, threatening
its unique marine biodiversity [573]. Despite the banning of shark finning and fin trading by
Ecuadorian law, juvenile C. galapagensis are regularly caught as bycatch in this archipelago
among other shark species, which impacts shark populations at this site [574].

Recent findings revealed a putative open ocean corridor in the TEP between the Revil-
lagigedo Archipelago (Mexico), Clipperton Atoll (France), and the Galdpagos Archipelago
(Ecuador) that is utilized by several carcharhinid sharks, including C. galapagensis, as a
migration route [454]. This stresses the urgent need for multinational action plans for
sharks that target the protection of marine areas not only in the adjacent surroundings
of oceanic islands, commonly used as stepping stones by highly migratory species, but
also guarantee the protection of open ocean waters between oceanic islands to ensure the
survival of travelling shark specimens. Scientists highlighted that the movement ecology
of several migratory shark species justifies the existence as well as the expansion of MPAs
in combination with the regulation of fishing activities in the TEP [575]. This regulation
is necessary because a recent study revealed that even in fully protected areas, fisheries
management was ineffective, which means that in MPAs, sharks are still at risk from fish-
eries and their administrative regulation, and authoritative enforcement must go hand in
hand [576].

Fortunately, several of the East Pacific localities, where C. galapagensis occurs and
has been reported to reproduce, are currently declared as Important Shark and Ray Areas
(ISRAs) targeting the protection of elasmobranchs in a defined area, such as the Malpelo
Ridge, Salas y Gomez/Motu Motiro Hiva, Revillagigedo Archipelago, Clipperton, and the
Cocos Island and seamount ISRAs [406]. The designation of protected areas for sharks
such as these ISRAs provides an effective tool for conservation, especially of residential
sharks [577], and C. galapagensis could benefit from these conservation areas.

8.4.3. Conservation Situation in the United States

For the United States, since 1997, retention and possession of 19 depleted and/or
poorly understood shark species has been prohibited for both commercial and recreational
fisheries [40], including C. galapagensis (which fulfils the criterium of “poorly understood”
due to the limited knowledge about distribution and habitat use). The retention of Galapa-
gos sharks from U.S. Atlantic fisheries was prohibited since 1999 [35]. Data on population
sizes of C. galapagensis are scarce, e.g., in the Western Central Atlantic Ocean [578], but es-
sential for reliable stock assessments. Because C. galapagensis is rare in U.S. Atlantic waters,
this shark was listed as a “prohibited species” in the U.S. Shark Management Plan [579].
This measure should deter fisheries from targeting C. galapagensis, even though it is not
known to be a target species of fisheries in the Western Atlantic Ocean.

In the past, C. galapagensis was also included in governmental shark control pro-
grammes and activities that target large and potentially dangerous shark species to pre-
vent and minimize the risk of shark attacks on humans, such as in Hawaii from 1959 to
1976 [580,581]. Those activities may have at least historically contributed to minimizing the
size of local populations of C. galapagensis.

8.4.4. A Conservation Dilemma—Mammals Versus Sharks

Carcharhinus galapagensis can grow to a considerable size of at least 300 cm, and large
adult specimens also include sea mammals in their diet (see Section 7). During the late 1990s,
at French Frigate Shoals in the northwestern Hawaiian Archipelago, pups of the threatened
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pinniped Monachus schauinslandi were observed to become prey of large Galapagos sharks
patrolling along the shores of Trig Island [461-464,582-587]. This pinniped, one of the
world’s rarest marine mammals and listed under the U.S. Endangered Species Act [588],
is a keystone species for conservation because it is assessed as threatened due to its low
effective population size [589,590].

The issue of shark predation on M. schauinslandi was assessed as problematic and of
concern in terms of conservation, resulting in several authority workshops on this topic
to find compatible solutions [464,582]. Therefore, a management plan was implemented
to protect newborn seals that included the removal of large specimens of C. galapagensis
occurring around pupping grounds (shark culling). The predation by C. galapagensis was
considered serious enough to implement lethal measures such as using baited hook and line
or handheld harpoons for selectively killing sharks [589]. For the conservation management
of M. schauinslandi, “problem individuals” of Galapagos sharks who were observed to prey
on seals get lethally removed from areas where pups are located to increase their survival.
This measure was based on the hypothesis that only a small number of Galapagos sharks
exhibited this predatory behaviour, and their removal would have minimal impact on the
local shark population [447]. In this context, the killing of sharks to preserve a target species
of conservation can be evaluated critically, but it can be assumed that this measure has only
a low impact on the Hawaiian population of C. galapagensis, as this species shows healthy
populations at least around some northwestern islands of the Hawaiian Archipelago.

Following these shark control measures, the removal of sharks from the natural food
web produced conflict between those concerned about pup survival of M. schauinslandi
and those concerned about the local shark population [591]. It is not clear at all how
this seal management affects the Galapagos shark population, but the high numbers of
C. galapagensis in the northwestern Hawaiian Islands suggest that these conservation efforts
did not have substantial impacts on the local population of C. galapagensis. However, due to
the essential role of large sharks of Carcharhinus as marine top predators, it can be critically
discussed if it is necessary to make interventions in the natural marine food web. Ethical
issues of the government-supported culling of C. galapagensis at French Frigate Shoals
were discussed [591], which presents a conflict of targets in nature conservation. It can
be critically discussed if natural processes in wild areas should be prevented [588], and
the benefits and disadvantages of such measures for conservation should be weighed well
against each other. Paradoxically, in the 19th century, M. schauinslandi was so common that
it was hunted for its flesh, which was used as bait for shark fisheries [323]. However, the
C. galapagensis population in the remote northwestern Hawaiian Archipelago is presumably
not under serious threat, so it can be assumed that these measures of obtaining a relatively
small number of large shark specimens for seal protection had no significant impacts on
the size of the local Galapagos shark population, which was estimated to number more
than 600 individuals [447].

8.4.5. Threat by Plastic Pollution

Besides fisheries and the depletion by shark control programmes, the plastic pollution
of marine environments that has reached even the remotest places on this planet has become
a further serious threat to marine life, including sharks. The entanglement of a juvenile
C. galapagensis in a plastic strip was reported for the waters around Easter Island [592]. In
detail, one specimen (~160 cm) of C. galapagensis was recorded swimming in June of 2017
with plastic collar-like debris obstructing its gill region, which led to initial tissue damage
and presumably affects the further growth of this specimen during ontogenesis [592]. A
further report of an entanglement of a single C. galapagensis specimen with a strip of plastic
tissue around its body was derived from the remote St. Peter and St. Paul Archipelago [593].
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The same concerning entanglements have been observed in other shark species such as
C. leucas [594].

8.4.6. Conservation Efforts by International Governmental Regulations

Additionally, besides the protection of areas and habitats for sharks, at the “Panama
Conference” in 2022, the involved parties decided to include the entire family of Car-
charhinidae under the regulations of Appendix II of the Convention on International Trade
in Endangered Species (CITES), which was a milestone in the worldwide protection of
requiem sharks [595]. These regulations in trade also affect C. galapagensis as they provide
the prohibition of targeting this shark in fisheries, and, hopefully, it will preserve this
species and congeneric members for the future, although there is reason to doubt whether
these regulations will be applied consistently, particularly in regions that evade control.

8.4.7. Conclusions for Conservation

Finally, one of the main goals and most effective measures for the conservation of
C. galapagensis is—like for most elasmobranchs—to protect this shark from the intensive
fishing pressure that derives from the industrial tuna, swordfish, and shark fisheries.
Equally primarily targeted in shark fisheries or secondary non-targeted as bycatch, the
main threat for this species comes from fishing activities. This applies to nearly all
carcharhinid sharks. Although now protected by the CITES regulations, it is foreseeable
and clear that this alone, and without control of operating fishing fleets as well as
the international fin trade, will not guarantee effective protection of requiem sharks.
Therefore, only MPAs that are regularly controlled by officials and guards will protect
sharks inhabiting these areas effectively and contribute to their conservation [596],
besides the regulation of fishing quotas for sharks and efforts that target the reduction of
bycatch (e.g., shark deterrents). However, it should be noted that C. galapagensis occurs in
very isolated locations, which are difficult to police because of their remoteness, making
their administrative control challenging.

Further, the proclamation of new and additional MPAs, shark sanctuaries, and other
spatial conservation areas may also contribute to the conservation of C. galapagensis, par-
ticularly for islands, atolls, and seamounts with records of this shark that are currently
unprotected. One approach may be the ISRA project, which has already included some of
the remote areas inhabited by this species in both the Indian and Pacific Oceans, e.g., Lord
Howe Island, Elizabeth and Middleton Reefs, Bassas da India Atoll, Marotiri, Rapa Iti, and
Salas y Gémez Island [246,336,406,597]. The same would be desirable also for the Atlantic
Ocean, e.g., the islands of Macaronesia.

8.4.8. Potential of Shark Ecotourism for Conservation

Shark ecotourism can provide a profitable alternative to shark fishing for local
economies [598]. Nowadays, C. galapagensis is subject to numerous shark cage diving
and ecotourism activities worldwide, such as the Hawaiian and Galdpagos Archipela-
gos [599-603]. For example, it has been reported that C. galapagensis is subject to shark
diving tourism activities around the Cape Verde Islands [603], highlighting that shark
diving bears the potential for and contributes to shark conservation. The benefit for the
local economies by shark diving tourism not only gains financial profit for the local people
but also simultaneously bears the chance of sustainable protection of C. galapagensis and
further shark species while promoting environmental education.
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8.5. The near Extirpation of a Local Population of Carcharhinus galapagensis in the Equatorial
Atlantic Ocean: The Case of St. Peter and St. Paul Archipelago

The near extirpation of C. galapagensis at Brazil’s remote St. Peter and St. Paul
Archipelago (hereafter abbreviated with: SPSPA) has attained much attention in the scien-
tific world, resulted in numerous reports about this conservation issue, and is relatively
well-documented [550,551]. This incident that occurred at SPSPA can be assessed as a
good example of the vulnerability of local shark populations with limited population
sizes against fishery depletion, and as an example of the negative impact of fishing ac-
tivities that have reached even the most remote oceanic island ecosystems of the world.
Because this case demonstrated and revealed the vulnerability of local populations of
C. galapagensis, an insular species of worldwide distribution, a detailed chronology of the
historic-demographic development of this shark population is provided here.

In the past, C. galapagensis was believed to be one of the most abundant sharks in
SPSPA [36], a group of Brazilian oceanic islands located between the South American
and African continents (~940 km distance to mainland Brazil and ~1800 km to Africa)
in the equatorial West Atlantic Ocean. The pioneering naturalist Charles Darwin visited
the archipelago on the H.M.S. Beagle in 1832 and remarked on the sharks, as well as the
officers and crew of the H.M.S. Challenger following in 1873 [604,605]. These early visitors
to the archipelago mentioned the enormous number of sharks around SPSPA but could
not determine the sharks present here on species level. The first scientific mention of
C. galapagensis for this location was not made until nearly 150 years later [184]. Moreover,
two treatises were delivering an extensive account of the historical shark observations
from SPSPA [550,606], with all the historic references agreeing that the number of sharks
was unusually high due to the high productivity of the surrounding marine environments
without exception. These high shark abundances were once reported from visitors of SPSPA
continuously from the 1830s to the 1980s [199,550]. Scientists recognized at the beginning
of the 1980s that the shark population of SPSPA consisted predominantly of two species,
C. galapagensis and C. falciformis [199], and a short time later, other scientists noticed the
same: the shark population at SPSPA was comprised almost entirely of C. galapagensis and
C. falciformis [606].

It has been reported that the substantial decrease in the shark population at SPSPA began
as early as the mid-1950s with the visit of the research vessel U.S.S. Atka in 1955 and ongo-
ing fishing for sharks at first for scientific purpose until the mid-1980s [606,607]. Regardless,
even after these intensive but sporadic fishing events, the shark population around SPSPA
was apparently still high as reports from the 1970s to 1980s indicated [184,199,606,607]. For
example, for the 1970s, researchers reported on the difficulties of obtaining fish speci-
mens during an expedition to this archipelago in 1971 as these were frequently taken by
marauding sharks before they could be brought on board [608]. With the first species
identification of C. galapagensis for the remote SPSPA, scientists stated, consistent with the
report for the beginning of the 1970s, that at the beginning of the 1980s, large pelagic and
semipelagic predators, especially C. galapagensis, were unusually common [184]. These sci-
entists also reported that divers were immediately surrounded on occasions by more than
15-20 individuals of these sharks [184]. Nevertheless, hints of a decline in shark numbers
derive already from previous reports.

Already, in the middle of the 1960s, scientists suggested that the shark population may have
declined in SPSPA due to occasional visits by Brazilian fishing boats [609,610]. Later, following
on these reports, further scientists agreed with these observations despite their own reports
of high numbers of sharks still present around SPSPA during the 1980s [199,607]. It has
been reported that following on the research conducted from the beginning to the middle of
the 1980s at this archipelago that, since 1988, a commercial fishing fleet from Brazil operated
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continuously in SPSPA [611-613]. Although SPSPA belongs to one of the smallest and most
isolated oceanic reef ecosystems of the world, it had suffered from intensive overfishing
with dramatic effects on the local shark populations.

A Brazilian scientists noted that C. galapagensis was already rare in the years 1989
and 1990 at SPSPA after strong fishing pressure around these islands had heavily altered
the composition of fish [614]. The strong influence of the Brazilian fishing fleet quickly
made itself visible in the number of sharks around SPSPA. In 1993, the last remaining
two specimens of C. galapagensis were spotted and documented by underwater video
recordings, representing the preliminary last confirmed sightings of this shark at SPSPA
in the last decade of the 20th century [550,615]. Further scientists reported that they did
not observe C. galapagensis during four expeditions to this archipelago between May 1999
and August 2001 [616] and concluded that this absence of C. galapagensis was the result
of the strong fishing pressure that had lasted for the past two decades at this locality.
The scientists estimated that the Galapagos shark has been locally extinct since 1998 at
SPSPA and reported that scuba diving expeditions conducted at SPSPA during the first
decade of the Millenium (2000-2010) failed to find evidence of carcharhinid sharks, despite
much underwater fieldwork [550]. This has led these scientists to the conclusion that
C. galapagensis was locally extirpated in SPSPA. They resumed that the extirpation of
C. galapagensis and the accompanying sharp decrease in numbers of C. falciformis was the
result of the strong fishing pressure of commercial fisheries around this archipelago, which
agrees with statements of other researchers before. As a result of the fishing-down of
requiem sharks at SPSPA, including the collapse of Galapagos shark numbers around the
turn of the Millennium, this species was not considered to be of economic value to fisheries
operating in the Brazilian oceanic islands anymore. Therefore, it was not mentioned in
a survey on the commercial pelagic fishes of SPSPA [612]. Apparently, C. galapagensis
was virtually absent from SPSPA, and it was not recorded anymore in a fisheries survey
conducted between 1998 and 2010 in waters surrounding this archipelago [617,618].

Due to the alarming decrease in sharks and unsuccessful verification attempts over many
years, C. galapagensis was considered locally extinct in SPSPA since around the end of the
first decade of this Millenium by numerous experts [17,68,550,551,613,619-627]. Carcharhinus
galapagensis was not recorded for nearly 15 years around SPSPA, which has resulted in
uncertainties regarding the status of this species at this locality. These uncertainties resulted
in deliberations if it was either still present here or extinct [17,628,629]. However, the belief
that C. galapagensis was extinct in SPSPA dominated in the scientific discussion, and it
persisted for nearly one-and-a-half decades.

Resulting from intensive, unregulated, and unsustainable fishing, the local population
of C. galapagensis was suggested to be extinct at this location and, moreover, because of its
uniqueness for this country, in the entirety of Brazil [550,630]. Apparently, C. galapagensis
vanished at SPSPA and had been missing there continuously for almost 15 years. This
long-lasting absence made some scientists question the occurrence of C. galapagensis in this
Brazilian oceanic archipelago [628], and, despite previous records of this shark from this
location, these scientists had doubts about the validity of the species record due to the lack
of contemporary records from there. However, at the beginning of the 2010s, researchers
reported on occasional individuals of the once common C. falciformis in the vicinity of
SPSPA again because of constant immigration of this pelagic species from outside the area,
suggesting a recovery of shark populations at this archipelago when the fishing pressure
was removed [550]. These researchers were not wrong with their presumption, as the
following paragraphs will show.

A few years after the diagnosis of its putative extinction at SPSPA, C. galapagensis
was detected at this locality again by numerous independent studies on sharks that were

https://doi.org/10.3390/d18080500


https://doi.org/10.3390/d18080500

Diversity 2026, 18, 500

74 of 123

conducted at this site [36,190,197,473,485,551,556,631-634]. Due to repeated reports by
independent researchers, the renewed evidence of C. galapagensis for this location can be
regarded as certain. Following the alarming decrease in sharks, with the ban on longline
fishing in the proximity of SPSPA imposed by SECIRM (=Secretaria da Comissao Inter-
ministerial para os Recursos do Mar) in 2012, fortunately, an increase in the presence of
pelagic sharks around this archipelago has been observed, both for C. galapagensis and
C. falciformis [556,632,635]. Apparently, the recruitment of SPSPA by C. galapagensis took
place shortly after the implementation of the fishing ban around this archipelago [36].

The investigation of the literature cited above pinpoints the earliest rediscovery of
C. galapagensis at the SPSPA in the year 2010. Since 2010, there were several subsequent
records of C. galapagensis from SPSPA, suggesting that this species has been returning to the area.
Carcharhinus galapagensis was rediscovered at SPSPA in 2010 due to a tagging study conducted
on sharks which results were reported simultaneously by different authors [485,556,631]. In
this tagging study, three C. galapagensis were tagged in 2012, with a further 20 specimens
captured two years earlier in 2010, indicating that the numbers of this species around this
archipelago were still low and population recovery was at its beginning. As an example, for
the prevalent low numbers of sharks at this time, C. galapagensis was not recorded during
five other field expeditions to SPSPA conducted between 2005 and 2015, which focused on
all observed marine fish in its surroundings [636]. This indicates that C. galapagensis was
rare and a cryptic species in the SPSPA during this period. However, scientists concluded
that C. galapagensis probably never was completely extinct or absent from SPSPA, and
that the lack of reports during the one-and-a-half decades, in which this shark was not
reported from here, was based mainly on the persistent difficulties in its identification and
distinguishing from other members of this genus [556].

Capture numbers of C. galapagensis around SPSPA reported in one study [473] made
evidence not only of its presence at this archipelago and its renewed confirmation, but
the data also showed its increase in numbers since shark fishery was banned around this
area. During this study, C. galapagensis was not only observed at this location again but,
moreover, this scientist also reported specimens of all age classes occurring here, with
immatures dominating the catches. This observation indicated a probable reproduction of
C. galapagensis at SPSPA again [473]. A following survey based on information provided
by fishers, catch data, and additional video images made it also possible to confirm the
presence of C. galapagensis at SPSPA, and data also indicated that its population has been
recovering astonishingly quickly [551]. It has been reported that between 2010 and 2019,
37 Galapagos sharks were caught and released after being tagged and measured [36]. Based
on a study conducted in September of 2018 using BRUVS, researchers revealed the presence
of one C. galapagensis specimen at SPSPA [632], as a further researcher has done a short
time later by also using BRUVS [637].

Meanwhile, the recovery of the local population of C. galapagensis at SPSPA was
reported, and the immediate success following the implementation of a strong fishing
ban on sharks [190]. Scientists consistently speculated that C. galapagensis never really
vanished from this archipelago despite that it had not been recorded here for a long time
(~15 years) [190,556]. However, almost ten years after the implementation of the fishing
ban for sharks around SPSPA, the number of sharks increased [197], and it even has been
reported that their number has not only increased but, instead, that C. galapagensis was the
second-most abundant shark caught in this archipelago again, recorded in catches from
2010 to 2019, showing that this species is not only present but is also becoming common
again [551]. Catch data of C. galapagensis showed that its relative abundance was increasing
over time [548]. This supports predictions that the local population may totally recover
again. However, other scientists reported that they have recorded only one Galapagos
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shark specimen at SPSPA in September of 2018 by using BRUVS [633], and despite signs of
its recovery, this observation suggest that it was still extremely rare at the beginning of a
putative recovery. Eleven specimens of C. galapagensis collected at this site between 2012
and 2013 were positively identified and differentiated from the sympatric C. obscurus by
using SNP’s [88].

These findings mentioned above all confirmed the current presence of C. galapagensis
at SPSPA (Figure 9) and, moreover, indicate that the prohibition of fishing on sharks in
the area in 2012 had a positive effect on its local population recovery. However, it remains
unclear if after a period of stock regeneration and restriction of fisheries, the C. galapagensis
population at SPSPA will recover again completely. As a shark with a low reproduction
rate characterized by relatively late maturity and small litter sizes of 4-16 pups [1,63],
the population recovery will take many years. Another theory of the rediscovery of
C. galapagensis at SPSPA, beside the population recovering from remaining specimens,
may be the resettlement and the recruitment of SPSPA from Galapagos shark populations
derived from distant island groups (e.g., Ascension Island, St. Helena Island, and Cape
Verde Islands) because of large-scale movements by specimens. However, it is very likely
that the ban on longline fishing in the proximity of SPSPA imposed in 2012 has led to an
increase in the presence of sharks around this archipelago, as it has been noticed from
the beginning of the 2010 decade [556,632,634]. Finally, C. galapagensis is still present in
SPSPA [551], either because it was never completely extinct here, or has resettled and
repopulated this archipelago by roaming specimens derived from other remote islands
of the Atlantic Ocean. One conclusion deriving from this example of fishing down a
local population of C. galapagensis may be that it was well-recognized by several scientists.
Possibly, their publications have informed and raised alarms in fishing authorities who
fortunately implemented thereafter restrictions that have the potential for a recovery of
Brazil’s only Galapagos shark population. Time will show if this unique population of
C. galapagensis in the equatorial Atlantic of Brazil will totally recover again, although data on
historical population size are lacking. The responsibility of the Brazilian state for the conservation
of this one and only national Galapagos shark population must be regarded as high.

Figure 9. Two females of Carcharhinus galapagensis patrolling the waters near the surface at St. Peter
and St. Paul Archipelago, an equatorial Brazil oceanic island group that harbours the only Brazilian
population of this shark in the tropical Western Atlantic Ocean. This local population was once
considered to be extirpated but has recovered again recently. © Camila Brasilino Botélho de Aradgjo.
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9. Conclusions

1. Despite the current abundance of Carcharhinus galapagensis around some oceanic
islands throughout the world (e.g., Galdpagos Archipelago, Ascension Island), the Gala-
pagos shark can be considered a rare species from a global perspective due to its spatial
restriction to a few isolated and remote island habitats in the tropical, subtropical, and
warm-temperate regions of the world. This review identified an overall of 53 verified
occurrences of Galapagos sharks at oceanic islands, atolls, and seamounts worldwide,
which is very few when considering the total number of tropical to warm-temperate islands
and atolls in the world. Nevertheless, even rare species can have important functions for
ecosystems and contribute to the biological diversity on Earth. Moreover, due to their rarity,
these species are often targets of conservation policy, and, focusing on the Galapagos shark,
the preservation of every single subpopulation contributes to the protection of its entire
global population. It should be noted that the extinction of local and regional populations
of sharks can cause a permanent loss of biodiversity by weakening the global population.
Therefore, each subpopulation of the Galapagos shark deserves increased attention and
separate efforts to ensure its protection.

2. The present study shows that neonates and small juveniles of C. galapagensis have
been reported almost exclusively from oceanic island habitats worldwide, with only one
documented extraordinary record of a juvenile specimen from the continental waters of
the Gulf of California (compare Section 4.3.4). This supports the presumption that remote
oceanic islands, atolls, and seamounts function as critical habitat and nursery areas for
this species, with juveniles confined to remote island habitats. Although large individuals
of C. galapagensis have been reported on the high seas and close to continental shelves
as well as to continental coasts, neonates and small juveniles are essentially limited in
distribution to their insular strongholds. Hence, remote oceanic islands are not only the
distributional strongholds of this shark but, moreover, important for parturition of this
species. Apparently, subadults and adults of this shark occasionally leave their insular
habitat and stray to continental shores, presumably when they are large enough to escape
predatory fish such as other large-bodied sharks. The reports on sizes from Galapagos
sharks occurring at continental coasts worldwide support this presumption (compare
Supplementary Materials S1-53), although one specimen of 105.5 cm size reported from the
Gulf of California at the Mexican coast may be exceptional. Most of the Galapagos sharks
reported from continental coasts were at least 150 cm in size.

Thus, oceanic islands, atolls, and seamounts serve as nurseries for juveniles of
C. galapagensis. Therefore, these remote locations support Galapagos sharks at a vulnerable
and critical stage of their life cycle by providing shelter deriving from remoteness and the
lack of predators occurring at continental coasts, and this may be a spatial benefit for the
offspring of C. galapagensis. The low inter-species competition and the wide absence of large
predatory sharks around remote oceanic islands may be an advantage in the use of these
islands as nursery areas for C. galapagensis. This finding gets supported by investigation
results of museum collections which almost exclusively contain small juvenile voucher
specimens of C. galapagensis that have been collected from numerous oceanic islands world-
wide. Although it cannot be ruled out that the domination of juveniles present in the
collections is due to the simple fact that small specimens are easier to preserve than large
ones, it seems to be no coincidence that juveniles dominated the collections because they
are more common around islands than in offshore habitats, and virtually non-existent from
continental coast. This observation is consistent with the data deriving from the literature,
as for most of the oceanic islands where C. galapagensis occurs, small juveniles (70-90 cm)
have been reported, mostly in large numbers.
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In conclusion, oceanic islands presumably provide low-mortality habitats for young
C. galapagensis. Shark species known to be large elasmobranch consumers, especially
Carcharhinus leucas, Galeocerdo cuvier, and Sphyrna mokarran, are either completely absent or
mostly rare visitors around remote oceanic islands and exhibit a distribution primarily at
continental coasts. Although both congeneric members are considered as tropical warm-
water species, C. galapagensis and C. leucas share only seldom sympatric ranges, which
are restricted to only a few localities closer to the continental coast (e.g., Malpelo and
Gorgona Islands). It is very likely that a species-excluding mechanism based on competition
and niche separation has evolved throughout the carcharhinids that has led to spatial
segregation at least during the early stages of their lifetimes. However, it is unclear if all
of those identified 53 remote oceanic island locations fulfil the Heupel criteria of shark
nurseries for C. galapagensis [638].

3. Apparently, in C. galapagensis, the dispersal of genes is mediated by both sexes.
Long-distance movements have been observed both in males and females (compare Ta-
ble 3). This finding is contrary to the results of other studies and different from other
members of Carcharhinus such as C. leucas, in which gene dispersal is maintained primarily
by roaming males. Because neonates and small juveniles of C. galapagensis are largely
restricted in their distribution to the shallow-water habitats around oceanic islands, the
population connectivity in C. galapagensis is maintained primarily by roaming subadult and
adult specimens contributing to gene dispersal. The observed behaviour of long-distance
movements by single C. galapagensis specimens may represent a successful distributional
strategy for occupying not only new suitable nursery grounds around oceanic islands but
also habitats that were previously uncolonized by this species. However, it can be assumed
that the exchange of genes between ocean basins is minimal due to biogeographic barriers
and the vast stretches of open ocean waters, which present enormous and often nearly
insurmountable distances even for strong-swimming shark species. Nevertheless, a small
exchange of genes may be sufficient for maintaining population stability and prevents
ongoing inbreeding.

4. Carcharhinus galapagensis is a large insular requiem shark of worldwide distribution.
The disjunct distribution of C. galapagensis around widely separated oceanic islands can
be understood as the expression of its attachment to remote islands that provide suitable
nursery habitats for this species. The TEP can be assessed as the core area of the worldwide
distribution of C. galapagensis as it can be found here occasionally along the continental
coasts from Baja California Sur to Peru, including numerous offshore islands where it is
more abundant. In this region, it appears frequently but only in low numbers in continental
waters outside its insular strongholds. Although much of its range has been discovered
yet, there are several ambiguities and conundrums remaining, such as the vast distribution
gap in the Indian Ocean between the Western Pacific and the Western Indian Oceans,
and the apparent absence of this species from islands of the eastern part of the Indian
Ocean basin. Presumably, the noticeable distribution pattern of C. galapagensis, which
comprises numerous scattered and isolated subpopulations at oceanic islands worldwide,
is a complex trade-off resulting from multiple factors that have shaped its current range,
e.g., abiotic conditions, evolutionary history, interspecific competition, niche separation,
and phylogeography. Therefore, C. galapagensis can be assessed as an insular elasmobranch
that occurs around several oceanic islands in the tropical to warm-temperate regions of
the world but shows only low dispersal across known biogeographic barriers, e.g., vast
stretches of open ocean waters and cold currents.

5. From a global perspective, the occurrence of C. galapagensis was documented most
extensively in the Galdpagos and Hawaiian Archipelagos. As the numerous references
summarized for both archipelagos suggest, distribution, population structure, and biology
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of this shark are investigated best at these two locations in the Pacific Ocean. This high
number of references for both the Galdpagos and Hawaiian Archipelago reflects the inten-
sity of fish surveys and the numerous studies on the ichthyofauna in general and on sharks
in special that were conducted in these archipelagos, primarily over the last five decades.
In particular, the Galapagos Archipelago shows a long-lasting history regarding the study
of its fauna, including its ichthyofauna, and was particularly the focus of biogeographers.

6. A comprehensive survey based on the review of records is essential for the creation
of a reliable distribution map that can be considered the base for understanding spatial
relationships between subpopulations, including population connectivity and gene flow.
Moreover, a reliable distribution map is helpful for future global conservation assessments.
After the intensive study of the global distribution of C. galapagensis by the author, it is
very likely that this shark is more widespread than currently known, and that it has not
been discovered yet at all localities where it occurs. Therefore, new records from additional
localities should be expected in the future. Thus, mapping of these records is an ongoing
process, and this study provides only the present state of knowledge.

7. The permanent taxonomic issue of separating C. galapagensis and C. obscurus makes
it difficult to define their precise distribution. Thus, the global distribution of C. galapagensis
is difficult to determine, partly due to the confusion with other similar congeneric members,
particularly C. amblyrhynchos and C. perezi. This difficulty in identifying C. galapagensis
suggests that it may be underrepresented in studies on elasmobranchs of certain regions
resulting from confusions with resembling carcharhinids.

8. The results of this study stress the need for critical proof of whaler shark voucher
specimens collected at remote islands around the world. In many cases, the critical review
of material collected at tropical, subtropical, and warm-temperate islands determined and
labelled with C. obscurus or C. amblyrhynchos (or one of their synonyms) unveiled that these
specimens were truly C. galapagensis. Therefore, information derived from this material,
especially that provided by the numerous online information systems and databases, must
be treated with caution and checked regarding reliability. On the other hand, because
C. galapagensis is hard to determine, it can be extremely helpful and necessary to collect
material and deposit this in ichthyological collections in cases of new records of this species.
This is regarded as important both for the validation and the subsequent verification of
records of this species.

9. Future scientific investigations that are likely to include C. galapagensis should consider
that there is a serious problem with reliably identifying this species with certain approaches.
Due to their genetic similarity and homogeneity in DNA, C. galapagensis and C. obscurus
(and further close relatives, e.g., C. longimanus) are indistinguishable in investigations based
on mtDNA and eDNA. Recent studies conducted based on the use of eDNA failed to find
evidence with certainty for each C. galapagensis and C. obscurus. Thus, records for C. obscurus
that derive from eDNA may mask true records of C. galapagensis, and be contrary. Currently,
this genetic similarity of the sibling C. galapagensis and C. obscurus among themselves and their
similarity with other species of Carcharhinus (e.g., C. longimanus, C. perezi) is also problematic
in studies based on DNA barcoding and the use of PCR mini barcodes that target species
identification of shark fins sold on fish markets. As such, C. galapagensis may remain a cryptic
species in many genetic-based investigations on sharks.

10. Future Research Aims

Currently, information on the movements of Carcharhinus galapagensis is scarce for
many regions across its range. Large-scale movements of C. galapagensis were discovered
and reported yet only for the Pacific and Atlantic Oceans. Hence, the connectivity of
C. galapagensis populations in the Atlantic, Indian, and Pacific Oceans must be investigated,
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especially regarding the identification of islands that possibly function as stepping stones
as well as stretches of oceans that can function as migratory corridors of sharks. Such basic
information is needed for the successful conservation management of this partly mobile
shark that exhibits a global distribution containing many widely separated populations,
and whose population stability depends on the exchange of individuals between distant
populations. Because C. galapagensis can be considered a rare species from a global perspec-
tive due to the limited number of occurrences worldwide, it is especially susceptible to the
loss of populations and resulting shrinking of its distribution. Thus, its populations around
oceanic islands should be monitored for documentation purposes, with the aim of early
recognizing population declines and the quick development of suitable countermeasures.

From viewpoints of phylogeography, biogeography, and evolution, it would be of spe-
cial interest to know the exact historical distribution paths of C. galapagensis and its dispersal
across ocean basins over space and time. For elucidating these questions, only genetic inves-
tigations based on material collected from all ocean basins and across the Galapagos sharks’
circumglobally range are suitable for reconstructing historical dispersal events. In this con-
text, multiple dispersal waves were discovered recently for the reef-associated Indo-Pacific
Carcharhinus amblyrhynchos based on results of molecular studies of 173 individuals deriving
from across the species’ range [639], which supported greatly elucidating its evolutionary
history. Previously, the demographic history of the cosmopolitan-distributed Galeocerdo
cuvier based on genetic samples across all three major ocean basins was unveiled [640].
Similar studies conducted on C. galapagensis are desirable for a complete understanding of
the evolutionary history of this shark and its unique current distributional pattern. Genetic
investigations of C. galapagensis populations should focus especially on the Atlantic Ocean
region because of the prevalent gap of data from here.

The example of St. Peter and St. Paul Archipelago has shown the extreme vulnerability
of local Galapagos shark populations that are characterized by limited population sizes to
overfishing. Therefore, the monitoring of C. galapagensis populations can be considered an
ongoing task for conservationists, scientists, and associated fishing authorities. Although
several of these populations around oceanic islands are in protected areas nowadays [641];
contrarily, there is still an overlap of these remote islands and archipelagos with hotspots of
activities of industrial longline fleets across all ocean basins [549]. Thus, the expansion and
declaration of new and additional no-take zones, MPAs, and ISRAs are desirable for the
effective protection of sharks, including C. galapagensis. As such, the remaining islands and
island groups that harbour this species but are currently unprotected must be considered in
marine spatial planning and become MPAs, at best with no-take zones and the prohibition
of shark fishing, e.g., at the Bermuda Islands.
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