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ABSTRACT. — Nowadays, the copper shark Carcharhinus brachyurus Giinther, 1870 displays
an antitropical, disjunct distribution in marginal-marine environments of both the hemispheres.
Differing from other species of Carcharhinus, C. brachyurus inhabits temperate rather than
tropical coastal waters, and its dispersal abilities are strongly conditioned by the presence of
habitats suitable as nursery grounds. Here we analyze, through well-defined geological time-
slices, the global fossil record of C. brachyurus in order to identify the main biogeographic
dynamics that led to the present-day biogeographic segregation pattern of this requiem shark
species. By integrating a thorough review of the paleontological literature with the results of
recent phylogeographic analyses on extant copper shark populations, our study provides a first
integrated reconstruction of the historical distributional patterns of this shark species that allows
for proposing the identification of some dispersal trajectories as well as of a number of key
events in the paleobiogeographic history of C. brachyurus. Our research supports the notion that
the present-day distributional pattern of C. brachyurus is the product of historical biogeographic
processes and events that might be traced back to an early Miocene East Pacific-central West
Atlantic center of origin and likely reflect major changes in the global ocean system (including

the closure of major seaways and the emergence of new oceanic circulation patterns).

INTRODUCTION

Extant species belonging to the genus Carcharhinus
Blainville, 1816 mostly live in tropical and warm-tem-
perate waters and are distributed worldwide (e.g., Gar-
rick 1982). The copper shark, Carcharhinus brachyu-
rus Giinther, 1870, is the unique species in this genus to
inhabit temperate rather than tropical coastal waters (Gar-
rick 1982, Compagno et al. 2005, Benavides et al. 2011).
This antitropical, coastal shark (also known as the bronze
whaler) is distributed in the West Atlantic (in the Gulf
of Mexico), in the western South Atlantic (from south-
ern Brazil to northern Argentina), and in the East Atlan-
tic (off France and North Africa, in the Mediterranean
Sea, and along the southwestern coasts of South Africa)
(Compagno 1984, Walter & Ebert 1991, Last & Stevens
1994, Froese & Pauly 2019). Its range also extends to the
Indian Ocean off southeastern South Africa (Cliff & Dud-
ley 1992), the western Pacific off Australia, New Zealand
and Japan, whereas the occurrence of copper sharks in the
Gulf of Thailand and the Seychelles has still to be con-
firmed (Duffy & Gordon 2003, and references therein). In
the East Pacific, the distribution of C. brachyurus appears
to be disjunct, this species having been recorded along
the North American coasts from southern California to
Baja California and along the South American coasts off
Peru (Garrick 1982, Compagno 1984); however, the exact
range and size of East Pacific populations of C. brachyu-

rus are still poorly known (Duffy & Gordon 2003). The
presence of the copper shark in the Ecuadorian and
Colombian Pacific waters has been recently supported
by Bearez (1996), Martinez-Ortiz et al. (2007), Jacquet et
al. (2008) and Mejia-Falla et al. (2019). Surprisingly, in
the East Atlantic, C. brachyurus also occurs off Equato-
rial Guinea — a location that contrasts with the otherwise
antitropical distributional pattern of this species (Garrick
1982, Compagno 1984, Duffy & Gordon 2003).
Dispersal abilities of the copper shark appear to be
strongly conditioned by the presence of habitats suitable
as nursery grounds. Crucially, unlike most other conge-
neric species, the nursery grounds of C. brachyurus are
located in temperate waters and occur at the highest lati-
tudes available within the regional distributional ranges
of this species (Lucifora et al. 2005). These critical areas
tend to be large and poorly defined, and include shal-
low bays and inlets as well as more open coastal habitats
(Duffy & Gordon 2003). The copper shark is also char-
acterized by life-history traits such as a long lifespan, the
production of relatively few offspring, a delayed age of
sexual maturity (13-20 years; males mature earlier than
females), and a strong tendency of females to return to
their discrete nursery areas for giving birth (Smith et al.
1998, Lucifora et al. 2005, Benavides et al. 2011). The
ability, shown by C. brachyurus, to cover long distances
along continental coastlines has been documented by var-
ious authors (e.g., Cliff & Dudley 1992, Compagno et al.
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2005). Further highlighting this attitude, Benavides et al.
(2011) recovered no differences in the genetic structure of
populations of C. brachyurus found across South Africa
and Namibia (i.e., along a 2700 km-long coastline), and
the same authors also recognized a high degree of bio-
logical connectivity in the copper shark populations dis-
tributed along the coasts of Australia and New Zealand.
The strong degree of female reproductive philopatry and
the unavailability of habitats suitable as nurseries at the
warm, low latitudes of the global ocean inhibit the disper-
sal abilities of female copper sharks through the tropical
thermal barrier. Copper shark males do not show the same
level of fidelity to the mating areas as females (Feldheim
et al. 2004); therefore, male-mediated gene flow often
occurs over wider geographic areas (Schultz et al. 2008,
Portnoy et al. 2010, Benavides et al. 2011). The cool
waters that usually restrict the gene flow in subtropical
and tropical carcharhiniforms act as less limiting factors
in structuring the copper shark populations (Lucifora et
al. 2005, Benavides et al. 2011).

The phylogeography of the copper shark was recently
examined by Benavides et al. (2011) with particular refer-
ence to the Southern Hemisphere. Based on the distribu-
tion of genetic diversity and the evolutionary relationships
among mtCR haplotypes, these authors identified two
major, highly divergent mtCR clades: the first includes the
C. brachyurus populations from South Africa, Namibia,
Brazil, and Spain, whereas the second gathers the copper
shark communities from Australia, New Zealand, Peru,
and the Pacific Mexico. Benavides et al. (2011) proposed
a East Pacific-central West Atlantic (i.e., Gatunian) center
of origin for this species that predated the separation of
these oceanic basins. After the closure of the Panamanian
Seaway, the Pacific and Atlantic lineages of C. brachyu-
rus experienced vicariant isolation.

Based on thousands of fossil teeth of C. brachyurus,
mostly belonging to immature individuals, from both the
early Miocene Chilcatay Formation and the late Miocene
Pisco Formation of Peru, Landini et al. (2017 a, b, 2019)
identified the coastal East Pisco Basin as a fossil copper
shark nursery area. This critical area is thus highly sug-
gestive of having played a key role in the recruitment of
the Pacific South American population of C. brachyu-
rus during the Miocene at least. As the fossil record of
C. brachyurus is nowadays relatively conspicuous, the
discovery of the East Pisco Basin paleonurseries encour-
aged us to build up an integrated analysis of the paleobio-
geographic patterns of this shark species. The aim of this
work is thus to analyze, through well-defined geological
time-slices, the global fossil record of C. brachyurus in
order to identify the main biogeographic dynamics that,
starting from the origination of this shark species, led to
the colonization of new geographical districts, as well as
to changes in the latitudinal and longitudinal ranges and
regional extinctions. By integrating a thorough review
of the paleontological literature with the results of the

aforementioned phylogeographic study on the extant
copper shark populations by Benavides et al. (2011), our
meta-analysis results in the proposal of some paleobio-
geographic trajectories, as well as in the identification of
some major episodes (including e.g. the closure of major
seaways and the emergence of new oceanic circulation
patterns) that were likely crucial in shaping the biologi-
cal connectivity potential of the past copper shark popu-
lations, thus contributing to explain its currently disjunct
antitropical distribution.

MATERIALS AND METHODS

The paleobiogeographic dataset: We compiled a geographi-
cal and temporal distributional database for the fossil occurrenc-
es of C. brachyurus using previously published data as well as
new (i.e., as yet unpublished) records from Ecuador and Peru.
We categorized the fossil data into five geological time-slices
(early, middle, and late Miocene; Pliocene; and Pleistocene) and
eight geographic districts (Northern and Southern West Pacif-
ic; Northern, Central, and Southern East Pacific; Central and
Northern West Atlantic; and Central East Atlantic, including the
Mediterranean Sea). During the collection of data from paleon-
tological literature, a rigorous and selective validation process
was performed in order to discard incorrect or unreliable records
of this species. This was done by checking all the illustrations
of fossil teeth attributed to C. brachyurus and, in some cases,
even the fossil specimens themselves. In addition, and follow-
ing a similar approach, we searched the paleontological litera-
ture for illustrations of fossil teeth that have been assigned to the
problematic species Carcharhinus egertoni (Agassiz, 1843) and
Carcharhinus priscus (Agassiz, 1843).

Cappetta (1987) included the dubious Neogene species
C. egertoni in the “bull-group”, named after the bull shark
Carcharhinus leucas (Valenciennes, 1839) and consisting of
all the extant species of Carcharhinus having broadly trian-
gular upper teeth with erect or semi-oblique cusps, no mesial
heels, weakly to moderately incised distal edges, and both cut-
ting edges fully serrated. A different opinion was expressed
by Purdy et al. (2001) and Marsili (2007): according to these
authors, one of the two syntypes of Corax egertoni figured by
Agassiz (1843: pl. 36, fig. 6) is identical to the upper teeth of
the extant C. brachyurus, whereas the other one (Agassiz 1843:
pl. 36, fig. 7) is similar to the lateral teeth of C. leucas. Adnet
et al. (2007) argued instead that the syntype figured by Agas-
siz (1843) in his plate 36, figure 6, differs from the upper teeth
of the extant copper shark by the aspect ratio of the main cusp
(length/height < 1 in C. brachyurus; length/height > 1 in Agas-
siz’s specimen), the morphology of the mesial edge, and the ser-
ration pattern of the cutting edge. Adnet et al. (2007) regarded
the aspect of this specimen as consistent with teeth belonging
to the C. leucas-group (sensu Compagno 1988). Carcharhinus
brachyurus exhibits a gynandric, dignathic dentition: teeth of
adult males are generally distinctly hooked, longer, narrower,
and more curved laterally than those of adult females (Bass et al.
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1973, Garrick 1982, Purdy et al. 2001, Psomadakis et al. 2009,
Landini ez al. 2017b). Based on our personal observations, the
length/height ratio calculated on extant jaws of C. brachyurus
kept at the Earth Sciences Department of Pisa University (Pisa,
Italy) is only partially consistent with the values indicated by
Adnet et al. (2007). Indeed, in female jaws, the length/height
ratio is < 1 in the anterior and anterolateral teeth, ca. 1 in the lat-
erals, and > 1 in the posteriors. Even if the length/height ratio is
not completely discriminating, we agree with Adnet ez al. (2007)
in regarding the morphology of the first syntype of C. priscus
figured by Agassiz (1843) as more consistent with teeth belong-
ing to the bull-group of Cappetta (1987).

Similarly problematic is the systematic assignment of the
teeth that have been attributed to the fossil taxon C. priscus. The
close morphological affinities between the teeth of C. priscus
and those of some extant species (e.g., C. brachyurus, Carcha-
rhinus limbatus (Valenciennes, 1839) and Carcharhinus perezi
(Poey, 1876)) have been highlighted by various authors (e.g.,
Cappetta & Cavallo 2006, Laurito & Valero 2008, Reinecke et
al. 2011, Kent 2018). Reinecke et al. (2011) also acknowledged
the close resemblance between the teeth of C. priscus and those
of the aforementioned extant species; at the same time, these
authors recognized the existence of a morphological set of fossil
teeth that compares favorably with Agassiz’s type of C. priscus
while being distinguishable from C. brachyurus, C. limbatus,
and C. perezi.

To date, the taxonomic status of the nominal Neogene spe-
cies C. egertoni and C. priscus is still problematic and needs a
comprehensive revision effort, which is however well beyond
the scope of the present study. Many of the numerous fossil
teeth attributed to these two fossil taxa likely belong to various
extant species (e.g., C. brachyurus, C. leucas, C. limbatus, and
C. perezi) or to extinct species as well (Adnet et al. 2007). As
a matter of fact, teeth belonging to C. brachyurus have often
been reported under the name C. priscus (Marsili 2007). For the
purposes of the present study, we checked the fossil records of
C. egertoni and C. priscus only when bona fide copper shark
teeth were not reported under the name C. brachyurus in an
entire geographic district for one of the above defined geologi-
cal time-slices. Only in these cases we searched the literature
for figured teeth, attributed to C. egertoni or C. priscus, that
could be reassigned to C. brachyurus. If so, C. brachyurus was
included in our paleobiogeographic dataset for those particular
geographic districts and geological time-slices.

Genetic phylogeographic background: Benavides et al.
(2011) tested the genetic relationships among the extant cop-
per shark populations from three major coastal regions of the
Southern Hemisphere (Australia-New Zealand, South Africa-
Namibia, and Peru), separated by oceanic expanses. Benavides
et al. (2011) relied on the analysis of the mitochondrial genetic
loci, which, by virtue of a maternal mode of inheritance, record
a signal of genetic differentiation even if female-mediated gene
flow is low and male-mediated gene flow is high. They also
hypothesized that ocean basins form a barrier to gene flow in
extant populations and predicted differences in mitochondrial

haplotype frequencies among populations separated by this kind
of biogeographic restrictors. Although the study by Benavides
et al. (2011) was conducted on large samples from Namibia,
South Africa, Australia, New Zealand and Peru, limited samples
(consisting of one individual each) from Spain, Brazil, and the
Pacific coast of Mexico were also included in order to provide
preliminary insights into how the copper shark populations from
these regions may relate to the others. Two highly divergent
mtCR clades, perfectly segregated by geographical barriers,
were identified: the first one includes South Africa, Namibia,
Brazil, and Spain, whereas the second one is restricted to Aus-
tralia, New Zealand, Peru, and the Pacific Mexico (Fig. 1). The
analysis of divergence time between southern Africa and Aus-
tralasia resulted in an estimate of 3.48 million years ago (here-
inafter: Ma), while the comparison between southern Africa
and Peru resulted in an estimate of 2.36 Ma. The amount of
divergence between the Atlantic-western Indian and the eastern
Indian-Pacific clades was estimated at 3.5-2.4 Ma, which was
regarded by Benavides et al. (2011) as consistent with a vicari-
ance event induced by the rise of the Isthmus of Panama rather

separated by
15 mutational
steps

Fig. 1 — Haplotype network of the mitochondrial control region
of Carcharhinus brachyurus, with haplotypes numbered in cir-
cles. Small squares represent inferred mutational steps. Blue
circles represent haplotypes observed in Australia and New Zea-
land; green circles or slices are Peruvian haplotypes, the red cir-
cle is the Mexican haplotype; white circles are haplotypes from
South Africa and Namibia. Redrawn after Benavides et al.
(2011).
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than by the closure of the Eastern Tethys Seaway (occurred
around 20 Ma). Benavides er al. (2011) thus hypothesized that
the center of origin of C. brachyurus was located in the present-
day eastern Pacific or Atlantic oceans before the separation of
these ocean basins; with the rise of the Isthmus of Panama (ca.
3 Ma), the Atlantic and western Indian clades started to diverge.
In the eastern Pacific, the estimated divergence time between
Australasia and Peru indicates that the founding of the Austral-
asian populations was relatively recent (ca. 160 ka).

RESULTS

Our review of paleontological literature demonstrates
that Carcharhinus brachyurus has a relatively long fos-
sil record that stretches back to the early Miocene (e.g.,
Purdy ez al. 2001, Marsili 2007, Landini ef al. 2019). This
is not particularly surprising as similar distributional pat-
terns are also shown by Carcharias taurus Rafinesque,
1810, Rhyncodon typus Smith, 1828, Isurus oxyrinchus
Rafinesque, 1810, as well as other bona fide members
of Carcharhinus such Carcharhinus falciformis (Miiller
& Henle, 1839), Carcharhinus leucas (Valenciennes in
Miiller & Henle, 1839), Carcharhinus macloti (Miiller &

Early Miocene
(23.03-15.97 Ma)

Late Miocene
(11.63-5.33 Ma)

Fig. 2 — Occurrences of Carchar-
hinus brachyurus through six
time-slices in the Neogene and
Quaternary. A: Early Miocene;
B: Middle Miocene; C: Late
Miocene; D: Pliocene; E: Pleis-
tocene; F: Holocene (Recent).
The orange-colored stars indicate
the unambiguous fossil occur-
rences of C. brachyurus; the yel-
low-colored stars indicate possi-
ble, yet to be confirmed fossil
occurrences of C. brachyurus;
the orange-colored areas indicate
the present-day range of extant
C. brachyurus. The palaeogeo-
graphic maps reproduced in the
six panels are after Scotese
(2014). The distribution of extant
C. brachyurus shown in the bot-
tom right panel is modified after
Duffy & Gordon (2003); see the
main text for data sources for all
other panels. Ma = Million years
ago.

Pleistocene
(2.59-0.01 Ma)

Henle, 1838) and Carcharhinus perezi (Poey, 1876) (e.g.,
Kent 2018). More in general, the fossil record of several
extant elasmobranchs has recently been shown to extend
deep into the geological time, and as such, it holds great
potential to provide a deep-time perspective on how the
living forms of sharks and rays have responded to envi-
ronmental changes in the past (Paillard ez al. in press).

The distribution of fossil teeth of C. brachyurus
through sediments of early Miocene to Pleistocene age
and different geographic districts is detailed in the follow-
ing sections; furthermore, a summary of it is synoptically
presented in Fig. 2 as well as in Table I.

Early Miocene (23.03-15.97 Ma) dataset
(Fig.2A)

Southern East Pacific

Peru, Chilcatay Formation (Burdigalian), Landini ez
al.(2019).
Central West Atlantic

Colombia, Jamol Formation (Early Burdigalian), Car-
rillo-Bricefio et al. (2019).

Venezuela, Cantaure Formation (Burdigalian-
?Langhian), Carrillo-Bricefio et al. (2016).

Middle Miocene
(15.97-11.63 Ma)

—

Pliocene
(5.33-2.59 Ma)

Holocene
(present day)
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Table I — Distribution of fossil remains of Carcharhinus brachyurus through five time-slices (early, middle, and late Miocene; Plio-
cene; and Pleistocene) and eight geographic districts (Northern and Southern West Pacific; Northern, Central, and Southern East Pacif-
ic; Central and Northern West Atlantic; and Central East Atlantic, including the Mediterranean Sea). Records of copper shark teeth that
were previously reported as belonging to other species or tentatively attributed to C. brachyurus are indicated via their original taxo-
nomic identification. See the main text for data sources. Ma = Million years ago.

Middle Miocene
(15.97-11.63 Ma)

Early Miocene
(23.03-15.97 Ma)

Late Miocene
(11.63-5.33 Ma)

Pleistocene
(2.59-0.01 Ma)

Pliocene
(5.33-2.59 Ma)

Northern present

West Pacific (as C. priscus and
C. aff. brachyurus)

Southern

West Pacific

Northern

East Pacific

Central present

East Pacific

Southern present present

East Pacific

Central present present

West Atlantic

Northern present

West Atlantic

Central present present

East Atlantic (as C. priscus) (as C. egertoni)

[possibly present
(as C. cf. brachyurus)] (as C. cf. brachyurus)

present

(as C. priscus)

present

present present present
present present present
(including unpubl
records from
Ecuador)
present present present
(including unpubl
records from Peru)
present
present present

Northern West Atlantic

North Carolina (USA), Pungo River Formation (Bur-
digalian levels), Purdy et al. (2001).

Delaware (USA), Calvert Formation (Burdigalian),
Purdy (1998).

Central East Atlantic

France, as Carcharhinus priscus, Montpellier region,
Burdigalian-?Langhian, Cappetta (1970).

The most consistent fossil record of Carcharhinus
brachyurus from the early Miocene is comprised in a
somewhat limited area between 14°S and 38°N latitude,
and 65°W and 76°W longitude. This area includes the
central South American coast of the East Pacific (Peru),
the northern coast of South America (Colombia and Ven-
ezuela), and the Atlantic U.S. coast of North Carolina and
Delaware. Interchanges within this area were facilitated
by extensive communication through the Panamanian
Seaway and by the wider-than-today Florida Strait. Dur-
ing the earliest Miocene, several basins within this area
were affected by sea transgressions that inundated much
of the lower coastal plains in southern Peru (East Pisco
Basin), the northern margin of South America (e.g., the
Cocinetas and Falcon basins), and the U.S. Atlantic coast
from Florida to Georgia and the Carolinas (Popenoe
1990, Zachos et al. 2001, Di Celma et al. 2017, 2018a).
Outside this area, the copper shark was recorded from the
Burdigalian-?Langhian of Montpellier (France) with teeth
attributed by Cappetta (1970) to Carcharhinus priscus
(see also Purdy et al. (2001) and Marsili (2007) for a reat-
tribution of these finds to C. brachyurus). This late early

Miocene record seemingly testifies to the first dispersal
event from the Center of Origin Area (hereinafter: COA),
as identified by Benavides ef al. (2011), to the central East
Atlantic.

Middle Miocene (15.97-11.63 Ma) dataset
(Fig. 2B)

Northern West Pacific

Japan, as Carcharhinus aff. brachyurus, Bessho and
Aoki formations of the Nagano Prefecture, Takakuwa et
al. (2009).

Japan, as Carcharhinus priscus, from several forma-
tions of the Hokuriku District, Karasawa (1989).
Southern East Pacific

Peru, Pisco Formation (Langhian-Serravallian levels),
Bosio ef al. (2020), Collareta et al. (in press).

Central East Pacific

Ecuador, Angostura Formation, Carrillo-Bricefio et al.
(2014).

Central West Atlantic

?Venezuela, as Carcharhinus cf. brachyurus, Cantaure
Formation (Burdigalian-?Langhian), Carrillo-Bricefio et
al.(2016).

North Carolina (USA), Pungo River Formation
(Langhian levels), Purdy et al. (2001).

Central East Atlantic

Portugal, as Carcharhinus egertoni, Lisbon region,
Langhian (Helvetian)-Tortonian, Antunes & Jonet (1969-
70).
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?France, as Carcharhinus priscus, Montpellier region,
Burdigalian-?Langhian, Cappetta (1970).

The most significant biogeographic event that
appears to be witnessed by the middle Miocene record
of C. brachyurus is its westward, trans-Pacific dispersal
from the eastern Gatunian (Pacific) district, leading to the
first occurrence of this species along the Japanese coast.
Within the COA, the biological connectivity was high,
potentially ranging from North Carolina (Caloosahat-
chian province) to Peru (southeastern Gatunian province)
through the Venezuelan coast, although the stratigraphic
extension of the Cantaure Formation into the Langhian is
dubious (Carrillo-Bricefio et al. 2016). In the central East
Atlantic district, the record from the Portuguese coasts
confirms the persistence of C. brachyurus in this region.

Late Miocene (11.63-5.33 Ma) dataset
(Fig.20)

Northern West Pacific

Japan, as Carcharhinus priscus, from the Takakubo
Formation of the Hokuriku District, Karasawa (1989).
Southern West Pacific

?Australia, as Carcharhinus cf. brachyurus, in the lat-
est Miocene (Cheltenhamian)-early Pliocene (Kalimnan),
Fitzgerald (2004).

Northern East Pacific

Mexico, Baja California, Gonzdles-Rodriguez et al.
(2013).

Central East Pacific

Ecuador, Angostura Formation, Carrillo-Bricefio ef al.
(2015).

South Eastern Pacific

Peru, Miramar Formation, Apolin et al. (2004),
Gonzdlez Barba & Martinez (2010).

Peru, Pisco Formation, Alvan de la Cruz (2008), Lan-
dini et al. (2017a,b).

Chile, La Portada Formation, Suarez et al. (2003).

Chile, Bahia Inglesa Formation, Sudrez et al. (2002).
Central West Atlantic

Panama, Chagre Formation, Carrillo-Bricefio et al.
(2015).

Central East Atlantic

Portugal, as Carcharhinus egertoni, Lisbon region,
Langhian (Helvetian)-Tortonian, Antunes & Jonet (1969-
70).

Spain, Arcillas de Gibraleén Formation, Toscano
Grande (2016).

Italy, as Cestracion priscus, Pietra Leccese Formation,
Menesini (1968).

The most significant biogeographic events of the late
Miocene occurred within the COA. In its Atlantic sector
(Caloosahatchian and western Gatunian provinces), the
copper shark populations were almost completely extir-
pated, with the significant exception of the coasts of Pan-
ama, which are closely associated with the Panamanian

Seaway. On the contrary, in the eastern Pacific, Carchar-
hinus brachyurus increased both its southern and northern
latitudinal ranges, thus reaching the Chilean and Califor-
nian coasts, respectively. No new geographical districts
were colonized during the late Miocene.

Pliocene (5.33-2.59 Ma) dataset
(Fig.2D)

Southern West Pacific

Australia, as Carcharhinus cf. brachyurus, Pledge
(1985).

Northern East Pacific

California (USA), Gloria (= Tirabuzén) Formation,
Applegate (1978).

Mexico, Baja California, Gonzdles-Rodriguez et al.
(2013), Lira-Beltran et al. (2020).

Central East Pacific

Ecuador, Onzole Formation (Pliocene levels of Cama-
rones), Landini ef al. (unpubl. data, work in progress).
Southern East Pacific

Peru, Miramar Formation (Pliocene levels), Gonzalez
Barba & Martinez (2010).

Chile, Horcén Formation, Carrillo-Bricefo et al.
(2013).

Central East Atlantic

Belgium, as Carcharhinus priscus, Antwerpen region,
De Ceuster (1976).

Spain, Arenas de Huelva Formation, Toscano Grande
(2016).

Spain, as Carcharhinus priscus, Alicante region, Mora
Morote (1996).

Italy, Tuscany region, Marsili (2007), Collareta et al.
(accepted).

During the Pliocene (or latest Miocene; see the para-
graph on the late Miocene above) the copper shark
reached Australia. In the central East Atlantic, C. brachyu-
rus extended its latitudinal range to Belgium (approxi-
mate latitude 51°N), which represents the highest latitude
reached in the Northern Hemisphere by this shark spe-
cies. The Mediterranean occurrences from Spain and Italy
complete the record of C. brachyurus in this geographical
district.

Pleistocene (2.59-0.01 Ma) dataset
(Fig.2E)

Northern East Pacific

California (USA), Palos Verdes Sand Formation, Long
(1993).
Central East Pacific

Ecuador, Canoa Formation, Carrillo-Bricefio et al.
(2015).
Southern East Pacific

Peru, Pongo Formation (sensu DeVries 2020), Landini
et al. (unpubl. data, work in progress).
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All the Pleistocene fossil records of C. brachyurus
come from the eastern Pacific coast, from California to
Peru. As the global fossil record of extant elasmobranch
species is relatively poor in the Pleistocene (Pimiento &
Benton 2020), this is not particularly surprising.

DISCUSSION

Sharks and their relatives are broadly known as featur-
ing an abundant fossil record compared to most groups
of marine vertebrates (Hubbell 1996, Cappetta 2012,
Pimiento & Benton 2020). Nevertheless, and generally
speaking, the fossil record is inherently incomplete, and
the same can be said about the rock record in which the
former is hosted: such a fragmentary nature of the geo-
logical and paleontological heritage inevitably challenges
the suitability of fossil occurrence data for reconstructing
paleobiogeographic patterns and pathways. Furthermore,
some broad geographic districts such as Antarctica feature
a much-limited fossil record compared to e.g., Europe or
the Americas; similarly, the record of elasmobranch teeth
is uniform throughout the Neogene and relatively poor
in the Pleistocene (e.g., Pimiento & Benton 2020). That
said, concerning Carcharhinus brachyurus in particular,
our literature review demonstrates that fossils of this liv-
ing shark species account for some tens of distinct occur-
rence data worldwide. Consequently, the fossil record of
C. brachyurus can be regarded as rather conspicuous, at
least in the broader framework of the marine vertebrates.
In light of these considerations, C. brachyurus stands out
as a much promising research target for paleobiogeo-
graphic reconstructions informed by the fossil record.

Nowadays, C. brachyurus inhabits temperate and sub-
tropical seas of the Northern and Southern hemispheres,
although it also occurs in the warm waters of Equatorial
Guinea (Fig. 2F). Such a disjunct, antitropical distribu-
tion is linked to the presence of tropical water masses at
the low latitudes of the major ocean basins. These tropical
water masses are believed to act as barriers that inhibit
the transoceanic dispersal of copper sharks, thus reduc-
ing or even preventing the biological connectivity among
different geographical districts, both by displaying sea-
water temperatures that are higher than those preferred
by C. brachyurus and by lacking stepping-stone habitats
suitable as nursery grounds (Benavides et al. 2011). Dur-
ing the Neogene, the intra- and trans-oceanic biogeo-
graphic relationships of the copper shark populations
have been strongly influenced by major tectonic, eustatic,
and climatic events that resulted in strong changes in the
superficial and deep circulation and modified the level of
biological connectivity among different oceanic basins.

By coupling the literature data on these abiotic events
with both the relatively rich fossil record of C. brachyu-
rus reviewed in this work and the haplotype network pro-
vided by Benavides et al. (2011) (Fig. 1), here we propose

a reconstruction of the historical and ecological patterns
that gave rise to the present-day segregated distribution
of the copper shark. In doing so, a caveat must be men-
tioned: indeed, the herein proposed reconstruction should
ultimately be regarded as provisional, as we anticipate
that the hopeful discovery of new shark tooth-bearing
deposits featuring fossil specimens of C. brachyurus as
well as new molecular data on the living copper shark
populations will likely contribute to reassess some of
the more problematic aspects of the biogeography and
paleobiogeography of this extant elasmobranch species.
Nevertheless, by building upon our thorough review
of the paleontological literature in light of the results of
the relatively comprehensive molecular investigation by
Benavides ez al. (2011), the main events of the paleobio-
geographical history of C. brachyurus can be highlighted
and rather confidently linked to major paleogeographic
and paleoceanographic episodes and transitions.

Center of origin

On the basis of genetic and paleontological data,
Benavides ef al. (2011) hypothesized that the center of
origin of C. brachyurus was located in the East Pacific-
West Atlantic area. Before the definitive closure of the
Panamanian Seaway around 3 Ma, these sea regions (col-
lectively comprising the COA) were indeed well con-
nected with each other. Our fossil dataset, and especially
the discovery of the oldest copper shark nursery grounds
in the East Pisco Basin of Peru (both in the early Mio-
cene of the Chilcatay Formation and in the late Miocene
of the Pisco Formation; Landini ez al. 2017a, b, 2019),
are consistent with this hypothesis. Through most of the
Neogene, the COA was divided into two distinct bio-
geographic districts, namely, the Caloosahatchian (from
North Carolina to the Yucatdn peninsula, through the
then-broad Florida Strait and the Northern Gulf of Mexi-
co) and Gatunian (including the remainder of the tropical
Atlantic up to Brazil and the East Pacific, from Califor-
nia to Peru) provinces, directly communicating via the
Panamanian Seaway (Petuch 1982, Coppard & Alvarado
2013, Coppard ef al. 2013, Vermeij 2005). During the
early Miocene, western boundary currents in the Carib-
bean region were weak or absent (Vermeij 2005) and
limited exchanges between the Gatunian and Caloosahat-
chian provinces are supported by the distribution of some
mollusks such as the gastropod genera Lyria and Enaeta
(Landau & Vermeij 2011). Interchanges via the Panama-
nian Seaway was dominated by a strong Pacific through-
flow into the western North Atlantic, and the mid-lati-
tude Atlantic Meridional Overturning Current (AMOC),
influenced by these low-salinity waters from the eastern
Pacific, was overall weak (Kirillova et al. 2019). The first
dispersal of the copper shark took place in this paleogeo-
graphic and paleoceanographic scenario, in a context of
high resilience of the Gatunian/Caloosahatchian bound-
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ary and absence of geographical or oceanographic bar-
riers. After the Langhian, a regional extinction can be
observed in the West Atlantic sector of the Gatunian
province and in the northern sector of the Caloosahat-
chian one. As the closure of the Panamanian Seaway
approached, the Caribbean region gradually became cut-
off from the eastward flow of the Pacific water masses,
and consequently, the Caribbean waters became warmer
and saltier (Robertson et al. 2009). Nowadays, the trans-
fer of the warm, high-salinity Caribbean waters to the
North Atlantic represents an essential component of the
AMOC (Kirillova ef al. 2019). The AMOC was already
active during the Miocene but underwent a significant
strengthening in late middle or early late Miocene times.
In particular, after 9 Ma, following a further step in the
process of y the Central American Isthmus and the con-
sequent decrease in the flow of Pacific low-salinity water
into the Caribbean region, the AMOC became stronger
(Kirillova et al. 2019). Furthermore, around 10 Ma,
the Gulf Stream system was almost as strong as today
(Kirillova et al. 2019). Eustatic oscillations also affected
the coasts of the Caloosahatchian province, from North
Carolina to Florida, during the middle and late Miocene,
as in Tortonian the sea level was generally low and most
of the coastal plain and continental shelf was exposed to
subaerial erosion (Popenoe 1990). During this Tortonian
regressive phase, the Gulf Stream was forced offshore
across the central Blake Plateau and around the Charles-
ton Bump (Popenoe 1990). The regional extinction of
the copper shark populations from the northern sector of
the Caloosahatchian province is probably related to the
combination of the Tortonian regressive phase and the
strengthening of the warm Gulf Stream that flows from
the Florida Strait along the coasts of Georgia, the Caro-
linas, and Delaware. The geologically youngest West
Atlantic fossil occurrence of C. brachyurus is from the
late Miocene Chagre Formation of Panama (Carrillo-
Briceifio et al. 2015). Given the geographical closeness
of this area with the then-open Panamanian Seaway, it
probably represents an offshoot of the central East Pacif-
ic populations. Temporary interchanges with the Pacific
Ocean, mostly limited to the Panamanian area, have
already been documented by Collins et al. (1996). While
observing the occurrence of foraminiferans with Pacific
affinities in the Chagre Formation, these authors inferred
that the entrance of Pacific taxa into the Caribbean had
no apparent effect on the subsequent composition of the
Caribbean fauna. In the Pacific Gatunian sector, the fos-
sil record of C. brachyurus is in turn substantially con-
tinuous from the early Miocene to the present day. In the
East Pisco Basin of southern Peru, teeth of the copper
shark are the most frequently collected shark remains,
both from Burdigalian (Bianucci ef al. 2018, Di Celma
et al. 2018b, Landini et al. 2019) and Tortonian (Landini
et al.2017 a, b) sediments. According to these authors,
based on the high abundance of teeth belonging to imma-

ture individuals, during the Miocene the East Pisco Basin
played a pivotal role as a nursery area for some coastal
and pelagic sharks, including C. brachyurus as well as
Isurus oxyrhinchus and Cosmopolitodus hastalis. In the
middle Miocene, C. brachyurus also occurred in Ecuador
and, during the late Miocene, it increased its northern and
southern latitudinal range, reaching the Californian and
Chilean coasts, respectively. The present-day East Pacif-
ic distribution of the copper shark retains these extreme
latitudinal limits. The Pleistocene record of the Canoa
Formation of Ecuador (Carrillo-Briceno et al. 2015)
is consistent with the presence of some subtropical and
temperate taxa of teleosts and mollusks that, according
to Landini et al. (2002), are currently limited to the Cali-
fornian, Oregonian or Peruvian provinces. These records
have been interpreted as markers of biological incursions
correlated with periods of strengthened upwelling of the
cold waters of the California and Humboldt currents at
the low latitudes of the East Pacific (Landini et al. 2002,
Jorgensen et al. 2009).

The westward Pacific dispersal

In the western part of the Pacific Ocean, living popu-
lations of C. brachyurus have been reported from Japan,
Australia, New Zealand, and possibly the Gulf of Thai-
land (Garrick 1982, Compagno 1984, Duffy & Gordon
2003). Benavides et al. (2011) recognized a perfectly
segregated mtCR clade that includes the Australian, New
Zealand, Peruvian, and Pacific Mexican populations, and
identified Peru as the dispersal center for the colonization
of Australasia (Fig. 1). Coupling genetic and paleonto-
logical data, it is possible to identify some biogeograph-
ic events that might have led to the colonization of the
western districts of the Pacific Ocean. The first dispersal
event likely occurred during the middle Miocene, lead-
ing C. brachyurus to colonize Japan from the central East
Pacific (Gatunian province). Probably, this trans-Pacific
dispersal took place at the eve of the closure of the Indo-
nesian Seaway. According to Kennett (1985), the distri-
bution of the early Miocene faunas of the North Pacific
indicates that the gyral circulation system was then only
weakly developed, and became stronger only starting
from the late Miocene, when temperate faunas were dis-
placed northward as the Kuroshio Current intensified. A
westward dispersal was hypothesized by Benavides et al.
(2011), with the Pacific islands serving as stepping-stone
habitats for C. brachyurus. Following the same biogeo-
graphic pathway, but moving in the opposite direction,
other carcharhiniforms (e.g., the scalloped hammerheads
and black tip sharks) are believed to have colonized the
East Pacific (Duncan et al. 2006, Keeney & Heist 2006).
The second trans-Pacific dispersal event is related to the
colonization of Australasia, which likely started from
the southern East Pacific (Peru and Chile). The fossil
record indicates that C. brachyurus certainly occurred in
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Australia as early as in the early Pliocene (Pledge 1985),
and Fitzgerald (2004) even lists this shark in the latest
Miocene (Cheltenhamian)-early Pliocene (Kalimnan).
According to Carter et al. (2004), the New Zealander fos-
sil assemblages reveal the dominance of warm-water taxa
until the middle Miocene, followed by signals of cool-
ing through the remainder of the Neogene, leading to the
eventual disappearance of most warm-water taxa. Based
on these data, we hypothesize that the colonization of
Australasia by the copper shark occurred during the late
Miocene-early Pliocene time span. The high degree of
biological connectivity of the extant populations spread-
ing along New Zealand and Australia coasts is likely
facilitated by the presence of several potential stepping-
stone habitats across this narrow oceanic expanse (e.g.,
the Challenger Plateau, Lord Howe Rise, Norfolk Ridge,
and the seamounts to the west of the aforementioned
highs) (Benavides et al. 2011).

The eastward Atlantic dispersal

The present-day East Atlantic populations of cop-
per sharks range from France to Morocco, in Equatorial
Guinea (where this taxon is rare), and from Namibia to
the Atlantic and Indian coasts of South Africa (Garrick
1982, Compagno 1984, Last & Stevens 1994, Walter &
Ebert 1991). In the Mediterranean Sea, C. brachyurus
ranges through most of the basin, even if its stock struc-
ture is largely unknown (Duffy & Gordon 2003). Prima-
ry nursery areas are known from the Eastern Cape waters
of South Africa (Smale 1991, Cliff & Dudley 1992) and
northwestern Africa (Rio de Oro and Pulpito Bay) (Gar-
rick 1982). In the Mediterranean Sea, neonates and small-
sized juveniles have been reported from Rhodes, Nice,
and the West Alboran Basin (Garrick 1982, Fergusson &
Compagno 1995). Benavides et al. (2011) recognized a
perfectly segregated mtCR clade that includes the South
African, Namibian, Brazilian, and Spanish populations,
and identified the central West Atlantic as the COA.
According to the fossil record, the first occurrence of
copper shark teeth in the East Atlantic geographic district
took its place in the Mediterranean Basin (Montpellier
region, France), most likely during the Burdigalian age:
in fact, several of the specimens assigned by Cappetta
(1970) to C. priscus have been recognized as belong-
ing to C. brachyurus by Purdy et al. (2001) and Mar-
sili (2007). These teeth seemingly testify to an eastward
trans-Atlantic dispersal event that, in our opinion, could
be related to the early Miocene spread of the copper
shark in the Caloosahatchian province. Indeed, in early
Miocene times, the Atlantic basin was somewhat nar-
rower than it is today and both the AMOC and the Gulf
Stream, although present, were weak and did not consti-
tute true biogeographic restrictors for this shark species
(Lunt et al. 2008, Kirillova et al. 2019). In turn, since the
late Miocene, the North Atlantic circulation has worked

in a relatively modern way, with salty warm waters flow-
ing from the tropics northwards (Kirillova et al. 2019).
Alternatively, a putative trans-Indo-Pacific dispersal,
starting from the Pacific American coasts and passing
throughout the Eastern Tethys, could be taken into con-
sideration. Until the early Burdigalian, before the rise of
the so-called “Gomphotherium landbridge”, an open oce-
anic seaway connected both the Mediterranean and Para-
tethyan basins with the Indian Ocean. Subsequently, for a
short time, a middle Miocene (early Langhian) transgres-
sion caused the Mediterranean and Paratethys to be tem-
porarily flooded by waters coming from the Indian Ocean
(Rogl 1999). Therefore, considering also the limitations
imposed by our fossil dataset, the only time intervals
that are consistent with marine interchanges through the
Eastern Tethys Seaway are the early Burdigalian and the
early Langhian. Notwithstanding the remarkable distance
that separates the Mediterranean from the putative center
of origin of C. brachyurus, various paleontological, eco-
logical, and genetic constraints allow us to exclude a bio-
geographic pathway through the Eastern Tethys Seaway.
Firstly, C. brachyurus was not recorded from the Mio-
cene fossil fish assemblages of India. Even if the Indi-
an Miocene carcharhinid record includes Carcharhinus
priscus (Ralte et al. 2011, Sharma & Patniak 2014), in
our opinion the specimens described by these authors are
not consistent with the morphological traits of the extant
species C. brachyurus. Secondly, there is a significant
ecological constraint related to the thermal conditions
of this hypothetical route. During the lower Miocene,
the tropical waters of the then-broad Indonesian Seaway
would have inhibited the dispersal potential of the cop-
per shark, strongly limiting the presence of habitats suit-
able for its reproduction (Kennett 1985, Benavides et al.
2011). Finally, as reported above, by testing the genetic
relationships among the copper shark populations from
different areas of both the East and West Atlantic (i.e.,
Spain, South Africa, Namibia, and Brazil), Benavides et
al. (2011) identified the existence of an Atlantic mtCR
clade that significantly differs from the Pacific ones. As
the East Atlantic populations are seemingly more close-
ly related to the West Atlantic communities than to the
Pacific ones, the genetic data also suggest a trans-Atlan-
tic (rather than trans-Pacific) dispersal route. Outside the
Mediterranean realm, in the central East Atlantic, the fos-
sil record of the copper shark is stratigraphically continu-
ous from the middle Miocene to the Pliocene, teeth of this
species having been collected from e.g. the Serravallian
of Portugal, the late Miocene (Tortonian to Messinian) of
the Gulf of Cadiz (Atlantic Spain), and the early Pliocene
of the Belgian coast; the latter occurrence represents the
northernmost location ever recorded for C. brachyurus.
In the Mediterranean Sea, the youngest Miocene record
of C. brachyurus comes from the Tortonian of the “Pietra
leccese” (southern Italy, Menesini 1968, as Cestracion
priscus), and it is followed by the early Pliocene finds
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from Tuscany (Marsili 2007, Collatera et al. accepted).
Whereas it seems reasonable to hypothesize that the bio-
logical connectivity between the Mediterranean and non-
Mediterranean populations of the central East Atlantic
was significantly affected, during the late Miocene, by
the paroxysmal events of the Messinian Salinity Crisis
(Carnevale et al. 2006, 2018), the paucity of latest Mio-
cene elasmobranch assemblages from the Mediterranean
Sea prevents from drawing definitive conclusions on this
issue.

The ghost paleobiogeographic districts

Coupling neontological and paleontological data,
substantial differences emerge in the geographical dis-
tribution of the copper shark within the different oceanic
basins. Whereas in the Pacific Ocean there is a good cor-
respondence between the areas that are currently occu-
pied by the copper shark and those that host fossil teeth
of this species, fossil occurrence data from the coasts of
the Indian Ocean are nonexistent, apart for a single record
of C. priscus, possibly consistent with C. brachyurus,
from the Miocene of Madagascar (Andrianavalona et al.
2015). A similar lack of fossil occurrence data frustrates
any attempt to reconstruct the origin of the copper shark
populations living along the coasts of South Africa, which
are genetically closely connected with those of the Atlan-
tic coasts, including Namibia (Benavides ef al. 2011).
In turn, the biogeographic history of the copper shark in
the Atlantic Ocean is complex and open to several ques-
tions. Removed from the western Central Atlantic and the
northern sector of the Caloosahatchian province since the
middle Miocene, C. brachyurus still inhabits the Gulf of
Mexico. In the South Atlantic, C. brachyurus occurs on
both sides of Africa as well as along the South American
coastline, and the close genetic similarities detected by
Benavides ef al. (2011) between the eastern and western
South Atlantic populations suggest a high degree of trans-
oceanic biological connectivity. The rather fragmentary
nature of the South Atlantic elasmobranch fossil record
makes the reconstruction of the paleobiogeographic paths
that led to the present-day distribution particularly diffi-
cult and uncertain.

The Gulf of Mexico

The present-day copper shark community of the Gulf
of Mexico constitutes a small biogeographic enclave.
Unfortunately, given the absence of a paleontological
and genetic background for this population, its histori-
cal relationships cannot be unambiguously reconstructed.
That said, the origin of this present-day population can be
alternatively connected to two different dispersal centers.
During the Miocene, the Gulf of Mexico was part of the
Caloosahatchian province, in the northern sector of which
(corresponding to the coasts of Delaware and North Caro-

lina) C. brachyurus was reported from Burdigalian and
Langhian sediments. The most parsimonious hypothesis
consists in considering the Gulf of Mexico copper shark
population as a relict that survived the regional extinction
of the northern Caloosahatchian communities which fol-
lowed a significant increase in northward heat transport
along the North Atlantic American coast (from Florida
to North Carolina). Nowadays, the Caribbean Sea waters
enter into the Gulf of Mexico through the Yucatdn Chan-
nel and feed the Loop Current system, which is regard-
ed as the starting point of the Gulf Stream (Gyory et al.
2011a, b, ¢, Aarg 2011). Furthermore, the Florida Strait
acts as an important restrictor for the dispersal of marine
organisms, as documented by the different fish faunas
that are found at the opposite sides of this strait (Briggs
1974, Aarg 2011). Therefore, enclosed as it is between
the Loop Current (to the South) and the Florida Strait (to
the East), the Gulf of Mexico represents a biogeographi-
cally isolated district. The origin of the present-day cop-
per shark community of the Gulf of Mexico could also be
explained via another biogeographic pathway. During the
late Miocene-early Pliocene interval, three main marine
basins connected the East Pacific and Caribbean realms,
namely: the San Carlos Basin of northern Costa Rica and
southern Nicaragua, the Panama Canal Basin, and the
Atrato Basin of northwestern Colombia (Collins ef al.
1996, Robertson et al. 2009). Incursions from the clos-
est central East Pacific waters to the Gulf Coast, probably
through the northern corridor (i.e., the San Carlos Basin),
might have occurred until the early Pliocene. Follow-
ing the final closure of the Panamanian Seaway and the
definitive set-up of the modern pattern of oceanic circula-
tion, the Gulf of Mexico copper shark community would
have been confined within the area it currently occupies.
In our opinion, the latter hypothesis might find support in
the occurrence of C. brachyurus in the late Miocene strata
of the Chagre Formation (Carrillo-Bricefio et al. 2015) —
a datum that testifies to the pivotal role of this Panamic
insular system for the dispersal of coastal sharks during
the late Neogene.

The Southeastern Atlantic

Nowadays, along the central and southern Atlan-
tic coasts of Africa, C. brachyurus ranges in Equato-
rial Guinea and from Namibia to South Africa. The latter
coastal regions are characterized by the cold, nutrient-
rich waters of the Benguela Upwelling System (BUS),
which meet the warm, nutrient-poor waters of the tropical
Angola Current (AC) just north of the Walvis Ridge. The
AC/BUS front represents a thermal barrier for the copper
shark. According to Hoetzel et al. (2015), during the late
Miocene the Angola Current flowed southward over the
Walvis Ridge; nevertheless, a latest Miocene or early Plio-
cene phase of strengthening of the meridional gradient of
sea surface temperature, coupled with the uplift of south-
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western Africa, might have led to the intensification of
upwelling along the shoreline and over the Walvis Ridge
as the BUS flowed northwards. Such a northern extension
of the BUS, resulting in the compression of the AC flow
and in the northward shift of the AC/BUS front, would
have limited the effect of this thermal barrier in inhibiting
the southward dispersal of the copper shark. The Equato-
rial Guinea district, in which C. brachyurus is currently
present, could be interpreted as a residual area correlated
with the oscillations of the AC/BUS front. Unfortunately,
no molecular data exist regarding the Equatoguinean cop-
per sharks, and no fossils of C. brachyurus come from the
southeastern Atlantic. Neither the teeth from the Pliocene
of Angola attributed by Antunes (1978) to Carcharhinus
sp. 1 (= Carcharhinus priscus) nor those from the Neo-
gene of Congo attributed by Dartevelle & Casier (1943,
1959) to C. egertoni and Carcharhinus (= Sphyrna)
priscus are consistent with those of the extant copper
shark. According to Benavides et al. (2011), the copper
shark populations from South Africa, Namibia, and Spain
belong a single mtCR clade. In the absence of paleonto-
logical data, these close genetic signatures are in our opin-
ion suggestive of a southward dispersal from the central
East Atlantic, probably during a phase when the AC/BUS
front was significantly displaced northwards. The Indian
Ocean stock of copper sharks, ranging mainly off south-
eastern South Africa, is genetically and biogeographically
related to the Namibian and Atlantic South African com-
munities.

The Southwestern Atlantic

In the western South Atlantic, the copper shark ranges
from southern Brazil to northern Argentina (e.g., Garrick
1982, Compagno 1984, Last & Stevens 1994, Benavides
et al.2011). Primary nursery areas have been identified
in Bahfa Blanca and northern Patagonia (Argentina) by
Chiaramonte (1998) and Lucifora et al. (2005), and in
Rio de Janeiro (Brazil) by Garrick (1982). With the sig-
nificant exception of the aforementioned Venezuelan and
Colombian localities, Carcharhinus brachyurus does not
occur in the Neogene and Pleistocene fish tooth-bearing
sites from the Atlantic coasts of the South America (e.g.,
Arratia & Cione 1996, Cione et al. 2011, Dos Reis 2005,
Costa et al. 2009, Tévora et al. 2010, Aguilera & Tav-
ares Pdes 2012, Aguilera et al. 2017, 2020). Given the
lack of any paleontological signal, in order to explain the
current distribution of C. brachyurus in this geographic
district, three different potential biogeographic pathways
can be hypothesized. The first one relates to a dispersal
event taking place along the Atlantic South American
coast, starting from a Colombian or Venezuelan source
area (i.e., the Venezuelan sub-province) strictly connect-
ed to the Panamanian Seaway. The only time window
in which such a route might have been passable by the
copper shark was the Burdigalian-?Langhian interval,

when C. brachyurus was still present in the Venezuelan
sub-province. The regional fossil record does not bring
support to this hypothesis. Only in the Pirabas Formation
(Early Miocene, northern Brazil), the carcharhinid fossils
include teeth referred to the ambiguous species Carchar-
hinus priscus, but the morphological traits of these dental
remains are not consistent with those of C. brachyurus.
The main constraint related to this putative southward
dispersal is likely the barrier originated by the tropical
condition of most of the northern coast of South America
(Aguilera et al. 2017). Aguilera et al. (2011) suggested
similar paleoenvironmental conditions and a close bio-
geographic link between the early-middle Miocene Coji-
mar Formation of Cuba and the early Miocene Pirabas
Formation Brazil based on the shared occurrence of the
swamp eel genus Ophisternon and similar remains of
crocodiles, sirenians, turtles, and land mammals (e.g.,
rodents) — an observations that supports the presence of
a broad tropical district extending from the Caribbean
realm to northern Brazil. Another potential biogeograph-
ic pathway could involve a southeastern Pacific route
along the Peruvian and Chilean coastal waters (where
the copper shark was largely diffused starting from early
Miocene). Interchange between temperate populations
inhabiting the Pacific and Atlantic coasts of South Amer-
ica through a circum-continental route was theoretically
possible via the Drake Passage before the mid-Pliocene
(ca.3.5-3.2 Ma), when this southern route significantly
cooled down (Hodell & Warnke 1991, Lessios 2008).
However, according to Benavides et al. (2011), there is a
significant discontinuity in mitochondrial haplotype fre-
quencies between the southeastern Pacific and the south-
western Atlantic populations of C. brachyurus. On the
other hand, the same genetic data allow to recognize the
existence of a perfectly segregated Atlantic mtCR clade
and suggest continuity of the gene flow within this oce-
anic basin. Following this genetic scenario, a trans-South
Atlantic pathway connecting the Benguela province to
Argentina can be hypothesized. The presence of sever-
al stepping-stone habitats (including the Walvis Ridge,
Tristan da Cunha, and the Rio Grande rise) forming a
sort of quasi-continuous elevation between 20°S and
30°S might have facilitated this dispersal event. A phase
of strengthening of the cold flow of the Benguela Current
(leading to an expansion of the influence of the BUS over
the Walvis Ridge) and the emergence of the South Atlan-
tic gyre might have allowed such a dispersal event from
Southwestern Africa to Southeastern America, across the
South Atlantic oceanic expanse.

CONCLUDING REMARKS

The present paper represents the first integrated recon-
struction of the historical distributional patterns of the
copper shark. The Neogene Gatunian and Caloosahat-
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chian provinces stand out as the key areas of this paleobio-
geographic history. On the basis of the genetic structure
of the extant copper shark populations, Benavides et al.
(2011) rejected the hypothesis that the antitropical, scat-
tered distribution of the extant Carcharhinus brachyurus
derives from a panmictic condition. In agreement with
these authors, our research supports the notion that the
present-day geographically segregated pattern is the prod-
uct of historical biogeographic processes and events that
might be traced back to an early Miocene East Pacific-
central West Atlantic center of origin. The disjunct mod-
ern populations of C. brachyurus exhibit different degrees
of segregation, at least in relation to the limited dispersal
potential of the female copper sharks. With the significant
exception of the Equatoguinean enclave, the copper shark
populations inhabiting the East Pacific and East Atlan-
tic coasts exhibit a symmetrical antitropical distribution,
being indeed distributed over wide latitudinal ranges that
interrupt in occurrence of the warm equatorial waters of
the Panamanian and Tropical Eastern Atlantic provinces,
respectively. Changes in the tropical ocean circulation
regime may allow temporary biological incursions from
neighboring provinces. The Pleistocene occurrence,
in the tropical Panamic province, of C. brachyurus and
other teleosts and mollusks with Californian and Peruvian
affinities testifies to this mechanism, while oscillations
of the AC/BUS front in the southern East Atlantic have
also been reported. Within the Australasian district, a high
connectivity is provided by the presence of stepping-
stone habitats and well-distributed nursery areas along
the southern coasts of Australia and New Zealand. In the
northwestern Pacific, the Japanese district seems to have
been settled by East Pacific immigrants since the middle
Miocene. The rare modern reports of copper shark from
the Gulf of Thailand could be linked to southward excur-
sions from this area. A stricter isolation can be observed
for the Gulf of Mexico population of copper sharks,
which the surrounding warm waters of the Loop Current
and Florida keep segregated in the more temperate Gulf
waters. The almost null degree of biological connectiv-
ity between this and other populations of C. brachyurus
suggests to identify the Gulf of Mexico copper sharks as
comprising a critical relict population.
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